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In order to understand and predict the behavior of future scandium nitride (ScN) semiconductor

heterostructure devices, we have utilized in situ x-ray and ultra-violet photoelectron spectroscopy

to determine the valence band offset (VBO) present at ScN/3C-SiC (111) and 2H-GaN (0001)/ScN

(111) interfaces formed by ammonia gas source molecular beam epitaxy. The ScN/3C-SiC (111)

VBO was dependent on the ScN growth temperature and resistivity. VBOs of 0.4 6 0.1 and

0.1 6 0.1 eV were, respectively, determined for ScN grown at 925 �C (low resistivity) and 800 �C
(high resistivity). Using the band-gaps of 1.6 6 0.2 and 1.4 6 0.2 eV previously determined by

reflection electron energy loss spectroscopy for the 925 and 800 �C ScN films, the respective con-

duction band offsets (CBO) for these interfaces were 0.4 6 0.2 and 0.9 6 0.2 eV. For a GaN (0001)

interface with 925 �C ScN (111), the VBO and CBO were similarly determined to be 0.9 6 0.1 and

0.9 6 0.2 eV, respectively. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894010]

Scandium nitride (ScN) is a transition metal nitride

semiconductor that over the past decade has garnered signifi-

cant interest for nano-electronic,1 spin-tronic,2 opto-elec-

tronic,3 electro-acoustic,4 and thermo-electric applications.5

Despite having a sodium chloride/rock salt crystal structure,6

ScN has received the most attention for applications in com-

bination with wurtzite structure wide band gap semiconduc-

tors such as silicon carbide (SiC) and gallium nitride

(GaN).7,8 This is primarily due to the reasonably close lattice

matching exhibited between the (111) plane of ScN

(a0¼ 0.3139 nm) and the (111)/(0001) planes of SiC and

GaN (a0¼ 0.3073 and 0.3189 nm, respectively).9,10 The

reported low resistivity11 and band gap of 1.3 6 0.3 eV (Ref.

12) for ScN, in particular, makes it an interesting material

for Ohmic or Schottky contacts to n-type SiC and GaN and

also as a conductive substrate or buffer layer for GaN hetero-

epitaxy on SiC.7,13 For these specific applications, the va-

lence and conduction band alignment of ScN to SiC and

GaN will play a significant role in charge transport and car-

rier recombination at these interfaces. In this regard, we have

utilized in situ x-ray and UV photoelectron spectroscopy

(XPS and UPS) combined with reflection electron energy

loss spectroscopy (REELS) to determine the valence and

conduction band alignment for interfaces formed by ammo-

nia (NH3) gas-source molecular beam epitaxy (NH3-

GSMBE) of ScN and GaN on 3C-SiC (111) epilayers on 6H-

SiC (0001) substrates.14,15

The ScN and GaN NH3-GSMBE were performed in a

custom built system specifically designed for the heteroepi-

taxial growth of ScN, GaN, and AlN on SiC substrates. The

details of this system and the ScN growth conditions have

been previously described.16,17 Briefly, source materials in

the NH3-GSMBE system consisted of NH3 (99.9995%), Sc

(99.99%), and Ga (99.99999%). The NH3 was further puri-

fied via an inline metalorganic resin purifier connected

directly to a leak valve mounted on the GSMBE chamber.

Growth of ScN and GaN were both performed in a back

pressure of 10�5–10�4 Torr NH3 at temperatures of

800–925 �C. The Sc and Ga Knudsen cells were operated at

1300 �C, and 1050 �C, respectively.

The on axis, 6H-SiC (0001) wafers (Nd � 1018/cm3) uti-

lized in this study were provided with a 1 lm 3C-SiC (111) epi-

taxial layer (Nd � 1017/cm3) by Cree, Inc., A 3C-SiC epilayer

was selected to minimize possible remnants of the 6H-SiC sub-

strate wafer processing and for consistency with prior investi-

gations of GaN and AlN growth on SiC.16 The unpolished

sides of these wafers were coated with an opaque tungsten film

via RF sputtering to increase the thermal heating efficiency of

the SiC substrate, as the latter is transparent to the infra-red

radiation emitted by the tungsten filament heater. After sputter

coating, the wafers were ultrasonicated in trichloroethylene, ac-

etone, and methanol for 10 min each, and then dipped in 10:1

buffered HF for 10 min to remove the 100 nm thermal oxide

previously grown on the SiC substrate prior to backside tung-

sten coating.18,19 The wafers were then subsequently degassed/

annealed at 1050 �C in 10�9Torr vacuum in the GSMBE sys-

tem for 10–15 min to desorb the remaining monolayer of sur-

face oxide.20 This surface displayed a (�3� �3)R30�

reconstruction in LEED that has been previously shown to be

slightly carbon rich relative to the (�3� �3)R30� surface gener-

ated by annealing in Si or SiH4.
21,22

The XPS and UPS measurements have been described

previously and were performed in a separate vacuum
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chamber attached to the main ultra high vacuum (UHV)

transfer line.23–25 Briefly, all XPS spectra were collected

using Al Ka radiation (h�¼ 1484.6 eV) in a 2� 10�10 Torr

UHV system equipped with a 100 mm hemispherical elec-

tron energy analyzer (VG CLAMII). Conditions previously

demonstrated to minimize charging and surface photovoltage

effects for GaN/AlN and AlN/6H-SiC (0001) interfaces were

utilized.25 Calibration of the binding energy scale for all

scans was achieved by periodically taking scans of the Au

4f7/2 and Cu 2p3/2 peaks from standards and correcting for

any discrepancies with the known values (83.98 and

932.67 eV, respectively). A combined Gaussian-Lorentzian

curve shape with a linear back-ground was found to best rep-

resent the XPS data. UPS measurements were performed

with the same energy analyzer and a differentially pumped

helium resonance UV lamp.

The method of Kraut,26 previously described in detail,23–25

was utilized to determine the valence band offset (VBO) at the

ScN/SiC and GaN/ScN interfaces. The method relies on refer-

encing distinct core levels (CLs) in each material to their re-

spective valence band maximum (VBM) and then measuring

the relative position of these core levels with respect to one

another at their interface. As an example for the ScN/SiC inter-

face, the valence band offset (DEv) was determined according

to the following equation:

DEvðScN=SiCÞ ¼ ðCL� VBMÞScN � ðCL� VBMÞSiC

þ DCLint; (1)

where (CL � VBM) is the relative position of the core level

to the valence band maximum of the bulk material, and

DCLint is the relative position of the core levels in the two

materials at the interface [i.e., DCLint¼ (CLSiC�CLScN)int].

To determine DCLint for the ScN/SiC interface, we deposited

2–3 nm of ScN on the 3C-SiC substrate and measured the

relative position of the Sc 2p and Si 2p core levels at the

interface. For the GaN/SiC interface, 2–3 nm of GaN was de-

posited on a �25 nm thick ScN film previously grown on

3C-SiC, and the relative position of the Ga 3d and Sc 2p

core levels were measured. (CL � VBM)bulk is typically

measured using thicker films (>20 nm) to minimize or elimi-

nate contributions to the photoemission spectra from the

underlying substrate/interface. In our case, we have previ-

ously determined (CL � VBM)bulk for the Si 2p core level in

3C-SiC to be 99.3 6 0.1 eV,24,25 and for the Ga 3d core level

in 2H-GaN to be 18.4 6 0.1 eV.27

Figure 1 shows an XPS valence band spectrum acquired

from a 25 nm thick stoichiometric ScN film heteroepitaxially

grown on a 3C-SiC (111)–(�3� �3)R30� surface at 800 �C.

This spectrum is similar to those obtained by Porte for

reactive sputtered ScN on a Ta foil28 and Gall for UHV N2

sputter deposited ScN.12 The large peak at 29.4 eV is the Sc

3p3/2,1/2 core level. This peak is chemically shifted to higher

binding energy by 0.5–1 eV relative to the metallic Sc value

and is consistent with all Sc being bonded to N.29 No evi-

dence of metallic Sc was observed in the XPS spectra of the

Sc 3p3/2,1/2 core level or the Sc 2p3/2,1/2 as previously

noted.15 The feature at 14.4–19.6 eV is due to primarily N 2s

states, and the peak centered roughly at 3.7 eV is the N 2p

band.12,30 Several prior theoretical calculations have shown

the upper part of the valence band and valence band maxi-

mum for ScN is determined primarily by N 2p related states

and the conduction band minimum by Sc 3d states.30–32 The

O 2p state at 10.4 eV was not detected in the valence band

spectrum.1 However, the O 1s was detected in XPS indicat-

ing the presence of �1%–2% O surface coverage.

To more clearly locate the valence band maximum, a

magnification of the upper part of the XPS valence band

spectrum is presented in Figure 2 in combination with a

higher signal to noise ratio UPS spectrum of the valence

band for the same film. A linear extrapolation of the turn in

photoemission to the x-axis locates the valence band maxi-

mum at 0.7 6 0.1 eV below the system Fermi level in both

spectra. Interestingly, the feature at approximately 7.2 eV in

the UPS spectrum is noticeably absent from the XPS spec-

trum. As indicated in a previous publication,15 the small

peak at 7.2 eV could be a possible surface state. As XPS is

less surface sensitive relative to UPS, the absence of this fea-

ture in the XPS spectrum lends further support to this feature

being a surface state. However, additional theoretical investi-

gations of the ScN (111) surface are needed to confirm the

exact origin of this feature.

As indicated previously,15 the Sc 2p3/2 was well fitted

using a mixed Gaussian-Lorentzian curve shape and a linear

background (see Figure 3). The peak centroid for the 2p3/2

core level was determined to be 399.8 6 0.03 eV and Sc 2p3/2-

VBM was correspondingly determined to be 399.1 6 0.1 eV.

FIG. 1. XPS valence band spectrum for stoichiometric ScN deposited at

800 �C on 3C-SiC (111).

FIG. 2. (a) XPS and (b) UPS spectra of the valence band maximum for stoi-

chiometric ScN deposited at 800 �C.
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For a 2 nm ScN film deposited on the 3C-SiC substrate, the Sc

2p3/2 and Si 2p core levels were similarly well fitted using sin-

gle peaks and located at 400.4 eV and 100.7 6 0.03 eV. Using

Sc 2p3/2�Si 2p¼ 299.7 eV and the previously determined

values of Si2p-VBMSiC and Sc2p3/2-VBMScN, we determine

the VBO for this ScN/3C-SiC (111) interface to be

�0.1 6 0.1 eV.

We have previously shown that ScN films grown at

higher temperatures exhibit increased conductivity/back-

ground carrier concentrations, larger band-gaps and a slight

(2%–5%) increase in nitrogen content.15 To examine the

influence this may have on the valence band alignment, a

second ScN/SiC interface was prepared by growing ScN on

3C-SiC (111) at 925 �C. For this film, a slightly larger value

of Sc 2p3/2�VBM¼ 399.4 eV was determined. However,

the relative position of the Sc 2p3/2 and Si 2p core levels

remained unchanged at 299.7 eV. The resulting VBO is

larger at �0.4 6 0.1 eV with the increase coming mostly

from the increased value of Sc 2p3/2�VBM. As discussed

previously,15 the change in Sc 2p3/2�VBM with growth

temperature and possible stoichiometry is consistent with

prior theoretical calculations by Moreno-Armenta that have

shown a widening of the ScN band-gap with increasing

nitrogen content.30 We have also previously observed similar

differences in VBO for GaN/AlN interfaces that corre-

sponded to changes in the GSMBE GaN growth temperature

and resulting film properties and XPS CL-VBM.27 Although

no sign of chemical intermixing at the ScN/SiC interface

was detected in XPS, the slightly different VBO for the two

different ScN/SiC interfaces could also be attributed to slight

differences in stoichiometry in both the ScN film and at the

interface. We have previously shown Sc has a propensity to

react with the SiC substrate that is sensitive to temperature,15

and Guerrero-Sanchez has previously shown Sc prefers sub-

stitutional Ga sites on GaN (0001) surfaces.33

To determine the conduction band offsets (CBO) for the

two ScN/SiC (111) interfaces, we utilize the literature value

of 2.4 eV for the band-gap of 3C-SiC,24 and the previously

determined REELS band-gaps of 1.4 and 1.6 6 0.2 eV for

the 800 and 925 �C ScN films, respectively.15 The resulting

CBOs are 0.9 6 0.2 and 0.4 6 0.2 eV for 800 �C and 925 �C
ScN interfaces with 3C-SiC (111).

To prepare GaN/ScN interfaces, GaN was grown in situ
on a 200 nm thick ScN epilayer previously grown at 925 �C

on 3C-SiC (111). The GaN was grown at 800 �C using condi-

tions that have been previously shown to produce n-type

(Ndffi 1017/cm3) GaN films when grown on 6H-SiC using a

20 nm in situ AlN buffer layer.16 For GaN films grown using

these same conditions on 25–200 nm thick ScN (111) films,

Raman spectroscopy measurements confirmed the growth of

wurtzite structure GaN consistent with prior observations of

GaN growth on (111) oriented ScN.34,35 Hexagonal (1� 1)

low energy electron diffraction patterns were also observed

in situ post growth further supporting the growth of (0001)

oriented GaN on (111) oriented ScN surfaces.36,37 Cross sec-

tion scanning electron microscope images, however, revealed

the growth of columnar poly crystalline GaN films consistent

with the very broad peaks observed in x-ray diffraction and

x-ray rocking curve measurements. Cathodoluminescence

measurements of the GaN films grown on ScN also showed

broad and weak intensity donor bound exciton peaks.

Although the electrical properties of the GaN on ScN films

were not characterized in detail, they exhibited similar resis-

tivities to the previously mentioned GaN films grown on

AlN/6H-SiC.16

To determine the band alignment at GaN (0001)/ScN

(111) interfaces, 2 nm of GaN was deposited on a 200 nm

thick, 925 �C ScN film and XPS was used to measure the rela-

tive position of the Ga 3d and Sc 2p3/2 core levels at the inter-

face. The value of Sc2p3/2�Ga 3d was determined to be

380.2 6 0.03 eV. For a thicker 100 nm GaN film grown on the

same ScN film, the position of the Ga 3d core level relative to

the GaN VBM was confirmed to be 18.4 6 0.1 eV in agree-

ment with previous results for GaN grown on AlN and SiC

under identical conditions. Using these values and the litera-

ture value of 3.4 eV for the band-gap of GaN,24 the VBO and

CBO for the GaN (0001)/ScN (111) interface were determined

to be 0.9 6 0.1 and 0.9 6 0.2 eV, respectively.

The authors are unaware of any prior measurements of

the band alignment between ScN and other materials. We do

note that Perjeru et al.38 has previously measured the electri-

cal rectifying characteristics of n-ScN/n-GaN heterojunc-

tions and observed turn-on voltages of 1.26–1.56 V with a

built in potential of 1 V. This value is in reasonable agree-

ment with the CBO of 0.9 6 0.2 eV determined here for the

n-GaN (0001)/n-ScN (111) interface. Our results are also

consistent with current-voltage measurements by Kaplan that

determined a barrier height of 1 eV for a Sc/ScN/GaN

heterostructure.9

A consistency check on the GaN (0001)/ScN (111) and

ScN/SiC (111) VBOs can also be performed using the rules

of transitivity and commutativity39,40 and previously

reported values for the VBO at GaN (0001)/3C-SiC (111)

interfaces.24 The transitivity and commutativity rules for

VBOs, respectively, state that

DEvð1=2Þ þ DEvð2=3Þ þ DEvð3=1Þ ¼ 0; (2)

DEvð2=3Þ ¼ DEvð3=2Þ; (3)

where 1/2 signifies the GaN/SiC interface in question, 2/3

signifies the SiC/ScN interface, and 3/1 signifies the ScN/

GaN interface. Using the above rules and the GaN/ScN and

ScN/SiC VBO data for 925 �C ScN, we deduce a GaN/SiC

VBO of 0.5 eV which is in excellent agreement with the

FIG. 3. XPS of Sc 2p3/2,1/2 and N 1s from 200 nm thick ScN on 3C-SiC (111).
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value of 0.5 6 0.1 eV previously experimentally determined

for the GaN (0001)/3C-SiC (111) interface.24

In summary, we have utilized XPS and UPS to investi-

gate the VBO present at interfaces between ScN and

2H-GaN and 3C-SiC (see Figure 4). The conduction band

alignment was further deduced using the measured VBOs

and the band-gap for ScN determined by prior REELS meas-

urements. For high resistivity ScN grown at 800 �C on 3C-

SiC (111), a type I interfacial band alignment was deter-

mined with VBO and CBO of �0.1 6 0.1 and 0.9 6 0.2 eV,

respectively. For low resistivity ScN grown at 925 �C on 3C-

SiC (111), a type I interfacial band alignment was also deter-

mined with VBO and CBO of �0.4 6 0.1 and 0.4 6 0.2 eV,

respectively. For the GaN (0001)/ScN (111) interface, a type

I band alignment was also deduced with VBO and CBO of

0.9 6 0.1 and 0.9 6 0.2 eV, respectively.
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