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Scandium nitride (ScN) by plasma-enhanced atomic layer deposition (PEALD) was demonstrated 

on silicon (100), sapphire (0001) and magnesium oxide (001) substrates under ultrahigh purity 

conditions using a new Sc precursor, bis(ethylcyclopentadienyl)scandium-chloride [ClSc(EtCp)2].  

Out-of-plane x-ray diffraction patterns indicated single-crystal, cubic phase ScN deposited at 

215°C on sapphire (0001) and magnesium oxide (001) substrates; phi-scans confirmed epitaxial 

growth. The ScN thin films grown on silicon with native oxide were polycrystalline with no 

preferential orientation. The ScN films showed a nitrogen-to-scandium ratio of approximately 1:1 

measured by x-ray photoelectron spectroscopy, with ultra low levels of elemental impurities 

including 2.5 at.% chlorine, 0.9 at.% carbon and 0.4 at.% oxygen. ClSc(EtCp)2 and N2-H2 plasma 

were evaluated as a ScN co-precursors at substrate temperatures ranging from 200−300°C, where 

we identified an ALD window between 200–215°C.  Images by field emission scanning electron 
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microscopy (FESEM) on 43 nm-thick films grown on untreated silicon revealed columnar grains 

with lateral sizes ranging from 16−28 nm.  ScN conformality across 4:1 aspect ratio silicon trench 

structures with 312 nm-wide openings was also imaged by FESEM showing a top-to-bottom 

thickness ratio of 75%.  ScN electrical properties were evaluated by performing Hall 

measurements to determine mobility, free electron concentration and resistivity.  For ScN PEALD 

on magnesium oxide (001), the average mobility was 298 cm2/Vs with a carrier concentration of 

2.88 x 1019 cm-3.  The average resistivity was 0.822 m·cm. 

 

I.  INTRODUCTION 

ScN is a group 3, transition-metal nitride semiconductor that adopts a cubic rock salt crystal 

structure in its stable phase.  Computational analysis of the electronic structure for intrinsic ScN 

has predicted an indirect band gap at 0.79−0.92 eV (-), as well as direct band gaps at 1.91−2.02 

eV ( point) and 3.58−3.75 eV ( point).1-3  Experimentally, the low energy direct band gap ( 

point), for nominally undoped epitaxial ScN with very low impurity levels, was measured at 2.06 

eV.4  The reported values in the literature, however, vary substantially between 2.06−3.1 eV,3-8 

where impurity levels have been shown to be a primary source of this variation.2,3,5  ScN has 

received considerable attention for its potential use in thermoelectric applications,9-14 and as an 

interlayer for epitaxial GaN growth.15-17   

ScN is commercially relevant primarily because it forms a solid solution with aluminum 

nitride (AlN), resulting in aluminum scandium nitride (Al1-xScxN), which exhibits significantly 

enhanced effective coupling factor (K2) compared to undoped AlN and demonstrates ferroelectric 

switching at high electric fields.18,19  The d33 piezoelectric charge constant of Al1-xScxN increases 

with increased Sc content until x = 0.43, where larger concentrations of Sc cause phase segregation 

or formation of a metastable non-piezoelectric cubic phase.20  Both AlN and Al1-xScxN have been 
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successfully integrated into bulk acoustic wave (BAW) devices, such as film bulk acoustic 

resonators (FBAR),21-23 and derivative technology for radio frequency (RF) filters.  Additional 

applications of Al1-xScxN include piezoelectric actuators for microelectromechanical systems 

(MEMS),24 piezoelectric micromachined ultrasound transducers (PMUTs),25 ferroelectric random-

access memory (FeRAM),26 and high operating temperature non-volatile memory (HOT-NVM).27 

Al1-xScxN thin films are traditionally deposited via reactive magnetron sputtering, which 

yields highly c-axis oriented columnar grains with sufficient process optimization and a 

compatible substrate.18-20  However, sputtering is not suitable for coating high aspect ratio (HAR), 

vertically layered structures such as those desired for use in 3D embedded memory.28  HAR 

structures may also be utilized in 3D piezoelectric MEMS (piezoMEMS) for emerging high-

performance actuator applications.29  Recently, there have been several reports of piezoelectric 

AlN grown by atomic layer deposition (ALD) that have shown promising crystalline quality and 

properties.30-32  However, there are no reports of ALD Al1-xScxN, principally because there are no 

reported ALD processes for ScN.  Various techniques have been employed to deposit ScN 

including reactive magnetron sputtering,3,5,6 hybrid vapor phase epitaxy (HVPE),4 and molecular 

beam epitaxy (MBE).7,8  There are many challenges associated with growing ScN, especially the 

scarcity of commercially available Sc precursors suitable for nitrides, and the tendency of Sc to 

rapidly oxidize with exposure to oxygen.5,33  Because ALD is not typically performed under 

ultrahigh vacuum (UHV), ultrahigh purity (UHP) conditions are therefore required to limit oxygen 

incorporation during ScN growth via ALD techniques.34  In this report, we present a plasma-

enhanced ALD (PEALD) process for growing cubic phase ScN under UHP conditions with oxygen 

content < 0.5 atom% using a new Sc precursor, bis(ethylcyclopentadienyl)scandium-chloride. 
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II.  EXPERIMENT 

A.  ScN deposition 

ScN PEALD was performed under UHP conditions in a Kurt J. Lesker Company (KJLC) 

ALD150LX perpendicular-flow reactor described elsewhere.34  The Sc precursor used was 

bis(ethylcyclopentadienyl) scandium chloride [ClSc(EtCp)2] (Dockweiler Chemicals GmbH).  

This heteroleptic compound is a solid at room temperature, with a melting point at 95°C.  

ClSc(EtCp)2 was contained in a stainless steel flow-through ampoule and kept at 180°C to develop 

adequate vapor pressure for delivery (vapor pressure   0.2 Torr, as determined experimentally by 

the precursor manufacturer).  The process gases used were Ar, N2 (99.999%, Airgas) and H2 

(99.999%, Linde).  ScN films were grown by PEALD at substrate temperatures ranging from 

200−300°C using ClSc(EtCp)2 and a mixture of N2 and H2 (N2-H2) plasma species as co-

precursors. 

We define the ClSc(EtCp)2 dose as the amount of time the associated ALD valves on the 

“in” and “out” sides of the flow-through ampoule were held open.  During ClSc(EtCp)2 dose and 

exposure steps, a downstream butterfly valve was used to limit conductance between the reactor 

and the pump, thereby increasing the pressure and Sc precursor residence time inside the reactor.  

N2-H2 plasma was generated at ~0.3 Torr by a remote inductively coupled plasma (ICP) source 

operating at 13.56 MHz frequency and 600 W plasma power.  The plasma gas flow rates were 40 

sccm N2 and 5 sccm H2 (8:1).  The reactor pressure was maintained at ~1 Torr during ClSc(EtCp)2 

and N2-H2 plasma purge steps.  ScN films were grown on silicon (Si), sapphire (Al2O3) and 

magnesium oxide (MgO) substrates; more specifically,  as received 150 mm Si (100), 50 mm 

Al2O3 (0001) and 1 cm x 1 cm MgO (001) substrates. 

B.  Film characterization 
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1.  Ellipsometry & XRR 

ScN thickness and optical properties were determined ex situ by spectroscopic ellipsometry 

(SE) using a J. A. Woollam M-2000 spectroscopic ellipsometer over a range of wavelengths from 

193−1000 nm.  Ellipsometry measurements were also performed in situ during ScN growth using 

a Film Sense FS-8 multi-wavelength ellipsometer providing eight discrete wavelengths of 

ellipsometric data, distributed over a 370−950 nm spectral range.  In both cases, a transparent 

Cauchy model, with no overlayer or surface roughness, was used to determine the ScN layer 

thickness and the refractive index.  To avoid the effects of direct band gap absorption when 

modeling the ellipsometric data, the fitted data were limited to wavelengths ≥ 526 nm.  To confirm 

the film thickness measured by ellipsometry, x-ray reflectivity (XRR) measurements were 

performed using a Malvern Panalytical X’Pert3 MRD x-ray diffractometer with a Cu-K𝛼 source.  

Details about this instrument and the measurements performed are provided in the supplementary 

material. 

2.  XPS profiling 

Film composition was measured by depth profile x-ray photoelectron spectroscopy (XPS) 

using a Physical Electronics VersaProbe III instrument equipped with a monochromatic Al kα x-

ray source (1486.6 eV) and a concentric hemispherical analyzer.  Quantification utilized 

instrumental relative sensitivity factors (RSFs) that account for the x-ray cross section and inelastic 

mean free path of the electrons.  For the major elements (Sc, N), the 1 quantitative accuracy is 

expected to be within  10 rel%.  Due to poor counting statistics, and finite background levels of 

C and O, the 1 accuracy is expected to be within  20−40 rel% for the minor elements.  Ion 

sputtering was accomplished using a 2 kV Ar+ ion beam.  Since detection of low levels of C and 

O were of interest, films were evacuated to < 2 x 10-9 Torr prior to starting measurements.  C and 
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O were acquired first in the depth profile to minimize any re-adsorption of C- and O-containing 

gases from the residual gases in the XPS chamber. This resulted in a lower limit of detection for 

both elements of ~0.1−0.2 at.%. 

3.  XRD 

The structural phase of as deposited ScN was investigated by grazing incidence x-ray 

diffraction (GIXRD) using a Malvern Panalytical Empyrean diffractometer.  Out-of-plane XRD 

and phi-scans were performed using Rigaku Smartlab and Malvern Panalytical Empyrean 

diffractometers, respectively.  Details about these instruments and the measurements performed 

are provided in the supplementary material. 

4.  FESEM 

 To evaluate 3D conformality, Si trenches with a 1:4 aspect ratio were fabricated by deep 

reactive ion etching (RIE) and subsequently coated with ScN.  The sample was then sectioned by 

both edge cleaving and focused ion beam milling (Thermo Scientific Scios 2 DualBeam), and 

finally imaged using a field emission scanning electron microscope (Zeiss Gemini 500).  ScN 

deposited on planar Si was also imaged to investigate film morphology.  

5.  Hall probe 

 ScN electrical properties were investigated using the Van der Pauw method on 300 x 300 

𝜇m ScN/Al2O3 and ScN/MgO device areas.  Contact pads consisted of a 50 nm Au layer on 20 nm 

Pd, which were fabricated at the four corners of each device.  The Hall resistance was measured 

using 1 mA current and a magnetic field of ± 2900 Gauss, with the data demonstrating highly 

linear I-V behavior.  A total of five devices were measured for each sample. The corresponding 

average values for ScN resistivity, mobility and carrier concentration are provided in Table II. 
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III.  RESULTS AND DISCUSSION 

A.  ScN Process Development  

ScN films were measured in real-time during growth by in situ multi-wavelength 

ellipsometry (MWE) to assist in the development of the ScN PEALD process.  The thickness and 

index of the evolving ScN film were determined using an ellipsometric model consisting of a Si 

substrate, native oxide layer and Cauchy-ScN layer.  ScN growth-per-cycle (GPC) vs. ClSc(EtCp)2 

precursor dose time was investigated on untreated 150 mm Si (100) substrates to determine the 

dose saturation behavior of the PEALD process at substrate temperatures ranging from 

200−300°C.  For this investigation, the Sc precursor exposure and purge times remained fixed at 

4 and 30 s; and the N2-H2 plasma dose and purge times were fixed at 10 and 5 s, respectively.  

ClSc(EtCp)2 purge time of 30 s ensured complete removal during purge steps.  A description of 

the method used to generate this data is provided in the supplementary material.   

ClSc(EtCp)2 dose saturation curves are presented in Fig. 1(a), where each datapoint 

represents the average of three identical ScN depositions (error bars included).  As observed in 

Fig. 1(a), the GPC saturates at ~0.15 Å/cycle with increasing ClSc(EtCp)2 dose time at 200°C and 

215°C.  Similar saturation behavior is seen at 225°C with increasing ClSc(EtCp)2  dose time, but 

the GPC is slightly higher.  This behavior is also observed in Fig. 1(c), where the GPC at 215°C 

also shows a very slight increase compared to the GPC measured at 200°C.  At substrate 

temperatures above 225°C, non-saturation becomes more evident with increasing dose time, along 

with more significant changes in the overall GPC with increasing substrate temperature as 

demonstrated in Figs. 1(a) and 1(c).  As identified in Fig. 1(c), these results indicate that an ALD 

window exists between 200−215°C substrate temperature.  At temperatures ≥ 225°C, the continued 
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increase in GPC with ClSc(EtCp)2 dose time and/or substrate temperature are indicative of 

pyrolysis of the Sc precursor. 

 

FIG. 1.  ScN growth-per-cycle (GPC) vs. (a) ClSc(EtCp)2 dose time at substrate temperatures 

ranging from 200−300°C and (b) N2-H2 plasma dose time at 215°C substrate temperature.  (c) ScN 

GPC vs. substrate temperature corresponding to a Sc precursor dose time of 6 s, where an ALD 

window is identified between 200−215°C. 
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The N2-H2 plasma dose saturation curve presented in Fig. 1(b) shows no variation in the 

GPC between 10 and 25 s dose time, indicating that a 10 s plasma dose is sufficient to achieve 

saturation in the center of the reactor.  SE measurements performed ex situ, however, revealed that 

ScN thickness uniformity across 150 mm Si substrates was improved by increasing the N2-H2 

plasma dose time (supplementary material, Fig. S2).  Based on these results, a 20 s N2-H2 plasma 

dose was utilized for all subsequent ScN depositions.  The following process parameters were used 

to grow thicker PEALD ScN at 215°C for subsequent characterization: ClSc(EtCp)2 dose = 6 s, 

ClSc(EtCp)2 exposure = 4 s, ClSc(EtCp)2 purge = 20 s, N2-H2 plasma dose = 20 s and N2-H2 plasma 

purge = 5 s (cycle time = 55 s).  It is noted here that we observed some anomalous behavior of the 

ClSc(EtCp)2 precursor after aging and thermal cycling.  Details related to this behavior are 

included in the supplementary material and will be pursued for future study. 

 

B.  Film Properties 

For optical, compositional and structural analysis, ScN films were deposited on untreated 

150 mm Si (100) substrates using the PEALD process parameters defined above.  Nominal film 

thicknesses for x-ray characterization were 25 nm and 40 nm.  The average SE thicknesses 

determined ex situ for ScN#1 (XPS sample) and ScN#2 (XRR, GIXRD sample) were 25.4 and 

41.9 nm, respectively.  A thicker film was deposited for GIXRD to improve the measurement 

signal-to-noise ratio.  For both samples, the thickness non-uniformity (NU) was < ±4% (1) and 

the refractive index (at 633 nm wavelength) was 2.3 with NU < ±3% (1).  The refractive index 

NU was primarily due to a higher value in the center vs. towards the outer diameter of the substrate.  

To confirm the measured SE thicknesses, XRR measurements were also performed at the substrate 

center and edge positions of ScN#2.  The SE center and edge thicknesses were 40.6 and 42.3 nm; 
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and the XRR center and edge thicknesses were 39.7 and 41.8 nm, respectively.  These results 

demonstrate good agreement between the two measurement techniques.  XRR also revealed a 

slightly higher mass density at the center vs. edge positions as follows: ctr = 3.84 g/cm3  and edge 

= 3.78 g/cm3.  This difference in density could not be confirmed, however, due to the overlap 

between 95% confidence intervals for the center (3.78682, 3.90493) and edge (3.71889, 3.83265) 

positions.  The density values reported here are lower than the reported bulk value of 4.264 g/cm3 

for single-crystal, cubic phase ScN.35   

 A 5% increase in the refractive index was observed for ScN#2 at the center vs. edge 

positions, where nctr = 2.40 and nedge =2.28.  To better understand this increase, the optical 

properties were more thoroughly investigated ex situ by SE at the center and edge positions of both 

ScN#1 and ScN#2.  A detailed description of the measurements and the corresponding analysis 

are provided in the supplementary material.  An optical bandgap at ~2.45 eV was determined for 

both films at the center and edge positions, which is in good agreement with reported values in the 

literature.3-8  However, further  work will be required to understand the observed changes in the 

ScN optical properties.   

 The XPS depth profile for ScN#1 is shown in Fig. 2, which contains the concentration vs. 

sputter depth of all major (Sc, N) and minor (Cl, C, O) components of the film.  To determine the 

sputter depth, the SE thickness was used to convert sputter time to sputter depth.  The high O and 

C impurity levels observed at the film surface are due to atmospheric exposure.  As the Ar+ ions 

are used to sputter down into the bulk of the film, impurity levels decrease until a steady-state 

concentration is obtained.  The native oxide interface is observed at ~24 nm, and by 30 nm depth 

the bulk Si substrate is reached.  Bulk concentrations for ScN were determined by averaging each 

elemental component between 7−17 nm sputter depth, as identified in Fig. 2.  The bulk film 
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composition consists of 48.8 ± 0.5 at.% Sc and 47.3 ± 0.4 at.% N (N:Sc = 0.97 ± 0.01).   Impurities 

are also present in the bulk of the film including 2.3 ± 0.2 at.% Cl, 0.9 ± 0.3 at.% C and 0.4 ± 0.2 

at.% O.  The reported uncertainties represent the  1 variation associated with at.% averages over 

the specified range (i.e., 7−17 nm sputter depth).   

 

FIG. 2.  XPS depth profile for ScN#1 showing the concentration vs. sputter depth of all major and 

minor elemental components of the film.  Bulk concentrations were determined by averaging each 

component between 7–17 nm sputter time. 

 

 XPS was also performed on a sample taken from the edge of ScN#1, which showed a 

consistent composition with the substrate center as follows: 48.4 ± 0.4 at.% Sc, 47.4 ± 0.4 at.% N, 

2.6 ± 0.1 at.% Cl, 0.9 ± 0.2 at.% C and 0.3 ± 0.2 at.% O.  The N-to-Sc ratio in this case is slightly 

higher (N:Sc = 0.98 ± 0.01), but within the estimated uncertainty.  A summary of the XPS results 

are presented in Table I.  At both center and edge positions, the bulk O content measured was just 
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above the detection limit of the instrument.  When compared to other nitrides such as TiN, it has 

been shown that ScN films (grown by reactive magnetron sputtering techniques) are more highly 

susceptible to oxygen contamination.5  To deposit ScN with high crystalline and electrical quality, 

it was concluded that UHV or other environments containing low amounts of oxygen are required.  

The results presented in Fig. 2 demonstrate that UHP conditions provide a suitable environment 

for the growth of ScN by PEALD techniques.34 

 

TABLE I.  Summary of XPS depth profile results for ScN film composition. 

Position Sc (at.%) N (at.%) N:Sc Cl (at.%) C (at.%) O (at.%) 

Center 48.8 ± 0.5 47.3 ± 0.4 0.97 ± 0.01 2.3 ± 0.2 0.9 ± 0.3 0.4 ± 0.2 

at.% O Edge 48.4 ± 0.4 47.4 ± 0.4 0.98 ± 0.01 2.6 ± 0.1 0.9 ± 0.2 

at.% C 

0.3 ± 0.2 

 

 

The GIXRD patterns for ScN#2 presented in Fig. 3(a) show (111), (200), (220) and (311) 

reflections matching cubic phase ScN (PDF 04-001-1145).  The narrow peak at ~52° and broad 

peak at ~55° are artifacts of the GIXRD method stemming from the Si substrate.  These features 

can be eliminated and/or suppressed by rotating the substrate (supplementary material, Fig. S7).  

Similar GIXRD patterns are observed at the center and edge positions indicative of a uniform, 

polycrystalline, cubic phase structure across the 150 mm Si (100) substrate.  ScN films were also 

deposited on Al2O3 (0001) and MgO (001) substrates for further structural analysis. 
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For ScN grown on Al2O3 (0001), the XRD pattern in Fig. 3(b) shows reflections consistent 

with a single preferred out-of-plane (111) orientation.  The rocking curve FWHM taken at the 

(111) peak was measured to be 0.19° and is consistent with epitaxial growth.  Since the Al2O3 

(0001) substrate is hexagonal, the ScN adopts a (111) out-of-plane orientation to ensure favorable 

epitaxial lattice matching between the three-fold symmetry of the cubic (111) plane and underlying 

rhombohedral lattice hexagonal (R3̅𝑐) of Al2O3.  Additionally, based on the ScN (111) and (222) 

peak position, 𝑎0= 4.53 Å, which is slightly larger than the expected bulk value.  In-plane crystal 

orientation was determined using a phi-scan [supplementary material, Fig. S8(a)], which showed 

6-fold symmetry due to the underlying hexagonal structure of the sapphire substrate and confirms 

epitaxial growth. The observed 6-fold symmetry for the ScN (131) reflections suggests the 

presence of twinned in-plane alignment common amongst cubic structures grown on Al2O3. 

The XRD pattern for ScN deposited on MgO indicates single-crystal, cubic phase ScN; 

with the (002) and (004) reflections of the ScN film matching the underlying MgO substrate as 

shown in Fig. 3(c).  Given that both ScN and MgO typically crystallize in a cubic rock salt phase 

(F𝑚3̅𝑚), the ScN is likely grown epitaxially to the underlying MgO substrate giving rise to the 

shared out-of-plane (001) orientation.  Based on the (002) and (004) peak positions of ScN, the 

out-of-plane lattice constant displays a slight elongation with 𝑎0= 4.54 Å as compared to the bulk 

value of 𝑎0= 4.50 Å.36  This is likely due to the compressive epitaxial strain imposed by the MgO 

substrate.  Phi-scans were performed on the ScN on MgO films which confirmed in-plane 

orientation, showing the expected 4-fold symmetry due to the shared cubic structure 

[supplementary material, Fig. S8(b)]. 
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FIG. 3.  (a) GIXRD patterns for ScN on 150 mm Si (100) at center and edge positions indicative of 

a uniform, polycrystalline, cubic structure.  XRD patterns for ScN on (b) Al2O3 (0001) and (c) 

MgO (001) are indicative of single-crystal, cubic phase growth. 
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 FESEM images in Fig. 4 provide (a) top- and (b) cross-sectional views taken from the 

center position of ScN#2, where columnar grains with sizes ranging from 16−28 nm are observed.  

Film thickness is estimated at 43 nm, which provides good agreement with the average SE 

thickness of 41.9 nm reported above.  Film conformality was also examined by depositing ScN 

over 4:1 aspect ratio trench structures shown in Fig. 4(c).  These trenches were fabricated by RIE, 

where the opening measures 312 nm; the corresponding depth is 1.29 µm.  The ScN film 

conformed well to the undulated etched Si surface, achieving a thickness of 36 nm on the top and 

27 nm at the bottom of the trenches, resulting in a top-to-bottom thickness ratio of 75% 

(supplementary material, Fig. S9).  Since the mean free path of the gas/vapor species in the reactor 

is more than two orders-of-magnitude larger than the trench width, the variation in thickness 

observed in Fig. 4(c) can be attributed to the ballistic transport and reaction kinetics of precursor 

gases/vapors, particularly plasma species, within the narrow confines of the trench structures.  No 

attempt was made to optimize the ScN PEALD process (such as significantly increasing dose 

times) for improving coverage across the high aspect ratio (HAR), nm-scale features. 

 Electrical properties were also evaluated for the ScN films deposited on Al2O3 (0001) and 

MgO (001) substrates represented by Fig. 3(b) and Fig. 3(c), respectively.  ScN was deposited 

concurrently on both substrates, along with the HAR substrate shown in Fig. 4(c).  A small (~2 cm 

x 2 cm) Si (100) substrate was also included as a witness sample.  Film thickness determined by 

SE on the Si witness sample was 34.3 nm (index = 2.39), which provides good agreement with the 

36 nm ScN thickness measured by FESEM at the top of the HAR trench structures (supplementary 

material, Fig. S8).  ScN film thicknesses on the Al2O3 (0001) and MgO (001) substrates were 32.5 

and 42.0 nm, respectively, as determined by XRR measurements.  The increased ScN PEALD film 

thickness on MgO indicates enhanced nucleation and growth on the underlying MgO (001) 
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substrate, which shares the same cubic rock salt structure.   Hall measurements were subsequently 

performed to determine the average values for ScN resistivity, mobility and carrier concentration 

on each substrate.  A summary of these results are presented in Table II. 

 

FIG. 4. FESEM images of ScN#2 showing (a) top- and (b) cross-sectional views of the poly-

crystalline, cubic phase ScN film deposited on Si (100).  (c) ScN-coated trenches with a 4:1 aspect 

ratio imaged by FESEM. 
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TABLE II.  Summary of Hall measurement results for ScN. 

Substrate 

Material 

Resistivity 

(m·cm) 

Mobility 

(cm2/Vs) 

Carrier Conc. 

(cm-3) 

Al2O3 (0001) 13.9 23.5 2.36 x 1019 

MgO (001) 1.01 298.0 2.35 x 1019 

 

 

Density functional theory (DFT) calculations by Deng et al., predicted a direct band gap at 

2.02 eV for intrinsic cubic phase ScN.3  High quality ScN epilayers grown by HVPE, with very 

low levels of impurities, were reported by Oshima et al.,4 where the direct band gap was measured 

at 2.06 eV.  This measured band gap is in good agreement with the calculated value of 2.02 eV by 

Deng.  Free electron concentrations, however, ranged from 10-18−10-20 cm-3 for nominally undoped 

ScN films.  These carrier concentrations could not be attributed to impurities, but could be related 

to native point defects (e.g., nitrogen vacancies) in the bulk of the ScN film.2,7  The results of the 

study by Deng also showed that for epitaxial layers grown by reactive magnetron sputtering, the 

direct band gap increased between 2.18−2.7 eV with increasing carrier concentration ranging from 

1.12−12.8 x 1020 cm-3, respectively.  The increase in the band gap and free electron concentration 

were attributed to an increase in fluorine (F) impurities serving as n-type donors, which were 

unintentionally incorporated into the film due to sputter target contamination.  Film composition 

measured by Auger electron spectroscopy (AES) and XPS determined that F impurity levels 

ranged from below the AES-XPS detection limit to 3 at.% F.  A similar relationship between the 

direct band gap and carrier concentration was observed by Moram et al., but the increase was 

attributed to O impurities.5  In this case, the direct band gap increased between 2.2 and 3.1 eV with 
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carrier concentrations ranging from 1021 and 1022 cm-3, respectively.  The effect of F, O, H and 

tantalum (Ta) impurities on carrier concentration in bulk cubic phase ScN was theoretically 

investigated by Kumagai et al., which showed that these elements act as either single (O) or double 

n-type donors (H, F, Ta).2   

For PEALD ScN, the measured carrier concentrations reported in Table II are significantly 

lower than the values reported by Deng3 and Moram5 described above.  However, these values are 

consistent with those reported by Oshima4 for high quality ScN epilayers grown by HVPE with 

very low levels of impurities.  For ScN deposited epitaxially on MgO (001) by PEALD, the 

measured mobility of 298 cm2/Vs is also consistent with the mobility reported by Oshima at 284 

cm2/Vs for films grown by HVPE on m-plane sapphire.  The higher mobility reported here could 

be due to improved crystalline quality for ScN deposited on MgO (001) vs. m-plane sapphire.  For  

epitaxial ScN deposited on Al2O3 (0001) by PEALD, the measured mobility of 23.5 cm2/Vs is in 

good agreement with reported values ranging from 1–30 cm2/Vs.9,37  More work is needed, 

however, to better understand the electrical properties of ScN by PEALD techniques. 

 

IV.  CONCLUSIONS 

 High purity ScN  films by PEALD were grown on Si (100), Al2O3 (0001) and MgO (001) 

substrates under UHP conditions.  The precursors used were ClSc(EtCp)2 and N2-H2 plasma 

species at substrate temperatures ranging from 200−300°C, where an ALD window was identified 

between 200−215°C.  Above this window,  pyrolysis of the Sc precursor was observed.  For ScN 

grown at 215°C on Si (100), XPS depth profiling showed the film was slightly Sc rich containing 

48.6 at.% Sc and 47.4 at.% N (N:Sc = 0.97).  Impurities were also present in the bulk of the film 

including 2.5 at.% Cl, 0.9 at.% C and 0.4 at.% O.  The oxygen content measured was just above 
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the detection limit of the XPS instrument.  GIXRD measurements produced (111), (200), (220) 

and (311) reflections matching polycrystalline, cubic phase ScN.  For XPS and GIXRD, center 

and edge positions were measured on 150 mm Si substrates where similar results were obtained, 

thereby confirming ScN composition and structure across the wafer (elemental concentrations 

defined above are averages corresponding to the center and edge positions).   

FESEM images revealed columnar grains with sizes ranging from 16−28 nm. ScN 

conformality across 4:1 aspect ratio trench structures was also imaged by FESEM which showed 

a top-to-bottom thickness ratio of 75%.  Out-of-plane x-ray diffraction patterns indicated single-

crystal, cubic phase ScN deposited at 215°C on sapphire (0001) and magnesium oxide (001) 

substrates; phi-scans confirmed epitaxial growth.  ScN electrical properties were evaluated by 

performing Hall measurements to determine mobility, free electron concentration and resistivity.  

For ScN PEALD on magnesium oxide (001), the average mobility was 298 cm2/Vs with a carrier 

concentration of 2.88 x 1019 cm-3.  The average resistivity was 0.822 m·cm. 
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