Quasi-linear Kane conduction band model in nitrogen-doped indium tin oxide
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The band non-parabolicity of tin-doped indium oxide (ITO) polycrystalline thin films is investi-
gated with the quasi-linear Kane model through Seebeck and Hall effect measurements. We report
Kane model non-parabolic band parameters of m§ = 0.21mo and C = 0.52eV™! for ITO, in good
agreement with historical photoemission, optical, and transport measurements. To do this, the ITO
films were doped with nitrogen by ion implantation, with fluences ranging from 5 x 104 Ncm™ to
5 x 10" Ncm™. The presence of the nitrogen in the films was verified with X-ray photoelectron
spectroscopy, and their acceptor character studied theoretically by density functional theory. Ex-
perimentally, the doped nitrogen formed No~ defects, deep acceptor states that led to a controlled
compensation in carrier concentration from 10.1x 102°+0.6 x 10%° cm™ t0 2.9x 102°4+0.2x 10%° cm™3.
Understanding the band non-parabolicity of degenerately doped transparent conducting oxides is
essential for their commercial application in solar cells, transparent thermoelectric generators, and
transparent thin film transistors, and by this work, the Seebeck and Hall effect approach with the
quasi-linear Kane model for band non-parabolicity is presented as a practical method by which to

study the variation in carrier effective mass without reliance on optical measurements.

I. INTRODUCTION

Band non-parabolicity is an important aspect of degener-
ately doped conducting oxides which leads to a limitation
in the carrier mobility due to an increase in carrier effec-
tive mass as a function of carrier concentration. When
the Fermi energy intersects an electronic band, high car-
rier concentrations are provided which leads to degener-
ate conductivity. A common class of degenerately doped
conductors is the series of doped transparent conducting
oxides, i.e., InoO3:Sn, InyO3:Mo, SnOs:F, ZnO:Al, and
Zn0O:Ga, amongst others [1, 2]. In terms of industrial
application, tin-doped InyO3 (ITO) is the current lead-
ing n-type transparent conducting oxide, found in trans-
parent flat-panel screens and solar cells [3-5]. The key
feature of the precursor In,Oj is its intrinsic band de-
generacy from high concentrations of unintentional dop-
ing by oxygen vacancy (Vo) formation during growth.
Tin doping by indium substitutional defect formation
(Snyy) further n-type dopes Iny O3, increasing its already
high carrier concentration (~ 102! cm™3) and providing a
Burstein-Moss blue shift without detrimentally affecting
the materials’ optical transparency (> 80 %) [5, 6]. The
conduction band of InpO3 is composed of highly-disperse
s orbitals which provides ITO with high carrier mobility
(~50cm?V-1s1) and as a result a low electrical resistiv-
ity (~ 100 pQcm). The reason for high carrier mobility in
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Iny O3 is the low carrier effective mass. Measurements of
the effective mass have predicted a wide range of possi-
ble values, ranging between 0.14 m( and 0.55 mg reported
through a range of methods, where mq is the free elec-
tron rest mass [5-10]. A recent Seebeck and Hall effect
measurement approach in ITO found an effective mass
of 0.30 £ 0.03my [11]. From band edge absorption mea-
surements, reduced masses of 0.38 my and 0.22 my were
calculated both without and with many-body correction
terms for the Burstein-Moss band gap shift correction
[12]. Density functional theory (DFT) calculations from
Fuchs et al. [9] find band-edge effective masses of 0.18 my
by the PBE exchange-correlation functional and 0.22 mg
by the HSE03 exchange-correlation functional.

A limiting factor in carrier mobility, and by extension,
electrical conductivity in ITO is the increase in effective
mass due to conduction band non-parabolicity. The band
edge effective mass is denoted mf, and the first-order non-
parabolicity factor is C'. The effective mass variation as
a function of carrier concentration in ITO has been in-
vestigated so far only through optical methods involving
the plasma frequency, Liu et al. [4], Fujiwara and Kondo
[13], and Feneberg et al. [14], finding near band edge ef-
fective masses of m§ = 0.263mg, m§ = 0.297my and
mg = 0.18 mp, with first-order non-parabolicity factors
of C =0.4191eV-!, C = 0.18eV-! and C = 0.5eV!, re-
spectively. To our best knowledge, no investigation of the
non-parabolicity of the conduction band in ITO through
the Seebeck and Hall effect approach has yet been re-
ported.
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The high carrier concentration in ITO is a result of
both the oxygen vacancy defect and the tin donor defect,
the former providing two free electrons and the latter one
additional free electron [12]. The activity of the tin de-
fect can be modified through crystallographic damage in-
duction by ion implantation, an effect noted in polycrys-
talline and epitaxial films, but not in amorphous films
[15]. A significant reduction in carrier mobility after im-
plantation is also observed, suspected to be due to for-
mation of point defects formed by the damage cascades,
which involve both indium and tin oxides. Annealing
under vacuum conditions between 200-300°C is known
to remedy the loss in carrier mobility by reparation of
those point defect structures [16]. The post-anneal car-
rier concentration is also known to recover to close to the
carrier concentrations observed in the unimplanted film,
attributed to the re-activation of the tin as an electron
donor. It has been reported through this approach that
tin doping indium oxide provides at most ~ 4 x 102 cm™
electrons to indium oxide [12]. Excessive doping with tin
leads to a notable reduction in carrier mobility due to
an increase in scattering centers, whilst the additionally
doped tin remains largely inactive.

Nitrogen implantation is a known extrinsic doping
method in n-type transparent conducting oxides by which
to effectively tune their structural, optical, and electrical
properties through carrier compensation [17-19]. By us-
ing ion implantation we tune the carrier concentration
in ITO by compensating its free carrier concentration
with nitrogen as an acceptor dopant which substitutes
onto oxygen sites (Np). We implement the Seebeck and
Hall effect measurement method on magnetron sputtered
and nitrogen implanted ITO thin films to investigate of
the non-parabolicity of the conduction band. The im-
planted nitrogen is observed to form Ng~ substitutional
defects, acting as an acceptor in ITO. This method re-
duces the overall carrier concentration and allows for a
fine-tuning of the Fermi energy relative to the conduction
band edge in ITO, without causing any other complicat-
ing adverse effects in terms of film or material degrada-
tion. The measurements presented in this work show a
controlled reduction in carrier concentration through ni-
trogen implantation. A theoretical investigation was also
undertaken to investigate the role of the No defect with,
and without nearby Snp, defects, revealing a stable N~
defect regardless of the nearby Sny, impurity concentra-
tion, whilst simultaneously not influencing the dispersion
of the conduction band.

II. EXPERIMENTAL METHODS

ITO films (170—175nm thick) were acquired from techin-
stro, possessing a 25nm SiOs buffer layer on 0.7 mm
borosilicate glass substrates. The ITO films were im-
planted with nitrogen at normal incidence over a range
of fluences from 5 x 10'*Ncm™ to 5 x 10" Ncm™2. T-
DYN (Transport of Tons in Matter-Dynamic) was used to

identify an appropriate implantation energy of 57.6 keV,
leading to a projected range of Ry, = 76.2nm [20] with
an assumed ITO density of 7.14 gem™. The fluences used
for this work led to peak nitrogen concentrations between
0.06 — 0.6 % at Rp. The resulting nitrogen depth profile
is depicted in supplemental information Figure S1. Ex-
perimentally, the implantation was conducted at room
temperature with a low energy ion implanter with a 90°
mass-separating magnet, the beam scanned to ensure
uniform implantation over the entire film area [21-23].
The nitrogen beam current density was kept constant at
0.3pAcm™ to avoid sample heating. The base pressure in
the target chamber was kept below 5 x 10~8 hPa through-
out implantation. After implantation the samples were
vacuum-annealed at 300°C for one hour at a pressure less
than 2x 10~% hPa in a custom-built vacuum tube furnace.

Film thickness characterization was conducted with
Rutherford Backscattering Spectrometry (RBS) with a
10nA 2.0MeV “He™ beam at normal incidence with a
beam spot size of 1 mm? for a total charge of 20 1C with
the detector mounted at 165° relative to the incident
beam [24]. The films’ structural properties were inves-
tigated with X-ray diffraction (XRD) with a Cu K o5
X-ray source (K oy A = 1.540 A Kog N = 1.544 A).
The measurement geometry was grazing incidence with
w = 2° with a Rigaku SmartLab X-ray diffractome-
ter. X-ray photoelectron spectroscopy (XPS) was used
to investigate the chemical composition with a Ther-
moFisher ESCALAB250Xi using a monochromated Al
K oy (1486.68eV) X-ray source with perpendicular pho-
toelectron emission. The largest C 1s peak was used for
binding energy alignment for the high resolution scans at
284.8 eV, and an intrinsic binding energy error of 0.1eV
was assumed. The data was analysed with CasaXPS§ [25].
The pass energy used for measurement was 100eV for
the survey scans and 20eV for the core level scans. The
base pressure in the vacuum system was kept better then
2 x 1072 hPa throughout measurement.

The room temperature electrical properties were mea-
sured on 10 x 10mm? samples with a Hall effect mea-
surement system (HMS-3000) with a 0.55T magnet us-
ing gold contact electrodes pressed on the sample sur-
faces. Room temperature thermoelectric measurements
were done with a ULVAC ZEM-3 Seebeck effect measure-
ment system. The error in the electrical conductivity and
Seebeck effect measurements are 5 %, respectively. Tem-
perature dependent resistivity measurements were con-
ducted with a custom-built closed-cycle cryostat with the
Van der Pauw geometry.

IIT. COMPUTATIONAL METHODS

The ab initio density functional theory (DFT) cal-
culations in this work were conducted with Quantum
ESPRESSO using the periodic pseudopotential method
within the projector augmented wave formalism [26—-29].
Ultrasoft pseudopotentials by Dal Corso were used with



the generalized-gradient approximation (GGA) level of
theory with the PBE functional [30, 31]. The indium,
tin, oxygen, and nitrogen valence atomic configurations
were 4d'95s525p!, 4d'05s25p?, 2522p*, and 2s%2p3, re-
spectively. Convergence testing was conducted on an
80 atom bixbyite unit cell of InyO3 in the Ia3 (group
no. 206) structure, containing 32 In atoms and 48 O
atoms. The energy per atom and force convergence crite-
ria were < 5meV atom™ and < 1meV AL, respectively,
and involve a 3 x 3 x 3 Monkhorst-Pack k-point grid
[32] with cutoff energy 67 Ry (912eV). Gaussian smear-
ing of 0.01eV was used due to the induced metallicity
by the defects. Symmetry-unrestricted structure opti-
mization was conducted with the conjugate gradient algo-
rithm by calculating the Hellman-Feynman forces. Due
to the reduced Brillouin zone size of the supercell, the un-
folded band structure was subsequently calculated with
banduppy [33-35]. For the projected density of states
calculations, a 12 x 12 x 12 Monkhorst-Pack grid was
used with 0.1eV Gaussian broadening.

The effect of tin stoichiometry on the electrical behav-
ior of the N acceptor defect is tested by considering an
isolated N defect, a N defect with a nearby Sny, defect,
denoted (Sn;,+Ng), and a No defect with two nearby
Sny, defects (2Snr,+Ng). The range of No, (Sni,+No),
and (2Sn1,+No) defects are used to study nitrogen dop-
ing of InyO3 and heavily Sn-doped Iny O3, where the con-
centration of No defects is lower than that of the Snr,
donors, without requiring intractably large supercell cal-
culations. The various defect charge states and their for-
mation energies determine the Fermi energy of a physical
system. The formation energy of a defect (AHQ) de-
pends on the charge state (¢) and defect type (D) of the
total energy of the defected supercell (EqD), its pristine
host energy (Ey ), the chemical potential(s) (ui+Api) of
the subtracted/added atom(s) (nj = —1/ + 1), the elec-
tron energy qAFEE, and finite size correction factors by
Ec in

X
AHY = [EL—Eul—  ni (i + Api)+qAEs+Ec. (1)

The thermodynamic host stability condition of the
metal oxide formation enthalpy AH¢(InaO3) = 2Apu, +
3Auo = —9.49eV is enforced. For the formation en-
thalpy of tin and indium their ambient metallic phases
are considered whilst for nitrogen and oxygen the gaseous
molecules are used. The formation enthalpy of tin is also
limited through the formation of rutile SnOs. Important,
also, is the thermodynamic transition energy which is the
Fermi energy at which a defect changes charge from state
q1 to qo, given by

Q1 _ _ g2 _
(0 /an) = DHB(AFE =0) = AHE(AFe =0)

g2 — q1

This quantity determines if the defect is a deep, shal-
low, or resonant donor/acceptor within a host electronic

structure, depending if the transition occurs far, near, or
within a band edge. The defect formation energy correc-
tion factors used in this work are: (1) core level potential
alignment to the furthest indium atom from the defect
site, and (2) third order periodic image charge correction.
For the image charge correction a relative permittivity of
8.9 [36] and the bce supercell Madelung constant 2.8883
[37] were used with f = —0.34 [38]. From our calculation,
the Kohn-Sham eigenvalue gap in pristine In, O3 is under-
estimated to be 0.9eV, much less than the experimental
fundamental gap of 2.7eV [39]. We correct the band gap
by a valence band downshift (AEyp = —0.46eV) deter-
mined through a Usg = U —J = 5.6eV (J = 0) Hubbard
parameter applied to the In 4d valence states correcting
the O 2s depth shift relative to the valence band edge,
and a conduction band upshift (AEcg) by the scissor
shift to correct the remaining discrepancy [40-43]. For
the formation energy diagram the Fermi energy is allowed
to vary between the shifted band edges 0 < AFr < Eg.

IV. COMPUTATIONAL RESULTS

Ab initio density functional theory calculations were
undertaken to explicate the role of the charge state of
the No defect. The characteristic n-type defects in ITO
which define its physical characteristics are intrinsic oxy-
gen vacancies (Vo) and extrinsic tin-indium impurity
defects (Sny,). Figure 1 shows the application of Eq. 1 in
In-rich and O-rich chemical potentials. In Figure 1 the
oxygen vacancy (black) exists in either the 24+ or the 0
charge state depending on the Fermi energy, transition-
ing at AFr = 2.58eV by Eq. 2. The &(2 + /0) charge
transition of Vo at 0.12eV below the conduction band
edge is close to the LDA-calculated value of 0.2eV re-
ported by Reunchan et al. [44] and the HSE-calculated
value of 0.21eV calculated by Yu et al. [45]. Chatratin
et al. predicted two charged transitions: (2 + /+), and
e(+/0) at 0.12eV below, and 0.06 eV above the conduc-
tion band edge as calculated with the hybrid HSE func-
tional [46]. Lany and Zunger [40] predicted a deeper
£(2 + /0) transition 2.3e¢V above the valence band edge
with PBE while assuming a band gap of 3.5eV. Recently,
Swallow et al. [47] predicted a transition at 0.12eV be-
low the conduction band edge with an assumed gap of
2.63 eV with HSE. A consensus of the Vo charge transi-
tion energy of is yet to be reached.

Including one Sny, (orange) defect corresponds to a
doping concentration of x=0.06 in Ins_ «Sn,O3. The pre-
ferred charge state of this defect is Sny, ¥ when the Fermi
level is near the gap centre with a transition to an inactive
Sni, ¥ state at AEF = 2.35¢V, 0.35eV below the conduc-
tion band edge, and is therefore a deep donor in InsO3.
In the In-rich condition, the formation energy of the Snyy,
defect is always negative, in violation of the dilute limit
condition. This, however, qualitatively indicates that
this extrinsic defect can be readily incorporated in the
InyO3. Lany and Zunger [40] predict with PBE that the
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