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ABSTRACT: A rational choice of reactants during plasma-
enhanced atomic layer deposition (PEALD) can lead to extreme
changes in film properties. Herein, we demonstrate with this
approach, a 10°X change in electrical conductivity of an insulating
TiO, film to a highly conducting TiO, film. The films are
deposited using PEALD of titanium tetraisopropoxide (TTIP)
with a 300 W plasma containing 5% H, in argon as a reactant at
200 °C. The growth and film characteristics are compared to the
ALD of TiO, films grown using widely reported processes
involving H,O and O, plasma as reactants. In situ ellipsometry is
used to extract the growth per cycle (GPC) of the TTIP + H,
plasma process, which is 0.013 nm/cycle. This can be compared to
the GPC of 0.011 and 0.034 nm/cycle for the TTIP + H,O and
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TTIP + O, plasma processes, respectively. X-ray photoelectron spectroscopy of the TTIP + H, plasma films shows a reduced state,
with a Ti**/Ti*" ratio of 72%, compared to 23.4 and 29.6% for the TTIP + H,0 and TTIP + O, plasma processes, respectively. The
TTIP + H, plasma film is amorphous as-deposited and has a root-mean-square surface roughness of 1.42 nm. The film demonstrates
an apparent optical bandgap of 3.77 eV and strong free carrier absorption in the near-infrared. The room temperature resistivity of
the film is measured to be 67 m€2 cm, with an activation energy for conduction of 0.142 eV and a free electron carrier concentration
of 7.89 X 10*! cm™>. The TTIP + H, plasma process makes the reduced TiO, film appear “black” in color.

1. INTRODUCTION

Titanium dioxide (TiO,) is a widely used metal oxide
employed for photoelectrochemical water splitting,' dye-
sensitized solar cells,” white pigments,3 and as a UV absorber
in sunscreens.” TiO,, however, is limited in certain applications
due to its wide bandgap (3.3 eV) and poor electrical
conductivity. “Black” titania®~” is a name given to disordered
TiO, in its heavily reduced state (TiO,_,). Black titania in
powder form can come in colors from yellow and beige to blue
and black, as oxygen vacancies are introduced into the crystal
structure.'’ The unique form of black titania is characterized
by its color, increased conductivity, narrower bandgap, and
high optical absorbance from the UV to the near-infrared
(NIR). Accordingly, black titania has been used as a light-
absorbing layer in solar cells,'" an electrode for photocatalytic
H, generation,”'” a photocatalyst for removal of environ-
mental pollutants such as dyes and organic pollutants,w’11 as
well as an electrode for lithium-ion batteries."”

To date, black titania has been synthesized in various forms,
such as core—shell nanoparticles using high-pressure hydrogen
thermal treatment”'* and thin films using hydrogen and/or
nitrogen plasma treatment of an otherwise stoichiometric TiO,
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film."> Often, black titania is synthesized by treating TiO, with
dopants such as nitrogen and hydrogen or by aggressively
reducing to incorporate oxygen vacancies.' %7 As TiO,
nanoparticles are commercially available, it is common for
black titania to be synthesized or derived in nanoparticle
form.""'®"” Other forms of black titania are reported and
include nanowires”’ and nanotubes.'*”'

Films of black titania are usually formed by using a two-step
process. First, the films are deposited as stoichiometric TiO,.
Subsequently, (1) a hydrogen anneal environment,'* (2) an
O,-deficient environment, or (3) a hollow cathode hydrogen
plasma® is used to reduce the TiO,. The resulting TiO,_,
films are amorphous due to high defect concentration and have
low resistivity. These defects also cause a narrowing of the
bandgap in the titania and produce a darker color, widening
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the absorption window to the visible and IR.'” However, the
deposition of black titania directly, and as a single-step process,
is far less common. The work of Ali-Loytty et al, is one
example for which black titania is deposited directly by atomic
layer deposition (ALD).*’

ALD is a technique by which films are deposited using an
alternating sequence of self-limiting surface reactions.”* The
deposition is consequently highly conformal with precise
monolayer control of the thickness. Further, plasma can be
incorporated into ALD processes to induce surface reactions at
lower temperatures or to produce cleaner films with lower
contaminants. These processes are known as “plasma-
enhanced” ALD (PEALD).>™**

There is extensive work” " demonstrating the ALD and
PEALD of TiO,. The commonly used precursors include
titanium tetrachloride (TiCl,), tetrakis(dimethylamido)-
titanium(IV) (TDMAT, with formula Ti[N(CH,),],), and
titanium tetraisopropoxide (TTIP, with formula Ti[OC;H;],);
the former two precursors contain no oxygen and the latter
contains Ti—O bonds. The amount of control that an ALD
process provides enables a fine degree of composition and
crystallinity tuning of the film. With this approach, black titania
films have been prepared using TDMAT and water.””
However, the black titania reported has a relatively low
conductivity of ~150 S/m, compared to Wang et al,'' of
21,671 S/m for films prepared using magnetron sputtering.
Our hypothesis for the observed low conductivity in ALD
black titania pertains to the choice of the precursor—
TDMAT—which contains the Ti—N bond. Second, the use
of H,O as a reactant is not ideal, as it does not produce the
aggressively reducing conditions required for the synthesis of
black titania.

Therefore, in this study, we propose the use of TTIP and H,
plasma as a viable PEALD method to produce black titania in a
single processing step. This choice of chemistry provides
certain advantages. First, the precursor TTIP is chosen to take
advantage of the existing Ti—O bonds in the molecule. Next, as
a reactant, we use H, plasma, the primary purpose of which is
to create highly activated H-species that can reduce the film
after each cycle of deposition. Additionally, the presence of
plasma can help deposit a cleaner film with minimal carbon
contamination. We investigate the film properties and
morphology through X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, atomic force microscopy
(AFM), UV—vis spectroscopy, temperature-dependent elec-
trical measurements, and Hall measurements. We further
compare our black titania films to TiO, films deposited by
using water and O, plasma as reactants in order to demonstrate
the effect of the H, plasma reactant on the film properties. Our
results highlight the ease of synthesis of high-quality ALD-
based black titania with the right choice of precursor and
reactant chemistry.

2. EXPERIMENTAL SECTION

2.1. Synthesis Techniques. ALD of titania films was carried out
on a Veeco Fiji Gen2 ALD system with a remote plasma source. An
Ebara E30W pump (pumping speed 3000 L/min) was used for
generating a vacuum with an ultimate chamber base pressure of 60
mTorr. The deposition temperature for all processes was 200 °C. For
the first process TTIP + H,O, the TTIP was pulsed for 0.06 s
followed by a 4 s Ar purge, a 0.06 s water pulse, and another 4 s Ar
purge. For consistent metal precursor dosing, the TTIP + H, plasma
then consisted of a 0.06 s pulse of TTIP and a 10 s Ar purge followed
by a 5 s plasma exposure of 300 W plasma of Ar—H, 5%, and a 6 s

purge. Lastly, the TTIP + O, plasma process consisted of a 0.06 s
pulse of TTIP and a 10 s Ar purge followed by a 5 s plasma exposure
of 300 W plasma of O,, and a 6 s purge. The saturation curves for all
processes are provided in Supporting Information S1. We chose the
pulse and purge times to be undersaturated to deliberately create
partially reducing conditions for the film with the aim of improving
the electronic conductivity. Film thicknesses were monitored via in
situ spectroscopic ellipsometry using a Woollam M2000 ellipsometer.
Final thicknesses of the three films varied from 20 to 40 nm and are
noted when describing specific characterization results.

2.2. Characterization Techniques. XPS was performed on a
Fisher Scientific ESCALAB 250Xi instrument using Al Ka (1486.6
eV) as the X-ray source. All acquisitions were acquired using charge
compensation; spectra were acquired pre and post 60 s Ar" ion
etching (400 eV) to remove adventitious carbon from the sample
surface. Survey spectra were recorded with a pass energy of 150 eV, a
step size of 1 eV, and a dwell time of 50 ms. The fine spectra were
recorded with a pass energy of 20 eV, a step size of 0.10 eV, and a
dwell time of SO ms. The spot size used for the acquisition was 650
pm. The number of scans per spectrum ranged from 5 to 15 to adjust
for the optimal signal-to-noise ratio. All spectra were calibrated to the
C 1s peak located at 284.8 eV.

Raman was performed using a HORIBA LabRAM HR Evolution
Nanoconfocal Raman system. Data were collected using a 785 nm
laser at 25 mW over a spot size of 4 um (50X objective), using a
grating of 300 gr/mm, for 10 accumulations each with a 30 s
integration time. AFM was performed in tapping mode on a Park
System NX10, with Bruker cantilever RTESPA (resonance frequency:
329—372 kHz; force constant: 20—80 N/m). AFM data was
processed in the open-source software Gwyddion. Absorption
measurements were performed with a Shimadzu UV-3600i Plus
UV—vis—NIR spectrophotometer by using an internal diffuse
reflectance accessory for solid-state sample measurements.

To extract the temperature-dependent conductivity of titania films
deposited under different conditions, the transmission line method
(TLM) was used. TLM test structures were fabricated through e-
beam evaporation. Ag TLM pads were deposited on top of grown 40
nm titania films with a target thickness of 200 nm and a deposition
rate of 0.1 nm/s. An MDC I-V plotter featuring a temperature
control chuck was used to extract resistance values between contact
pads with different spacing. The sheet resistance (Ry,) of films was
then determined from the slope of TLM plots. With the extracted Ry,
under different testing temperatures, both the temperature-dependent
resistivity and conductivity were then calculated accordingly.

Hall measurements were conducted on the samples using a
JanisST500-1-2CX commercial probe station with gold-plated
tungsten probe tips of 200 um tip diameter. Indium dots were
pressed into the four corners of the film to serve as electrodes for
probe placement. Hall measurements were performed under magnetic
fields of 0.2135 and —0.2135 T.

3. RESULTS AND DISCUSSION

3.1. Growth Characteristics. Figure 1 shows in situ
spectroscopic ellipsometry data with the variation of film
thickness on a Si wafer as a function of cycle numbers for the
three processes described. Growth is immediate upon starting
the process, thus indicating no incubation. The average slope
of the thickness vs ALD cycles can be used to estimate the
growth per cycle (GPC, in nm/cy) of the three processes. The
TTIP + H,O process shows the lowest GPC at 0.011 nm/cy.
This value can be compared to Ritala et al,** who report a
GPC of 0.016 nm/cy. The TTIP + O, plasma GPC is the
highest at 0.034 nm/cy. This value is in line with those
reported by Aghaee et al.,*® of 0.037—0.057 nm/cy. Finally, the
TTIP + H, plasma has a growth rate between the O, and H,0
processes with a GPC of 0.013 nm/cy. No prior GPC reports
of this process are available.
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Figure 1. In situ spectroscopic ellipsometry data showing thickness vs
ALD cycle numbers for three processes (i) TTIP + H,O, (ii) TTIP +
H, plasma, and (iii) TTIP + O, plasma processes. The inset table lists
the GPC of the three processes.

Representative zoomed images (consisting of ~4 ALD
cycles) of the growth curves of the three processes are shown
in Figure 2 where changes to film thickness are provided as a
function of time. The snapshots of the growth are obtained
under steady-state conditions (i.e., linear regime of the growth
curve from Figure 1). The H,O process (Figure 2A) is
relatively fast, as can be seen in the lesser number of data
points collected per ALD cycle. The H, plasma (Figure 2B)
and the O, plasma (Figure 2C) processes are relatively longer
and result in a larger set of data points collected during each
cycle. We define A; (nm) as the growth upon TTIP exposure
and A, (nm) as the ligand removal reaction upon exposure to
the reactant. Thus, (A; — A,) is the GPC at the granularity
level of a single pulse. While slight variations to (A, — A,) are
to be expected, we show examples where (A, — A,) is close to
the global (i.e., average) GPC.

The cyclic variation of A}, A,, and (A; — A,) are shown in
Table 1 for all three processes. It can be seen that during the
TTIP + H,O process, the TTIP adsorption causes an increase
in thickness of 0.056 nm, while upon H,O pulse, a drop in
thickness of 0.045 nm is observed. Thus, the GPC is 0.011
nm/cycle. The TTIP + H, plasma has a similar gain and loss of
thickness (0.056 and 0.043 nm, respectively) and a resultant
GPC of 0.013 nm/cycle. On the other hand, the TTIP + O,
plasma process shows higher gains and losses in thickness
during the TTIP pulse and reactant pulse. Here, the TTIP
adsorption step causes a thickness gain of A; of 0.234 nm. This
gain in thickness is 4.2X more than the thickness gain from the

Table 1. Three Processes—TTIP + H,O, TTIP + H,
Plasma, and TTIP + O, Plasma, and Their Individual A,,
A,, and (A, — A ,) Are Provided”

Process A, (nm) A, (nm) GPC (nm/cy) A, — A,
H,O 0.056 0.045 0.011
H, plasma 0.056 0.043 0.013
O, plasma 0.234 0.200 0.034

“Data extracted from Figure 2.

TTIP adsorption step in the H,O process. The loss of
thickness upon O, plasma exposure is 0.200 nm and is ~4.4X
more than the thickness loss from the reaction step in the H,O
process. Overall, these thickness gains and losses lead to a
higher GPC of 0.034 nm/cy, which is 3.1X higher than the
H,O process.

3.2. Film Composition. The surface compositions of the
three TiO, films were analyzed using XPS. Peak deconvolution
and assignments are provided in Supporting Information
Figure S2. Here, we focus on the primary and comparative
results. In Figure 3A, the C fine spectra (calibrated with C 1s
centered at 284.8 eV) are shown—where all spectra are
obtained after 60 s of Ar" sputtering to eliminate any effects
from adventitious carbon. The results indicate that the TTIP +
H,O process has the highest carbon content among the three
processes (4.5 at. %). The broadening of the C peak toward
higher binding energy (BE) is indicative of C—O and C=0
bonds. Both TTIP + H, plasma and TTIP + O, plasma have
lower, but similar, carbon content (2.6 at. %). These results are
summarized in Table 2. Our C 1s XPS results are in line with
published reports on TTIP based ALD TiO, films.**"** It is
known that H,O as a reactant leaves more carbon in the
resulting film than a sufficient dose of O, plasma.”” The O fine
spectra is shown in Figure 3B, deconvoluting into two peaks
(Supporting Information Figure S2): one at 530.1 eV
corresponding to the O~ state of oxygen in TiO, and another
shoulder at the higher BE of 531.5 eV corresponding to surface
adsorbed hydroxyl groups.’”*’

The Ti 2p fine spectra are shown in Figure 3C. For the three
films, the Ti 2p;, is centered at a BE of 458.8 + 0.09 eV and
represents the Ti** oxidation state.””*' All samples also
showed a shoulder on the lower BE side at 457.2 + 0.05 eV
(Supporting Information Figure S2). This peak is attributed to
the Ti** state.””*' The strongest shoulder observed is for the
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Figure 2. Higher time resolution in situ spectroscopic ellipsometry growth rate data for (A) TTIP + H,O, (B) TTIP + H, plasma, and (C) TTIP +
O, plasma processes. Individual TTIP adsorption gain and reaction loss in thickness are labeled as A} and A,, respectively.

C
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Figure 3. XPS data of the three films prepared using TTIP + H,0, TTIP + H, plasma, and TTIP + O, plasma showing (A) C 1s, (B) O Is, and

(C) Ti 3d fine spectra.

Table 2. Atomic % Carbon, O/Ti Ratio, and Ti**/Ti*" (%)
Obtained from XPS

process Cat. % O/Ti Tt/ Ti** (%)
H,0 4.5 1.80 234
H, plasma 2.6 1.79 72.0
O, plasma 2.6 1.89 29.6

TTIP + H, plasma process and indicates that the film is
strongly reduced.

From the deconvolution analyses of the O and Ti fine
spectra, the O/Ti and Ti**/Ti* ratios can also be estimated.
This is given in Table 2. We note that the O/Ti ratio varies
depending on the phase of titania.** For example, for rutile
TiO, the O/Ti is 2.00, and for the anatase phase, the ratio is
1.90. For the three samples, the measured O/Ti ratio varies
from 1.79 for TTIP + H, plasma to 1.89 for the TTIP + O,
plasma. Further, Ti*"/Ti*' can also be obtained from the XPS
analyses. For the TTIP + H,O sample, this value is 23.4%
while for the TTIP + O, plasma sample, this value is 29.6%.
The TTIP + H, plasma sample shows a Ti**/Ti*" of 72%. This

result can be compared to the 30 nm ALD black titania results
from Ali-LGytty et al,”® who report a Ti**/Ti*" ratio of ~1.0%
and an O/Ti ratio between 1.9 and 2.0. For a sputtered ~460
nm TiO, films post treated with hollow cathode H, plasma,
Godoy et al.”” report a (Ti>* + Ti**)/Ti* ratio of 36%.

3.3. Phase and Structural Characteristics. Further
structural characterization was conducted on the 30 nm thick
films, including Raman spectroscopy as shown in Figure 4A.
The TTIP + H,O and TTIP + H, plasma films were
amorphous and had broad peaks at 364 and 559 cm™". On the
other hand, the TTIP + O, plasma film shows a sharp peak at
144 cm™ corresponding to the anatase phase.”” The presence
of anatase is further confirmed by grazing incidence X-ray
diffraction in supporting evidence (Supporting Information
Figure S3). The AFM area scans for the three 30 nm films—
TTIP + H,O, TTIP + H, plasma, and TTIP + O, plasma—are
shown in Figure 4B—D, respectively. The film root-mean-
square (rms) surface roughness values for all three films are
shown in Figure 4E. The TTIP + H,O rms roughness is 0.54
nm and the TTIP + H, plasma rms roughness is 1.42 nm. The

(A) H,0

Nf

O, plasma

| e

100 200 300 400 500 600 700 800
Raman Scattering cm-1,

Intensity (a.u)

7nm

v 1(E) 2.42

H,0 H, plasma

0O, plasma

Figure 4. (A) Raman data for the three films (~30 nm in thickness). While H,0 and H, plasma shows an amorphous nature, the O, plasma is
crystalline, with the anatase peak at 144 cm™". The AFM image shows the (B) TTIP + H,0 process, (C) TTIP + H, process, and (D) TTIP + O,
plasma process. Scale bar: 500 nm. (E) rms roughness of the three films shows the O, plasma film with the highest roughness, whereas the H,O

process has the lowest roughness.
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Figure S. (A) UV—vis absorbance of TiO, prepared using TTIP + H,O, TTIP + H, plasma, and TTIP + O, plasma. All films were ~30 nm in
thickness. The H, plasma TiO, film shows a higher absorbance for wavelength 4 > 500 nm. The inset shows coated microscope slides of the same.

« »

(B) Refractive index

n” and extinction coeflicient “k” for the three films obtained via spectroscopic ellipsometry.

TTIP + O, plasma film, which is a crystalline anatase phase,
has the highest roughness at 2.42 nm.

3.4. Optical and Electronic Properties. UV—vis spec-
troscopy (200—800 nm) was conducted on the three films
deposited on quartz substrates. These data are shown in Figure
SA. Corresponding Tau¢ plots (Supporting Information Figure
S4) allow extraction of bandgaps of ~3.5—3.7 eV for all three
films, in line with reported values for titania thin films.”>**
While this bandgap is larger than is often reported for black
titania, it is in line with reported increase of apparent bandgap
for highly conducting titania films.”>** The wider bandgap is
attributed to the Moss—Burstein effect,”® whereby the increase
in free carriers populates states near the conduction band edge.
Further, a higher absorbance is observed for the TTIP + H,
plasma film towards the NIR region. The inset shows the
optical images of the glass slides with 30 nm films deposited
from the three processes. While the TTIP + H,O and TTIP +
O, plasma samples show light beige but optically transparent
films, the TTIP + H, plasma film is markedly darker in color,
in line with the higher absorbance observed in the UV—vis
data. In this sense, the TTIP + H, plasma film can be termed
as “black titania”.

In Figure SB, the refractive index “n” and extinction
coefficient “k” are shown across a wider spectrum (320—
1680 nm), as extracted from spectroscopic ellipsometry
measurements of the 30 nm films. As a point of reference,
“n” for the three films (TTIP + H,O, TTIP + H, plasma, TTIP
+ O, plasma) extracted at 633 nm are 2.33, 1.95, and 2.50,
respectively. These values appear to be in the range of values
reported for TiO, films.*”** The TTIP + H, plasma sample
has a large Drude-like absorbance tail that extends well into the
NIR. This is indicative of free carrier absorption in the film.

To confirm the presence of free carriers, temperature-
dependent conductivity measurements were performed on 40
nm thick films. The data are shown in Figure 6. Film
conductivity for all three films increased with temperature,
indicating a thermally activated conduction mechanism as is
expected of semiconductors. The room temperature (25 °C)
conductivity for the TTIP + H,O film was 4.06 X 10™° S/m
(2.46 MQ cm), and for the TTIP + O, plasma film, it was 8.72
X 107 S/m (1.15 MQ cm). This shows that the under-
saturated conditions employed for the processes did not result
in a conductivity enhancement. In contrast, the TTIP + H,
plasma film had a room temperature conductivity of 19.55 X
10° S/m (5.12 mQ cm). This value is 5 X 10° times the

10°
1H, plasmgoooooooo
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Figure 6. Temperature-dependent conductivity measurements for 30
nm films of (i) TTIP + H,0, (ii) TTIP + H, plasma, and (iii) TTIP +
O, plasma. The inset table shows the activation energy for
conduction.

conductivity obtained for the TTIP + H,O or TTIP + O,
plasma films. The value is also greater than that reported by
Ali-Loytty et al., of ~150 S/m for a 30 nm thick film.

When there is a linearity of the losg of conductivity with
respect to inverse temperature,49_ an Arrhenius-type
thermally activated conduction mechanism can be used to
model the conductivity of insulators and wide band gap
semiconductors, as shown in Figure 6. Using the equation for
“E/&T \here E, is the
activation energy, ky is Boltzmann’s constant, and T is the
temperature in Kelvin, the activation energy for conductivity
was obtained and is provided in the inset Table of Figure 6. In
these measurements, all films had a 40 nm thickness. Both the
TTIP + H,O and TTIP + O, plasma films have similar
activation energy of 0.588 and 0.562 eV, respectively. In
contrast, the TTIP + H, plasma film has a much lower
activation energy of 0.142 eV, indicating that the film is
conducting due to its reduced state. The increased
conductivity is related to generation of oxygen vacancies,
which provide donor-like states in the bandgap that are close
to the conduction band edge of TiO,.

Room temperature Hall measurements were conducted on
20 nm thick samples. Due to the relatively high resistance of
the TTIP + H,O and TTIP + O, plasma films, no Hall data
could be reliably obtained for these films. The results for the
conducting TTIP + H, plasma film are provided in Table 3.
For a room temperature resistivity of 67 mQ cm (1492 S/m),

conduction (), given as o = ge
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Table 3. Room Temperature Hall Measurements of the TTIP + H, Plasma Film and Its Comparison with Black Titania Films

Reported by Others”

film thickness (nm)

deposition technique

this work ALD (w/TTIP) 20
Ali-Loytty et al. ALD (w/TDMAT) 30
Li, et al. PLD 37
Wang et al. magnetron sputtering 663

“(Ali-Loytty et al,”® Lii et al,> Wang et al,'").

carrier mobility (cm?/(V s))

electron density (cm™) resistivity (mQ cm)

1.77 X 1072 7.89 x 10* 67
not given not given 667
2.0 0.32 x 10% 300
not given 7.80 x 10%° 4.6

an electron carrier concentration of 7.89 X 10*! cm™ and a
carrier mobility of 1.77 X 1072 cm?/V s are obtained. A
comparison with the black titania films obtained by Ali-Loytty
et al,” Lii et al,>® and Wang et al.'" are also provided. The
PEALD black titania reported in our work has one of the
lowest resistivities and a high carrier concentration for a
thickness of only 20 nm.

4. DISCUSSION

The collective in situ process data and ex situ characterization
data provide insights into the growth mechanisms of the three
processes. The TTIP + H,O process at 200 °C shows a GPC
of 0.011 nm/cy and A, and A, as 0.056 and 0.045 nm,
respectively. The GPC is low compared to other literature
reports. The low GPC is a deliberate attempt to undersaturate
the process, creating reducing conditions during the TTIP +
H,O process. Rahtu and Ritala®® have suggested that half the
ligands associated with an adsorbed TTIP are effectively
removed during the H,O pulse. However, it has been shown
recently that —iPr ligands from TTIP can be incorporated in
the TiO, films.>* Surface reaction modeling indicates that a
combination of hydrolysis and pyrolytic decomposition of
TTIP may occur during the film growth.> Both reaction
pathways are time- and temperature-dependent. Our XPS data
show substoichiometric O/Ti ~ 1.80 and a high 4.5 at. % C, in
the film in line with an undersaturated process.

The TTIP + O, plasma process at 200 °C demonstrates the
highest growth rate of 0.034 nm/cy with high A, and A, of
0.234 and 0.200 nm, respectively. According to Rai and
Agarwal,56 the high growth rate of TTIP + O, plasma process
is due to the hydroxyl and metal—carbonate species that are
formed on the growth surface during an O, plasma step; both
species aid in the adsorption of TTIP. This is in line with the
O/Ti ratio of 1.89 obtained with XPS, which is the highest
among the three processes. This also explains the high A,
observed. A correspondingly high A, is expected as the O,
plasma can generate combustion byproducts of the —iPr
ligand. A GPC of 0.083 nm/cy is reported by Rai et al, which
is higher than the GPC reported in the present work. This
discrepancy can be understood by recognizing the different
residence times of reactants due to hardware differences and
different deposition temperatures (150 °C for Rai et al., vs 200
°C in the present work). Additionally, we note that the
deposited film is anatase. Film crystallinity can also play an
important role in enhancing GPCs.”’

The TTIP + H, plasma process at 200 °C shows a GPC of
0.013 nm/cy with A, and A, values of 0.056 and 0.043,
respectively. The O/Ti is the lowest at 1.79, and the Ti**/Ti*"
is significantly high at 72%. This indicates that the H, plasma
(noting that the plasma is created using Ar with 5% H,)
reduces the metal center. We propose two primary species in a
H, plasma—protons (H*) and atomic hydrogen (H*),
responsible for the above effects.”® Both species attack the

electron-rich O in TTIP: Ti—[O—CH(CH,),],, but from
different sides. The electrophilic attack of H' is on the O—C
bond. The —iPr ligand releases propane (and other alkanes),
leaving a Ti—OH surface group. On the other hand, H* attacks
the Ti—O bond, releases isopropanol, and reduces Ti** to Ti*".
A similar surface reaction has been observed durin

dissociation of TTIP on a catalytically active Pt substrate.®

The above reaction pathways are also consistent with the XPS
data, which shows low C content of the TTIP + H, plasma
films.

Based on the reaction mechanism proposed above, the
defect chemistry responsible for the high electrical conductivity
of the black titania can be explained as follows: the removal of
O from the TiO, can be represented using Kroger—Vink
notation as, xOp — xV, + 2xe” + gOZT where, x repre-
sents the moles of O removed from the TiO, lattice resulting
in the availability of 2x electrons. These electrons can be
localized at various defects within the band gap of TiO,. A
neutral oxygen vacancy (V§) suggests that the 2 electrons

R
generated are localized on the defect. On the other hand, V,
releases the 2 electrons. Ab initio calculations of amorphous

TiO, show that V{ forms deep, midgap states, while V,
defects form closer to the conduction band edge.”” When the
electron is localized in the vicinity of a Ti*" site, the following
reaction is expected, yTi7; + ye~ — yTif;. Represented another
way, y moles of electrons are expected to reduce y moles of
Ti* to Ti**. Here, x and y are independent parameters,
yielding varying degrees of O/Ti content and Ti**/Ti*" ratios.

Given that the O/Ti and Ti**/Ti* can be obtained with
XPS, we perform these specific calculations for the TTIP + H,
plasma film. One obtains for an O/Ti = 1.79 (from Table 2), x
= 0.21. Thus, the total mole fraction of generated electrons =
0.42. Next, for a Ti**/Ti*" = 0.72 = y/(1 — y). Solving for y, we
obtain y = 0.42. Thus, XPS data remarkably suggest that all
electrons generated because of the removal of O are utilized to
reduce Ti** — Ti** and participate in the conduction process.
This electronic state appears to be close to the conduction
band edge with an E, ~ 0.142 eV and is responsible for the
10X conductivity enhancement of the TTIP + H, plasma film.

5. CONCLUSIONS

By rationally choosing the metal precursor that contains an
existing Ti—O bond and a corresponding reactant that is highly
reducing, we have successfully demonstrated the PEALD of
20—40 nm thick, highly conducting, and reduced black titania
thin films. Using titanium tetraisopropoxide (Ti[OC;H,],)
and 5% H, + Ar plasma as a reactant, black titania films were
deposited at 200 °C with a GPC of 0.013 nm/cycle. Film
stoichiometry was determined to be TiO, 75, where the Ti**/
Ti* ratio is 72% as determined by XPS. The film is amorphous

https://doi.org/10.1021/acs.chemmater.4c00667
Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

in nature with a rms surface roughness of 1.42 nm and a
measured optical band gap of ~3.77 eV. Strong free carrier
absorption is observed in the NIR. Room temperature
electrical resistivity in a 20 nm black titania film is determined
to be 67 mQ cm with a free electron carrier concentration of
7.89 X 10*' cm™. The availability of a PEALD technique for
depositing black titania films provides opportunities for its
application in solid-state devices, solar cells, and battery
electrodes.
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