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ABSTRACT

Epitaxial metal/semiconductor multilayers are attractive materials for a range

of solid-state energy conversion devices. Applications include waste-heat-to-

electrical energy conversion, hot-electron-based solar energy conversion in

photocatalysis and photodiodes, optical hyperbolic metamaterials, and engi-

neering thermal hyperconductivity. ZrN/ScN is among the first metal/semi-

conductor multilayer structures to also display promising thermal and

electronic properties. However, for efficient thermionic transport, it is necessary

to control and tune the Schottky barrier height at the metal/semiconductor

interfaces, since this controls current flows across the superlattices’ cross-plane

directions. Sputter-deposited semiconducting ScN in ZrN/ScN multilayers

contains a high concentration of n-type carriers, primarily due to oxygen

impurities. This leads to a very small depletion width at metal/semiconductor

interfaces, preventing thermionic transport. To overcome this challenge, the n-

type carrier concentration of ScN has been reduced by Mg hole doping

to * 1.6 9 1018 cm-3. In this article, we report the growth of thermally

stable epitaxial ZrN/carrier-compensated Sc0.99Mg0.01N multilayers useful for

thermionic emission-based devices. We present carrier concentration and

transport regime calculations. Characterization of the microstructure and ther-

mal stability was performed by combining aberration-corrected scanning

transmission electron microscopy, energy-dispersive X-ray spectroscopy map-

ping, and atom probe tomography. The results show stoichiometric Sc0.99-
Mg0.01N layers with a uniform magnesium concentration, and lattice-matched

ZrN/Sc0.99Mg0.01N growth with smooth and atomically sharp interfaces that are
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thermally stable after 48 h at 9508 C. The successful demonstration of thermally

stable ZrN/carrier-compensated Sc0.99Mg0.01N multilayers with a semiconduc-

tor carrier concentration of 2 9 1018 cm-3 is expected to enable efficient ther-

mionic transport devices with improved properties.

Introduction

Ever since the 1960s, when Esaki and Tsu first pro-

posed band structure engineering and resonant tun-

neling effects in materials with artificially structured

periodic multilayers and superlattice heterostruc-

tures [1], semiconductor superlattices have made a

profound impact [1–5]. Epitaxial lattice-matched

GaAs/AlAs superlattices are used in several elec-

tronic, optoelectronic, and quantum electronic devi-

ces such as in quantum well lasers [6, 7], quantum

cascade lasers [8, 9], and resonant tunneling diodes

[10, 11]. In addition, semiconductor superlattices are

widely used to study fundamental physics, materials

science, and device engineering properties [12–14].

In contrast, the development of epitaxial metal/

semiconductor multilayers and superlattices has been

slow due to challenges with material compatibility

and growth [15, 16]. Defect-free single-crystalline

metal/semiconductor superlattices with atomically

sharp interfaces and tunable Schottky barrier heights

could lead to novel solutions in several branches of

modern solid-state energy conversion. Examples

include waste-heat-to-electrical energy conversion

with thermionic transport of electrons [17–19], plas-

mon-induced hot-electron devices for photocatalysis

[20, 21], photodiodes [22], photodetectors [23], optical

hyperbolic metamaterials for engineering densities of

photonic states [24, 25], tailored light absorption [26],

emission and the demonstration of photonic hyper-

thermal conductivity [27–29]. Yet, from the initial

demonstration of polycrystalline–metal/amorphous–

dielectric heterojunctions such as Al/Al2O3/Pb and

Al/MgO/Pb in the 1960s [29–32], and the subsequent

development of crystalline Si/CoSi2/Si, AlAs/NiAl/

AlAs, and GaAs/ErAs/GaAs heterojunctions

[33–36], a lack of suitable metal and semiconductors

with compatible crystal structures, lattice constants,

and low surface and interface energies has hindered

the development of epitaxial lattice-matched metal/

semiconductor multilayer and superlattice growth

until very recently [37, 38].

Epitaxial lattice-matched ZrN/ScN metal/semi-

conductor multilayers are one of the first demon-

strations of such artificially structured metamaterials

and have attracted significant interest in recent years

due to their potential thermionic energy conversion

applications [39]. Sputter-deposited ZrN/ScN multi-

layers exhibit atomically sharp interfaces and cube-

on-cube epitaxial crystal growth on MgO substrates.

However, due to the presence of an * 7% lattice

mismatch between the MgO substrate and the nitride

multilayers, threading dislocations occur that origi-

nate at the interface between the film and substrate,

and thread through the film to the surface [40].

Thermal annealing performed inside inert ambient

environments has demonstrated that these multilay-

ers are stable at elevated temperatures (* 950 �C),
despite pipe diffusion of metallic atoms occurs along

the threading dislocation lines [41]. Time-domain

thermoreflectance (TDTR) measurements have

shown that the thermal conductivity of these multi-

layers exhibits a minimum at a multilayer period

thickness of * 4 nm at room temperature [42]. A

minimum room-temperature thermal conductivity of

5 W/mK was realized in ZrN/ScN multilayers. By

incorporating of heavy tungsten (W) in the ZrN and

providing an additional alloy to scatter phonons, the

thermal conductivity of (Zr,W)N/ScN multilayers

was reduced to * 2 W/mK. This is highly desirable

as low thermal conductivity is necessary for ther-

moelectric applications. Though the structural and

thermal properties of these multilayers show promise

for energy conversion applications, cross-plane elec-

trical measurements and demonstration of repro-

ducible thermionic energy transport in these

multilayers have been proven challenging [39], lim-

iting the applications so far.

Since the Schottky barrier height at metal/semi-

conductor interfaces determines current flow along

the cross-plane or growth directions of the superlat-

tices, it is necessary to determine and tune this height

to achieve the desired electronic properties. How-

ever, the depletion width of the semiconductor at the

metal/semiconductor interface also plays an
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important role in the underlying current transport

mechanism. For semiconductors with large carrier

concentrations, carrier transport usually occurs by

tunneling or field emission through a narrow deple-

tion width (* 2–3 nm) that eventually leads to

Ohmic contact between metal and semiconductors, as

shown schematically in Fig. 1a. The thermionic

transport regime occurs when the carrier concentra-

tion of the semiconductor is sufficiently low, the

depletion width becomes large ([ tens of nm), and

electrons are forced to transport above the Schottky

barrier heights. For intermediate carrier concentra-

tions and depletion widths, electron transport is

determined by thermionic field emission, whereby

thermally excited carriers tunnel through the barriers.

ScN is a promising indirect bandgap semiconduc-

tor, having recently attracted significant attention for

its potential thermoelectric energy conversion

[44–46], as an interlayer substrate material for GaN

growth with low defect densities [47], and for the

development of epitaxial defect-free metal/semicon-

ductor superlattice metamaterials. The latter is due to

the compatibility of the rocksalt crystal structure and

transition metal nitrides exhibiting metallic proper-

ties (such as ZrN and HfN) [40]. Both pristine ScN

and AlxSc1-xN solid solution alloy films have

demonstrated large piezoelectric coefficients that are

useful for designing bulk and surface acoustic devi-

ces [48, 49]. For the application of ScN in metal/

semiconductor superlattice devices, the effects of

carrier concentration on the type of transport mech-

anism is therefore determined with a phenomeno-

logical theory [50] that compares the thermal energy

kB T with E00 (see Eq. 1) and is presented in Fig. 1b.

E00 ¼
q�h

2

ffiffiffiffiffiffiffiffiffiffi

N

m�εs

r

ð1Þ

where m� ¼ 0:39 m0 and �s ¼ 12:3 are the effective

mass and dielectric permittivity of ScN, respectively,

and N is its carrier concentration. When E00 is greater

than * 5 kB T, corresponding to a ScN carrier con-

centration of 2 9 1020 cm-3, field emission or tun-

neling is expected to dominate the current transport

at metal/semiconductor interfaces and lead to Ohmic

contacts. On the other hand, when E00 is less

than * 0.5 kB T, corresponding to a ScN carrier

concentration of 2 9 1018 cm-3 or less, thermionic

emission is expected to dominate. For intermediate

ScN carrier concentrations, thermionic field emission

is expected to contribute to current transport.

Therefore, for the achievement of thermionic emis-

sion and associated device properties, the carrier

concentration of ScN needs to be reduced to less than

2 9 1018 cm-3.

However, sputter-deposited ScN thin films exhibit

a high n-type carrier concentration of

(2–6) 9 1020 cm-3 due to the presence of oxygen as

impurity and possible nitrogen vacancies [51]. To

Figure 1 a Schematic representation of transport regimes at a

metal/semiconductor interface. For high carrier concentrations in

the semiconductor, field emission or tunneling dominate electron

transport, while thermionic emission dominates transport at low

carrier densities. Intermediate carrier concentration leads to

thermionic field emission. Here, EF is Fermi energy, EC and EV

are conduction and valence bands, respectively, q is charge, Vbi is

built-in potential, /BN is barrier height, /M is work function of the

metal, and v is the electron affinity of the semiconductor. b The

three transport regimes at a metal/semiconductor interface

calculated with Eq. 1 as a function of ScN carrier

concentrations. For the energy E00 greater than 5 kBT, tunneling

is expected to dominate electrical transport, while for E00 lower

than 0.5 kBT, thermionic emission is expected to dominate. The

figure shows that for achieving thermionic emission in ScN-based

devices, the carrier concentration needs to be reduced below

2 9 1018 cm-3.
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overcome this important challenge and to reduce the

carrier concentration of ScN, Mg is introduced inside

ScN films, which acts as a hole-dopant. Previous

results [52, 53] have shown that with an increase in

Mg concentration, Sc1-xMgxN thin films exhibit a

decrease in electron concentrations due to carrier

compensation effects and exhibit a minimum electron

concentration of 1.6 9 1018 cm-3 before being con-

verted to a p-type semiconductor [52]. Recent pho-

toemission and modeling analysis have also

demonstrated that neither the oxygen impurity (ON)

nor the Mg hole doping (MgSc) introduces any defect

states inside ScN’s bandgap, and the rigid band

electronic structure remains unchanged [53]. There-

fore, ZrN/compensated-and-low-carrier-concentra-

tion Sc1-xMgxN multilayers are expected to lead to

larger depletion width and the possibility to

demonstrate reproducible thermionic transport and

device applications.

With that motivation, we demonstrate the growth

of ZrN/carrier-compensated Sc1-xMgxN multilayers

on MgO substrates and characterize their thermal

stability and atomic scale structure. Specifically, we

characterize the Mg dopant distribution with the aid

of HRTEM and APT. A Mg concentration of 1% was

utilized inside ScN that results in a reduced carrier

concentration of * 2 9 1018 cm-3 inside the Sc0.99-
Mg0.01N layers, which is measured with a separate

individual Sc0.99Mg0.01N thin film deposition and

subsequent Hall measurement. To ensure that the

current transport mechanism in multilayers is gov-

erned by the thermionic emission process, the Sc0.99-
Mg0.01N semiconducting layer thickness of 7 nm was

used.

Experimental

Film growth and treatment

ZrN/Sc0.99Mg0.01N thin films were deposited on [001]

MgO substrates by reactive DC-magnetron sputter-

ing inside a load-locked turbo-molecular pumped

high-vacuum deposition system with a base pressure

of * 4 9 10-8 Torr (PVD Products, Inc.). The growth

chamber can fit four targets and is equipped with

three DC power supplies. The Sc (99.998% purity on

metal basis), Zr (99.99%), and Mg (99.99%) targets

had dimensions of 2 in. diameter and 0.25 in. thick-

ness. All depositions were performed with an Ar/N2

mixture of 6 sccm of N2 and 4 sccm of Ar at a

deposition pressure of 5 mTorr, and targets were

sputtered in constant power mode. The substrates

were maintained at 750 �C during deposition, as

determined using an infrared pyrometer operated in

the wavelength range of 0.8–1.1 lm, together with a

thermocouple. The film structure was grown on (001)

MgO by yielding nominal layer thickness values of

1 lm ZrN buffer/1 lm 7 nm/7 nm ZrN/Sc0.99-
Mg0.01N multilayer/200 nm ZrN capping layer. The

bottom 1 lm ZrN layer was deposited on MgO sub-

strates for the current flow and cross-plane device

measurements, as well as to serve as a buffer layer for

the superlattices.

The superlattices were annealed (ramp

rate = 20 �C min-1) at 950 �C for either 24 h or 48 h

in a 1.1 Pa (8.5 mTorr) forming gas ambient

(5% H2:95% N2). The custom-designed annealing

furnace consisted of a Boralectric tube heater inside a

vacuum chamber that was evacuated to\ 9.3�10-5 -

Pa (7�10-7 Torr) before continuously flowing 30 sccm

forming gas to achieve a pressure of 8.5 mTorr. The

950 �C temperature of the inside heater wall and

sample were verified with a dual-wavelength

pyrometer.

Electron microscopy and atom probe
tomography

The scanning/transmission electron microscopy (S/

TEM) images and energy-dispersive X-ray spec-

troscopy maps were recorded by using an image- and

probe-corrected and monochromated Themis-Z

60–300 kV equipped with a high-brightness XFEG

source and Super-X EDS detector system for ultra-

high count rates, operated at 300 kV. For STEM

imaging and EDX mapping, the probe corrector was

used to form a focused probe of 0.7 Å diameter. The

Super-X EDX detector system enables the recording

of high-spatial-resolution EDS maps. The EDS maps

contain arrays of individual spectra as large as

4 k 9 4 k pixel, and by color coding the elemental

peak of the highest intensity for each spectrum/pixel

is shown in the map. EDS maps with total counts well

above 1,000,000 have been recorded for quantifica-

tion. Absorption correction and applying the k-factor

method yields a precision of about 2–3% atomic

percent content in an area of known sample thickness

at that count rates.

J Mater Sci



Atom probe tomography data were acquired on a

laser-assisted CAMECA local electrode atom probe

(LEAP) 4000X Si. Laser energy was set to 100 pJ with

a pulse frequency of 200 kHz. The applied voltage

changed dynamically in response to achieving a

specified detection rate of 0.005 ions for every laser

pulse. The analysis stage temperature was set to 60 K.

Reconstruction of APT data was completed using

IVAS 3.6.18. As a result of the changing evaporation

field requirements for the ScN and ZrN layers, it was

necessary to reconstruct the tip using the ‘shank’

reconstruction algorithm, and this algorithm assumes

a constant shank angle along the length of the atom

probe tip. The estimated shank angle used for

reconstruction was 118. Initial tip radius was calcu-

lated to be 24.71 nm, detector efficiency is 0.57, image

compression factor was assumed to be 1.650, and a

k-factor of 3.30 was used.

TEM lamellae and APT needles were prepared

with a ThermoFisher Helios Xe Plasma FIB. Samples

were coated with a 25-nm Au coating to prevent

charging. A 500-nm Pt protective cap was deposited

for both TEM and APT lift outs. TEM lamella were

prepared using a 30 kV Xe at 60 nA followed by

15 nA for trenching and lift out. The TEM lift-out

specimens were welded to Mo grids. Thinning was

achieved with tilt angles of ± 2� and a beam current

of 1 nA. Final thinning was at ± 2� and 300 pA,

checking for electron transparency using a 2-kV

electron beam with a SE detector. When the ROI was

thin enough a 5 kV polish at 30 pA and ± 3� was

used to remove beam-induced damage. TEM lamel-

lae were prepared and thinned yielding both MgO

[010] and [110] orientations. A wedge-shaped bar for

atom probe samples was lifted out and welded to W

posts on a grid. The atom probe needles were

sharpened by annular milling with final cleaning at

10 kV and 50 pA.

Results and discussion

Film microstructure

A symmetric X-ray diffraction (XRD) spectrum from

the multilayer structure reveals [002] oriented crystal

growth with the main 002 peak located at 39.35� (see
Fig. 2a), corresponding to a lattice constant of 4.57 Å.

Previous XRD analysis had demonstrated that ZrN

exhibits a lattice constant of 4.59 Å, while the lattice

constant of Mg-doped ScN is very similar to that of

pristine ScN (4.52 Å. Interference fringes arising from

X-ray interference from different interfaces are clearly

seen in the spectrum and a period thickness of *
12 nm is calculated from the fringe separations. The

full width at half maxima (FWHM) of the rocking

curve (x-scan, see inset of Fig. 2a) corresponding to

the main 002 2 h- x peak was 0.4�, indicating highly

textured and nominally single-crystalline epitaxial

growth.

Low-magnification TEM overview micrograph of

the entire multilayer stack, (see Fig. 2b) shows that

due to a 7% lattice mismatch between the ZrN buffer

layer and MgO substrate threading dislocations are

found mostly forming at the substrate/film interface,

as described earlier in similar systems [40, 41]. An

orientation relationship of ZrN [001] || Sc0.99Mg0.01N

[001] was present throughout the film, demonstrated

by the inset electron diffraction pattern (EDP). The

individual layer thicknesses are consistent, and the

layers themselves have a mostly flat morphology,

apart from a slight curvature in the direct vicinity of

the threading dislocations (Fig. 2c).

A few micrometers apart, but in non-regular

intervals, extended defects (marked by an arrow in

Fig. 2b) are found running vertically through the

multilayer stack but not through the buffer layer.

Figure 3a shows a HAADF-STEM micrograph of

such a defect, with a characteristic kinking of the

adjacent layers to both of its sides. Atomic resolution

images (Fig. 3b) reveal those defects comprise voids:

While an undisturbed lattice is maintained across the

weak-contrast planes with a width of up to 5 nm,

those regions are depleted of atoms with respect to

the neighboring lattice. The elemental EDS maps in

Fig. 3c, d confirm those regions to constitute voids,

where a significant increase in oxygen signal along

the defect line can be seen. Figure 3e shows the

oxygen content histogram of a cross section through

the defect as marked by the white rectangle in

Fig. 3d.

Further, the voids do not originate at any sort of

dislocation or similar defect at or nearby the sub-

strate–film interface. On the contrary, they appear

from the first Sc0.99Mg0.01N layer on the ZrN buffer

layer (Fig. 2b). A possible source of the voids could

be shadowing during the growth, which has been

previously found to introduce similar defects and

voids in other nitride multilayers with similar indi-

vidual layer thicknesses [54, 55]. The Schottky barrier
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height at the metal/semiconductor interfaces is not

expected to change significantly due to the presence

of such voids. However, the higher concentration of

oxygen atoms (that acts an n-type dopants in ScN)

inside the void regions could lead to internal shunts

for current transport in the multilayers. However, as

the concentration of such voids in this present study

is rather small, their effects on the Schottky barrier

height and on the current transport are expected to be

rather small.’’

Dopant distribution

Stoichiometry within the superlattice, and in partic-

ular the Mg content within the ScN layers throughout

the stack, is of importance, since Sc1-xMgxN with

x = 0.01 was yielded during the growth process.

Figure 4a shows an EDS map with more than 1 M

counts in total (red: Mg, blue: Sc, green: Zr).

Following absorption correction for density and

thickness, background modeling, and k-factor

method for quantification, a total of 0.7 atomic %

magnesium could be calculated but with a fitting

Figure 2 a XRD spectrum of the multilayer demonstrating 002

oriented epitaxial crystal growth. The FWHM of the rocking curve

(x-scan, in inset) of 0.4� indicates highly textured and nominally

single-crystalline epitaxial growth. b Overview TEM micrograph

of the entire multilayer stack comprising ZrN buffer- and capping

layer and a 1-lm-think 7 nm/7 nm ZrN/Sc1-xMgxN multilayer.

The inset EDP demonstrates the high-quality epitaxial growth.

c Magnified micrograph of the region in the rectangle in

(b) demonstrating mostly flat layers of even thickness and sharp

interfaces.

Figure 3 a Low- and b high-magnification STEM micrographs of

the extended defect marked in Fig. 1 (a) by an arrow, showing that

the defect comprises voids decorating the lattice planes in an 808

angle with respect to the growth surface. Elemental EDS maps c–

d and a cross section e histogram plotting the oxygen content

across the dark central region in (b) confirm this find.
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error amounting for ± 2.5 at. %, due to the difficulty

of fitting very low contents of the weakly scattering

Mg in the presence of the much heavier elements Sc

and Zr. Consequently, when the stoichiometry profile

Fig. 4b across the region marked by the white rect-

angle in (a) is plotted, the distribution of the Mg

atoms cannot be unambiguously attributed to either

the ZrN or ScN layers. Moreover, it cannot be ruled

out that low levels of Mg might stem from the sample

preparation during which Mg atoms might have been

sputtered from the MgO substrate by the focused ion

beam and re-deposited further up in the multilayer

stack.

To provide further insight into the distribution of

Mg within the ZrN and ScN layers, APT data were

collected from a sharp needle-shaped sample (Fig. 5a,

b). In an APT experiment, ions are extracted from the

surface of the tip using high-field evaporation [56].

Field evaporation is not dependent on the mass of the

elements, and thus all elements have the same

probability of detection, relative to their abundance

within the material, making it possible to identify the

location of Mg atoms within 3D space. A 10-nm-thick

section through the APT data indicates that Mg ions

are distributed throughout the ScN layer, and that

there may be a small amount of Mg distributed

throughout the ZrN; see Fig. 5c. To clarify the dis-

tribution of Mg throughout these layers, a 1D con-

centration profile along the length of the 10-nm

section (Fig. 5d) indicates that this quantity of Mg is

below the APT background noise level (\ 0.2 at. %),

and it can therefore be interpreted from the data that

there is no Mg within the ZrN layer. On initial

inspection, the 1D concentration profile indicates that

the interfaces between the two layers are not sharp.

However, due to the variation in the electric fields

required to evaporate the ScN versus the ZrN layer,

delayed or early evaporation of the layer can occur.

This preferential evaporation of the layers manifests

itself as diffuse interfaces within the reconstructed

data [57, 58], giving the impression of an inhomoge-

neous distribution of elements throughout the vari-

ous layers. This particular artifact can cause

preferential retention or evaporation of species,

resulting in an apparent enrichment at the interface.

We assume this to be the case in the current dataset,

and therefore, we will provide comment only on the

average composition of Mg within the ScN layer. To

obtain an average composition of Mg within the

layer, the interface region must be excluded from the

calculations. An analysis of the average Mg concen-

tration across each ScN layer is presented in Fig. 6.

The average concentration across all interfaces is 0.73

Figure 4 a STEM-EDS map showing the low Mg content within

Sc1-xMgxN with nominally x = 0.01; however, the amount of Mg

is at the edge of detectability with STEM-EDS even at such high-

count rates, and too low for a concise quantification within the

individual layers (b).

Figure 5 a Scanning EM

image of FIB-prepared APT

tip, b entire APT dataset. c An

enlarged 10-nm-thick section

of the tip shows the

distribution of Mg throughout

ZrN and ScN layers. d 1D

concentration profile along the

length direction corresponding

to the section shown in (c).
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at. % with a standard deviation of 0.24 at. %. The

overall composition according to APT analysis is:

24.5 ± 2 at. % Sc, 24.6 ± 2 at. % Zr, 50.3 ± 1 at. % N,

and 0.6 ± 0.1 at. % Mg. The errors in the overall

composition are caused by overlapping peaks and

thermal tails present in the mass spectrum.

Thermal stability

The effect of annealing on the microstructure was

investigated as previous studies have shown that

annealing to 950 �C for 24 h or longer of TiN-based

metal/semiconductor superlattices leads to thermal

instability by metal interdiffusion between the layers,

which eventually leads to a loss of the multilayered

structure [59]. In contrast, a different study on ZrN-

and HfN-based metal/semiconductor superlattices

showed that those systems were thermally stable (i.e.,

no detectable diffusion of metal atoms in between the

layers except along threading dislocations) under the

same annealing conditions of 950 �C for 24 h or

longer [40].

To verify the thermal stability of the ZrN/Sc1-x-

MgxN systems, the deposited films were annealed for

48 h at 950 �C in forming gas ambient (see experi-

mental details) using the same parameters as in [40]

and [59]. Figure 7 shows EDS maps of the as-de-

posited (a) and 48 h annealed (b) samples. The metal

and semiconductor layers are well separated both

before and after heat the treatment, demonstrating

thermal stability at high temperatures comparable to

[40].

Conclusions

Epitaxial ZrN/compensated Sc0.99Mg0.01N multilay-

ers with a total thickness of * 1 lm were success-

fully deposited with high-vacuum magnetron

sputtering and characterized by high-resolution XRD,

STEM-EDS, and APT. Extended defects a few

micrometers apart were found in the multilayer

stacks that are comprised of oxygen-rich voids.

STEM-EDS and APT analysis show stoichiometric

Sc0.99Mg0.01N layers with uniform magnesium con-

centrations and lattice-matched ZrN/Sc0.99Mg0.01N

growth with smooth, atomically sharp interfaces. The

multilayers are thermally stable, with no obvious

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16 18 20 22

M
g 

(a
t.%

)

ScN Layer

Figure 6 Average Mg concentration values in atomic percent

calculated within each layer; the error bars represent one standard

deviation.

Figure 7 a EDX maps of ZrN/Sc0.99Mg0.01N as deposited (a) and

annealed at 950 �C in forming gas for 48 h (b), together with

integrated line profiles shown from the regions in the white

rectangles are presented. While the ZrN layers show a slight

broadening after 48 h at 950 �C, the metal and semiconductor

layers are still well separated after the heat treatment.

J Mater Sci



changes after 48 h at 950 �C. Due to the reduced

carrier concentration of semiconducting layers from

(2–6) 9 1020 cm-3 in pristine ScN to 2 9 1018 cm-3 in

Sc0.99Mg0.01N), the depletion width at metal/semi-

conductor interfaces is expected to increase from few

nm to more than 10 s of nm, respectively, and leads

to thermionic emission of electrons and reproducible

electrical measurements. The successful demonstra-

tion of epitaxial ZrN/carrier-compensated Sc0.99-
Mg0.01N multilayers is expected to result in tunable

thermionic emission-based waste-heat recovery and

hot-electron solar energy conversion devices.
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