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ABSTRACT: In situ monitoring of gas phase composition reveals the link between the
changing gas phase chemistry during atomic layer deposition (ALD) half-cycle reactions and
the electronic conductivity of ALD-TiO2 thin films. Dimethylamine ((CH3)2NH, DMA) is
probed as the main product of both the TDMAT and water vapor half-reactions during the
TDMAT/H2O ALD process. In-plane electronic transport characterization of the ALD grown
films demonstrates that the presence of DMA, a reducing agent, in the ALD chamber
throughout each half-cycle is correlated with both an increase in the films’ electronic
conductivity, and observation of titanium in the 3+ oxidation state by ex situ X-ray
photoelectron spectroscopy analysis of the films. DMA annealing of as-grown TiO2 films in the
ALD chamber produces a similar effect on their electronic characteristics, indicating the
importance of DMA-induced oxygen deficiency of ALD-TiO2 in dictating the electronic
conductivity of as-grown films.

Atomic layer deposition (ALD) is a cyclic form of chemical
vapor deposition enabling growth of highly uniform and

conformal thin films over complex surface topologies for many
applications including electronics and energy technologies. For
example, ALD has become an indispensable tool in nano-
electronics to form the gate dielectric layers at the heart of
metal oxide semiconductor field effect transistors.1,2 The
availability of a large range of molecular precursors enables
development of ALD processes for deposition of a wide array
of metal oxides, nitrides, phosphides, sulfides, carbides, and an
increasing number of elemental metals. ALD has become
increasingly important in corrosion protection,3,4 synthesis of
catalysts,5,6 battery electrode coatings,7−9 and in surface
passivation of solar cells.10−14

Atomic layer deposited titanium dioxide (ALD-TiO2) is a
widely studied transition metal oxide thin film material, in part
because of its chemical stability and its technologically
important optical and electronic properties. Titanium oxide
is a photocatalyst that activates photoinduced decomposition
of organic contaminants so that TiO2 coatings can produce
“self-cleaning” surfaces.15−17 Furthermore, TiO2 thin films also
function as electron-selective contacts for optoelectronic
devices including solar cells.18−21 Atomic layer deposited
TiO2 also serves as a barrier to oxidative corrosion of
underlying efficient semiconductor light absorbers in aqueous
electrolytes,3,22 enabling stable water splitting for solar fuel
synthesis. These varied and significant applications of thin
TiO2 films provide motivation for understanding the relation-
ships among ALD synthesis conditions and the physical and
chemical properties of atomic layer deposited TiO2.
A commonly used ALD chemistry for TiO2 deposition

involves introducing alternating pulses of the precursor

tetrakis(dimethylamido)titanium (TDMAT) and of water
vapor into a reaction chamber at a pressure in the 100s of
mTorr to Torr range. The half-cycle reactions in this process
are conceptually simple (Figure 1). However, the parameter
space for synthesis of the TiO2 product can be enormous.
Determining the influence of the input reactant activities,
temperature, pressure, and other variables on the composition
and structures of the film is a highly complex multifactorial
problem.
Scheuermann et al. studied amorphous as-deposited ALD-

TiO2 films in the thickness range of 1−10 nm deposited at
substrate temperature of 170 °C on p+Si coated with a ∼1.3
nm thick chemically derived SiO2 layer. Current versus
potential curves were collected for every sample in the
thickness series in aqueous solution in a photoelectrochemical
cell. It was discovered that the resulting, amorphous, TiO2
samples exhibited an ohmic resistance corresponding to an
additional overpotential of ∼21 mV per nm of film thickness to
support 1 mA/cm2 of electron current flowing from a top Ir
catalyst layer to an underlying p+Si substrate, for TiO2 film
thicknesses greater than ∼2 nm.23 This behavior was attributed
to a polaronic hopping conduction mechanism for electrons
injected into the TiO2, consistent with the reported energies of
Ti3+ electronic states24 well-aligned with valence band edge of
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silicon and the work function of Ir. The results reported in ref
23 differ from those later reported by Hu et al.25 that imply an
almost thickness-independent resistance for ALD-TiO2 coated
Si photoanodes in a water splitting cell for film thicknesses in
the range 4−143 nm. Both studies used the TDMAT/H2O
ALD chemistry with similar chamber pressure, substrate, and
source temperatures, although the reactor designs were
different.
The wide variance of the reported electronic conductivity of

as-deposited amorphous ALD-TiO2 films grown under
nominally very similar conditions suggests significant cham-
ber-to-chamber differences in the transient gas phase reaction
chemistry of this ALD process. The influence of reaction
intermediates and gas phase reaction products on the
stoichiometry and the important physical and chemical
properties of ALD-grown metal oxide layers has received little
attention to date. In the case of the TDMAT/H2O ALD
chemistry, dimethylamine (DMA; (CH3)2NH) is an expected
product of both the TDMAT and water vapor half-reactions.
Adsorption of DMA, in the presence of a high coverage of
surface oxygen, has been studied as early as 1970s,26 and the
reported results indicate that DMA can act as potent reducing
agent. Therefore, the DMA reaction product of the TDMAT/
H2O chemistry has the potential to induce oxygen deficiency
of a growing TiO2 film transiently, by, for example, its reaction
with surface oxygen-containing species, if it is not efficiently
removed from the reactor during the ALD process. Reduction
of TiO2 results in the formation of oxygen vacancies. Titanium
ions are in excess with respect to oxygen ions, and the
reduction of TiO2 is accompanied by the appearance of Ti3+

species. For sufficiently large oxygen vacancy concentrations,
nanoscale TiO2−x can exhibit band gap narrowing and a high
density of donor-type oxygen vacancy states near the titanium
oxide conduction band edge, enhancing its electronic
conductivity.27,28

Herein, we describe an experimental study to test the
hypothesis that dimethylamine exposure reduces the TiO2 film
and thus enhances the electrical conductivity by introducing
oxygen deficiency. Residual gas analysis during ALD was used
to probe the dynamics of DMA formation and removal during
each reaction cycle, and the purge duration was varied to alter
the fraction of process time during which a growing TiO2 film
was exposed to DMA. Altering the purge duration during TiO2
atomic layer deposition changes several physical properties of
the films that may affect electronic conductivity distinct from
the influence of oxygen stoichiometry. Therefore, intentional
exposure of ALD-grown films to DMA during postgrowth
annealing in the ALD chamber at the ALD substrate
temperature and pressure was investigated as a means of
controlled DMA exposure. The results obtained demonstrate
that DMA exposure significantly increases the electrical
conductivity of TiO2 thin films and that this change coincides
with the observation of Ti3+ ions by X-ray photoelectron
spectroscopy, supporting the hypothesis of in situ reduction of
the films by DMA.
Experiments were performed in a custom-designed ALD

system with a load lock to ensure a low base pressure (∼1 ×
10−6 Torr) for the process chamber with the aim of minimizing
the potential wall reaction/contamination during wafer loading
and unloading. A residual gas analyzer (RGA) with the mass
range of 1−300 amu was installed in the ALD reactor to
acquire real-time chemical diagnostic data of the TiO2 ALD
process. An adequate pressure gradient between the process
environment (0.4 Torr) and the RGA region (1 × 10−6 Torr)
was maintained through a differentially pumped sampling
system. TiO2 films were grown at a substrate temperature of
175 °C using half-cycle dosing of tetrakis(dimethylamino)-
titanium (TDMAT) and water vapor on both p-type silicon
single crystal substrates with resistivity of 0.001−0.005 Ω·cm
and fused silica. The silicon substrate samples were used for
physical characterization while all the electrical measurements

Figure 1. Representation of the ALD process using TDMAT and water as precursors to deposit TiO2. (a) Half cycle reaction of TDMAT with
hydroxyl sites on already TiO2 covered surface and (b) reaction of H2O molecules with the remaining dimethylamido groups, which depicts the
hydroxylation process and development of Ti−O−Ti bridge bonding in the deposited film. After completion of the cycle a layer of TiO2 film is
formed on the surface in which, ideally, all of Ti atoms are connected to each other by oxygen atoms. The asterisks (∗) designate the surface
species.
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were performed on the fused silica samples with higher
substrate resistivity on the order of 1017 Ω·cm.
The deposition began with a TDMAT pulse and then

proceeded to a water vapor pulse, with evacuation and nitrogen
purging steps in between each pulse. The temperature of the
liquid TDMAT and H2O sources are 80 and 50 °C,
respectively. Reported vapor pressure data are consistent
with vapor pressures of 3.31 and 92.5 Torr above the TDMAT
and H2O sources, respectively. The TDMAT and water pulse
times were both 3 s, giving an estimated dose into the chamber
of 9.4 Torr·s for TDMAT and 278 Torr·s for water vapor per
ALD cycle. This greatly exceeds the saturation dose required
for monolayer adsorption on the growing film surface. For
example, assuming an approximate saturation coverage of 2.5 ×
1018 m−2 for TDMAT molecules,29 the saturation dose of
TDMAT is estimated to be ∼2.2 L or 2.2× 10−6 Torr·s. The
nitrogen purge pressure was kept at approximately 0.4 Torr
during precursor pulsing intervals of 120 s. TiO2 films were
prepared using 240 ALD cycles, giving a nominal thickness of
∼10 nm. The film thickness was measured by ellipsometry, and
further confirmed by X-ray reflectivity (XRR). In a subset of
the experiments, TiO2 films were in situ annealed in the ALD
chamber at the end of the depositions and at the same
substrate temperature used for deposition, 175 °C. Anneals
were performed in a dimethylamine ambient for 15 to 60 min
duration. The chamber was evacuated before the DMA was
introduced at 1 sccm at a base pressure of ∼1−2 mTorr. Then
the chamber was purged and cooled down in N2 flow of 100
sccm.
Grazing incidence X-ray diffraction (GIXRD) analysis

revealed that all TiO2 films, both DMA-annealed and
unannealed, are largely amorphous, with sporadic detection
of weak anatase phase diffraction peaks that are attributed to
small number of crystallites in an amorphous matrix. As-
deposited and thin TiO2 films are expected to be amorphous.
Nanocrystalline anatase phase has been reported in TiO2 films
>7 nm in thickness after annealing at temperatures exceeding
300 °C, significantly higher than the DMA anneal temperature
used in the present experiments.23 Electrical conductivity of
TiO2 films deposited on highly resistive fused silica substrates
was measured using the transmission line method (TLM).
Linear TLM test patterns with dimensions of 50 μm × 30 μm
were defined by electron beam evaporation of Pt electrodes
(200 nm thickness) onto the TiO2-coated substrates through a
shadow mask.
Real-time residual gas analysis was used to provide a link

between changes in gas phase chemistry during ALD half-cycle
reactions and the properties of the deposited films. Half
reactions occur such that a partial monolayer of precursor, for
example, TDMAT, forms by chemisorption at reactive sites on
the substrate until these sites are saturated. Intermediate steps
of inert gas purging and evacuation clears the chamber of
excess first precursor and then the second precursor pulse, for
example, of water vapor, is introduced, followed by another
purge step to complete the deposition cycle.
Figure 2 shows the transient sampling of gas phase species

by residual gas analysis during successive TDMAT and H2O
ALD pulses on TiO2 surface at 175 °C. The partial pressures of
the gas phase species were collected after 15 cycles of TiO2
ALD on Si substrates. Excess precursor and reaction
byproducts were purged with a constant flow of N2 gas for
120 s. The purge segments result in a gradual decrease of the
respective RGA signal to noise levels. A dimethylamine

((CH3)2NH) signal is detected in the chamber gas ambient
throughout each ALD cycle. Figure 3 displays a typical mass
spectrum with TDMAT, sampled at 175 °C the deposition
temperature of TiO2 films. The molecular parent ion is clearly
observed at m/e = 224 amu and DMA ((CH3)2NH) at 45
amu. The 44 amu fragment is associated with N(CH3)2 and
may originate from the reaction of the ligands on TDMAT
with oxygen-containing species in the reactor or, possibly, from
TDMAT thermal decomposition products.30 One possible
pathway for oxygen and DMA reaction proceeds by removing a
hydrogen atom from DMA to form OH and N(CH3)2.

31 The
fragmentation pathways expected for C2H6N

+ ions can
produce NH4 and CH4.

32 Although these masses are
detectable by RGA, they have overlapping peak patterns with
water for primary peaks at 16, 17, and 18 related to O+, HO+,
and H2O

+ species. The heavier species (90, 132, 164, and 178
amu) labeled on the spectrum are attributed fragments of
undecomposed TDMAT molecules or products of the
TDMAT decomposition and the reaction intermediates.
Peaks from fragments of undecomposed TDMAT may overlap
with many of the peaks from decomposition products and their
fragments. This makes it difficult to conclusively determine

Figure 2. Transient sampling of gas phase species by residual gas
analysis during the TDMAT and H2O ALD process at 175 °C. Excess
precursor molecules and reaction byproducts are purged with
constant flow of N2 gas for 120 s. Subsequent purges result in a
rapid decrease of their respective RGA signal-to-noise levels.

Figure 3. Mass spectrum of TDMAT showing the molecular parent
ion at m/z = 224 amu and the electron impact ionization cracking
pattern.
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whether the detected species were formed in the reactor or in
the ionizer.
Figure 4 shows transient sampling of gas phase species with

constant flow of N2 gas for 300 s. With a longer nitrogen purge,

the dimethylamine byproduct signal is reduced to the RGA
background level before the H2O pulse occurs. Not detecting a
distinct rise in the m/e = 45 signal after the H2O pulse suggests
there is less unreacted DMA and TDMAT fragment of 45 amu
in the chamber during the second half ALD cycle. The 44 amu
fragment of DMA, (N(CH3)2) signal, was however measurable
during both water and TDMAT half cycle reactions
(Supporting Information, Figure S2). The detection of the
signal could also be limited by the RGA response time, which
increases with the number of mass-charge values that are
simultaneously measured and is influenced by the partial
pressure levels. The response of the RGA was 3.07 s for the
spectra in Figure 4, which is slightly longer than the H2O pulse
time duration. This may limit detection of the m/e = 45 signal
after the H2O pulse (Supporting Information, Figure S3). The
XRR analysis of the TiO2 films depicted a decrease in the
thickness of the as-deposited TiO2 film from 10.1 to 7.85 nm
and an increase in the film density from 3.6 to 4.58 g/cm3 with
an increase in purging time from 120 to 300 s (Supporting
Information, Figures S4 and S5). For increasing purge
duration, the growth per cycle is reduced due to precursor
desorption after each TDMAT pulse and by dehydration of the
metal oxide film surface after each H2O pulse.33 The reduced
growth per cycle will coincide with increased film density if
surface restructuring and removal of trapped reaction
intermediates are also affected by the longer purge time.
Figure 5 shows the measured average in-plane resistance of

the deposited TiO2 films as a function of TLM pad spacing for
different ALD conditions. TLM measurements detect a
dramatic increase in the resistivity of the TiO2 films deposited
with longer purge intervals, suggesting a relationship between
DMA exposure during deposition and oxygen deficiency in the
TiO2 films. The longer purge time results in less integrated
exposure of the TiO2 film to DMA, as DMA is removed from
the chamber more effectively. The calculated integrated
exposure dose is 0.16 Torr·s for the TiO2 film deposited
with 120 s of N2 purging, while the dose reduces to 0.11 Torr·s
with 300 s purge duration. The integrated exposure dose was
estimated as the product of the total partial pressure of DMA

during one ALD cycle, the exposure duration (duration of one
ALD cycle), and the frequency of exposure (number of ALD
cycles). In the inert gas purge steps separating each TDMAT
and H2O dose, the dimethylamine product is removed from
the chamber; however, the efficiency of this process is limited
by the pumping speed, chamber design, etc. These factors are
rarely reported in scientific publications, but they are very
important as they may contribute to significant lab-to-lab
variability in the resulting film properties already noted for as-
deposited ALD-TiO2.
To isolate the effects of DMA exposure of the films from the

observed densification of the films and possible differences in
incorporation of residual species in the films during their
deposition for varying purge durations, annealing in dimethyl-
amine, at the end of TiO2 atomic layer deposition, was
investigated. X-ray reflectivity data indicate that the DMA in
situ annealing conditions used do not significantly alter the
thickness and density of the TiO2 films (Supporting
Information, Figure S6).
Figure 6a shows a decrease in the resistivity after annealing

of the ALD-TiO2 films in DMA for 30 min. As depicted in
Figure 6b, the resistance of the films monotonically decreases
as DMA annealing time increases to 60 min.
X-ray photoelectron spectroscopy was used to test for

evidence of reduction of the TiO2 films as a result of DMA
exposure under ALD-like conditions. The fraction of titanium
ions in the Ti3+ oxidation state was investigated by ex situ
angle-resolved XPS. Figure 7 shows XPS Ti 2p and O 1s core
level spectra for a film annealed in DMA in situ in the ALD
reactor for 30 min that are collected over several θ values. The
angle θ is defined relative to the film surface. The surface
sensitivity of the measurement is increased by tilting the
sample with respect to the analyzer over θ values from 65° to
25°. Comparison of XPS data collected at θ = 25° (more
surface-sensitive) to that at θ = 65° (more bulk-sensitive) for
DMA-annealed TiO2 films shows a shoulder at lower binding
energy in the more bulk sensitive Ti 2p spectra (Figure 7a) at
an energy corresponding to that reported for Ti3+.34−36 The θ

Figure 4. Transient sampling of gas phase species by residual gas
analysis during the TDMAT and H2O ALD pulses, while excess
precursors and reaction byproducts are purged with constant flow of
N2 gas for 300 s.

Figure 5. In-plane resistance of deposited TiO2 films versus TLM pad
spacing, which shows an increase in the resistivity for increasing purge
time between each ALD half-cycle from 120 to 300 s. The
measurements were performed on linear TLM test patterns with
dimensions of 50 μm × 30 μm. The TiO2 films were deposited using
240 ALD cycles of TDMAT and water vapor at a substrate
temperature of 175 °C, giving the thickness of 10.1 and 7.85 nm
for 120 and 300 s of N2 purge intervals, respectively.
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= 25° spectrum does not exhibit this feature as strongly as the
θ = 65° possibly due to reoxidation of the near-surface region
during postgrowth exposure to lab atmosphere prior to sample
loading in the XPS chamber. The high resolution XPS spectra
for the DMA-annealed samples in Figure 7c show the Ti 2p
doublet, Ti 2p3/2 at binding energy of 458.3 eV and Ti 2p1/2 at

464 eV, arising from spin orbit splitting. These peaks are
consistent with Ti4+ in TiO2.

37,38 Fitting of the Ti 2p3/2 peak
showed a significant low binding energy shoulder associated
with Ti3+ after annealing. The area attributed to the Ti3+ peak
increases by 18% in the DMA-annealed sample in the more
bulk sensitive Ti 2p spectra. Peak fitting was performed using

Figure 6. (a) Average resistivity of deposited TiO2 films for different ALD conditions. The reported values show the average of four measurements
across a 1 cm × 1 cm TiO2 sample. Two TiO2 samples were measured for each ALD condition. The as-deposited TiO2 films were deposited using
240 ALD cycles of TDMAT and water vapor at a substrate temperature of 175 °C, using 120 and 300 s of N2 purge intervals, respectively. (b)
Transient changes in TiO2 resistivity as a function of DMA annealing time. For each annealing condition, three measurements were taken across a 1
cm × 1 cm TiO2 sample. The obtained resistivity values indicate that DMA has the potential to reduce the TiO2 film transiently. Annealed TiO2
films were prepared by in situ annealing in the ALD chamber at the end of film deposition and at the same temperature, 175 °C, in dimethylamine
ambient at 1 sccm at a base pressure of ∼1−2 mTorr for 15 to 60 min. Annealed samples were deposited by 240 ALD cycles using 120 s of N2
purge time between TDMAT and water pulses.

Figure 7. Angle-resolved XPS spectra: (a) Ti 2p, (b) O 1s for the TiO2 sample annealed in DMA for 30 min. Comparison of XPS data (c) Ti 2p
and (d) O 1s for DMA annealed (30 min) and as-deposited TiO2 samples with 300 s N2 purge time. The angle between the incident X-ray beam
and the electron energy analyzer was maintained at ∼45°. Take-off angle was increased by tilting the sample with respect to the analyzer over θ
values of 25°, 45°, and 65°. The angle, θ, is defined relative to the film surface.
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Ti4+ at 458.6 eV and Ti3+ at 456.7 eV (Figure 7a, inset). This is
consistent with the 1.7−1.9 eV shift that has been reported in
binding energy for photoemission associated with Ti3+ relative
to the main emission line of Ti4+.36,39,40 In contrast, the as-
deposited TiO2 film deposited with longer purging time, 300 s,
does not exhibit the lower binding energy shoulder, consistent
with negligible Ti3+ photoemission. Relative contributions of
the Ti3+ oxidation state to the measured Ti 2p3/2 features, as
estimated from peak fitting, are summarized in Table 1. The

Ti3+ peak area increases significantly after DMA-annealing
under the ALD-like conditions employed in these experiments.
As-deposited TiO2 for which a 120 s purge was used in the
ALD process exhibits a relative Ti3+ peak area intermediate
between that of the DMA-annealed film and the as-deposited/
300 s sample. This indicates an intermediate level of effective
electron doping of the films prepared using this purge
condition, consistent with the measured resistance and sheet
resistivity values in Figures 5 and 6. The XPS Ti 2p core level
spectra for the three different samples shown in Table 1
(DMA-annealed, and unannealed for two different purge
durations) are provided in Figure S8.
We observe ∼0.3 eV higher binding energy values for the as-

deposited TiO2 spectra compared to the DMA-annealed case
in the Ti 2p spectra collected at θ = 65°. A similar shift of ∼0.4
eV is observed in the oxygen O 1s spectra (Figure 7d). In
Figure 7, all peak positions were referenced to C 1s at 284.8 eV
to compensate for the possible effects of charging during the
measurement; therefore, charging cannot account for the
differences in core level binding energies observed in Figure 7c
and d. Instead, the higher binding energies of the Ti 2p and O
1s core level features detected at θ = 65° may indicate near-
surface band-bending in the unannealed films. Such band
bending can result from the presence of negatively charged
TiO2 surface states. Negative charge originating from surface
and near-surface defects that produce states within the band
gap of TiO2

33,34 may cause a surface potential barrier for
photoelectrons emitted from the bulk of the ALD-grown film, a
barrier that is lowered after DMA annealing increases the bulk
oxygen deficiency41,42 and effectively dopes the film n-type.
This hypothesis is consistent with the much reduced binding
energy difference for unannealed versus DMA annealed films
observed in the more surface-sensitive θ = 25° spectra of
Figure 7c and d.
Observation of Ti3+ is consistent with reports of oxygen

vacancies acting as donor defects in TiO2, providing electron
doping of the titanium oxide film.43 Electrons trapped at
titanium ions in the oxide provide enhanced electronic
conduction via polaron hopping.44 Oxygen defects and Ti3+

sites dominate the physical and chemical properties in
TiO2,

45−48 with reports of near-surface vacancy concentrations
being modified by dosing of oxygen and nitrogen.49,50 XPS

analyses of the as-deposited (both purge times) and DMA
annealed samples prepared in the current experiments do not
detect either nitrogen or carbon impurities, species that may
affect the electrical conductivity of the ALD-TiO2 films if they
are incorporated at a sufficiently high concentration (Support-
ing Information, Figure S7).
Nunez et al. demonstrated that the concentration of Ti3+ in

the amorphous ALD-TiO2 thin films they studied was directly
correlated with the electronic conductivity for different
precursor chemistries and deposition temperatures. The
authors detected a defect band in the TiO2 band gap by
photoelectron spectroscopy and a strong Ti3+ signal in electron
paramagnetic (EPR) signal, supporting the assignment of the
defect peak in their XPS valence band spectra to localized Ti3+

sites.51 The defect band emission and the obtained EPR signal
were much stronger for TDMAT-derived ALD-TiO2 films
compared to those derived from TiCl4 precursor. This
difference in behavior may result from DMA exposure during
the TDMAT ALD process, as reported herein.
DMA exposure increases the conductivity of ALD-TiO2 by

reducing the film, increasing the effective n-type doping and
introducing Ti3+ states. In agreement with this picture, TiO2
thin films deposited by dc magnetron sputtering52 have
recently been observed to act as effective solid-state sensors
for DMA. This was attributed to a reduction reaction produced
by exposure of the metal oxide surface to DMA molecules,
enhancing the surface electronic conductivity.52,53

Our findings emphasize the importance of in situ monitoring
of gas phase chemistry to achieve well-controlled functional
properties in ALD-grown metal oxide thin films. Similar redox
reactions involving gas phase ALD products or intermediate
species may alter the stoichiometry and properties of metal
oxide films in other materials systems beyond TiO2.
Real-time residual gas analysis provides a link between

changes in gas phase chemistry during ALD half-cycle
reactions and the electrical conductivity of TiO2 films.
Production of DMA vapor was probed for both the TDMAT
and water vapor half-reactions during the TDMAT/H2O ALD
process. The extent of film exposure to DMA, a reducing agent,
in the ALD chamber throughout each reaction half-cycle was
correlated with both an increase in the ALD TiO2 electronic
conductivity, and the observation of Ti3+ oxidation state by ex
situ X-ray photoelectron spectroscopy analysis. Understanding
the DMA-induced reduction of ALD-TiO2 described herein
may facilitate the control of electronic conductivity and other
important properties of ALD-grown TiO2 thin films and
provides lessons for other ALD reaction chemistries and thin
film materials systems.
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