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Abstract:
NiO is a p-type wide bandgap semiconductor of use in various electronic devices ranging

from solar cells to transparent transistors. Understanding and improving its optical and
transport properties have been of considerable interest. In this work, we have investigated the
effect of Li doping on the electronic, optical and transport properties of NiO epitaxial thin
films grown by pulsed laser deposition. We show that Li doping significantly increases the p-
type conductivity of NiO, but all the films have relatively low room-temperature mobilities
(< 0.05 cm? V1s™1). The conduction mechanism is better described by small-polaron hoping
model in the temperature range of 200 K < T <330 K, and variable range hopping at T <200
K. A combination of x-ray photoemission and O K-edge x-ray absorption spectroscopic
investigations reveal that the Fermi level gradually shifts toward the valence band maximum
(VBM) and a new hole state develops with Li doping. Both the VBM and hole states are
composed of primarily Zhang-Rice bound states, which accounts for the small polaron
character (low mobility) of hole conduction. Our work provides guidelines for the search for
p-type oxide materials and device optimization.
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1. Introduction

Transparent oxide semiconductors (TOS) constitute a class of materials that uniquely
combine the properties of electrical conductivity and optical transparency.l' 2 TOS are needed
for a wide range of electronic and optoelectronic applications including solar cells, flat panel
displays, light emitting diodes, photodectectors and transparent electronics.>” Most of the
industry standard TOS are n-type wide bandgap oxides (Eg > 3.1 eV), such as In203, SnO>
and ZnO, whose conductivity can be further tuned by aliovalent doping or formation of
oxygen vacancies.® 819 In contrast, the development of p-type TOS remains a grand material
challenge.t* 12 This difficulty is thought to be due to the localized nature of the O 2p-derived
valence band (VB) which leads to difficulty in introducing shallow acceptors and large hole
effective masses. In 1997, Hosono and co-workers proposed the concept of “chemical
modulation of the valence band” to mitigate this problem using hybridization of O 2p orbitals
with closed-shell Cu 3d*° orbitals.'® This work has triggered a flurry of efforts to design
efficient p-type TOS and understand their fundamental materials properties, including a series
of Cu*-based delafossites,**6 nd® spinel oxides,’1° Cr®*-based oxides (3d%)* 2! and post-
transition metal oxides with filled lone pair state (ns?).222* However, these oxides still suffer
from issues such as low carrier mobilities, low visible light transparency or chemical

instability.? 25

NiO is actually the first known p-type TOS.!2 2628 |t has been widely used as a p-type
channel material in ultraviolet (UV) photodetectors and transparent field-effect transistors, 2°
%0 and as hole-transporting layers (HTL) in organic solar cells*!32 and light emitting diodes®®
3 For example, Ohta et al. have fabricated transparent epitaxial NiO/ZnO p-n
heterojunctions, where the diode shows a high responsivity for UV light detection. 2 With
recent booming development of hybrid organic-inorganic perovskite solar cells, NiO has been
extensively explored as a HTL to replace the highly corrosive PEDOT:PSS layer, due to its
high stability, ease of scalability and deep-lying VB that matches well with the VB of
CH3sNH3Pbls.*? Breakthroughs have been made by using Li and Mg co-doped NiO to increase
the electrical conductivity, leading to efficient and stable large-area perovskite solar cells

with an excellent fill factor.® For all these applications, the electrical and optical properties



of the NiO layers as well as their interfacial energy levels with respect to other materials play

an important role in determining the device performance.

NiO crystallizes in a rock-salt crystal structure, in which Ni cations have a nominal valence
state of +2 (3d®) in octahedral coordination (see Figure 1a and b). Due to a strong electron
correlation in 3d orbitals, it has an optical bandgap of 3.4-4.0 eV. The energy level of Ni 3d is
close to that of an O 2p® level. It is expected that the Ni 3d orbitals can hybridize strongly
with O 2p® orbitals, in a similar way as the electronic structures in Cu*-based delafossites.
Stoichiometric NiO should be very insulating. The intrinsic p-type conductivity is attributed
to hole states induced by Ni vacancies (nominally NiisO) formed in oxygen-rich conditions.
Enhanced conductivity can also be achieved in a more controlled way by replacing Ni?*
cations with monovalent cations such as Li*. Each Li* ion in principle donates one hole into
the top of VB in order to keep charge neutrality.*¢-3® However, there is uncertainty in the
literature regarding the hole mobility and conduction mechanism.?" 34! Two different
models have been suggested for the conduction mechanism: (i) conventional band-like
conduction, or (ii) small polaron hopping (SPH) in which the carriers interact strongly with
its surrounding lattice to form heavy quasiparticles called polarons; the polaron conduction
occurs through thermally activated hopping from one site to another. High p-type mobilities
have been reported in polycrystalline NiO thin films deposited by magnetron sputtering
(28.99 cm? V" s71)*? thermal oxidization (5.2 cm? V1 s71)*, spray-pyrolysis (11.96 cm? V*
s 1)* and sol-gel spin coating (25 cm? V1 s 1), These values are comparable with those of
n-type TOS and would hold great promise for many device applications. On the other hand,
many other experimental studies have suggested NiO exhibits rather low hole mobilities ( <
0.1 cm? V1 s71) due to the localized nature of the VB arising from strong electron
correlation.?” 4+ 46 For those reports, the conduction mechanism is better described by a SPH
model. It should be noted that most of the previous experiments were performed on
polycrystalline powders/films, where results are likely to be influenced by grain boundaries

and other defects.

Motivated by the promise of NiO in various device applications and to answer the

aforementioned fundamental questions, the goal of this work is to carry out a detailed



investigation of the electronic, optical and transport properties of structurally well-defined Li
doped NiO epitaxial thin films. To this end, we have grown Li doped NiO (LixNi1xO with
x=0, 0.006, 0.03, 0.06 and 0.09) films on MgO(001) substrates by pulsed laser deposition
(PLD). Compared with polycrystalline powders/thin films in previous studies, the use of
high-quality epitaxial thin films with a considerably reduced number of grain boundaries and
associated defects, should reveal more intrinsic materials properties. The evolution of
electronic, optical and transport properties of Li1xNixO with x was investigated by a
combination of X-ray photoemission spectroscopy (XPS), X-ray absorption spectroscopy
(XAS), transport measurement, Seebeck measurement, and optical absorption spectra studies.
We show that Li doping significantly increases the p-type conductivity of NiO, but all the
films have relatively low room-temperature mobilities (< 0.05 cm? V-s™%). The conduction
mechanism is better described with SPH model in the temperature range of 200 K < T <330
K, and variable range hopping for T < 200 K. The combined XPS and O K-edge XAS spectra
reveal that the Fermi level (Ef) gradually shifts toward the valence band maximum (VBM)
with Li doping and a new hole state develops above the Er. Both the VBM and hole states are

of primarily Zhang-Rice bound states, consistent with hole conduction by SPH.
2. Experimental details

Epitaxial LixNi1-xO thin films with x=0, 0.006, 0.03, 0.06 and 0.09 were grown on double-
side polished (001)-oriented MgO substrates by PLD from respective targets. The targets
were prepared by mixing and grinding the appropriate proportions of LioCOz and NiO. The
powder was heated at 650 °C for 8 hours in air, and then pelletized and heated again at 850 °C
for 12 hours. Laser ablation was performed at a repetition rate of 5 Hz and an energy density
of 1.0 J/cm? with a 248 nm KrF excimer. Films with thicknesses ranging from 20 to 30 nm
were grown at a substrate temperature of 500 °C in 0.1 Torr oxygen partial pressure, and
cooled to room temperature in 1 Torr O,. One undoped NiO film was grown on 0.1% Nb
doped SrTiO3 (001) in order to avoid charging effect for XPS measurements. The crystal
structure and epitaxial relationship in the films were determined by high-resolution XRD
using a PANalytical four-circle diffractometer in 6-26 scans and reciprocal space mapping
(RSM) modes. Optical absorption measurements were performed at room temperature using a
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Cary 5000 spectrophotometer in the photon energy range of 0.5-3.5 eV. Electrical resistivity
measurements were performed using van der Pauw method with Ag contacts in the

temperature range of 130-330 K.

High-resolution XPS using a monochromatic Al Ko X-ray (hv = 1486.6 eV) source was
carried out at normal emission (electron take-off angle = 90° relative to the surface plane)
with a SPECS PHOIBOS 150 electron energy analyzer. The total energy resolution was about
0.50 eV, limited by the source. The binding energy (BE) was calibrated using a
polycrystalline Au foil placed in electrical contact with the film surface after deposition,
which simultaneously helped avoid charging effects during XPS measurements.
Workfunction measurements were determined in a separate UHV system consisting of a
monochromated Al Kaz x-ray source together with a five channeltron PSP electron energy
analyzer. The PSP spectrometer was calibrated using a clean silver foil and the measurements
made at an overall resolution of 0.3 eV. The workfunction was determined by measuring the
XPS secondary electron cut-off with the sample at a bias voltage of -10 V. The overall
precision of the measurement was £0.05 eV. XAS were measured in total electron yield
(TEY) mode at beamline 109 Diamond Light Source (DLS) by measuring the sample drain
current. The energy resolution was set at 0.1 eV for the O K edge. The energy scale of the
XAS measurements was calibrated using first- and second-order diffraction Ti Lz »-edge

absorption features of a single crystal rutile TiO> reference.

3. Results and discussion
3.1 Thin Film Growth

Both bulk NiO and MgO adopt the same rocksalt crystal structure with different lattice
parameters of anio = 4.177 A and amgo= 4.212 A (Figure 1a), which result in a little lattice
mismatch of 0.8%. The deposition of Li doped NiO on MgO is expected to behave very similarly to
that of pure NiO, except for a slight increase in lattice mismatch because of shrinkage of lattice
parameters upon Li doping. XRD 6-26 out-of-plane scans (Figure 1c) show the (002) reflections
of LixNi1xO films with well-defined Kiessig fringes close to MgO (002) reflection,

confirming the planar character of the surfaces and interfaces and the high quality of the



epitaxial films. The increase in film (002) Bragg angle in XRD with Li doping reveals a
systematic reduction of out-of-plane lattice constant. To gain additional structural
information, RSMs near the (113) reflection of MgO were measured. The in-plane and out-
of-plane lattice parameters of the films as a function of Li doping concentration were
extracted from RSMs and are shown in Figure 1d. The in-plane lattice parameters for
different x are nearly the same as that of MgO, indicating all the films are coherently strained
by the substrates. Since Li* cations in octahedral coordination have a slightly larger ionic
radius (0.90 A) than that of Ni%* (0.83 A), the reduction of the lattice constant for LixNi1-xO is

most likely due to the smaller size of Ni®* cations (0.70 A) associated with hole doping.?®
3.2 Electrical and optical properties

The transport properties of the LixNiixO film series were measured using the van der Pauw
method in the temperature range of 130-330 K. Pure NiO is not sufficiently conductive to be
measurable (¢ < 10* S/cm), indicating no significant density of electrically active defects, i.e.,
Ni vacancies (Vni). With Li doping, the conductivity (o) increases rapidly. The room-
temperature (RT) conductivities ranges from ~0.1 S/cm at x = 0.006 to 11.2 S/cm at x = 0.09
and all values are given in Table I. The RT conductivities of the epitaxial films are much higher
than those for polycrystalline thin films at comparable Li doping levels.?® 2" This difference
suggests that grain boundaries and electrically active defects and/or impurities play an
influential role in determining transport properties in polycrystalline films. Repetitive
measurements were made to measure the carrier concentration (p) and mobility () using Hall
effect measurement. However, it was not possible to extract a reliable Hall coefficient. This is
possibly due to the mobility being below the upper limit of our Hall setup (= 0.1 cm? Vs
1. If the mobility lies below the Bosman and Van Daal limit (u < 0.1 cm? V- s1), it is likely
that the hole conduction mechanism follows the SPH model.** SPH has been observed in many
mixed-valence transition metal oxides such as Cr,03,*” Fe203,*® C00,* and p-type TOSs such
as CuCrO,* and LaCr03.2° Small polarons conduct by thermally activated hopping of carriers
from one site to another. The relationship between conductivity and temperature is given by
a(T)=(oo/T)exp(Ea/ksT), where E, is the activation energy for hopping and ks is the Boltzmann
constant. Figure 2a plot the fit of temperature dependent conductivity data to a SPH model: In
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(o*T) vs (1/T). It can be seen that the data fit well with SPH in temperature range of 220-330
K. The Ea determined from the slopes of the fit lines decreases from 0.224 eV to 0.166 eV
(Table I). Below 220 K, the conduction data deviates from the SPH model, but fits well with

variable-rang hopping (VRH) which has a T"Y4temperature dependence (Figure 2b).

In order to determine the p and |, we measured the Seebeck coefficients, S, as described in
detail in the literature.>® All films exhibit positive S values decreasing from +649 to +239 uV/K
from x = 0.006 to 0.09, confirming p-type conductivity (see Figure 2c and Table 1). The
Seebeck coefficient can be used as a direct measure of the fraction of hopping sites occupied
with holes,c, based on formula: S(c) = (ks/e)In[2(1-c)/c], where e is the elementary electronic
charge e. Hole creation by Li doping at a Ni site thus corresponds to activation of an adjacent
Ni site for hole hopping, i.e. p(c) = cNni, where p(c) is the hole carrier concentration and N is
the Ni number density, 5.5x10%2 cm™. Based on the formulae for S(c) and p(c), we determined
the hole concentration to range from 5.90 x 10'” cm= to 6.13 x 10*' cm=. The corresponding
mobilities at RT (determined from o = eup) are in the range from 0.011 to 0.047 cm? V-1s* (see
Table 1). The mobilities from our epitaxial thin films are consistent with values in ref [26,27],
but much lower than in ref [42-45]. Nonetheless, Li doped NiO is still a promising candidate
for device applications that are not adversely affected by low mobility, such as rectifiers,
photodetectors, and n-type junction field-effect transistors. Very recently, Liu et al. have
demonstrated that doping of Cu in NiO could introduce more dispersion at the top of valence
band, and thus is an effective strategy to improve the mobility of NiO thin films for transparent

electronics.”®

Taking ¢ from the Seebeck analysis, we also modeled the RT SPH-conductivity, ospn =
gvNe?a’c(1-c)exp(-EalksT)/ks T, 4 with geometric factor g (on the order of unity), optical
phonon of frequency v and nearest neighbor distance between Ni hopping sites a = 4.177 A.
We found v = 9.7x 10'2 Hz to yield the best fit of the SPH model to our measured RT
conductivity. The overall agreement between hole concentration and conductivity calculated
from SPH and Li-concentration and measured conductivity further supports SPH-related

transport.



Figure 3a and b shows optical transmission and absorption spectra for the films with x. Table
| also summarizes the averaged transmission at wavelengths of 420, 490, 560, 630 and 700
nm. Pure NiO and x = 0.006 films show very high transparency (T > 81%), because of the
large optical bandgap of NiO (3.65 eV as determined from our measurement). Li doping
induces two broad absorption features centered at ~ 1.1 eV and 2.2 eV, resulting in slight
black coloration in the films. Our results suggest that x = 0.006 films fulfill the optical
transparency and conductivity requirements to be used as an effective HTL materials in

photovoltaic cells.

3.3 Electronic Structures

To elucidate the optical and transport properties, we performed detailed characterizations on
the electronic structures of LixNi1-xO using combined XPS and XAS. Figure 4 a and b show
XPS core levels of O 1s and Ni 2pass2, respectively. All XPS spectra are referenced to the Es as
zero. The Er was calibrated using a polycrystalline Au foil placed in electrical contact with the
film surfaces. There is a parallel shift of the BEs of O 1s and Ni 2pz/, toward lower values with
increasing X. The shift of BEs is consistent with the overall picture of downward movement of
Es in hole doped semiconductors. This trend has also been observed in many hole-doped
transition metal oxides, such as Sr doped LaBOs (B=Ti, Cr, Mn, Fe) and LaxSr«Cu04.°% We
thus take the average shift of the BEs as a measure of shift of Ef (Ap), as shown in Figure 5a.
Figure 4c show the VB spectra of the LixNi1xO films. The spectrum for NiO is very similar to
the ones reported earlier in the literature and it shows the characteristic feature “A” close to the
Er, a satellite “B” at ~3.5 eV and broad feature “C” in the region of 4-11 eV.*® The VBM for
NiO is determined to be 0.7 £ 0.1 eV below E¢ by linear extrapolation of the leading edge of
the VB to zero baseline intensity. The VBM position further confirms the intrinsic p-type
character of NiO. Li doping introduces hole states at the top VB and gradually shifts the VBM
toward Es. As shown in Figure 5a, the shift of VBM to Es is in agreement with the shift of Es
determined by core levels. The downward movement of Er also parallels the increase in RT

conductivity with x.



We also measured the workfunctions (®w) as a function of Li doping using XPS by determining
the difference between the width of the photoemission spectrum and the source energy (Figure
5b). The onset of secondary emission was determined by a linear extrapolation of the cutoff
edge to the zero baseline intensity. The @y for NiO is determined to be ~ 4.85 eV. This is a
reasonable value, considering the ionization potential (IP) for NiO is 5.40 eV and the VBM is
0.7 eV below Es (IP = ®w + VBM). This value is in agreement with recent report for NiO films
grown by solution processing on 1TO without plasma treatment,*® but is less than the value (5.3
eV) previously reported for NiO films treated in oxygen plasma.®® The work function of a
material is affected by two independent qualities: (i) the Fermi level position; and (ii) the
surface dipole.>” It is likely that oxygen plasma may result in a large upward band bending and
thus a larger @y, due to the formation of electronegative species, e.g., O" or NiOOH groups The
@y, for Li doped NiO increased to 4.95 eV for x=0.006 and 5.04 eV for x=0.06, due to the
downward shift of the Er. However, the amount of increase is less than the Ap. This indicates
Li dopants in our films might introduce electropositive absorbates which lower the ®.
Nonetheless, the enhanced conductivity and increased workfunctions through Li doping is of
particular interest for use of Li doped NiO as a hole transport layer in solar cells, where the
shunt resistance should be lowered and interface band alignment optimized.3 8 For example,
we have recently shown that bismuth oxyiodide (BiOl) is a promising air-stable photovoltaic
materials beyond halide perovskites, but its efficiency is still limited below 1.8%.%° These
compounds have a higher work function and ionisation potential than conventional absorbers
because the Bi 6s orbitals have a deep energy level. A workfunction would need to be increased
above 5.1 eV in order to avoid downwards band-bending at the HTL interface. This downwards
band-bending restricts the short circuit current and fill factors, as well as limiting the open-

circuit voltage by limiting quasi-Fermi level splitting.

Figure 6a shows the O K-edge XAS spectra. The O K-edge XAS probes the transition from O
1s to unoccupied states with partial O 2p character hybridized with Ni 3d states. The spectra
can be qualitatively related to the unoccupied density of states above the E¢.5% % The O K-
edge XAS for pure NiO shown in Figure 6a agrees well with data reported in the literature. %

%0 The feature at 532 eV (marked as D) is attributed to the unoccupied Ni 3d eq hybridized



with O 2p orbitals, forming the bottom of the CB; the other higher energy features (marked as
E) at 534-541 eV correspond to transitions to the Ni 4s and 4p states hybridized with O 2p. A
new unoccupied state gradually increases at 529 eV with Li concentration, which can be
assigned to be the hole state (acceptor state) induced by Li doping. A sketch for this energy
level diagram is shown in Figure 6b. Therefore, the two broad absorption features at ~ 1.1 eV
(“o”) and 2.2 eV (“B”) in the optical absorption spectra shown in Figure 3b can be assigned to
optical excitation from VB to the hole state, resulting in the increase in black coloration with
X. It is also expected that this hole state may produce important effects on device transport
characteristics, e.g., acting as recombination centers or traps for free carriers in p-n diodes

leading to a large leakage current at reverse bias.

It is interesting to consider the nature of the hole state. For a long time, NiO was thought to
be a prototypical Mott insulator in which the insulating gap is caused by on-site Coulomb
energy, i.e., both the top of VB and bottom of CB are of Ni 3d character. Later, Sawatzky et
al. re-defined NiO as a charge-transfer (CT) insulator, in which the insulating gap is formed
between the O 2p and the empty Ni 3d.%° This picture indicated the top of the VB spectra is of
mainly 3d®L character, where L denotes a hole in the O 2p ligand state. However, very
recently it was proved by Taguchi et al. that the feature A in VB is better described as Zhang-
Rice (ZR) doublet bound states.®* The ZR doublet bound states originate from the strong
hybridization between O 2p—Ni 3d and the Ni on-site Coulomb interaction. This result
strongly suggests that hole states responsible for transport properties are of primarily ZR
character. The narrow bandwidth of the ZR states dictate the polaronic nature of hole

conduction with the very limited mobility.

Lastly, returning to Fig. 4b and d, the Ni 2ps2 shows a complicated line shape consisting of a
main peak (a), shoulder (b), and satellite structure (c). The Ni 2ps/2 spectra for different x were
normalized with respect to the peak height at the feature c. According to the recent ZR bound
state model, features a, b and ¢ are mainly attributed to final states of well screened 2p®3d°Z,
2p°3d°L, and poorly screened 2p°3d® final states, respectively, where Z denotes a hole in the
ZR doublet bound states and L a hole in the O 2p ligand states. With Li doping, there is a slight
decrease of the intensity ratio of a/b. This is caused by the reduction of ZR states at the VBM
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by hole doping. The slight change of a/b ratio can be used as an indication for hole states in
NiO. However, we note many reports® 62 €3 fit peaks a and b into two singlets and attribute a
and b as Ni?* and Ni®*, respectively. This would lead to an inaccurate explanation of electronic

properties of NiO and overestimation of hole carrier concentrations.
4. Conclusions

In summary, we have investigated the effect of Li doping on the electronic, optical and
transport properties of NiO epitaxial thin films grown by PLD. We show that Li doping
significantly increases the p-type conductivity of NiO. The conduction mechanism is better
described with a SPH model in the temperature range of 200 K < T <330 K, and variable
range hopping at T < 200 K. XPS reveals that the Ef gradually shifts toward the VBM with Li
doping, while XAS shows the development of a new hole state above the Es. Both the VBM
and the hole states are composed of primarily ZR bound states, consistent with the
conduction of holes by SPH. Li doped NiO could be of promising use as a hole transport
layer for solar cells. The increase in work function and conductivity could improve the
device’s fill factor, short-circuit current density and open-circuit voltage. On the other hand,
the low mobility would suggest a short hole diffusion length. This issue could be solved by
limiting the thickness of the Li-doped NiO layer, or modifying the dispersion at the VB by
doping, e.g., Cu doping.>!
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Table I. Film thickness (d), room-temperature conductivities (o), activation energies (Ea) for
small polaron hopping, Seebeck coefficients (S), extracted hole concentration (p) and mobility
(1), and wavelength-averaged transmissions (T) for LixNi1xO on MgO(001).

x d c E, S p i T
[nm] [Scm?] [eV] [wV K1 [cm3] [cm?V1st [%]
0 31 NA NA NA NA NA 87.3
0.006 32 0.10 0.224 649 5.90x10%° 0.011 80.9
0.03 31 2.7 0.185 485 3.94x10%° 0.047 66.6
0.06 29 6.6 0.182 297 3.31x10% 0.023 54.9
0.09 19 11.2 0.166 239 6.13x10% 0.025 44
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Figure 1. Epitaxial growth of LixNi1xO thin films on MgO(001). (a) Crystal structure of
NiO doped with Li at Ni site; (b) schematic diagram of electronic structure of NiO; (c) x-ray
diffraction in the vicinity of the MgO (002) reflection; (d) change of the in-plane and out-of-
plane lattice parameters as function of Li doping level extracted from respective RSMs. the
bulk lattice parameters are measured from polycrystalline targets.
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Figure 2. Electrical and thermoelectric properties. (a) Plots of temperature dependent
conductivity data in the small polaron model: In (6*T) vs (1/T); (b) Fits of the data to variable
range hopping from 130 K to 210 K: In (o) vs (1/T)**; (c) Seebeck measurements, showing p-
type carriers; (d) The combination of Seebeck and Conductivity to get mobility and carrier
concentrations
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