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ABSTRACT

Since the initial development of semiconductor heterostructures in the 1960s, researchers exploring the potential of artificially structured
materials for applications in quantum electronic, optoelectronic, and energy conversion devices have sought a combination of metals and
semiconductors, which could be integrated at the nanoscale with atomically sharp interfaces. Initial demonstration of such metal/
semiconductor heterostructures employed elemental polycrystalline metal and amorphous semiconductors that demonstrated electronic
tunneling devices, and more recently, such heterostructures were utilized to demonstrate several exotic optical phenomena. However, these
metal/semiconductor multilayers are not amenable to atomic-scale control of interfaces, and defects limit their device efficiencies and hinder
the possibilities of superlattice growth. Epitaxial single-crystalline TiN/Alj 7,S¢cq 25N metal/semiconductor superlattices have been developed
recently and are actively researched for thermionic emission-based waste heat to electrical energy conversion, optical hyperbolic metamate-
rial, and hot-electron solar-to-electrical energy conversion devices. Most of these applications require controlled Schottky barrier heights that
determine current flow along the cross-plane directions. In this Letter, the electronic band alignments and Schottky barrier heights in TiN/
Al 75S¢o 28N superlattice interfaces are determined by a combination of spectroscopic and first-principles density functional theory analyses.
The experimental Ep(TiN)-Eypp(Aly72Sco2sN) at the interfaces was measured to be 1.8 = 0.2 eV, which is a bit smaller than that of the
first-principles calculation of 2.5eV. Based on the valence band offset and the bandgap of cubic-Alj7,S¢,sN, an n-type Schottky barrier
height of 1.7*+0.2eV is measured for the TiN/Aly;,Sco,sN interfaces. These results are important and useful for designing
TiN/Alj 7,S¢0 28N metal/semiconductor superlattice based thermionic and other energy conversion devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126630

Artificially structured materials such as epitaxial semiconduc-
tor superlattices (SLs) and heterostructures have been at the fore-
front of research, innovation, and development for over six decades
to harness their novel and exotic physical properties for a range of
fundamental physics studies, as well as electronic and optoelec-
tronic device applications.' © Semiconductor SL metamaterials
such as GaAs/AlAs have been utilized to demonstrate a range of

interesting physical properties such as quantum confinement of
carriers, quantum well lasers, quantum cascade lasers, and resonant
tunneling and are actively researched for the next generations of
device technologies such as quantum computing, quantum infor-
mation processing, subthreshold nanoelectronic —switches.” '’
However, in comparison to the semiconductor SLs, the develop-
ment of epitaxial lattice-matched metal/semiconductor SL
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heterostructures has not progressed much primarily due to material
compatibility and growth challenges."' *”

Epitaxial single-crystalline TiN/Aly7,Sc2sN metal/semiconductor
SLs that exhibit lattice-matched interfaces and absence of extended
defects have been developed recently."* ' These nitride SLs crystallize
in the rock salt structure and exhibit doping, alloying, and quantum
size effects that are being actively utilized for engineering their physical
properties.'' Since metallic TiN possesses excellent plasmonic proper-
ties on par with traditional plasmonic materials such as Au,'® > TiN/
Al 7S¢o2N SLs have demonstrated hyperbolic dispersion of photonic
isofrequency surfaces and large enhancements in the densities of pho-
tonic states that could be utilized for quantum electronic applications,
subwavelength imaging, as well as for the demonstration of advanced
theories of thermal conduction in materials such as hyper-thermal
conductivity.*'””" Recent research on the semiconducting transition
metal nitrides such as ScN and CrN and their solid solution alloys
such as Sc; ,CryN and Sc; Nb,N has also demonstrated large
thermoelectric power factors and potential for achieving a high ther-
moelectric “figure-of-merit” (ZT).”* **

Fundamental to the thermionic emission-based waste heat to elec-
trical energy conversion applications as well as for plasmon-induced
hot-electron solar energy conversion devices such as, photocatalysts,””
photodiodes,” and solar thermophotovoltaics,” it is necessary and
important to control and engineer the Schottky barrier heights (¢p)
at metal/semiconductor interfaces since they eventually determine
current flow across the cross-plane direction of the SLs.”” Theoretical
modeling has suggested that for high thermoelectric power factors
through thermionic emission in metal/semiconductor SLs, a ¢ value
of ~10 KT would be ideal for filtering out the low energy electrons
that would improve the Seebeck coefficient without reducing the elec-
trical conductivity.””” Similarly, for plasmon-induced hot-electron
transport across the metal/semiconductor interface, larger ¢ would be
ideal. Nevertheless, the ability to control and tune ¢ from a few millie-
lectron volts-to-several-electron-volts (from the terahertz-to-near-UV
spectral range) in metal/semiconductor SLs would result in desired
properties for many other types of device applications.

The determination the ¢, however, is challenging. In the simplest
picture of Schottky barrier formation that does not take into account the
interfacial chemistry of barrier formation, the Mott-Schottky equation™
predicts that ¢ = — y, where y and y are the work function of the
metal and electron affinity of the semiconductor, respectively. Interfacial
lattice-mismatch, dangling bonds, charge transfer, and dipole and image
charge formation, however, lead to Fermi level pinning in most elemen-
tal-metal/semiconductor interfaces, and the Mott-Schottky rule is not
readily followed.”"*” Therefore, for any metal/semiconductor interfaces,
g needs to be carefully experimentally determined and properly mod-
eled. The measurement of ¢p in metal/semiconductor interfaces is fur-
ther complicated by fabrication induced leakage and the possibility of
internal shunts that jeopardize the temperature-dependent electrical
transport measurements, usually used for the ¢5 estimation.”* For the
TiN/Aly7,Sco28N SLs, the @p estimation has not been possible to date
due to such device processing challenges, which have limited its practical
applications in many ways. In this Letter, ¢ in TiN/Aly7,Sco 25N metal/
semiconductor SL interfaces is determined by X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoemission spectroscopy (UPS)
analysis. Furthermore, first-principles DFT analysis is performed to
understand the nature of band alignments and ¢p.

scitation.org/journal/apl

Four different films, (a) ~80 nm thick TiN, (b) ~120 nm thick
Aly75Sco 8N deposited on 20 nm TiN, (c) 5nm/5nm, and (d) 3 nm/
3 nm TiN/Alp 7,S¢ 25N SLs having a total thickness of ~200 nm, were
deposited by reactive dc-magnetron sputtering on (001) MgO sub-
strates at a base pressure of (2-4) X 10~ ¥ Torr at 750°C (see the
supplementary material for more details). X-ray diffraction revealed
that all films grow with (002) orientations on (001) MgO substrates
[see Fig. 1(a)]. Due to an approximate lattice-matching between TiN
(a=424 A) and MgO (a= 421A), interference fringes arise in the
XRD pattern of TiN that revealed its exact thickness. A 20 nm thick
TiN seed layer was deposited on the MgO substrate before the
Al 75S¢o 28N film deposition, since the epitaxial stabilization technique
was necessary for stabilizing the Aly;,Sco,sN in the rock salt
phase.'"' Interference fringes from the bottom 20 nm TiN layer were
also visible in the XRD pattern of Al ;,ScysN/TiIN/MgO, and the
(002) peak was used to determine the c-axis lattice constant of 4.26 A
[see Fig. 1(a)]. The XRD pattern of the 5nm/5nm TiN/Al;,Sco N
SL exhibits a (002) peak having a c-axis lattice constant of 4.25 A and
interference fringes arising due to the periodicity of the SL layers.

(a) TiN(002)
Alg 758¢9 26N (002) ‘

MgO (002)

TiN/Al,,,S¢, N SL

0.72

(5nm/5nm)

TiN/Aly,,Sc, N

CPS (arb. units)

38 40 &2 44 46
20 (Degree)

e
Alg7,Sco 6N -~

=

FIG. 1. (a) Symmetric 20-» HR-XRD pattern of TiN, Aly72S¢q2sN, and 5nm/5nm
TiN/Alp.72Sco 26N superlattices is presented, which shows (002) oriented crystal
growth. (b) Layer-by-layer crystal growth with sharp interfaces is presented from
high-angle annular dark-field-scanning-transmission-electron-microscopy (HAADF-
STEM) analysis. (c) HRTEM-EDS elemental mapping of the layers exhibits sharp
interfaces without any significant diffusion of atoms across layers. (d) TiN and
Alg72Scq2gN lattice-fringes are presented with an inset in (€) showing the interface
at higher magnification demonstrating cube-on-cube crystal growth without the
presence of misfit-dislocations.
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Representative high-resolution scanning transmission electron micros-
copy (HRSTEM) and energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping of the SL layers further confirmed the structural
properties [see Figs. 1(b) and 1(c)]. Lattice-matched and atomically
sharp SL interfaces of metallic and semiconducting layers were visible
in the HRSTEM images [see Fig. 1(d)], and cube-on-cube crystal
growth having an epitaxial relationship of TiN [001] || Aly7,Sco2sN
[001] was established [see Fig. 1(e)].

Prior to the photoemission measurements, all films were
cleaned with low energy (~1keV) Ar™ ions to remove the surface
contaminations, and an Au foil was used as a reference for Fermi
energy standardization. The binding energies (BEs) of the core levels
were determined using XPS [Al-K, source (E; = 1486.61 eV)], while
the Fermi level of TiN [Ep(TiN)] and valence-band-maxima (VBM)
of Aly75Sco2sN [Evpn(Aly75Sco2sN)] were measured using UPS
(He™ discharge lamp with E, = 21.2182eV). Both XPS and UPS
binding energy measurements were recorded using the same spec-
trometer, and the samples were grounded to avoid any charging
effects. Traditionally, the method proposed by Kraut et al.” is used
for the determination of the valence band (VB) offsets between two
semiconductors. We extend this procedure to determine the energy
difference between the VBM of Alj 7,Sco 25N and the VB top (Fermi
level) of TiN. The energy difference AE can be calculated from the
following equation:

AE = [Eri_sp3/2(SL) — Eai_2p(SL)]
— [Eri—ap3/2(TiN) — Ep(TiN)]
+ [Ear-2p(Alo72Sc0.2sN) — Evem(Alp72Sco2sN)], (1)

where Etj_p, (SL) and EAl—Zp(SL) are the core level BE of the Ti — 2p;
3 2
and Al — 2p orbitals in the SL, respectively, while Et;_s,, (TiN) and

Eal-2p (Alg.7,Sc.28N) are the core level BE of the TiN and Aly,Sco 25N
thin film, respectively, in their isolated form. With the knowledge of
AE for the metal-semiconductor interface and the bandgap of the
semiconductor, the n-type ¢p is determined by the expression, ¢p
=E;""" — AE.

The BE of the core levels was determined by deconvolution of the
photoemission ~ spectra with a Voigt function (Gaussian:
Lorentzian = 80%:20%) (see Fig. 2). Due to spin-orbit coupling, the
Ti-2p orbitals split into two states, 2ps, and 2p; ), respectively. Along
with the main Ti-2p peak corresponding to the Ti-2p-N bonds located
at 455.65 = 0.1eV, Fig. 2 also shows the presence of two additional
peaks. The BE peak at 459.01 = 0.1 eV corresponds to Ti—O; bonds
that were also observed previously in the literature. 9 However, the
peak centered at 457.0 = 0.1 eV results from a multiple of factors such
as shake-up and the presence of oxy-nitride (Ti—O—N) and could
have contributions from plasmons, inelastically scattered electrons,
multiple splitting, etc. as also reported previously.” "' The BE of
Ti-2ps/, and Ti-2py, states for Ti 2p—N bonds from the TiN thin film
and from the TiN/Aly7,ScysN SL (see Fig. 2) exhibits a similar extent
of spin-orbit splitting (5.8 = 0.14eV). While the FWHM of different
Ti-2p states in TiN as well as in TiN/Aly7,Sco 2N SL is similar to one
another (see Fig. 2), it is important to note that the Ti—O,—N, and
Ti—Oy peaks are much broader compared to the Ti—N, suggesting
nonstoichiometric incorporation of oxygen in films. The presence of a
minor amount of oxygen is not surprising as some amount of oxygen

scitation.org/journal/apl
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FIG. 2. XPS core level spectra of (a) Ti-2p and (b) Al 2p orbitals in TiN and
Alp72Sco 8N thin films are presented, respectively. Along with the main Ti-2p—N
bond peaks in (a), two other peaks are observed. XPS core level spectra of (c)
Ti-2p and (d) Al-2p orbitals from TiN/Aly 72Scq 25N SL are presented.

could still remain on the sample surface, even though the surface of the
films was cleaned before the photoemission measurements. At the
same time, though the thin films were deposited in high vacuum, back-
ground H,0, CO,, etc. could lead to a small amount of oxygen incor-
poration in the films, which was also previously found in ScN.** The
presence of such a small amount of oxygen, however, should not affect
the band offset and ¢ measurements as discussed in the supplemen-
tary material. The BE of Al 2p—N and Al 2p—O bonds in
Alg75S¢y2sN thin films was found to be centered at 76.4 = 0.1 eV and
78.0 £ 0.1 eV, respectively, with a very similar FWHM of 1.65 eV. The
BE of the Al-2p orbital of Aly;,Scy,sN inside the SL was found to be
centered at 75.3 = 0.1 eV (Table I).

For the AE determination, along with the knowledge of the core-
level peak positions, the VBM of Aly7,S¢y,sN and Fermi level of TiN
are also required [see Eq. (1)]. UPS measurements were used to deter-
mine the VB positions with respect to the Fermi level. A clear metallic
character is observed for the TiN thin film [see Fig. 3(a)], and the
Fermi level (Eg) was located at 0 eV. The VB spectrum of Al 7,S¢y2sN
showed semiconducting behavior, and a linear extrapolation of
the leading edge to the baseline yields Eypp-Er to be —3.0 = 0.1eV

TABLE I. The binding energies (BEs) of Ti-2ps, for Ti 20-N, Ti 2p-O,-N,, and Ti
2p-0, bonds and Al-2p from the thin films and from the TiN/Aly7,Scq N SL are
presented.

BE in the SL BE in isolated
Chemical bonding configuration (eV) films (eV)
Ti2ps—N 4558 +0.1 455.7 + 0.1
Shake up + Ti2p;,—Ox—N, 457.7 0.1 4572 +0.1
Ti2ps/,—Oy 459.6 + 0.1 459.1+0.1
Al2p-N 753 *0.1 76.4 * 0.1
Al2p-O 78.0 £ 0.1
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FIG. 3. UPS valence band spectra of (a) TiN and (b) Aly72Sco2gN thin films are
presented. The metallic character of TiN is represented by the sharp decrease in
DOS at the Fermi level, while an Eygy-Er value of —3.0€V is measured for
Alg72SCo 26N from the UPS spectrum. The total and partial electronic DOS of (c)
TiN and (d) Alp75Sco2sN in their bulk configurations are presented that matched
well with UPS measurements.

[Fig. 3(b)]. As previous optical measurements” have suggested the
bandgap of Aly7,Sco2sN to be 3.5eV, it suggests that as-grown
Aly7,Sco2sN is an n-type degenerate semiconductor with Fermi energy
on film surfaces that are close to the conduction band. The n-type
carrier density of (5-6) x 10" cm ™ was measured previously™ for the
rock salt-Aly 7,Sco 2N, which would explain its n-type degenerate semi-
conducting nature.

Using the core-level BE, the Fermi level of TiN [Ep(TiN)], and
the VBM of A10_728C0.28N [EVBM(AIOJZSCO_ZSN)]) the AE value in the
TiN/Aly7,S¢ 25N metal/semiconductor SL interface is measured to be
1.8 = 0.2 eV [see the band alignments in Fig. 4(a)]. The Schottky bar-
rier height (¢p) is also calculated using the simple relation, ¢y
= Ey " (Alg 728¢02sN) — AE, tobe 1.7 + 0.2 V.

AE is further validated with the DFT calculations using plane
wave basis with generalized gradient approximation (GGA) (see Sec. A
of the supplementary material for details). Calculations suggest that
TiN and Al 75ScosN exhibit lattice constants of 424 A and 4.23 A,
respectively, both of which are close to the experimental reports' "’
arn = 424 A and au,_ s, . = 4.26 A. Electronic structure calcula-
tions of Aly5Sco,sN showed a bandgap of 2.67 eV, which is signifi-
cantly smaller than the experimentally measured bandgap of 3.5¢eV, in
spite of the use of an onsite Coulomb interaction energy (U=3.5¢V)
in Sc 3d states within DFT+U formalism, which otherwise captures
the correct bandgap of ScN.** Atom projected DOS and its comparison
with UPS measurements [Figs. 3(a) and 3(c)] revealed that VB of TiN
is majorly composed of Ti-3d and N-2p orbitals, whereas the conduc-
tion band (CB) has predominantly Ti-3d character. UPS spectra also
showed that TiN exhibits metallic characteristics, with Ti-3d orbitals
dominating states close to the Fermi energy. While VB of Al 75S¢o,5N
is primarily composed of N-2p and Sc-3d orbitals with a little contribu-
tion from Al-3p states, the CB has a dominant character of Sc-3d and
Al-3s orbitals [see Figs. 3(b) and 3(d)]. The underestimation of the
bandgap, despite the use of a relatively larger value of U, is due to the
fact that Al 3s states contribute significantly to the CB edges, which is
unaffected by the inclusion of U [see Fig. 3(d)]. Without the Hubbard
U correction, the bandgap was even smaller at 2.10 eV. Such underesti-
mation of the bandgap of semiconductors is well-known for DFT
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FIG. 4. (a) Experimental determination of the band alignment and Ef(TiN)-
Eveim(Aly72Sco28N) in the TiN/Alg72Sco2gN SL interface is presented. (b) Planar
and macroscopic average electrostatic potential of the TiN/Alg7,Scy2gN SL inter-
face along the c-axis is presented. Er (TiN-bulk) and Eygy (AIScN-bulk) are calcu-
lated with respect to the average of the electrostatic potential in each of these
material's bulk configurations. A schematic view of the TiN/Aly 75Scq 25N interface is
shown in the top.

calculations.”” However, this underestimation should not significantly
affect the VB offset calculations, as it is the excited states (CB) that are
not properly captured in DFT calculations usually.

AEP' s obtained with the macroscopic averaging of the electro-
static potential alignment technique*® ** and expressed in the following
equation:

AEPFT = EPET(TiN) — EDEY (Aly 75Sc005N) — AVPFT . (2)

where AVP" is the change in the average electrostatic potential across
the interface (positive if higher on the semiconductor side). To neu-
tralize size effects, TiN/Aly75Sco5N supercells with a thickness of
~34 A [17 A (TiN)/17 A (Aly75S¢.25N), corresponding to a 4-unit cell
thickness of TiN and Al ;5S¢ 25N each], along the cross-plane direc-
tion were constructed [see the top panel of Fig. 4(b)]. The microscopic
averaging of the electrostatic potential in the TiN and Alj;5Sco,sN
layers was smooth [see Fig. 4(b)]. The planar average of the electrostatic
potential for Aly 5S¢y 5N showed variations in peak heights due to the
difference in atomic characteristics in crystal planes. Nevertheless, a
clear and well-pronounced difference in the average electrostatic poten-
tial across the interface is obtained (AV = 12.8¢V), and along with
separately calculated ERET(TiN) and EDEY (Aly 75S¢o.25N) [also shown
in Fig. 4(b)], the TiN/Alj755¢o 25N interface AEPTT of 2,50 €V is calcu-
lated. Since the experimentally determined VB offset was 1.8 = 0.2 eV,
the DFT calculation result seems to be a bit higher. Several factors such
as a difference in the amount of charge transfer, effects of a small
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amount of interface and trap states, interfacial mixing at the atomic
scale, and the formation of oxygen-related defects, clusters, nitrogen
vacancies, etc. could have contributed to this overestimation by model-
ing.“"'s“ Nevertheless, the theoretical calculations provide a nuanced
understanding and qualitative description of band alignment in SLs.

The measured ¢ value of 1.7 = 0.2 eV in the TiN/Aly,Sco 28N
metal/semiconductor interface seems to be ideal for SL based devices
to achieve high-efficiency solar-energy conversion devices such as
photocatalysts, photodiodes, and solar thermophotovoltaics through
the thermionic transport of hot electrons across the metal/semicon-
ductor interfaces. However, for thermoelectric applications, the mea-
sured Schottky barrier height seems to be a bit large compared to the
calculations from the theoretical analysis. Therefore, further work
related to the optimization of the barrier height would be necessary for
achieving desired device properties.

In conclusion, the band alignments and Schottky barrier height
in epitaxial single-crystalline TiN/Aly,ScysN metal/semiconductor
SL interfaces are determined using photoemission spectroscopy and
validated by first-principles DFT calculations. The experimental mea-
surement suggests a Schottky barrier height of 1.7+ 02eV.
Theoretical analysis with macroscopic averaging of the electrostatic
potential technique overestimates the experimental valence band
offset. The determination of the valence band offset and the Schottky
barrier height of TiN/Alj 7,S¢ 25N metal/semiconductor SL is a signifi-
cant step in designing SL based thermionic emission devices such as
hot-electron plasmonic nanostructures for solar energy conversion
and thermoelectric energy conversion for waste-heat to electrical
energy conversion applications.

See the supplementary material for information related to the
growth of thin films and superlattices, details about the numerical sim-
ulation technique, Schottky barrier results for the 3 nm/3 nm superlat-
tice, and details about the chemical integrity of the samples as well as
band bending analysis at the metal/semiconductor interface.
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