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gap and carrier concentration of
titania films grown by spatial atomic layer
deposition: a precursor comparison†

Claire Armstrong,a Louis-Vincent Delumeau, bc David Muñoz-Rojas, d

Ahmed Kursumovic,a Judith MacManus-Driscolla and Kevin P. Musselman *bc

Spatial atomic layer deposition retains the advantages of conventional atomic layer deposition: conformal,

pinhole-free films and excellent control over thickness. Additionally, it allows higher deposition rates and is

well-adapted to depositing metal oxide nanofilms for photovoltaic cells and other devices. This study

compares the morphological, electrical and optical properties of titania thin films deposited by spatial

atomic layer deposition from titanium isopropoxide (TTIP) and titanium tetrachloride (TiCl4) over the

temperature range 100–300 �C, using the oxidant H2O. Amorphous films were deposited at

temperatures as low as 100 �C from both precursors: the approach is suitable for applying films to

temperature-sensitive devices. An amorphous-to-crystalline transition temperature was observed for

both precursors resulting in surface roughening, and agglomerates for TiCl4. Both precursors formed

conformal anatase films at 300 �C, with growth rates of 0.233 and 0.153 nm s�1 for TiCl4 and TTIP. A

drawback of TiCl4 use is the HCl by-product, which was blamed for agglomeration in the films. Cl

contamination was the likely cause of band gap narrowing and higher defect densities compared to

TTIP-grown films. The carrier concentration of the nanofilms was found to increase with deposition

temperature. The films were tested in hybrid bilayer solar cells to demonstrate their appropriateness for

photovoltaic devices.
1. Introduction

Atomic layer deposition (ALD) has a wealth of applications in
the electronics industry and in the ever-growing eld of nano-
technology.1–4 Continual miniaturisation of devices calls for
a deposition method that can produce very thin, high-quality
lms, and allows for precise control over their growth. Due to
the nature of the ALD process, thickness control on the order of
angstroms or even monolayers is possible,2 and the con-
formality on high aspect ratio features is second to none.
Atmospheric-pressure spatial atomic layer deposition (AP-
SALD) enables a much higher growth rate of nanolms
compared to conventional ALD, while still producing pinhole-
free lms with atomic-scale thickness control.5–7 While many
types of materials can nowadays be deposited by ALD,1 for AP-
rgy, University of Cambridge, 27 Charles

s Engineering, University of Waterloo, 200

ail: kevin.musselman@uwaterloo.ca

University Ave. West, Waterloo, Canada

ysique, CNRS, MINATEC, 3 Parvis Louis

tion (ESI) available. See DOI:

8–5918
SALD research has predominantly focused on ZnO8,9 and
Al2O3 (ref. 10–15) due to the high vapour pressures of the
precursors available for these materials.5 Metal oxides are
widely used in photovoltaics and other devices, and the scalable
AP-SALD technique is very attractive for their manufacture. In
addition to ZnO and Al2O3, AP-SALD has been used to produce
TiO2,16,17 Nb2O5,16 Cu2O,18 doped ZnO,19–23 and SnO2 (ref. 24) for
photovoltaics. This study focuses on the deposition of TiO2,
a wide band gap semiconductor which has a wealth of appli-
cations in this eld, including for dye-sensitised, organic,
colloidal quantum dot, and metal halide perovskite solar cells.

ALD of TiO2 is most commonly carried out using titanium
tetrachloride (TiCl4),17,25–33 titanium isopropoxide (Ti(OCH(CH3)2)4,
TTIP)34–37 and titanium ethoxide,38,39 with deposition from other
precursors such as TiI4 (ref. 40) and tetrakis-dimethylamino-
titanium (TDMAT)41 having also been studied. An understanding
of the inuence of the precursor and deposition conditions used
on the properties of the TiO2, including the amorphous-to-
crystalline transition, is important when incorporating TiO2 lms
into devices. TiCl4 is very reactive and can be used over a wide
temperature range, having a sufficiently high vapour pressure that
additional heating is not required. However, a major disadvantage
is the corrosive by-product HCl. Due to its reactivity, HCl may re-
adsorb and cause a decrease in growth rate.42 Furthermore, chlo-
ride contamination is unfavourable and has also been shown to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hinder the crystallisation of lms at low temperature.28 The
alkoxides (TTIP and titanium ethoxide) do not produce corrosive
by-products but can yield lower growth rates than TiCl4,34,38 and
suffer from poor thermal stability.1

This study compares the growth of TiO2 by AP-SALD over the
temperature range 100–300 �C using two different precursors:
TiCl4 and TTIP, and is the rst comparison of these precursors
for AP-SALD. Even for conventional ALD, to the best of our
knowledge, such a comparison of the properties of nanolms
grown from these precursors has not been realised. Film char-
acterisation was carried out by means of X-ray diffraction, UV-
vis spectroscopy, and atomic force microscopy. Electrical char-
acterisation and photovoltaic measurements were also con-
ducted to compare the properties of the lms made using the
two precursors.
2. Experimental
2.1 Film deposition

In contrast to conventional ALD, which separates the precursor
half-reactions temporally using slow pulsing and purging steps
in a vacuum chamber, AP-SALD separates them
spatially,4–7,10–12,43 such that the substrate oscillates between
regions of different precursors and much higher deposition
rates are achieved (e.g. 1 nm s�1 vs. 0.03–0.08 nm s�1 for
conventional ALD).1,12,13 Here this is achieved with a reactor
head containing several gas channels, which supply the metal
precursor, oxidant, and inert purging gas to the substrate, as
illustrated in Fig. 1(a). In addition to signicantly enhanced
growth rates, AP-SALD removes the need to operate in
a vacuum, as the precursors exit the head at pressures greater
than atmospheric pressure,2 making AP-SALD more suitable for
high-throughput processing.

All lms were deposited on borosilicate glass (Soham
Scientic, UK, 63.5 � 63.5 � 0.7 mm) or ITO/glass substrates
(Präzisions Glas and Optik GmbH, Germany, 14 � 14 � 0.7
mm). A heated substrate stage was used to control the substrate
temperature (100–300 �C). For both TiCl4 and TTIP precursors
(both from Sigma-Aldrich), water was used as the oxidant, and
N2 as the inert purging gas. Nitrogen was bubbled through the
Ti precursors and oxidant to generate the reactant vapours,
which were combined with additional ows of nitrogen carrier
Fig. 1 (a) Schematic of AP-SALD reactor head with (b) showing sequent

© 2021 The Author(s). Published by the Royal Society of Chemistry
gas. The vapour pressure of TiCl4 at room temperature and
atmospheric pressure was sufficient for deposition (1.3 kPa).
Due to the lower vapour pressure of TTIP (27 Pa (ref. 44 and 45)),
the bubbler was heated to 110 �C to produce sufficient fumes for
deposition. The N2 bubbling rates through the precursors and
the ow rates through the reactor head channels for both
precursors are given in Table S1 of the ESI.† Bubbling rates
through the TiCl4 and TTIP were 7 and 100 mL min�1 respec-
tively, the higher rate for the TTIP again owing to its lower
volatility. The AP-SALD reactor head contained 2metal channels
and 3 oxidant channels, as shown in Fig. 1(b). Movement of the
substrate back and forth underneath the head corresponded to
1 oscillation of 1.8 s, in which time the substrate was exposed to
4 full ALD cycles. Different lm thicknesses were achieved by
oscillating the substrates for 100–500 oscillations.
2.2 Film characterisation

Film thicknesses were measured using a Dektak prolometer.
X-ray diffraction (XRD) measurements were performed using
a Bruker D8 theta/theta XRD system with Cu Ka radiation (l ¼
0.15418 nm) and a LynxEye position-sensitive detector, scan-
ning from 2q ¼ 20� to 75�. UV-vis absorbance measurements
were performed using an Agilent/HP 8453 UV-vis spectrometer,
and the band gap determined from a Tauc plot. Atomic force
microscopy (AFM) measurements were performed with a Veeco
Multimode Nanoscope III system operating in tapping mode
with a scan size of 2 � 2 mm. A LEO VP1530 eld emission
scanning electron microscope (SEM) was used for energy
dispersive X-ray spectroscopy (EDX) measurements. The
samples analysed were on glass substrates, and a thin layer of
carbon was sputter-coated on the cross-sections to prevent
charging of the samples during imaging.
2.3 Electrical characterisation

Drive-level capacitance proling (DLCP) was performed using
an Agilent 4294A impedance analyzer. This technique has been
used for amorphous silicon lms46 and polycrystalline
Cu(In,Ga)Se2 lms,47 among others. The junction capacitance
technique of capacitance–voltage (CV) proling (whereby the
capacitance of a Schottky barrier junction is measured as
a function of applied DC bias) can overestimate the carrier
ial layer growth.
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Fig. 2 Growth rate of TiO2 films from TiCl4 and TTIP as a function of
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density of semiconductor materials that have a large number of
defect states within the band gap. This means CV proling is, in
general, inappropriate for measuring the carrier density of
amorphous and polycrystalline thin lms. In this study, AFM
and XRD measurements will show that the lms are either
amorphous or polycrystalline, thus prompting the use of the
DLCP technique to measure the carrier densities. A detailed
description of DLCP theory can be found in ref. 47 and 48 but
a brief overview is given here. Prior to measurement, TiO2 lms
on ITO were masked with Kapton tape and aluminium contacts
(�50 nm, 0.225 cm2) were evaporated using an Edwards resis-
tance evaporator. Finally, a small dot of silver paste was applied
to make electrical contact between the device contact and the
tape where the measurement probe was placed. A Schottky
barrier and ohmic contact are expected at the TiO2/ITO and
TiO2/Al junctions, respectively. For measurement, the positive
terminal of the impedance analyzer was connected to the Al,
and the negative one to the ITO. A large AC voltage is applied to
the sample such that a non-linear charge response (dQ/dV) is
produced (with very small AC voltages, a linear charge response
is assumed).

dQ

dV
¼ C0 þ C1dV þ C2ðdVÞ2 þ. (1)

whereby:

C0 ¼ Ajrej3
ð3Ee þ jrejxeÞ (2)

and

C1 ¼ � Are
232

ð3Ee þ jrejxeÞ3
(3)

Here re is the charge density, 3 is the permittivity of the
medium (¼k30), A is the area of the contact and Ee is the electric
eld magnitude at point xe within the junction. As the AC bias is
altered, so is the DC bias, such that the maximum applied
voltage, V ¼ VAC + VDC, stays constant and a single location in
the junction is probed. A table of the combinations of AC and
DC biases that were used to give a maximum voltage of�0.1 V is
included in Table S2 of the ESI.† The AC bias is applied to
increase the reverse bias imposed by the DC bias, as shown in
Fig. S1.† The capacitance was measured for a range of angular
frequencies (u) between 40 Hz and 10 MHz, and for each one
a plot of C against AC bias was produced. C0 and C1 can be
obtained for each frequency from a second order t of capaci-
tance, and the corresponding carrier density (N) and position in
the junction (xe) calculated from eqn (4) and (5). A spatial prole
of the carrier density in the sample can then be formed by
plotting N vs. xe.

N ¼ jrej
q

¼ � C0
3

2q3A2C1

(4)

and

xe ¼ 3A

C0

(5)
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Here q is the elementary charge. At large frequencies (high
xe), the value of N will approach that of the free carrier density.
At low u (low xe), N is the maximum density of states that can
respond to the AC bias: both deep states and shallow donors.
Defect densities are thus taken to be the difference between
these maximum and minimum values of N.47
2.4 Photovoltaic fabrication and measurements

ITO-coated glass substrates (Präzisions Glas and Optik GmbH,
Germany) with TiO2 lms deposited at 300 �C from both
precursors were sonicated in ethanol, then heated to 120 �C for
10 min. Sepiolid P200 P3HT (poly(3-hexylthiophene-2,5-diyl),
Rieke Metals, Inc.) was dissolved in chlorobenzene at
a concentration of 15 mg mL�1 and stirred at 40 �C. 125 mL of
the polymer was spin-coated onto the titania-coated ITO
substrates at 600 rpm for 6 s, then 1000 rpm for 1 min. This was
followed by annealing in air for 15 min at 150 �C, before
contacts consisting of 80 nm of Ag on top of 7 nm of MoO3 were
thermally evaporated using a shadow mask. 8 Contacts (each of
4.5 mm2) were deposited atop each substrate. Current density–
voltage measurements were made using a Keithley 2636 Sour-
ceMeter under an Oriel 92550A solar simulator (AM1.5G), at an
intensity equivalent to 100 mW cm�2 aer correcting for spec-
tral mismatch.
3. Results and discussion
3.1 Effect of precursor and deposition temperature on lm
growth rates

TiO2 thin lms were fabricated by AP-SALD at different
temperatures using TiCl4 and TTIP. Fig. 2 illustrates the growth
rate of TiO2 from TiCl4 and TTIP as a function of deposition
temperature. Each data point in Fig. 2 was produced by
depositing several lms of different thicknesses at a xed
temperature, calculating the growth rate for each sample
(thickness/number of oscillations), and then calculating the
average growth rate at that temperature. An example data set
and calculation of the growth rate is given in Table S3 of the
deposition temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 XRD patterns for TiO2 films deposited on glass. Films deposited at different temperatures from (a) TiCl4 and (b) TTIP. Different film
thicknesses deposited at (c) 250 �C from TiCl4 and (d) 300 �C from TTIP.
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ESI.† The calculation assumes that the growth rate is inde-
pendent of lm thickness. Deviation from such an assumption
has been considered34 and will be addressed in Section 3.3.
Fig. 4 XRD patterns for TiO2 films deposited on ITO. Black diamonds
temperatures from (a) TiCl4 and (b) TTIP. Different film thicknesses depo

© 2021 The Author(s). Published by the Royal Society of Chemistry
Overall, there is a distinct difference in the shape of the
curves for deposition from each precursor, with maximum
observed growth rates of 0.42 nm per oscillation and 0.28 nm
indicate peaks from the underlying ITO. Films deposited at different
sited from (c) TiCl4 at 250 �C and (d) TTIP at 300 �C.

Nanoscale Adv., 2021, 3, 5908–5918 | 5911
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per oscillation for TiCl4 and TTIP respectively, corresponding to
0.10 and 0.07 nm per cycle (or 0.233 and 0.153 nm s�1). For
lms deposited from TiCl4, there is little variation in the growth
rate with temperature, apart from the increase observed at
250 �C. As will be discussed in Section 3.3, this is found to be the
amorphous-to-crystalline transition temperature of these lms,
which results in the formation of agglomerates and surface
roughening. A slight decrease in the growth rate is observed for
the TiCl4 precursor when the growth temperature is increased
from 100 to 150 �C. This behaviour is not unusual for ALD
processes from chloride and water, with decreasing ligand
release from adsorbed chloride molecules at higher tempera-
tures proposed as a reason.26 The surface concentration of
Fig. 5 AFM images of TiO2 films deposited at different temperatures on IT
under each of the images, labelled (a)–(g). ITO roughness: 2.9 � 0.3 nm

5912 | Nanoscale Adv., 2021, 3, 5908–5918
absorption sites for TiCl4 molecules depends on the substrate
temperature. TiCl4 is more reactive with hydroxyl groups than
oxygen bridges, such that the Cl ligands can be released and the
adsorbed molecule is then smaller in size.49 The concentration
of hydroxyl groups on a TiO2 surface has been found to decrease
with temperature.50 A larger number of hydroxyl groups gives
rise to a larger number of adsorbed molecules and a higher
possible surface concentration of adsorbed molecules in
a monolayer.

For deposition from TTIP, the growth rate is approximately
constant at temperatures between 100 and 200 �C. Although
some support was found in the literature for this being the
conventional ALD temperature window using TTIP, other
O from TiCl4. Film thicknesses and deposition temperatures presented
.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Plot showing the variation of R.M.S. roughness with deposition
temperature for TiO2 films deposited from TiCl4 on glass and ITO. Film
thicknesses are indicated in Fig. 5 and S2.†

Paper Nanoscale Advances
reports indicated that the growth rate increased as the
temperature was taken from 100 to 200 �C.34,37,51,52 The sharp
increase in growth rate for 250 and 300 �C is attributed to
thermal decomposition of the precursor (thus outside of the
ALD window),1,2,34 which allows further reactant absorption and
hence an increased growth rate.2 The growth rate of TiO2 from
TiCl4 is higher than that from TTIP across the temperature
range investigated. This is attributed to the bulkier isoprop-
oxide ligand compared to chlorine, and hence a larger effective
diameter of the TTIP precursor (0.88 and 0.64 nm for TTIP and
TiCl4 respectively).25 Larger ligands temporarily block several
adsorption sites and reduce the total amount of Ti adsorbed in
each ALD cycle.25,34 It is also possible that for the less volatile
TTIP precursor, the concentration of precursor arriving on the
surface is lower, which reduced the degree of surface saturation.

3.2 Factors affecting lm crystallinity

Fig. 3 and 4 show XRD results for TiO2 lms grown from both
precursors over the temperature range 100–300 �C on glass and
ITO/glass substrates, respectively. The temperature at which
crystalline anatase starts to form, which is identied by the
(101) anatase peak, is dependent on the precursor, lm thick-
ness and substrate. Considering rst the lms deposited on
glass, a comparison between Fig. 3(a) and (b) shows that lms
approximately 100 nm thick undergo crystallisation at 300 �C,
regardless of the precursor. However, it is possible to form the
anatase phase at 250 �C using TiCl4 when the lm thickness is
150 nm and above (Fig. 3(c)). That said, lms deposited at
250 �C from TTIP do not undergo crystallisation, even at
180 nm, as shown in Fig. 3(b). At 300 �C, a thickness of 55 nm is
required before crystallisation occurs for TTIP (Fig. 3(d)). We
propose that the onset of crystallinity for lms deposited from
TiCl4 is at a lower temperature than lms deposited from TTIP
due to the smaller size of the TiCl4 ligand. Easier migration of
the intermediate surface species would allow for arrangement
of the atoms into a crystal structure at a lower temperature.

The onset of crystallisation is also affected by the substrate.
For lms deposited from TiCl4, Fig. 3(a) and (c) show that for
deposition on glass at 250 �C, the (101)-anatase peak does not
appear until a thickness of 150 nm has been attained. On ITO,
however (Fig. 4(a) and (c)), crystallisation is observed to occur by
60 nm, suggesting that the underlying crystal structure of the
ITO promotes crystallisation. A similar trend is observed for
lms deposited from TTIP at 300 �C. As with deposition on
glass, crystallisation of lms deposited from TTIP is not
observed to occur until 300 �C (Fig. 4(b)), with crystallisation by
thicknesses of 55 nm and 34 nm for glass and ITO substrates,
respectively (Fig. 3(d) and 4(d)).

3.3 Factors affecting lm morphology and roughness

AFM studies revealed that the roughness andmorphology of the
resulting lms were dependent on the deposition temperature
and the precursor. Fig. 5 shows images of TiO2 lms deposited
on ITO from TiCl4 over the temperature range 100–300 �C. Little
difference is observed in the morphology and roughness of the
lms deposited between 100 and 200 �C, with an overall
© 2021 The Author(s). Published by the Royal Society of Chemistry
amorphous globular structure that adopts the larger scale
morphology of the underlying ITO (substrate shown in
Fig. 5(g)). In Fig. 6, a sharp increase in the roughness of the
lms deposited on ITO using TiCl4 occurs at 250 �C, which is
the onset of crystallisation, as previously shown by XRD (Fig. 4).
Close inspection of Fig. 5(d) (60 nm sample grown at 250 �C)
shows the underlying lm to have a similar morphology to those
at deposition temperatures of 200 �C and below (i.e. that of the
underlying ITO), and that agglomerates have begun to form on
top. The formation of these agglomerates coincides with the
appearance of the (101) anatase XRD peak, indicating that this
is how the anatase rst forms in the lms. For a thicker TiO2

lm deposited at 250 �C (120 nm, Fig. 5(e)), the anatase
agglomerates have now covered the entire surface, leaving no
trace of the underlying ITO structure. Increasing the deposition
temperature further to 300 �C gives rise to sharper, more
distinct agglomerates (Fig. 5(f)), with little change in surface
roughness (Fig. 6).

The high free energy of the lm–substrate interface can
promote agglomeration to minimise the interface's surface
area. Ritala et al. have shown that the presence of HCl vapour (a
by-product of the TiCl4 reaction) can accelerate agglomera-
tion.33 Without any migration or gas phase nucleation, the lm
is expected to grow uniformly over the substrate. However, HCl
can produce Ti(OH)2Cl2, a volatile species which provides an
effective mechanism for material transportation. The trans-
portation can occur via the intermediate surface species (–O–
)nTiCl4�n and (–O–)nTi(OH)4�n as well as via ligand exchange of
TiCl4 (eqn (6)). The re-adsorption of the Ti(OH)2Cl2 can then
cause agglomeration.

2(–OH)(s) + TiCl4(g) / 2(–Cl)(s) + Ti(OH)2Cl2(g) (6)

Different trends in both morphology and roughness are seen
when the lms are deposited from TiCl4 on glass (Fig. 6 and
S2†). The sharp increase in roughness from 150 to 200 �C seen
in Fig. 6 is due to the presence of agglomerates (Fig. S2(c)†),
however in this instance they are not crystalline, as these lms
Nanoscale Adv., 2021, 3, 5908–5918 | 5913



Fig. 8 Plot showing the variation of R.M.S. roughness with deposition
temperature for TiO2 films deposited from TTIP on glass and ITO. Film
thicknesses are indicated in Fig. 7 and S3.†
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were found to be amorphous when measured by XRD (Fig. 3). It
may be that more controlled lm deposition occurs when the
lms are deposited on crystalline ITO, such that the effect of
agglomeration due to the Ti(OH)2Cl2 volatile species is not as
pronounced until higher temperatures of 250 �C and above. A
‘globular’ structure can be seen for lms deposited at 200 �C on
ITO (Fig. 5(c)), but the lm still maintains the underlying
structure of the ITO, suggesting that interaction with the ITO
causes the depositing lm to adopt the same structure. On the
other hand, when the lms are deposited on glass at 200 �C
(Fig. S2(c)†), less interaction with the substrate makes it easier
for large amorphous agglomerates to form at a lower
temperature.

Fig. 7 shows AFM images of TiO2 lms deposited from TTIP
on ITO, with their corresponding roughness presented in Fig. 8.
As for the lms made from TiCl4, a sharp increase in roughness
was observed at the amorphous-to-crystalline phase transition
(300 �C for TTIP). The lms deposited on ITO below 300 �C have
an amorphous globular structure that takes on the larger-scale
morphology of the underlying ITO and the lm roughness is
similar to that of the ITO (2.9 � 0.3 nm). At 300 �C the lm
morphology still resembles that of the ITO, except that the
smaller-scale globular structure is no longer present, as the lm
has transformed to crystalline anatase. Retention of the
underlying ITO morphology aer the amorphous-to-crystalline
phase transition has taken place contrasts with the lms
made from TiCl4. The absence of HCl as a by-product in this
reaction means the volatile species Ti(OH)2Cl2, which can lead
to agglomeration, is not produced. AFM images for lms
deposited from TTIP on glass are presented in Fig. S3.† These
Fig. 7 AFM images of TiO2 films deposited at different temperatures on IT
under each of the images, labelled (a)–(e).

5914 | Nanoscale Adv., 2021, 3, 5908–5918
lms follow the same trend in roughness as their ITO coun-
terparts, as shown in Fig. 8, but have a consistently lower
roughness, owing to the smoother surface of the glass. These
lms do not show the same increase in roughness from 150 to
200 �C as those deposited from TiCl4, which is again attributed
to the lack of HCl by-product. As for the depositions on ITO,
there is a sharp increase in lm roughness at the crystallisation
temperature (300 �C), and distinct crystallites 200–400 nm in
size can be observed in Fig. S3(e).†

The highest surface roughness for lms made from the two
precursors was observed at the temperature of the amorphous-
O from TTIP. Film thicknesses and deposition temperatures presented

© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 1 TiO2 band gap values as reported in literature

Precursor Phase
Band gap
[eV]

Deposition
T [�C]

Deposition
method Ref.

TTIP Amorphous 3.42 Room T AP-CVD 55
Anatase 3.37 500 AP-CVD 56

TiCl4 Amorphous 3.33 100 ALD 27
Amorphous 3.36 150 AP-CVD 57
Anatase 3.26 300 ALD 27

Table 2 EDX measurements of atomic ratio of Cl : Ti in TiO2 films
deposited from TiCl4 at different temperatures

Deposition T [�C] Cl : Ti

100 0.19
150 0.11

Paper Nanoscale Advances
to-crystalline phase transition: 250 �C for lms deposited from
TiCl4 and 300 �C for lms from TTIP. Such a trend in surface
roughness is not unusual for TiO2 lms grown by ALD, and has
been observed for deposition from both TiCl4 and Ti-eth-
oxide.28,39 It has been shown that there is a ne balance between
the deposition temperature, lm morphology and lm thick-
ness, and their effect on the growth rate.39 At the amorphous-to-
crystalline phase transition temperature, crystalline anatase
starts to appear in lms of a certain thickness. The onset of
crystallinity and the corresponding increase in surface rough-
ness gives rise to a larger surface area and hence to an increase
in the growth rate. Such a trend can be seen in Fig. S4† for
depositions using TiCl4, where a relatively consistent growth
rate was seen for all temperatures except 250 �C, which is where
the onset of crystallisation and the formation of agglomerates
was observed (between 60 and 120 nm of lm thickness).
200 0.03
250 0
300 0
3.4 Effects on optical properties

The band gaps of lms deposited on glass were determined
from UV-vis spectroscopy by plotting a Tauc plot, assuming an
indirect transition (see ESI Fig. S5†).53 Fig. 9 shows the depen-
dence of the optical band gap on the precursor and deposition
temperature for lms in the 50–150 nm thickness range. Both
precursors produce lms that show an overall decrease in band
gap with deposition temperature and the lms deposited from
TiCl4 have consistently lower band gaps than those deposited
from TTIP. These results agree with the values reported in
literature, as shown in Table 1. As mentioned previously,
a downside of using TiCl4 is the potential for chlorine
contamination in lms. EDX measurements of TiO2 lms on
glass that were deposited from TiCl4 found chlorine to be
present in those deposited at 200 �C and below (Table 2). As the
deposition temperature increased from 100 to 200 �C, the Cl : Ti
ratio decreased, with no Cl detectable at 250 and 300 �C. A
similar trend was also observed by Aarik et al.27 It may still be
the case that a small amount of Cl is present in lms at 250 and
300 �C, but it would be below the EDX detection limit (�1000
ppm). Doping of TiO2 with Cl has previously been shown to shi
Fig. 9 Dependence of TiO2 band gap on precursor and deposition
temperature (for 50–150 nm-thick films deposited on glass).
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the absorption edge towards lower energies and thus cause
narrowing of the band gap.54 The presence of Cl in the lms
deposited from TiCl4 is therefore a likely cause of the smaller
band gaps observed relative to the lms deposited from TTIP.
3.5 Electronic properties

The carrier concentration of the TiO2 lms on ITO was
measured using DLCP. Fig. 10 shows a plot of C against AC bias
for a lm deposited from TTIP at 200 �C. Each data point was
taken at 20 kHz and a second order t applied. This process was
repeated for 200 frequencies between 40 Hz and 10 MHz, with
the resulting xe vs. u and N vs. xe plots given in Fig. 11. It is seen
that higher frequencies correspond to larger distances from the
TiO2/ITO Schottky junction (xe). At high frequencies (u), the
series resistance of the sample falsely increases the position xe
Fig. 10 Capacitance vs. AC bias at 20 kHz for a TiO2 film deposited
from TTIP at 200 �C.
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Fig. 11 Resulting (a) xe vs. u and (b) N vs. xe plots for the film deposited from TTIP.
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to greater than the sample thickness.48 The TiO2 lm thick-
nesses for the DLCP measurements were �50 nm. The prole
given in Fig. 11(b) indicates a large carrier concentration in the
vicinity of the Schottky junction, which decays as the
measurement position moves further into the bulk. A larger N
value would be expected at such a location, due to the increased
density of trap states. Similarly, N values from the ‘bulk’ of the
sample will be a more accurate representation of the free carrier
density. As the states in the vicinity of the junction are probed
by low frequency measurements, almost all the states present
here can respond to the AC bias, and thus the corresponding N
value (�1019 cm�3) represents the maximum density of states
present in the sample. The free carrier density (�1017 cm�3) is
that measured in the bulk at high frequencies.

Fig. 12 shows these upper and lower limits of N (maximum
and free carrier densities, respectively) for the TiO2 lms
deposited at different temperatures (100–300 �C) from both
precursors. When calculating N, relative permittivity (k) values
of 15 and 35 were used for amorphous and polycrystalline
anatase samples respectively, as reported in literature.58–62 The
dielectric constant of TiO2 varies little in the range of frequen-
cies presented in Fig. 11 at room temperature, thus the results
Fig. 12 Upper and lower limits of N for films deposited from TiCl4 and
TTIP over the temperature range 100–300 �C.
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shown are not expected to be affected by variations in the
dielectric constant.63 For both precursors, the free carrier
densities show an overall increase in magnitude with deposi-
tion temperature, with no major difference between precursors.
Where a prominent difference is observed, however, is between
the maximum N values produced by each precursor, as shown
by the two uppermost lines on the plot. For some deposition
temperatures, the values of maximum N for lms grown from
TiCl4 are almost 3 orders of magnitude higher than the equiv-
alent lm made from TTIP. As the difference between the
maximum and minimum N values is related to the defect
density, this suggests that lms made from TiCl4 contain
a signicantly higher concentration of defects than those made
from TTIP. The reason for such a high defect concentration is
again likely to be due to the presence of chlorine in the lms.
The upper limit of the defect concentration for TiCl4 lms
shows an overall decrease with deposition temperature, as does
the Cl content of the lms (Table 2).

Preliminary tests conrmed the suitability of these lms for
photovoltaic devices. Films deposited at 300 �C from both
precursors were tested in a simple bilayer hybrid solar cell
Fig. 13 Current density–voltage curves for glass/ITO/TiO2/P3HT/
MoO3/Ag cells under simulated AM1.5 solar illumination (100 mW
cm�2). TiO2 films deposited from TiCl4 and TTIP.
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(glass/ITO/TiO2/P3HT/MoO3/Ag). The titania layers were intro-
duced into the solar cells as electron transport layers, respon-
sible for the extraction of electrons from the organic absorber
layer P3HT while blocking the entry of holes. The titania layers
are sufficiently thin (�90 nm) to allow efficient transport of
electrons to the ITO electrode. The current density–voltage
measurements for cells containing each type of lm are pre-
sented in Fig. 13. A high short-circuit current density (Jsc) and
power conversion efficiency (PCE) are not expected for these
devices, due to the thin light-absorbing P3HT layer used;
however, the devices display a clear photovoltaic effect,
demonstrating that suitably compact and smooth lms are
deposited from each precursor. The slightly larger current
density observed in the device with a lm made from TTIP is
consistent with these lms having a lower density of traps as
shown by DLCP.
4. Conclusions

TiO2 thin lms were deposited by AP-SALD while evaluating two
precursors, TiCl4 and TTIP, over the temperature range 100–
300 �C. Film growth occurred for both precursors over the entire
temperature range, with the crystallinity and morphology of the
lms heavily inuenced by the temperature, precursor,
substrate, and lm thickness. Both precursors formed smooth,
conformal anatase lms at 300 �C, with growth rates of 0.233
and 0.153 nm s�1 for TiCl4 and TTIP respectively. Conventional
ALD growth rates for these precursors range from �0.003–
0.03 nm s�1, depending on the cycle length and pumping
time.26,28,33,34 Deposition from TiCl4 is found to give higher
growth rates across the temperature range, which is attributed
to the smaller size of the molecule's ligands. The TiCl4
precursor also had the capability to form anatase as low as
250 �C for lm thicknesses of 60 nm and above. Conformal
amorphous lms could also be deposited from both precursors
at temperatures as low as 100 �C, making this technique suit-
able for coating complex structures in temperature-sensitive
devices. HCl is an expected by-product of TiO2 lm formation
from TiCl4 and was found to cause agglomeration in the lms.
Furthermore, Cl contamination detected in these lms led to
a �0.2 eV narrowing of the band gap compared to those
deposited from TTIP. DLCP found the free carrier concentration
of the lms to be�1017 cm�3 for both precursors, with a general
increase observed with increasing deposition temperature. The
choice of precursor affected the defect density, with lms
deposited from TiCl4 having a higher one (�1019 to 1021 cm�3)
than those deposited from TTIP (�1018 cm�3), which was again
attributed to the Cl contamination. Incorporating the lms into
hybrid bilayer solar cells illustrated their suitability as an elec-
tron transport layer for photovoltaic devices.
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17 D. Muñoz-Rojas, H. Sun, D. C. Iza, J. Weickert, L. Chen,
H. Wang, L. Schmidt-Mende and J. L. MacManus-Driscoll,
Prog. Photovoltaics Res. Appl., 2013, 21, 393–400.
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F. S. F. Morgenstern, Y. Vaynzof, B. J. Walker,
J. L. MacManus-Driscoll and N. C. Greenham, ACS Nano,
2013, 7, 4210–4220.

21 Y. Ievskaya, R. L. Z. Hoye, A. Sadhanala, K. P. Musselman
and J. L. MacManus-Driscoll, Sol. Energy Mater. Sol. Cells,
2015, 135, 43–48.

22 R. L. Z. Hoye, D. Muñoz-Rojas, K. P. Musselman, Y. Vaynzof
and J. L. MacManus-Driscoll, ACS Appl. Mater. Interfaces,
2015, 7, 10684–10694.

23 R. L. Z. Hoye, B. Ehrler, M. L. Böhm, D. Muñoz-Rojas,
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