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We demonstrate experimentally a chemical codoping approach that would simultaneously
narrow the band gap and control the band edge positions of TiO, semiconductors. It is shown
that a sequential doping scheme with nitrogen (N) leading the way, followed by phosphorous (P),
is crucial for the incorporation of both N and P into the anion sites. Various characterization
techniques confirm the formation of the N-P bonds, and as a consequence of the chemical
codoping, the band gap of the TiO; is reduced from 3.2 eV to 1.8 eV. The realization of chemical
codoping could be an important step forward in improving the general performance of electronic

and optoelectronic materials and devices.
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Introduction

TiO, is a wide gap semiconductor commonly used for solar energy harvesting applications.
However, its band gap is too large for visible light absorption. Earlier efforts for band gap

I*? and non-metal elements,** passivated codoping,®

engineering including monodoping of meta
non-compensated codoping,” and surface defect engineering,®° have made great progress to
broaden its absorption range. For example, TiO, nanotube arrays (TNTs) with B-F codoping
exhibit better photoelectrochemical and photocatalytic properties than those of F-monodoped
TNTSs due to the narrower bandgap.** TiO, nanowires with C, N and S codoping could not only
broaden the light adsorption spectra into the visible region (400-600 nm), but also inhibit the
recombination of photo-induced carriers.*? The concept of passivated codoping is proposed to
eliminate partially occupied impurity bands by introducing donor-acceptor pairs that compensate
each other in terms of charge neutrality.® However, in non-compensated codoping, such charge
compensation is not satisfied.”*® Moreover, Chen et al. found the photoelectrochemical water
splitting performance can be significantly promoted in visible light by constructing the single-

crystalline, branched nanowires arrays, such as ZnO nanowires/nanodisks arrays and their

sensitization with CdS/CdSe quantum dots.**

Another essential requirement for using TiO, in photocatalytic applications is the correct
position of the band edge states for carrier extraction. For spontaneous water splitting, the optical
gap of TiO, should straddle the redox potentials of H,0O.'*'*® Since the conduction band
minimum (CBM) of pristine TiO; is only slightly higher than the H*/H, reduction potential while
its valence band maximum (VBM) is much lower than the OH/O, oxidation potential, the gap
narrowing should be achieved by shifting the VBM upwards. The impact of developing a general

approach to simultaneously engineer the band gap and band edge alignment of semiconductors is
2
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however, not limited to photocatalysis,'”*® but also for many other applications ranging from
optoelectronics, * spintronics,? and multiferroicity? that require carrier extraction or dopant
ionization. Recently, it has been proposed theoretically that oxide semiconductors such as TiO;
can be codoped with a pair of anion dopants that form strong chemical bonds.?#% Different from
passivated and non-compensated codoping schemes, both dopants could be acceptors in chemical
codoping, while they form fully occupied intermediate bands through chemical bonding. This
approach termed chemical codoping has several advantages: 1) The strong bonding between
dopants significantly reduces the formation energy, so that higher doping concentration may be
achieved. 2) The codopants can be so chosen to eliminate half-occupied states serving as
recombination centers detrimental to carrier extraction. Chemical codoping, however, is
counterintuitive because impurities with the same charge typically repel each other. Therefore,

there is a great challenge to realize experimentally chemical codoping in TiO».

Herein we demonstrate experimentally the realization of chemical codoping to engineer the
band gap and band alignment of TiO, semiconductor simultaneously. Realizing chemical
codoping is nontrivial. A single precursor containing both anion dopants would not work since
the covalent bonding between them would be so strong that it prevents the incorporation of both
anions. To overcome this difficulty, a sequential doping strategy was devised to enhance dopant
incorporation and the ability to form new bonds. Anatase structured TiO, was codoped with
nitrogen (N) and phosphorous (P) anions leading to the formation of new chemical bonds, which
lowers its band gap from 3.2 eV to 1.8 eV. This value is much lower than that obtained by N
(2.64 eV)** or P (2.91 eV)® monodoping, and rivals the result reported for non-compensated

codoping.’
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Experimental

Chemical synthesis based on hydrolysis followed by hydrothermal treatment was used to
produce TiO, nanoparticles.”® Trioctylphosphine (TOP) and urea were chosen as precursors for
phosphorus and nitrogen doping.?’?® The two elements were sequentially doped: TiO, doped
with N(P) first followed by P(N) doping was labeled as NP-TiO, (PN-TiO,); while samples
doped with P(N) only were labeled as P-TiO; (N-TiO). Briefly, N-TiO, was obtained by
dissolving titanium tetraisopropoxide in ethanol; urea dissolved in deionized water was then
added dropwise to form amorphous TiO, nanoparticles. The product was then sealed in an
autoclave and heated at 175 <C for 3 h to obtain the anatase structure. To obtain NP-TiO,, N-
TiO, was mixed with TOP and heated at the reflux temperature for 12 h. Details of the procedure
are provided in Supporting Information. Uniform and nearly spherical TiO, particles with sizes
of about 1 um have been obtained (Fig. S1). These particles contain nanosized crystallites
ranging from 5 to 10 nm (Fig. S2). Particles spin-coated on glass substrates were used for X-ray

photoelectron spectroscopy (XPS) and UV-vis absorption spectra measurements, while those

spin-coated on gold coated glass substrates were used for scanning tunneling spectroscopy (STS).

The doping concentration and valence states of the dopants were determined by XPS. The optical
band gaps were measured by UV-vis absorption spectra and STS was used to map the spatial
distribution and obtain the average band gaps. First-principles calculations were based on density
functional theory (DFT) using the Heyd-Scuseria-Ernzerh (HSE) of hybrid functional,? as
implemented in the VASP program.®® A supercell of 96 atoms (32 Ti and 64 O) was used to
model anatase TiO,. In the case of chemical codoping, two neighboring O atoms were replaced
by N and P, respectively. The atomic structures were optimized until the calculated forces on all

atoms were smaller than 0.05 eV/A.
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Results and Discussion

N and P were chosen as codopants, which according to first-principles calculation could
form a strong chemical bond when both substitute for 0.?* Fig. 1a shows the atomic structure of
the N-P pair substituting for two O atom and Fig. 1b illustrates the electronic structure and
bonding mechanism of the N-P pair. All the spin orbitals of No and Po are involved in the
bonding between the N-P pair. After the hybridization, only two fully occupied orbitals are left
in the band gap, as shown in the middle part of Fig. 1b, representing the new VBM. Both gap
states exhibit anti-bonding character between P 3p and N 2p, as can be seen in Fig. 1c and 1d,
and are higher in energy than the occupied states in either monodoping case, resulting in more
efficient band gap reduction. The bonding orbitals are pushed down into the valence band and
the anti-bonding orbital is pushed up into the conduction band. The electronic structure analysis
suggests that the N-P pair forms a triple bond, which is responsible for the significant drop of the

formation energy for the Po defect next to No (as discussed below).

While N monodoping has been done extensively, there are few reports of P doped TiO,.31%

We are not aware of work on P anion doping. The difficulty of P anion doping stems from the
mismatch between the ionic radii of P (1.06 A) and O (0.73 A). In the few reports of (N,P)
codoped TiO,, the P dopants act as cations replacing Ti ions or as interstitials. With P>*
substituting Ti** and N* substituting O%, this can be considered as passivated codoping,® since P
is a single donor and N is a single acceptor.®*3* Our DFT calculation suggests that even though
the band gap can be reduced to ~2.5 eV, the improvement on light absorption is marginal, which
is verified by our experimental results. A well-designed doping strategy is therefore essential to
ensure N and P incorporated as anions. Our calculation shows that the presence of N can lower

the incorporation energy of P in TiO, by about 3.4 eV as a result of the formation of N-P bond.
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We therefore adopted a sequential doping scheme, where N was doped first, followed by P
doping. Such a scheme is also favored considering the doping kinetics. It is known that TiO,
nanoparticles synthesized by hydrothermal methods are n-type due to O vacancies. We suggest
that if N is doped substitutionally at the O sites first, they are likely attracted to the vicinities of
the O vacancies due to donor-acceptor attractions. This can facilitate the N-P pair formation if P

dopants later assume the O vacancy sites.

The valence states and bonding of N, P, O and Ti in undoped and codoped TiO, were
analyzed by XPS, as shown in Fig. 2. N 1s and P 2p peaks emerge upon doping. These peak
positions shift according to the various doping schemes. The chemical shifts are consistent with
expected oxidation states and chemical bonding of the dopants, as discussed below. In Fig. 2a, an
N 1s peak centered at 399.6 eV is observed for N-TiO, with N concentration of 2.4%. When P
doping is carried out after N doping to form NP-TiO, (N: 1.0%, P: 3.7%), the N 1s peak position
shifts to a slightly lower binding energy of 398.9 eV. The N 1s binding energies in both samples
are lower than that of N-O adsorption (400-406 eV),*>*® and consistent with reported values in
earlier work on N substitutional doping.®’ This clearly shows that N substitutionally dopes the O
sites for both N-TiO, and NP-TiO, samples. A 0.7 eV red shift in the binding energy of NP-TiO,
compared to that of N-TiO, is consistent with the formation of chemical bonding between N and

P, which leads to partial electron transfer from P to N.

Evidence of P ions substitutionally doping at the O sites can be obtained by examining the P
2p XPS peaks. Fig. 2b presents the P 2p XPS spectra of NP-TiO,, P-TiO,, and PN-TiO,. A peak
centered at about 133.3 eV is found for P-TiO,, which indicates that P exists as P>*.3*° The p
atoms were probably incorporated as cations and replaced Ti ions, or adsorbed at the surface of

the particles as phosphates. For NP-TiO,, on the other hand, the P 2p peak occurs at 132.2 eV.
6
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This 1.1 eV red shift in the binding energy of P dopants in NP-TiO, strongly suggests that the
valence of P dopants is lower than that of P-TiO,. Considering that the peak width of 1.8 eV in
NP-TiO; is 0.3 eV broader than that in P-TiO,, and that the doping concentration is 1% N and
3.7% P, it is reasonable that the peak is actually a superposition of two: one from P dopants
occupying the O sites, and the other from P°* substituting Ti** ions. Due to insufficient spectral

resolution, a reliable separation of the two peaks is difficult.

To provide further evidence for N-P chemical codoping, a control experiment using identical
precursors and synthetic parameters was carried out, where P was doped first followed by N
doping. From the XPS results, it is seen that the P 2p peak of PN-TiO, is located at 133.3 eV,
identical to that in P-TiO,, suggesting that P exists as P>*. The inability to obtain P anion doping
in PN-TiO, suggests that N dopants play a critical role in P anion doping. Our DFT calculation
shows that without the presence of N, the formation energy for a P-on-Ti (Pt;) defect is lower
than that for a P-on-O (Po) defect over a wide range of O chemical potential. In the presence of
N dopants, however, the formation energy of a Po defect in the neighborhood of a No defect can
be lowered by 3.4 eV as a result of the new chemical bonding. From these experimental and
theoretical investigations, it is concluded that the only possibility for both N and P to be

incorporated as anions is for them to form chemical bonds, which is the case in NP-TiOs.

It is expected that the chemical codoping should lead to significant band gap reduction.?*?®

To verify this, the UV-vis spectra of TiO,, N-TiO,, P-TiO,, PN-TiO,, and NP-TiO, samples are
shown in Fig. 3a. While the optical absorption edges of the N-, P-, and NP-doped samples all
shift to lower energy than that of the undoped sample, P-doped TiO;, shows only minimal red
shift, with an onset wavelength at about 400 nm. The UV-vis spectrum for N-TiO, shows larger

red shift consistent with earlier reports.>*° For NP-TiO,, the absorption edge is red shifted from
7
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370 nm to 680 nm, which corresponds to a band gap of ~1.85 eV. NP-TiO, also demonstrates the
strongest absorption in the visible range between 400 and 700 nm. However, the absorption edge
of PN-TiO; appears slightly blue shifted compared with that of undoped TiO,. It is indicated that
the synthesis route of P doping followed by N doping cannot contribute to improve the visible
light absorption, which is entirely different from the result of NP-TiO, with N doping first. Fig.
3b shows the calculated imaginary part (¢;) of the dielectric constant, which determines the
optical absorption. It can be seen that &; is significantly increased from that of undoped TiO, in
the visible region. Meanwhile, the change of &, for (N, P) compensated codoping with P on Ti
sites is insignificant, which is consistent with the experimental result that PN-TiO, shows no

improvement from pure TiO, in optical absorption.

The distinct difference between NP-TiO, and PN-TiO, suggests that the band gap reduction
in NP-TiO; is a result of the defect levels introduced into the band gap by substitution of N and P
at lattice sites, rather than other possible causes such as grain boundaries or disorders.® Otherwise,
similar improvement in optical absorption should also be observed for PN-TiO,. Because the
VBM states are derived predominantly from O 2p states, N or P substitution for O mainly
modifies the position of VBM. Thus, the band gap reduction in NP-TiO; is concluded to be a
result of up-shift of VBM, which is a unique advantage of the all-anion codoping approach. The
only possibility to introduce states near the CBM is P substitution for Ti. Our first-principles
calculation, however, suggests that Pr; is a shallow donor and does not introduce any deep

electronic levels.

Undisputable gap reduction by N-P chemical codoping is further evidenced by STS. Most of
the measured current-voltage (I-V) curves are non-linear, with negligible current at low bias

voltages, reflecting the semiconducting nature of the samples. Fig. 4a-d show the typical 1-V
8
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curves and differential tunneling conductance (d1/dV) spectra, respectively. The latter reflects the
local density of states (LDOS) of samples. Both I-V and dI/dV curves for NP-TiO, are visibly
narrower than those for undoped TiO,, suggesting significant gap reduction. Quantitative band
gaps of the samples were obtained by cutting the dI/dV curves with a threshold LDOS (2.5% of
the peak value) and the difference in the positive and negative bias voltages was taken as the gap
value.”*! The threshold was so chosen that the most probable gap value is 3.2 eV for undoped
TiO,, consistent with reported values.” Fig. 4e and 4f shows the band gap mapping for
nanoparticle films over an area of 1x1 pm?, for both pure and NP-TiO,; the gap values are
represented by color scales. From the histograms of the gap values shown in Fig. 4g and 4h, it
can be seen that the peak gap values have been reduced from ~3.2 eV for undoped TiO, to 1.8
eV for NP-TiO,, a 40% reduction. This suggests that N-P chemical codoping creates new and
accessible electronic states in the energy gap of TiO,, which further confirms UV-vis absorption
results and our theoretical predictions. The distribution of gap values for NP-TiO,, with a full-
width-at-half-maximum of 1.5 eV is significantly broader than 0.7 eV for undoped TiO,. This

may originate from inhomogeneous doping concentration.

Conclusions

In summary, we have developed a sequential doping strategy to realize chemical codoping on
anion sites in TiO, semiconductor. The formation of new chemical bonds between anion dopant
pair in TiO; results in band gap reduction by ~40%. Various characterizations support theoretical
finding that chemical codoping simultaneously controls the band gap and band alignment, which
could be an important step forward in improving the general performance of electronic and

optoelectronic materials and devices. Formation of covalent bonding between dopants in a solid
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state material is a novel phenomenon. Its impact goes beyond the band gap engineering of

semiconductors and provides a new direction for tuning the electronic structure of solids.
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Figure captions:

Fig. 1 (color online). (a) Atomic structure of an N-P pair substituting for two O atoms. (b) A
schematic showing the bonding mechanism of the N-P pair. The lower (upper) gray areas
represent the valence (conduction) band of undoped TiO,. (c) and (d) show the charge density
isosurfaces of the lower and higher gap states, respectively, of the N-P pair. Both orbitals show
an anti-bonding character between P 3p and N 2p orbitals. To clearly show the p-p anti-bonding,
the orientations of atomic structures in (c) and (d) are different from that in (a). An N-P-Ti

triangle in pink color has been used to guide the eye.

Fig. 2 (color online). XPS of core level electron peaks of N 1s and P 2p. (a) N 1s peak of NP-
TiO,, N-TiO,, and PN-TiO,. (b) P 2p peak of NP-TiO,, P-TiO,, and PN-TiO,. The dots are raw

XPS data and the lines are fittings, respectively.

Fig. 3 (color online). (a) Experimental UV-vis absorption spectra of TiO,, N-TO,, P-TiO,, PN-
TiO,, and NP-TiO,. (b) Calculated imaginary part (e;) of the dielectric constant for undoped
TiO,, N-P chemical codoped TiO,, where both N and P substitute for O, and (N, P) compensated
codoped TiO,, where N substitutes for O and P substitutes for Ti. The dopant concentration is

one N-P pair per 96-atom supercell (i.e., about 1% N and 1% P).

Fig. 4 (color online). Typical 1-V curves and dI/dV spectra of undoped TiO; (a, ¢) and NP-TiO,
(b, d). From representative regions, spatial mapping of the band gaps in an area of 1 um>L um in
size (gap values are represented by color scales) and the corresponding histograms of the band
gaps for undoped TiO, (e, g) and NP-TiO, (f, h).
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