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ABSTRACT: Thin films of interstitial boron-doped anatase TiO2, with varying B concentrations, were deposited via one-step 
atmospheric pressure chemical vapour deposition (APCVD) on float glass substrates. The doped films showed a remarkable 
morphology and enhanced photoactivity when compared to their undoped analogues. The TiO2:B films also presented en-
hanced conductivity and electron mobility as measured by Hall Effect probe as well as a high adherence to the substrate, 
stability and extended lifetime. The structure and composition of the different samples of TiO2:B films were studied by X-ray 
Diffraction (XRD), Raman spectroscopy, Scanning Electron Microscopy (SEM) and Dynamic Secondary Ion Mass Spectrome-
try (D-SIMS). Hybrid density functional theory was used to explore the defect chemistry of B-doped anatase and to under-
stand the experimental results.  

1. Introduction 

Among all known photocatalytic materials, titanium diox-
ide (TiO2) has been the most extensively studied photo-
catalytic material due to its multifunctional applications 
from desirable properties.1 There has been a large re-
search drive into the degradation of organic pollutants 
leading to the industrial use of TiO2 for the production of 
environmental, self-cleaning and photocatalytic technolo-
gies such as the Pilkington ActivTM glass. In the last few 
decades, strenuous efforts have been made combining 
theory and experiment to fully understand the mecha-
nisms of photocatalysis in TiO2 polymorphs.2,3  

TiO2 has been synthesised using a wide range of synthetic 
methods, including  sol-gel,4 hydrothermal,5 and electro-
chemical deposition,6 as well as physical7 and chemical8,9 
vapour deposition techniques. It is worth mentioning that 
the use of chemical vapour deposition methods to synthe-
sise TiO2 materials presents advantages over other meth-
odologies, such as removing the need for a calcina-
tion/annealing step which can drastically affect the nature 
and content of the dopant,10 and ease of industrial scale up. 

TiO2, however, presents some disadvantages such as low 
conductivity and poor electron mobility which limits its 
usage for optoelectronic devices such as transparent con-
ductive oxides (TCO).11,12 Even when donor doped with Nb 
or W, resistivities fail to reach those of doped SnO2, In2O3, 
ZnO or BaSnO3. Anatase TiO2 possesses a wide band gap (Eg 
~3.2 eV) making it a UV absorber, limiting its efficiency as 
a photocatalytic material. To improve upon this and modi-
fy the morphology of TiO2, acceptor doping with a non-
metal or a transition-metal, has become one of the most 
widely studied areas of research in photocatalysis and 
materials science.13  

Generally, upon acceptor doping, such as with nitrogen, the 
N 2p states sit slightly higher than the O 2p states at the 
valence band maximum (VBM) reducing the band gap and 
improving the efficiency of visible light absorption. How-
ever when donor doped, the conductivity increases but 
usually at the expense of the photocatalytic activity. The 
majority of research on this has been in acceptor doping 
with non-metals such as N, C or B. 14  

Boron doping of TiO2 has attracted attention due to its 
enhanced photocatalytic activity under visible light.15 
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When boron is doped into the TiO2 lattice it can occupy 
both substitutional oxygen and titanium sites (BO and BTi 

respectively) as well as interstitially (Bi) making it an am-
photeric dopant. Experimentally a blue shift is observed in 
the band edge of TiO2:B when boron occupies an intersti-
tial site indicative of a Moss-Burstein shift.16 In addition, 
studies showing a red shift in the absorption edge are 
suggestive of substitutional B. This has been postulated as 
the creation of mid-gap states acting as absorption centres 
enhancing the visible light absorption and photocatalytic 
activity.17  It has been suggested in the literature that inter-
stitial boron reduces Ti4+ to Ti3+ promoting the separation 
of the photoexcited electron and hole pairs suppressing 
their recombination and enhancing the photocatalytic 
activity.16  It should be noted, however, that excess elec-
trons in anatase TiO2 are generally delocalized in the bulk, 
but can localize on the surface.12 

Previous synthesis of TiO2:B has been focused on the for-
mation of powders by sol-gel, annealing and hydrothermal 
methods.15 Recently, TiO2:B thin films deposited by APCVD 
were reported for the first time by Carmichael et al.18 
Analysis of the films showed substitutional boron which 
lead to remarkable rates of hydrogen production (24 µL 
cm-2 h-1) and more favourable photocurrent profiles when 
compared to un-doped samples. Other APCVD routes have 
created interstitial B-doped TiO2 with the noticeable effect 
of interstitial boron in the surface morphology of the thin 
films.19 The films showed higher rates of photoactivity 
together with higher stability when compared to substitu-
tional boron-doped TiO2 films. Here, we present and report 
the study of the synthesis and characterisation of a series 
of interstitial TiO2:B thin films, synthesised by one-step 
APCVD, containing different concentrations of boron. The 
impact which interstitial boron has on the morphology, 
structure and functional properties of such films is shown 
experimentally and by state-of-the-art ab-initio theoretical 
methods. 

2. Experimental Methodology 

The chemicals were purchased from Sigma-Aldrich and 
Acros Organics. Titanium tetrachloride (TiCl4, 99.9%), 
ethyl acetate (C4H8O2, 99.8%), and triisopropyl borate 
(C9H21BO3, 98%) were used as titanium, oxygen, and boron 
sources, respectively. Octadecanoic (stearic) acid 
(CH3(CH2)16CHO2, 98.5%) was used to perform the photo-
catalytic assay. 

2.1 Atmospheric Pressure Chemical Vapour Deposition 
(APCVD) 

The boron-doped TiO2 thin films were synthesised in a 
custom-built cold-walled CVD reactor at atmospheric pres-
sure.20 The reactor consisted of a graphite block (320 mm-
long × 150 mm-width) contained within a quartz glass 
tube. The graphite block contained three embedded 
Whatman heater cartridges and the temperature was con-
trolled using Pt−Rh thermocouples. Nitrogen gas (supplied 
by BOC) was used as the carrier gas to lead the precursor 
vapours into the reactor. The gas mixture was introduced 
through a triple manifold in order to ensure a laminar flow 
into the reactor. The carrier gas was pre-heated at 473 K 
and all the pipes of the CVD system were kept at that tem-

perature. The precursors were heated independently in 
stainless steel bubblers in order to maintain their intended 
vapour pressures and ensure flow rate control. Before 
entering the CVD reactor, the precursors were quickly 
mixed in stainless steel mixing chambers at 523 K, under 
controlled flow rate conditions. 

The films were deposited at 773 K on float glass substrates 
(89 × 225 × 4 mm) supplied by the Pilkington NSG Group, 
pre-coated with a SiO2 barrier layer to prevent ion diffu-
sion from the glass into the film. The glass substrates were 
cleaned using distilled water, acetone (99%) and isopro-
panol (99.9%) and dried in air prior to use. In a typical 
deposition, the temperature and mass flow rates were 
constant for metal (TiCl4) and oxygen (CH3COOC2H5) pre-
cursors as 340 and 310 K and 6.4 × 10−3 and 3.04 × 10−3 
g∙min-1, respectively. A range of boron-doped TiO2 films 
(TiO2:B) were synthesised using increasing mass flow rates 
of triisopropyl borate (C9H21BO3) as boron precursor, 
namely 0.19 × 10−3 g∙min-1 (sample A) 0.56 × 10−3 g∙min-1 
(sample B) and 0.65 × 10−3 g∙min-1 (sample C).  

2.2 Analytical Methods  

X-ray diffraction (XRD) patterns of the films were obtained 
using a Lynxeye XE Bruker-Axs D8 diffractometer. The 
instrument operates with a Cu X-ray source, monochro-
mated (Kα1, 1.5406 Å). Films were analysed with a glanc-
ing incident angle (θ) of 1°. Structural analysis of the pow-
dery deposition was done by Powder XRD using a Bruker 
D4 Bragg–Brentano theta-2 theta reflection geometry 
machine equipped with Cu Kα1+2 source powered at 40 kV, 
30 mA coupled with a post-sample graphite monochroma-
tor and scintillation counter detector. The Joint Committee 
on Powder Diffraction Standards (JCPDS) was used to 
determine the crystal structure adopted. The lattice pa-
rameters and average crystal size was determined using a 
Le Bail model using the GSAS-EXPGUI software suite.21 
Raman spectroscopy was carried out using a Renishaw 
1000 spectrometer equipped with a 514-nm laser. The 
Raman system was calibrated using a silicon reference. 

Characterisation of the chemical profile of the thin films 
was carried out by Dynamic Secondary Ion Mass Spec-
trometry (D-SIMS) in a Cameca SC-Ultra instrument in 
positive ion mode, by a bombardment with Cs+ ions, having 
an impact energy of 1.0 keV.  

X-ray photoelectron spectroscopy (XPS) was used to de-
termine the composition of the films and spectra were 
recorded on a Kratos Axis Nova spectrometer equipped 
with a monochromated Al Kα X-ray source and delay line 
detector. Survey spectra were recorded with energy of 160 
eV and higher resolution spectra were recorded at 80 eV. A 
Filmetrics F20 single spot thin film machine was used to 
analyse film thicknesses. UV/visible spectroscopy was 
performed using a double monochromated PerkinElmer 
Lambda 950 UV/vis/NIR spectrophotometer in the 
300−2500 nm range. Reflectance spectra were recorded 
for different positions in the range 300−2500 nm on a 
Helios double beam instrument standardised relative to a 
silicon mirror, which allowed the thickness of the films to 
be also be determined via the Swanepoel method.22 The 
morphology of the films was studied by Scanning Electron 
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Microscopy (SEM). The images were taken using JEOL 
6301 (5 kV) and a JEOL JSM-6700F field. 

The probe measurements (Hall Effect) were conducted at 
room temperature on an Ecopia HMS-3000 device in the 
Van der Pauw configuration27. Measurements were ac-
quired at 0.58 T and a variable current of 0.1 µA to 1 nA on 
square-cut samples (≈1 x 1 cm). Silver paint (Agar Scien-
tific) was used to form ohmic contacts, the integrity of 
which were tested prior to measurement. 

2.3 Photocatalytic Test 

The photocatalytic activity of the films was evaluated dur-
ing photodegradation of octadecanoic (stearic) acid. A thin 
layer of stearic acid was applied on the surface of the sam-
ples by dip-coating from a stearic acid solution (0.05 M) in 
chloroform under UVA illumination (BLB Vilber-Lourmat, 
2 × 8 W, 365 nm, 2 mW cm-2). A PerkinElmer RX-I Fourier 
transform infrared (FTIR) spectrometer was used to moni-
tor,the disappearance of characteristic C−H modes of the 
acid (2958 cm−1, 2923 cm−1, and 2853 cm−1). The photo-
catalytic rates were estimated from linear regression of the 
initial steps (30−40%) of the curve of the integrated area 
vs illumination time. This estimation considered that 1 cm-1 

 9.7 x 10+15 molecules.23   

3. Theoretical Methodology 

Computational analysis using ab-initio methods has been 
carried out on the intrinsic defects and boron incorpora-
tion in anatase TiO2. These calculations have been carried 
out using the Vienna Ab-initio Simulation Package, VASP24–

27, a periodic boundary, plane-wave density functional 
theory (DFT) code. The projector-augmented wave method 
(PAW)28 was employed to describe the interactions be-
tween the core electrons and the valence electrons of each 
species (Ti:[Ar], O:[He] and B:[He]).  

In this study the hybrid DFT functional, HSE06 (Heyd-
Scuzeria-Ernzerhof)29,30 was used to obtain accurate elec-
tronic and geometric results of B-doped TiO2. Hybrid func-
tionals are less inhibited by the short falls of standard DFT 
functionals which fail to describe the self-interaction error 
and thus underestimate band gaps resulting in an inaccu-
rate picture of the defect chemistry of a system. Hybrid 
functionals have consistently displayed increased accuracy 
over standard DFT functionals in describing both the ge-
ometry and electronic structure for a range of semiconduc-
tors and insulators,12,31–41 and HSE06 has been shown to 
provide a good description of all polymorphs of TiO2.12,42–48 

A geometry optimization was carried out on the primitive 
cell of anatase TiO2 allowing the lattice vectors and angles, 
volume, and atoms to relax until the forces on all the atoms 
were less than 0.01 eV atom-1. In order to achieve an accu-
rate convergence of the total energy and electronic struc-
ture, a 700 eV plane wave energy cutoff and a Γ-centred 7 
× 7 × 5 k-point lattice were used.  

All the defect states calculated herein were simulated us-
ing a 3 × 3 × 1 supercell containing 108 atoms using a Γ-
centred k-point mesh of 2 × 2 × 2 combined with a plane 

wave cutoff of 450 eV. Only the ions within the supercells 
were allowed to relax with the lattice vectors and angles 
kept fixed. All the defect calculations were spin-polarised, 
and the systems were deemed to be converged when the 
forces on all the atoms were less than 0.01 eV atom-1. The 
limiting phases were calculated using plane-wave energy 
cutoffs of 700 eV and Γ-centred k-point meshes of 6 × 6 × 3 
and 8 × 8 × 8 for B2O3 and Ti2O3 respectively. 

3.1 Defect Formalism 

The formation energy of a defect in charge state ‘q’ is de-
fined as: 

 

ΔHf(D, q) = (ED,q −  EH) ±  ∑ niE(Ei + μi) + q(EFermi +i

εVBM
H + ΔEpot) + q2Ecorr

IC + Ecorr
BF   (1) 

 

ED,q and EH refer to total energies of the defective cell in 
charge state ‘q’ and the host cell respectively. Ei refers to 
the elemental reference energy (where ‘𝑖’ is Ti(s), O2(g) or 
B(s)) and μi is the associated chemical potential. n refers to 
the number of electrons taken away from or added to the 
external reservoir. In this work the Fermi level (𝐸𝐹𝑒𝑟𝑚𝑖) 
ranges from the valence band maximum (VBM) (0 eV) to 
~1.7 eV above the conduction band minimum (CBM). 𝜀𝑉𝐵𝑀

𝐻  
refers to the eigenvalue of the VBM in the host material 
and  𝛥𝐸𝑝𝑜𝑡  corresponds to the correction that is applied to 

account for the difference between the potential of the 
host and the defective supercells. Two more corrections 
are applied to account for the finite size effects of the 
supercell; the first is an image charge correction  𝐸𝑐𝑜𝑟𝑟

𝐼𝐶  
which corrects for the interaction of the charged defect 
and its own periodic images due to the long ranged nature 
of the Coulomb interaction.49,50 The image charge correc-
tion implemented herein uses the scheme formalised by 
Hine and Murphy51 which utilises the dielectric tensor. 
Lastly there is a band filling correction (𝐸𝑐𝑜𝑟𝑟

𝐵𝐹 ) by Lany and 
Zunger52,53 which is applied to shallow defects to account 
for the high defect concentrations present in supercell 
calculations.  

 

3.2 Chemical Potential Limits 

The chemical potentials in Equation (1) (𝜇𝑖) can reflect 
the equilibrium growth conditions which can then be var-
ied to simulate the experimental partial pressures defining 
the extremes of n-type and p-type defect formation. Under 
equilibrium conditions the chemical potentials are relative 
to the formation enthalpy of anatase: 

μTi +  2μO =  ΔHf
TiO2 =  −9.14 eV   (2) 

Due to the requirement that TiO2 is to be thermodynami-
cally stable towards Ti2O3, a further restraint is imposed on 
the chemical potentials making the Ti-rich/O-poor bounda-
ry limited by: 

2μTi +  3μO =  ΔHf
Ti2O3 =  −14.76 eV  (3) 
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These results correlate well with room-temperature exper-
imental values (-9.73 eV and -15.76 eV for TiO2 and Ti2O3 

respectively54). 

This results in the ‘extreme’ set of growth conditions: 

Ti-rich/O-poor (n-type favourable) where the chemical 
potentials are limited by the formation of Ti2O3: 

μTi = −2.11 eV ; μO =  −3.51 eV  (4) 

And for Ti-poor/O-rich (p-type favourable) conditions 
where the chemical potentials are limited by the formation 
of O2(g): 

μTi = −9.14 eV ; μO =  0 eV  (5) 

To determine the solubility of the boron species, a limita-
tion via the formation of a secondary phase, B2O3 is applied 
and is calculated to be: 

2μB +  3μO =  ΔHf
B2O3 =  −13.09 eV  (6) 

(The experimental formation energy at room temperature 
is determined to be -13.20 eV 54) 

Therefore, under Ti-poor/O-rich and Ti-rich/O-poor condi-
tions μB = -6.55 eV; μB = -1.27 eV respectively 

The thermodynamic transition levels are displayed below 
(Figure 8) and show the evolution of a defect from charge 
state q to q’ at a certain Fermi level position calculated by: 

εD
q

q′
=  

ΔHf(D,q)− ΔHf(D,q′)

q′−q
   (7) 

Experimentally these transition levels can be seen by such 
techniques as deep level transient spectroscopy (DLTS). 

4. Results and discussion 

A series of B-doped TiO2 thin films, henceforth samples A, 
B and C, were produced by APCVD containing various bo-
ron concentrations, as indicated in Table 1. The concentra-
tion of boron in the films were increased by varying the 
temperature of the bubbler and the mass flow rate. All the 
films were strongly adherent and passed the ScotchTM tape 
test, except for those using high flow rates of the boron 
precursor (e.g. sample C), which showed powdery areas 
across the glass substrate (Figure S2). The powder was 
easily removed using water or acetone. The formation of 
this powdery areas will be discussed below (vide infra).  

 

4.1 Boron doping 

The presence of boron in the films and its oxidation state 
was elucidated using XPS and D-SIMS (Figure 1 and Figure 
S2).  The Ti 2p peaks, located at binding energies of 458.9 
eV and 464.6 eV were identified as Ti-O bonds of Ti4+ in 
TiO2 (Figure S3a).20 No other Ti4+ environment or reduced 
Ti3+ species were detected. 

The O 1s peak, located at 530.4 eV, is also consistent with 
the formation of TiO2. The total boron concentration of the 
TiO2:B films was found to be in the range of 1-5 at.% (table 
1). Many discrepancies can be found in the literature with 
regards of the chemical environment of boron in boron-
doped TiO2 materials. Generally, B 1s peaks at 190–191 eV 
are attributed to substitutional boron in an oxygen posi-
tion (BO) and peaks in the range 191–192 eV correspond to 
interstitial boron (Bi).55 Boron can also be found in various  

Figure 1. B 1s XPS surface and in depth profile spectra of 
TiO2:B samples: (a) TiO2:B (A); (b) TiO2:B (B) and (c) TiO2:B 
(C); (d, e and f) depth profiling spectrum of TiO2:B (A), TiO2:B 
(B), TiO2:B (C) thin films, respectively. Dashed black lines in 
figures a, b and c represent the raw data (CPS) in XPS. 

other forms, including cationic B3+ in B2O3 and anionic B2- 
in TiB2, with characteristic B 1s peaks at 193.1 eV and 
187.5 eV, respectively.15,55 Our XPS results confirmed the 
presence of interstitial Bi alone in most samples, with 
peaks within the range of 191.5-192 eV in the B 1s envi-
ronment. High flow rates of the boron precursor induced 
formation of boric acid, as identified by an additional peak 
at 193.5 eV (Figure 1c).19 This peak, however, was only 
observed from surface analysis in sample C, not in the bulk 
of the sample (Figure 1f). The concentrations of boron in 
the bulk of the samples ranged between 0.8-1, 2-3 and 4-5 
at. % for samples A, B and C, as indicated in Table 1. Fur-
ther analysis was carried out using D-SIMS (Figure S3b, c 
and d). It could be seen that, while the content of titanium 
and oxygen remained constant, the content of boron varied 
within the bulk of the films. In the case of samples A and B, 
boron is found mostly through the bulk of the film, as seen 
by D-SIMS depth profiling (Figure S3b and c), whereas, in 
the case of sample C, boron is found mostly on the surface 
of the thin film through at least ~10 nm, as XPS depth pro-
filing analysis revealed (Figure 1f). 
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4.2 Structure discussion  

 

Figure 2. XRD patterns of undoped and B-doped TiO2 thin 
films (A = anatase and R = rutile); (a) undoped TiO2; (b) sam-
ple TiO2:B (A); (c) sample TiO2:B (B); (d) sample TiO2:B (C). 
Dotted line represents the crystalline plane (101) of anatase. 

X-ray diffraction (XRD) and Raman spectroscopy were 
used to study the crystal structure of TiO2 present in the 
TiO2:B thin films . Figure 2 shows XRD patterns of TiO2:B 
samples alongside an undoped TiO2 thin film. The lattice 
parameters were determined using a Le Bail model, tooled 
with GSAS and compared with literature powder standards 
of anatase and rutile TiO2 56 All samples confirmed the 
presence of anatase TiO2 only, except for sample C that 
showed traces of the rutile phase, as evidenced by an addi-
tional peak at 2θ = 27.7° (Figure 2d).  The proportion of 
rutile phase in sample C, calculated from the XRD data , 
was estimated around a relative value of ~15% of the total. 
The presence of rutile at relatively low temperature –the 
typical anatase-rutile transformation temperature is above 
700 °C– can be explained from changes in the pH of the 
precursors mixture in the gas phase, which may induce 
changes in the nucleation rates of  the TiO2 nanoparticles. 
As previously reported by Sabyrov et al.,57 the generation 
of smaller initial nanoparticles of anatase TiO2 in acidic 

conditions and at high temperatures increased and in-
duced the phase transformation rate of rutile TiO2. Pore et 
al.58 reported a similar effect for the synthesis of S-doped 
TiO2 films using atomic layer deposition (ALD).  

Extracted from Le Bail refinement, the average crystallite 
size of the doped samples increased compared to undoped 
TiO2 (Table 1) but decreased upon apparently increasing 
levels of boron in the structure. A potential explanation for 
this is a concurrent formation of a boron-containing by-
product upon increasing flow rates of the boron precursor. 
This is plausible considering that the B 1s XPS peaks in the 
bulk were weak and broad (Figure 1d, 1e and 1f) and thus 
the levels of doped boron in the TiO2 structure may be 
overestimated. The mentioned by-product could be boric 
acid (H3BO3), as inferred from the XPS results from sample 
C (Figure 1c). The formation of boric acid (or sassolite) 
was indeed confirmed by XRD analysis of the powdery 
sections in this sample (Figure S2). 

XRD also suggested the addition of the boron dopant in an 
interstitial position. Indeed, the lattice parameter c (Table 
1) of TiO2:B, were shown to be larger than the ones of the 
reference TiO2 sample. 

The unit cell volume in sample B is similar to the undoped 
TiO2 film synthesised under the same conditions. The ex-
tension of the c-axis and the expansion of the unit cell 
volume can be explained by the interstitial incorporation 
of boron in the TiO2 lattice. 17, 19Raman spectroscopy stud-
ies of the as-synthesised samples (Figure 3a) confirmed 
the presence of anatase TiO2 in the samples, following the 
characteristic bands at 144, 400, 650 cm-1.56 Doped TiO2 
anatase samples are often characterised by a shift of the Eg 
mode at 144 cm-1. 59,60 Close Inspection of Figure 3b, how-
ever, only showed a blue shift of the Eg mode for sample A, 
allegedly the sample with the lowest boron content (Table 
1). This observation seems to support our previous com-
ments with regards of the actual B content in the samples, 
based on XPS and XRD results (vide supra).  The suggested 
mechanism of formation of TiO2 from reaction between 
TiCl4 and ethyl acetate has been described according to the 
following equations:61 

CH3COOC2H5  → CH3CH2OH +  C2H2O     (1𝑎) 

CH3CH2OH → H2O +  C2H4     (1𝑏) 

TiCl4 +  H2O → TiO2 +  HCl     (1c) 

These involve the decomposition of ethyl acetate to pro-
duce oxidising species such as ethanol (Eq. 1a), which in 
turn dehydrates into water and ethane (Eq. 1b). With wa-
ter present, the surface reaction may proceed by hydroly-
sis of TiCl4 according to Eq. 1c. In the presence of triiso-
propyl borate, however, reaction with water may lead to 
boric acid following Eq. 2.  

 

B[(CH3)2CHO]3 + 3H2O → 3(CH3)2CHOH +  H3BO3     (2) 
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Sample phase a [Å] b [Å] c [Å] V [Å3] τ (nm) [B] (at. %) 

Standards 
anatase 3.7848(3) 3.7848(3) 9.5124(2) 136.26 - 

N/A 
rutile 4.5941(1) 4.5941(1) 2.9589(1) 62.45 - 

Undoped anatase 3.7885(4) 3.7885(4) 9.5205(4) 136.13 44.63 0 

TiO2:B (A) anatase 3.7832(1) 3.7832(1) 9.5322(7) 137.65 87.43 0.8-1.0 

TiO2:B (B) anatase 3.7811(8) 3.7811(8) 9.5087(2) 135.94 79.51 2.0-3.0 

TiO2:B (C) 
anatase 3.8003(4) 3.8003(4) 9.5361(6) 137.72 50.26 

4.0-5.0 
rutile 4.5298(9) 4.5298(9) 2.9598(5) 60.73 31.21 

 

Table 1. Cell parameters, unit cell volume (V), crystallite size (τ) and boron content (in at. %) of the undoped and 
TiO2:B thin films. Error: Volume (A3) ± 0.1%; Crystal size (τ, nm) ± 1%.  

Figure 3. (a) Raman spectra of the TiO2:B samples, compared to the undoped anatase film and (b) Raman shift of the Eg band 
zoomed. Black dotted arrow (left) indicates the position of the undoped TiO2 and dotted green arrow (right) the position of the 
Eg(1) band for TiO2: (A). 

4.3 Morphology of the TiO2:B films 

The mass flow rate of the boron precursor had a drastic 
impact on the morphology of the films. A typical SEM im-
age of the undoped TiO2 film showed shell-shaped aggre-
gated particles with sizes in the range of 120 - 230 nm 
(Figure 4a), which contrasted with the significantly large 
average particle size of the TiO2:B samples. In Figure 4b, 
sample A showed agglomerations of big particles (ca. 1 µm 
to 2.3 µm) with a more defined prism-like and cubic shape 
deposited on top of a uniform coating of smaller agglomer-
ations of particles. Both type of deposited particles were 
well adherent to the substrate forming a bilayer-like struc-
ture of TiO2:B as reported previously.19   In contrast, sam-
ple B, exhibited a well-defined and uniform film composed 
of cubic-shaped particles (ca. 160 nm). Sample C (Figure 
4d) showed prism-shaped and well aggregated particles 
with sizes in the range of 300 nm to 500 nm. Comparing 
the different surface morphologies of TiO2:B (Figure 4b, c 
and d) with the undoped TiO2 film (Figure 4a), the final 
concentration of boron incorporation has a significant role 
in the agglomeration of the doped-TiO2 particles along the 
substrate. The SEM cross-section images of the samples 
(Figure 4e, 4f, 4g and 4h) show that both the undoped and 
doped TiO2 thin films described in this work were relative-

ly hard and strongly adhered along the entirety of the glass 
substrate. In the case of sample A, the cross-section SEM 
analysis (Figure 4f) confirmed what can be seen in the top 
view image (Figure 4b), the multilayer-like morphology, 
where agglomerations of larger particles of TiO2:B (cubic 
shape) can be found on top of a uniform layer of smaller 
particles. The thicknesses of the films were found to be in 
the range between 420 nm to 650 nm.19 

As it can be seen in Figure 4, the different TiO2:B films 
deposited showed varying morphology, associated with 
the boron doping level. SEM observations supported the 
existence of morphology discrepancies between the TiO2:B 
samples (Figure 4b, c and d) and the undoped TiO2 coat-
ings (Figure 4a). In addition, SEM analysis of the TiO2:B 
samples revealed the presence of 3 different morphologies 
which correspond to the macroscopic aspect variation 
observed on the substrate (Figure S1), i.e. , visual observa-
tions under tilt angle of sample A presented areas contain-
ing concentric circles whereas sample B and C showed 
different lines of interference colours, expressing thickness 
differences along the length of the substrate.19   
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4.5 Optical properties of the films 

The undoped TiO2 thin films displayed high optical trans-
parency. The incorporation of low B concentrations (sam-
ple A, ∼1 at.%) resulted in films with zones of concentric 
circles on the substrate evidenced by a red shift in the 
transmission onset from 316 nm to 348 nm compared to 
the undoped TiO2 thin films (Figure 5a). Surprisingly, the 

shift was not so drastic for the highly doped films (samples 
B and C). These results are similar to phosphorous doped 
TiO2 thin films by C. Sotelo-Vazquez et al.60, where it was 
reported a small shift (blue shift in their case) when the 
concentration of the dopant (phosphorus) was lower than 
1 at. %, and no noticeable shift occurs when the concentra-
tion was higher than 1 at. %.  

 

Figure 4. SEM images (top view) of: (a) Undoped TiO2, (b) TiO2:B (A), (c) TiO2:B (B) and (d) TiO2:B (C); Cross-section SEM images 
(e, f, g and h) of  the undoped and boron-doped thin films, respectively. 

Tauc plot analysis (Figure 5b) showed a slight shift in 
absorption into the blue region for the doped TiO2 samples 
compared to the experimental value for undoped films 
(∼3.45 eV), with band gap energies estimated around 3.28, 
3.36 and 3.43 eV for samples A, B and C, respectively. Va-
lence band XPS (VB-XPS) shows the valence band edge 
relative to the Fermi level for the undoped and boron-
doped TiO2 samples (Figure S6), corroborating the band 
gap shifts.  

4.5 Functional properties of the TiO2:B films 

The photocatalytic properties of the TiO2:B films were 
investigated during degradation of stearic acid under UVA 
and visible light irradiation. 23 Figure 6a shows the corre-
sponding photocatalytic activities under UVA light (2 
mW·cm−2), expressed in terms of formal quantum efficien-
cy (FQE), which is defined as molecules of stearic acid 
degraded over incident photons (molecule/photon). All the 
TiO2:B samples showed improved photocatalytic activities 
compared to a conventional undoped anatase TiO2 film. 
This is not surprising considering that the incorporation of 
interstitial boron encouraged crystallinity (Figure 2) and 
increased crystallite size (Table 1). This is certainly the 
case for the incorporation of relatively low levels of boron 
in the structure (~1 at%) as observed for sample A. The 
synthesis conditions in the presence of higher concentra-
tions of boron precursor induced lower crystallite sizes for 

samples B and C, respectively, and the photocatalytic activ-
ities were observed to follow the same trend (Figure 6b). 
Nevertheless, as seen in the XRD patterns (Figure 2d) the 
boron-doped TiO2 sample C contains simultaneously rutile 
and anatase. The presence of rutile has been also reported 
to have a direct impact in the photocatalytic performance 
of TiO2. Reported by D. O. Scanlon et al,44 photogenerated 
conduction electrons will flow from rutile to anatase, in-
ducing a type II band alignment (∼0.4 eV), significantly 
reducing the effective bandgap of composite materials, and 
improving efficient electron– hole separation. This align-
ment increased the photoactivity of anatase–rutile compo-
site materials over their individual analogues.   

The conductivity of the doped films was also investigated 
using a Hall Effect probe and the results are summarised in 
Table 2. As the resistivity was close to the detection limits 
of the Hall Effect device, the derived charge carrier densi-
ties and mobilities were liable to have large associated 
errors. A high resistivity and small range of mobility of the 
charge carriers was measured. It was found that the lowest 
resistivity was found for sample B (20 Ω cm) whilst the 
highest was for Sample C (9.5 x 105 Ω cm). Comparing 
these values to Nb:TiO2 and F:TiO2, the measured values of 
resistance (ρ) for TiO2:B are much higher.  
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4.5 Bulk electronic properties: 

The density of states (DoS) and band structure for anatase 
TiO2 are presented in Figure 7a and b respectively. The 
DoS shows that the VBM is predominantly made up of O 2p 
states mixed with some negligible Ti p and d states. On the 
other hand, the CBM is mostly made up of Ti d states 
alongside a minimal amount of O states. These results are 
consistent with other DFT calculations on TiO2 poly-
morphs.44,62 Figure 7b shows that anatase is an indirect 
band gap material (Egind = 3.35 eV) with the VBM occurring 
just off the Z high symmetry point (between  Γ  and Z) and 

the CBM at Γ. The direct band gap at Γ has a magnitude of 
3.64 eV. These results are consistent with other theoretical 
calculations using HSE0663,64 and low temperature optical 
studies (3.42 eV), 65 however the general consensus in 
experiment places the band gap at ~3.2 eV.44 Higher levels 
of theory such as the GW (Green’s function) approximation 
which place the band gap around 3.6-3.8 eV,66–69 the over-
estimation is generally thought to be excitonic effects or 
the difficulties in the convergence of the screened interac-
tion of localized systems.67–69  

 

Figure 5. (a) UV-visible spectra (transmittance) of the doped and undoped TiO2 films, (b) graphical calculation (Tauc plot) of the 
optical band gap for all the boron-doped TiO2 samples. 

Figure 6. (a) Formal quantum efficiencies (FQE) obtained during photodegradation of stearic acid under UVA irradiation of un-
doped and boron-doped TiO2 films (Table 1); (b) comparison between photocatalytic activities and crystallite sizes as determined 
from XRD analysis. Crystal size data presented in table 1. 
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                   Ta- ble 2. Data 
extracted from the Hall 
Effect Electri- cal Measure-
ments. (*) From ref: 35. 

 

4.6 Defect Thermodynamics:  

Figure 8 shows the transition level diagrams for TiO2:B 
under both Ti-rich/O-poor and Ti-poor/O-rich conditions.  

4.6.1 Intrinsic defects: 

Previous theoretical studies have shown that the dominant 
acceptor and donor defects in anatase are the titanium 
vacancy (VTi) and the oxygen vacancy (VO).46,48,70–73 Under 
Ti-rich/O-poor conditions, VO acts as a resonant donor with 
a low formation energy (for VO0, ΔHf = ~1.19 eV) with the 
2+ 

charge state dominant across the entirety of the band gap. 
This is in contrast to most wide band gap binary oxides 
such as such as ZnO34,74–76, SnO276–79, In2O342,76,80–83 and 
BaSnO384  where VO is a “negative-U” defect modulating 
from the 2+ to the neutral charge state in the band gap. 
Under Ti-poor/O-rich conditions, VO has a higher formation 
energy (ΔHf = ~4.71 eV). These results are consistent with 
other theoretical studies carried out on anatase.48,70,85,86  

Figure 7. The calculated density of states (DoS) (a) and band 
structure (b) of undoped anatase TiO2. In each diagram the 
valence band maximum (VBM) is set to 0 eV. In (b) the valence 
bands are depicted as blue lines and the conduction bands as 
orange lines. 

VTi is a deep acceptor under both growth regimes with the 
1-/0 transition level occurring at ~0.87 eV above the VBM. 
The formation energies of the neutral charge state occur at 
~14.26 eV and ~7.23 eV for Ti-rich/O-poor and Ti-poor/O-
rich conditions respectively, meaning that the formation of 
VTi near the VBM is highly unfavourable and will be seen in 
negligible quantities. Under Ti-poor/O-rich conditions (p-
type favourable), VTi4- begins compensating the donor de-
fects ~2.28 eV above the VBM. Our calculations show that 

all charge states of VTi are shown in the band gap. Multiple 
pictures of VTi are seen in the theoretical literature on 
anatase. Phattalung et al.87 found using LDA (Local Density 
Approximation) that VTi is a quadruple shallow acceptor, 
however LDA is known to be inadequate in describing the 
band gap and correct localization of holes and electrons. 
Applying a Hubbard-like “U” value (which incorporates an 
occupation penalty scheme), Morgan et al. show that VTi is 
a deep acceptor (2-/0 transition occurs ~0.85 eV above the 
VBM). In this study, however, it is shown that there is no 
0/1- transition level and the formation energy is ~2.5 eV 
lower than that calculated from our calculations.70,73 The 
only HSE06 calculations on VTi in anatase show that the 
defect transitions from the neutral charge state to the 2- 
then the 4- charge state over the band gap. In these calcu-
lations only a Monkhorst-Pack 1x1x1 k-point sampling was 
used which can lead to inaccurate total energies and there-
fore  uncertainty in the thermodynamic picture of the de-
fects.48  

It is known that the thermodynamic transition levels can 
be sensitive to the correct localization and delocalization of 
electrons and holes and Figure 9 presents the calculated 
partial charge densities of each charge state of VTi display-
ing the correct localization of holes on the adjacent ox-
ygens surrounding the vacancy. The axial holes are the 
first to be removed (VTi1- and VTi2- which are depicted as py 
orbitals) and then the equatorial holes (VTi3- and VTi4- de-
picted as pz orbitals). This correct localization is important 
and we have shown this to be as important in ZnO.88 

4.6.2 B-Doping: 

Boron can enter the anatase lattice interstitially (Bi) or 
substitutionally on a titanium site (BTi) or oxygen site (BO). 
Previous theoretical studies have been carried out on TiO-
2:B16,89–93 in particular,  a study by E. Finazzi and cowork-
ers18 which gives a fairly comprehensive view on the elec-
tronic structure of various B related defects. 

Under Ti-rich/O-poor conditions, Bi3+ is lowest in energy 
across the whole band gap, meaning that interstitial boron 
is the most preferential dopant state to form. Bi acts as a 
shallow dopant donating 3 electrons into the conduction 
band and has a very low formation energy. The Fermi level 
is pinned in the conduction band at ~0.65 eV above the 
CBM when the VTi4- charge state falls low enough in for-
mation energy to begin compensation of the donated elec-

 
Hall effect probe Resistance 

Sample n (cm-3) μ (cm2 V-1 s-1) ρ (Ω cm) R (KΩ) 

TiO2:B (A) -3.24 x 1015 172.40 112 150±3 

TiO2:B (B) -3.82 x 1017 8.17 20 90±1 

TiO2:B (C) -9.00 x 1013 0.08 9.5 x 105 120±5 

Nb:TiO2(*) -8.30 x 1018 3.4 0.22 -- 

F:TiO2(*) -46.00 26 5.2 -- 
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trons. Under Ti-poor/O-rich conditions, the formation en-
ergy of Bi is raised in energy and the Fermi level is pinned 
in the band gap ~2 eV above the VBM when BTi1- and VTi4- 
cross those of Bi3+ and VO2+. In Figure 10a, 10b and 10c 

the partial charge localization is shown for Bi in the 0, 1+ 
and 2+ charge states. 

 

Figure 8. The transition level diagrams for TiO2:B under both Ti-rich/O-poor (left) and Ti-poor/O-rich (right) growth regimes. The 
Fermi energy goes from the VBM (0 eV) to 1.7 eV above the CBM (which is at 3.35 eV). The conduction band region is shown by the 
graded. 

 Bi is a three electron donor, however when it reaches the 0 
and 1+ charge states (~2.42 eV above the CBM) (Figure 
10a and b), the donated electrons start to become highly 
localized on the B and adjacent Ti atoms, this has also been 
seen previously by Yang et al.90  the 2+ charge state is 
shows a delocalized electron (Figure 10c). 

BTi has a high formation energy under Ti-rich/O-poor (BTi0 
occurs ~5.76 eV) where self-compensation is observed 
when BTi1- crosses the Bi3+ line at ~2.12 eV above the VBM.  
Under Ti-poor/O-rich conditions, p-type defect favourable 
conditions, BTi is still relatively high in energy (~4 eV). The 
1-/0 transition level occurs at ~0.85 eV above the VBM 
making this defect a very deep acceptor so no p-type capa-
bility should be seen.  

Under Ti-rich/O-poor conditions, BTi begins to self-
compensate ~2.12 eV above the VBM. Previous calcula-
tions have stated that BTi is the least favourable substition-
al defect89,92, however we find the opposite is true. BTi0 
distorts from the Ti site by up to ~11% in the b direction 
forming a trigonal planar BO3. The hole is localized on an 
adjacent O as shown in Figure 10d, with the distortion 
clearly visible. In the 1- charge state, the B moves back 
towards the original Ti site now that the hole is removed 
reforming a tetrahedral BO4.  

The last defect to be considered is BO which acts as a slight-
ly deep donor with the 1+/0 transition level occurring at 
~0.20 eV below the CBM. Under Ti-rich/O-poor conditions 
BO forms at a high energy (~6.45 eV) and under Ti-poor/O-
rich conditions this rises to ~15.23 eV. Beyond the CBM BO 
quickly becomes an acceptor changing to the 2- charge 

state ~0.1 eV above the CBM then to the 4- charge state 
~0.36 eV above the CBM. 

Under Ti-rich/O-poor conditions BO becomes the dominant 
boron defect ~1.37 eV above the CBM. The partial charge 
density of the neutral and 4- charge states are shown in 
Figures 10e and f where localization is seen shared be-
tween the boron atom and the titanium atom below it. 

Accounts by Finazzi and coworkers see an almost identical 
picture, however with more localization on the Ti, which 
could be an artifact from using a Γ-point only calculation. 
Less distortion is seen here than for BTi although in the 
neutral charge state B distorts ~5% in the c direction 
whilst the Ti below shifts ~4% from its original position 
away from the defect. The 4- charge state displays a quad-
ruple polaron (shown in Figure 10f) and the atoms shift 
back towards their original positions (~2% from BTi0). 
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Figure 9. The partial charge densities of the charge states of 
VTi as viewed along the {010} direction showing the localisa-
tion of holes (blue isosurfaces) in each example. The isosur-
faces are plotted from 0 - 0.015 eV Å-3. 

 

Figure 10.  The partial charge densities of Bi0 (a), Bi1+ (b), Bi2+ 
(c), BTi0 (d), BO0 (e) and BO4- (f) defect charge states as viewed 
along the {100} direction displaying the localisation of holes 
and electrons (blue and orange isosurfaces respectively). The 
isosurfaces are plotted from 0-0.015 eV Å-3. 

 5. Conclusions: 

A series of interstitial boron-doped anatase TiO2 of differ-
ent concentrations were synthesised and deposited on 
glass by one-step APCVD. The concentration of the dopant 
(from 1-5 at. % B) was varied by increasing the mass flow 
rate of boron isopropoxide and varying the temperature of 
the bubbler where it was placed. Anatase was obtained in 
all of the TiO2:B samples. In the case of sample C, when a 
higher mass flow of boron was used, rutile was formed 
along with a powdery deposition on top of some areas of 
the film. The powdery deposition was easily removed and 
was characterised as a mixture of anatase and a form of 
boric acid (H3BO3), called sassolite. Proved by XPS and D-
SIMS, boron was incorporated in TiO2 as interstitial, being 
that form the most stable of boron-doped TiO2. 15,17 The 
incorporation of interstitial boron induced a noticeable 

change in the morphology of the doped-films and in the 
average particle size, more remarkable in the case of sam-
ple TiO2:B (A). The optical band gap slightly changed but 
no visible light absorption/response was found. The pho-
tocatalytic performance of TiO2:B films under UV was en-
hanced, being much higher and noticeable in the case of 
sample A, which contains around 1 at. % B. Surprisingly, 
boron-doped TiO2 samples presented certain conductivity 
and electron mobility, proven by multimeter and Hall Ef-
fect measurements. 

From our theoretical and computational analyses, we show 
that in the likely event of Bi forming, the material will be 
made n-type under Ti-rich/O-poor conditions, explaining 
the n-type conductivity measured. Bi3+ is the most prefer-
ential dopant state to form. Under Ti-poor/O-rich condi-
tions the Fermi level will be trapped ~2 eV above the VBM, 
indicating that electrons trapped at this level could be 
excited by visible light into the CBM thus increasing the 
visible light activity. In addition, we can conclude that an 
excessive addition of boron during the synthesis of the 
interstitial TiO2:B thin films is detrimental for the for-
mation of the films, affecting the nucleation process and 
increasing the gas phase reaction that leads to a powdery 
deposition, as well as for the photocatalytic properties of 
TiO2:B, which after reaching the optimal concentration (∼1 
at. %) the photocatalytic performance of the interstitial 
boron-doped TiO2 samples decreases. 

The data obtained by XRD, Raman spectroscopy and XPS 
data, indicated that: (i) boron has been implanted within 
the anatase phase interstitially (ii) when the mass flow of 
the dopant is too high the rutile phase appears and a pow-
dery phase-mixture of TiO2 and H3BO3 (sassolite) is depos-
ited along with the film as by-products, which can be found 
in some areas of the substrate (glass).  
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pattern of powdery deposition, Ti 2p environment surface 
XPS spectrum of sample TiO2:B (B), depth profile D-SIMS 
spectra of all boron-doped samples, photo of a TiO2:B thin 
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of the decomposition of SA in sample A and Valence Band 
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