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Experimental andb initio computational methods are employed to conclusively show that ScN is a semi-
conductor rather than a semimetal; i.e., there is a gap between the &h@ the Sc @ bands. Previous
experimental investigators reported, in agreement with band structure calculations showing a band overlap of
0.2 eV, that ScN is a semimetal while others concluded that it is a semiconductor with a band gap larger than
2 eV. We have grown high quality, single crystalline ScN layers on K0§® and on TiN002) buffer layers
on MgO(001) by ultrahigh vacuum reactive magnetron sputter deposition. ScN optical properties were deter-
mined by transmission, reflection, and spectroscopic ellipsometry \whiéu x-ray and ultraviolet valence
band photoelectron spectroscopy were used to determine the density of(B@®sbelow the Fermi level.

The measured DOS exhibits peaks at 3.8 and 5.2 eV stemming from tipebidr2ls and at 15.3 eV due to the

N 2s bands. The imaginary part of the measured dielectric funetipoonsists of two primary features due to
direct X- andI'-point transitions at photon energies of 2.7 and 3.8 eV, respectively. For comparison, the ScN
band structure was calculated usingadminitio Kohn—Sham approach which treats the exchange interactions
exactly within density-functional theory. Calculated DOS and the complex dielectric function are in good
agreement with our ScN valence-band photoelectron spectra and measured optical properties, respectively. We
conclude, combining experimental and computational results, that ScN is a semiconductor with an indirect
I'-X bandgap of 1.3 0.3 eV and a direcK-point gap of 2.4-0.3 eV.

DOI: 10.1103/PhysRevB.63.125119 PACS nuni®er71.20.Nr, 71.20.Be, 71.15.Mb

[. INTRODUCTION Brillouin zone. In the case of TiNthe compound most simi-
lar to ScN, the energy of th&s valence band at thE point
ScN is a B-1 NaCl-structure llI-V compound with an was predicted 1 eV too high and the, conduction band at
electronic structure characterized by the Fermi level beinghe X point was 1 eV too low. For the ScN band structure
located exactly between the NpZand Sc 8 bands. How- calculations, published in the same paper with those for
ever, there has been a longstanding debate in the literature @N,* these two points define the valence and conduction
to whether there is band overlap or a gap in the ScN densitipand overlap which means that, assuming a similar error in
of states(DOS); that is, whether ScN is a semimetal or athe ScN calculations, ScN could have a band gap of up to
semiconductor.  Self-consistent  augmented-plane-wavapproximately 2 eV.
(APW) band structure calculations by Necket all? and In contradiction to previous theoretical results predicting
Monnier et al,® employing the heuristic X and the local- metallic conductivity, there are several experimental
density-approximationLDA) for the exchange-correlation report§~'° showing optical absorption measurements with a
potential, respectively, predict metallic conductivity due to arather steep absorption edge above 2 eV, indicating that ScN
small, 0.01-0.21 eV, overlap of valence bands aflitfmint  is a semiconductor. Scfat prepared pressed-powder SN
with the conduction bands at thépoint. The direct transi- and proposed, although the absorption spectra were not con-
tions between the N 2 and the Sc @ bands have been clusive, an optical energy gap of 2.6 eV. Dismukesl 1012

predicted to be 0.8 and 2.7 eV at tKeandI" points, respec-  reported the growth of Sigon a-Al,05(1102) by chemi-
tively. However, the reliability of the relative values of the cal vapor depositioiCVD) from NH; and halides produced
band-edge energies in these results has been questioned iy the reaction of HCI, HBr, or HI with Sc. Hall measure-
Schwar? in a review of bandstructure calculations for ments showed a donor concentration of%atcm 23
transition-metalTM) nitrides and carbides. In addition, it is which the authors assumed to arise from incorporated halo-
well knowrP that LDA seriously underestimates bandgapsgen impurities. Nevertheless, optical absorption measure-
(typically by a few eV. This suggests that the actual ScN ments yielded, after subtraction of free carrier effects, an
band gap may be considerably larger than the values olestimated optical band gap of 2.1 eV. Similar results were
tained by the above-mentioned calculations. obtained by Kaldigt al® for ScN, g3_ 9sgrown by reactive
Johansscdhcompared APWXa band structure calcula- evaporation.

tions for various NaCl-structure TM nitrides and carbides Moustakaset al.** reported the growth of stoichiometric
with angle-resolved photoelectron spectroscopy data anpolycrystalline ScN films by electron cyclotron resonance
found systematic differences at high symmetry points in thgplasma-assisted molecular beam epitad §CR—-MBE on
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Al,04(0001) substrates and measured a fundamental absorglifficulties associated with standard LDA bandstructure cal-
tion edge at 2.1 eVIn-situ x-ray and ultraviolet valence culations, we utilized a recently developed Kohn—Sham den-
band spectroscopfXPS and UPSmeasurements were car- Sity functional methoff?! (termed EXX that treats ex-
ried out by Port& on ScN films deposited by reactive sputter change interactions exactly and therefore represents a
deposition on Ta foil. He found the valence bands to beSystematic step beyond the commonly used density-
1.5-2 eV lower than the position predicted by calculationsfunctional methods. The EXX scheme has been shown to
from Ref. 1, thus concluding that ScN is semiconductingyield very accurate bandgaps, typically within 0.2 eV, for a
with a band gap of 1.5-2 eV. We reported the growth ofwide variety of semiconductofs. Calculated DOS and the
polycrystalline Sclyeg films on MgQ(001) at 750 °C by re- complex dielectric function for ScN are in good agreement
active magnetron sputterifig. The temperature dependent With our valence-band photoelectron spectra and optical
resistivity of these layers exhibited semiconductor behavioproperties, respectively. Both the measured DOS and the op-
and optical absorption yielded a direct transition at 2.37 evtical properties can only be explained with an electronic
There is, however, also an experimental report supportingtructure which exhibits a bandgap and we conclude, using a

the APW LDA bandstructure calculations. Travagjitial 1’ por_nbination pf experiment_ and calculation, that ScN is an
measured the optical reflectivity of bulk single crystalindirect semiconductor with a fundamental gap of 1.3
ScNy g9 Samples, obtained by nitriding Sc at 2000 °C and*0-3€eV.

annealing at 2180 °C, over four decades of photon energy

from 1 meV to 12 eV, and used a Kramers—Kronig analysis Il. EXPERIMENTAL PROCEDURE

to derive the dielectric function. The observed absorption

peaks at 0.8 and 2.6 eV were related to direct transitions at The ScN layers were grown in a two-chamber
the X andT" point, respectively. They also reported featuresturbomolecular-pumped UHV deposition system consisting
below 0.2 eV which they related to intraband transitions neapf a sample introduction chamber and a three-target magne-
the bottom of the conduction band at tkepoint or near the  tron growth chamber with a base pressure of 1D ° Torr

top of the valence band at tHe point and thus concluded (1.3X10~’Pa). Two 5-cm-diameter water-cooled sputtering
that ScN is a semimetal with a band overlap of 0.2 eV.  targets were used; the Ti target is 99.999% pure and Sc is

All experimental results published on ScN at least agre®9.99% with the only contaminant detectable by Rutherford
that there is an abrupt absorption edge somewhere betweerbackscattering spectroscoRBS) being 0.01 at% Ta, the
and 2.6 eV due to a direct interband transition. Howeverpormal impurity in Sc. Both the TiN buffer layers and the
there has been no agreement upon whether ScN is semicoieN overlayers were deposited in purg (99.999% at 5
ducting or semimetallic. We believe that a primary reasonrmTorr (0.7 Pa. Current-regulated dc power supplies pro-
for the disparity is the difficulty in obtaining single crystal- vided a discharge current of 0.5 A at 485 V for growth of
line, stoichiometric, high purity ScN. In addition, the only TiN and 1.5 A at 312 V for ScN. The resulting deposition
available band structure data were derived from calculationgates, with a target-to-substrate separation of 15 cm, were
based on LDA oiX«, which are not well suited for accurate 132 and 186 nmT, respectively, in the fully target-nitrided
band-gap predictions. regime.

Recently, we reported the growth of stoichiometric, epi- The substrates were polishedX00x0.5 mm MgQ001)
taxial ScN001) layers on Mg@001) and on TiNOO1)/  wafers which were cleaned, degreased, and degassed accord-
MgO(001) by ultrahigh vacuum(UHV) reactive magnetron ing to the procedure described in Ref. 22. The TiN buffer
sputter deposition®° The layers were shown, using a com- layers were deposited at 750 °C, the temperature raised to
bination of techniques including high-resolution x-ray dif- 800°C, and the ScN overlayers grown without breaking
fraction (HR—XRD), transmission electron microscopy vacuum. ScN layers for optical transmission experiments
(TEM), cross-sectional TEMXTEM), x-ray reflectivity, Ru-  were grown directly on Mg@®01) in a magnetically unbal-
therford back scatteringRBS), and x-ray photoelectron anced mode as described in Ref. 18. This required a slightly
spectroscopyXPS), to be stoichiometric high-quality single lower growth temperature, 750 °C, in order to avoid ScN/
crystals. The ScN samples used in the experiments reportédgO interfacial reactions.
here were grown in the same apparatus and exhibit the same Film microstructure and texture were investigated using
structural quality and stoichiometry as those described iHR—XRD and XRD pole figure analyses. A Philips MRD
Refs. 18 and 19. diffractometer with Cuk; radiation (=0.1540597 nm)

In this paper, we report optical properties aimdsitu  from a four-crystal G&20) monochromator, which provided
valence-band photoelectron spectra for epitaxial ®61)  an angular divergence ef12 arc s with a wavelength spread
grown on both Mg@001) and on TiN001) buffer layers on AN/\=7x10"° was used to collech and w-26 scans with
MgO(001). Optical absorption below the direct transition en- a detector acceptance angle-e2°. The microchemistry of
ergy was measured to be6x 10°cm L. This is a factor of as-deposited layers was examined using both RBS and XPS.
2-10 times lower than earlier experimental repdrtéand is  The RBS probe beam consisted of 2 MeV‘Hens incident
another indicator of the high quality of the ScN layers usedat an angle of 22.5° relative to the sample surface normal
in this investigation. with the detector set at a 150° scattering angle. XPS mea-

The experimental results are correlated wih initio  surements were carried out in a Physical Electronics PHI
electronic structure calculations which predict an indirect5400 spectrometer equipped with a MgKk-ray source and a
band gap of 1.6 eV. In order to circumvent the well-knownhemispherical detector. Air exposed samples were sputter
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etched using a low-angle-20°), 0.5 keV Ar" beam before characteristic feature of the EXX method is calculation of the
acquiring XPS data. exact exchange potential via the explicit expression

Optical transmission and reflection spectra were obtained
between 300 and 2000 nm using a Perkin-Elmer Lambda 9

— ’ x(_ -1 ’
spectrophotometer with an integrating sphere for light collec- V(@)= 2 LE(G)+E*(=G')Ixo (G.G"),

G'#0

tion. Measured reflectivity from an undoped single crystal 3)
Si(001) wafer was used to calibrate spectral intensity distri- ~NL _iGr

butions. ScN optical properties were also probed using a E(G)=EE (vk|Vy[ck)(ckle |vk>,
variable angle of incidence spectroscopic ellipsometer Q ek €k~ Eck

(VASE) with photon energies between 1.24 and 5.0 eV and
the beam incident at 60°, 65°, and 70°. A unique solution fowhere G and G’ are reciprocal lattice vectorg, " is the
the complex dielectric function of ScN was obtained from effective inverse of the independent-particle polarizability in
VASE data using the multiple sample analysis described iihe Fourier-space representati@xcludingG, G'=0), and
Appendix . VAL denotes a nonlocal operator which has the same form as
The ScN density of state®OS) below the Fermi level the Hartree—Fock exchange operator, but is constructed of
was determined bin-situ valence band x-ray and ultraviolet Kohn—Sham(rather than Hartree—Fogkrbitals ¢, .
photoelectron spectroscogXPS and UP$ For this pur- The EXX scheme has been implemented using a plane-
pose, a UHV deposition system, similar to the one describedvave basis with a kinetic energy cutoff of 45 Ry for the
above, was attached, via a sample transfer chamber, to@ave functions and 32 Ry fd§,. Scalar-relativistic exact
Physical Electronics PHI 5400 photoelectron spectrometelexchange pseudopotentiswith cutoff radii rs=rp=rq
Epitaxial ScNO0) layers, 40 nm thick, were grown on =1.7a.u. for N ands=2.65,r,=2.85, and 4= 2.65a.u. for
MgO(001) substrates by reactive magnetron sputter deposiSc were employed and ten spedigioints were used for the
tion following the above described procedure, and transBrillouin-zone summations. For the summations over con-
ferred in UHV to the analysis chamber where H21.2 €V},  duction bands in E(3), all conduction states included in the
He Il (40.8 eV}, and XPS spectra were acquired. The UPSHamiltonian have been used. These parameters guarantee
source was incident at an angle of 50° while photons fromhat bandgaps are converged withi®.1 eV.
the monochromatized AK, (1486.6 eV x-ray source were
incident at 45° to the sample surface normal. The spherical
sector analyzer was operated in a constant pass ef@@fy
and 17.9 eY mode, resulting in a resolution of 0.13 and 0.27  N/Sc ratios in as-deposited ScN layers were measured by
eV for UPS and XPS, respectively. Detector acceptanc®BS and the spectra analyzed using the RUMP simulation
angles were 22°, 14°, and 3° measured at 9, 25, and 1010 g)ogram?® The results show that the films are stoichiometric
for He I, He I, and AIK, spectra, respectively. The energy with N/Sc=1.00+0.02. An additional measure of film com-
scale was calibrated using clean Au and Cu samples; thgosition was provided by XPS. In this case, N/Sc was deter-
Fermi level was set to 0 eV binding energy; and the Ay A4  mined by removing the background using an integrating al-
(width=0.81eV) and Cu Bg, (width=1.01eV) peaks gorithm, fitting the N & and Sc P peaks with asymmetric

1

IV. RESULTS

were set to 84.0 and 932.7 eV, respectively. Gaussian—Lorentzian curves, and using sensitivity factors
from Ref. 26. The results, N/S¢€1.00+0.05, are in excellent
I1l. COMPUTATIONAL METHOD agreement with the RBS data. No impurities, other than the

) ) ) ) ) 0.01 at% Ta(in the form of TaN from the Sc target, were
In this section, we briefly outline the EXX formalism that jetected by either RBS or XPS.
has been used for the present ScN band-structure calcula- p typical HR-XRD w-26 scan through the MgO substrate
tions. EXX has been shown to predict semiconductor banggo Bragg peak is presented in Fig. 1 for a 62-nm-thick ScN
gaps much more accurately than the standard local densigy, deposited on a 220-nm-thick TiN buffer layer. The an-

. . 1 . . . . .
approximatiof" and is described in detail in Ref. 21. gular separation between the substrate and the layer peaks,
The EXX scheme relies on the solution of the Kohn—Aw:1_54, yields an out-of-plane lattice constaat
Sham equatiorf8 of density-functional theory, =0.4517 nm. This value is 0.3% larger than the bulk lattice
52y2 constant, 0.4501 nm, showing that the film exhibits a slight
— — + V(D | @) = & e @rc(T) (1)  in-plane compression due to differential thermal contraction
2m s nk ki during cooling from the deposition temperatt?élhe ScN

diffraction peak is symmetric with a full-width at half-
maximum intensity(FWHM) I',_,,=0.47°. The 002w
rocking curve shown in the inset is also symmetric wiith)
=1.10°. Using the measured20 andw FWHM values, we
Vies(1) = V(1) + V(1) + Vo (1) + VEPA(r). (2)  calculate in-plane and ouf[—of—7pllan_e x-ray coherence lengths
of 12 and 20 nm, respectivefy,indicating good crystalline
Vext In Eq. (2) is the external potential due to the ion cores, quality, XRD {111} and {002} pole figures(not shown, to-
Vy the Hartree potentialy, the exact exchange potential, gether with TEM and XTEM analyses, establish that the ScN
andvtDA is the correlation potential obtained by LDA. The layers are single crystals which grow with a cube-on-cube

for the single-particle Bloch states,, with band indexn,
wave vectork, and eigenenergy,, . The total local Kohn—
Sham potential is approximated as
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FIG. 1. High-resolution XRDw-26 scan and 002 rocking e e S P S
curve (insey from a 62-nm-thick ScN film deposited on a 220-nm- 1 2 3
thick TiN buffer layer on MgQ@001). h

v(eV)

epitaxial relationship:  (00%:\|(001)rin[|(001)ygo and

[1OQ]Scl\J|HOO]TiN”[lOO]MgO' FIG. 3. Comparison of ScN optical absorption spectra obtained
Figure 2 shows the EXX band structure of ScN, plottedf,m transmission/reflection measurements on G86W/MgO(001)

along high symmetry directions in the Brillouin zone. The N yers, from spectroscopic ellipsometry analyses of ScN/TiN/

2s band has a width of 1.8 eV and is 13.1-14.9 eV belowymgo(001) layers, and from previous reflectivity measurements car-

the zero of the energy scale which is set to the top of thejed out on bulk single crystal SciRef. 17 and ScN layers grown

valence band. The N2bands, separated by 7.8 eV from the by halide CVD(Ref. 11).

N 2s band, have a width of 5.3 eV and their maximum and

minimum are at thd” and L point, respectively. The mini- directly on transparent Mg@01) substrates. The absorption

mum in the Sc 8 conduction bands occurs at tepoint,  coefficienta as a function of wavelength was then ob-

1.6 eV above the valence band maximuni’afhese results tained from the following expression, using measured trans-

indicate that ScN is an indirect gap semiconductor with a mittanceT(\) and reflectanc®(\) data,

to X band gap of 1.6 eV. The direct gaps at tkeand I

points, fromXs, to X5 andI";5to I',5, , are 2.9 and 4.7 eV, 1 [1-R(\)

respectively. a(N)= tln(T()\) :
We determine the ScN optical absorption spectrum from

transmission and l‘eﬂeCtion eXperimentS. For th|S pUI’pOSGSCN |ayers with different thicknessqs as measured by

epitaxial 173, 345, and 518-nm-thick ScN layers were grownxTEM, resulted in identical values of. Figure 3 shows a

plot of @ vs photon energhv. For comparison, we also plot

4

10 —~— the results obtained from ellipsometry measurements of ScN
/ layers grown on TiN/MgO, as described below, as well as
sk previously reportedr vs hv curves obtained from reflectivity
Ty y measurements on bulk single crystal $€&nd polycrystal-
= 0 Ay line ScN layers grown by halide CVH.
L TN 2, Fo The present results show that ScN is relatively transparent
& —T (a<10*cm™Y) between=1 eV and 2.3 eV. Below 1 eV,
L absorption due to conduction electrons becomes significant
= 1ol and above 2.3 eV the nature of the spectrum is determined
by interband transitions. Figure 3 also shows that the ellip-
5 ~—— e —— sometry data agree very well with our transmission/reflection

results except that the onset of interband transitions occurs at
L r X UK r a slightly lower(0.05 e\j energy in the former. This appar-

FIG. 2. ScN EXX bandstructure calculation along high symme-ent shift, caused by the Moss—Burstein efféds due to a
try directions in the Brillouin zone. change in free carrier density which is determined by the
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14 @ T y T T T — ] lated from an ambient/overlayer/film/substrate model. The
L N ScN ; optical properties of the substratthe opaque TiN buffer

12 SN 7 layen were obtained from spectroscopic ellipsometry mea-
I J \ measured -

surements of a TikD01) layer grown under the same condi-
tions, but without the ScN. Surface oxides and microscopic
surface roughness influence the measurements and were thus
included in the model as an “overlayer” modeled using the
Bruggeman effective medium-approximattdrin which an
effective dielectric constant. is calculated from a mixture

of two materials(with dielectric functionse, and eg) ac-
cording to

10
w('\l
&

O N B~ 0o

14—t f oA Bl g gy 2B Ceft
r 8A+289ff
12}

10}

SB—i—Zseﬁ:O' ®)

wheref is the fraction of materiad. In this caseA andB are

the ambient £=1) and ScN withf assumed to be 0.5. This
approach has proven to be a good approximation for surface
roughness effects.

Surface oxides and roughness should, in principle, be
treated separately but since the effects are sirffilanly one
overlayer was introduced to reduce the number of parameters
in the model. Thus the unknown parameters are only the
frequency-dependent ScN optical propertiggy(hv), the

hv (eV) optical layer thicknesslg.y and the overlayer thickness, .
In order to simultaneously obtaitis\(hv), dgey, andd,,

FIG. 4. ScN dielectric functiongsscy=e,+ i, obtained from  multiple-sample analysi§*? was used in which measure-
(a) spectroscopic ellipsometry multiple-sample analyses and fronments from two samples, at three different beam incidence
(b) ab initio EXX calculations. angles each, were simultaneously fit using coupled optical

propertieseg(hv). In the first ScN sample, the sundd.y
N-vacancy concentration and thus by the specific growtht dy) was found to be 66 nm witd, = 3.8 nm while in the
conditions, which are different for layers grown on Mglor ~ second sampledgen+do) =79 nm withdg=4.6 nm. These
transmission/reflectivity measuremengnd TiN (for ellip-  film thicknesses are in good agreement with XTEM observa-
sometry measurementd he logarithmic scale also reveals a tions,t=70 and 79 nm. The thickness of the overlayer of the
small artifact at 1.5 eV due to surface effects which result insecond sample was determined by x-ray reflectivity to be 4.9
relatively large uncertainties ia values determined from nm!® also in agreement with the optical resultdy,
ellipsometry measurements over wavelength ranges where 4.6 nm.
the film is only weakly absorbing. This feature is absent in  The dielectric function spectra, obtained using the above
the spectra from the transmission/reflection measuremenggocedure, are plotted in Fig(a} over the photon energy
which are carried out on films with thicknesses which are upange from 1.24-5 eV. The spectra exhibit no indication of
to a factor of seven larger, rendering surface effects negliintraband transitions, consistent with our transmission/
gible. reflection results which show that free-electron absorption is

The absorption coefficients reported by Dismukesl!!  observed only below=1 eV and thus outside the wavelength
and Travagliniet al’ (also plotted in Fig. Bexhibit a sharp  range accessible in these measurementss small for hv
increase between 2 and 2.7 eV, consistent with our results<2 eV. Hence, ScN is only weakly absorbing in this energy
However, the absorption of our films in the spectral regionrange. Above 2 eVg,(hv) increases rapidly up to 6.1 indi-
below 2.5 eV is considerably lower, by factors of 2 and 10,cating a resonance peak with a maximum near 2.7 eV. There
respectively. This indicates that the samples used in the prés a second resonance at 3.8 eV wheye 7.2. Thee, spec-
vious studies either had lower purity, higher defect densitiestra follows the shape expected from basic oscillator thédry.
and/or were unstoichiometric. The presence of significantt increases monotonically up to a maximum of 13.3 at 2.4
surface oxidation and roughness may also have influenceeV, indicating the onset for interband transitions and corre-
the results of the previous studies. sponding to a Lorentz oscillator with a resonance frequency

Figure 4a) shows the real and imaginary parts of the ScNof =2.7 eV. ¢, decreases at higher energies and has the
dielectric function,eg,n=21+ie,, obtained from analyses steepest slope near the second resonance at 3.8 eV.
of the ellipsometry data. For this purpose, epitaxial GN) The dielectric function spectra in Fig(& are similar to
layers with thicknesses of 70 and 79 nm, as determined frorreported curves obtained from reflectivity measurements
XTEM measurements, were grown on optically opaquefrom bulk ScN*’ The positions of the prominent features are
TiN(001) buffer layers on Mg@O01). Spectroscopic ellip- the same, but the absolute values are quite different. In fact,
sometry data from the samples were compared to data calcthe e, values obtained in the present experiments are consis-

€,¢,

SN BN
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between 2 and 7 eV. The peaks are centered at 3.8 and 5.2
SCN(OOI) eV. The increased intensity above 7 eV in the He | spectrum
—— measured is due to multiply-scattered low-kinetic-energy electrons.
XPS features are broadened and noisier than in the UPS
spectra due to a lower energy resolution and a lower photo-
electron cross section, respectively. The pl 2ands appear

in the XPS spectrum as one broad feature between 2 and 7
eV while the N % peak occurs at=15.3 eV. The small
feature at 10.4 eV is associated with a partial monolayer of
surface oxygen adsorbed during the 1.5 h XPS experiment.
This peak increases in size when the sample is left in the
UHV analysis chamber for 24 h.

The calculated total DOS per eV per unit c@ig. 5 was
obtained based upon the same 328 spdciabints used to
obtain the dielectric function. The Fermi enerBy was ar-
bitrarily set to the bottom of the conduction band. Peaks
associated with the N2bands are at 4.2 and 5.6 eV while
: : the N 2s peak occurs at a binding energy of 14.9 eV. The
et L < Sembaszial () DOS above the Fermi level, associated with $Stcdnduc-

20 15 10 3 0 tion bands, increases slowly and approximately linearly with
Bindjng energy (eV) energy fromE; up to —5 eV (binding energy with pro-
nounced peaks at6.5 and—7.1 eV (not shown.

FIG. 5. In situ x-ray and ultraviolet valence band photoelectron ~ Figure 5 shows that the calculated DOS is in good agree-
spectra from Sck001) layers compared with EXX DOS calcula- ment with the experimental data. The broadening observed in
tions. the photoelectron spectra is due to the finite wavelength

spread of the photon source and the resolution of the electron
tently higher throughout the entire measured region. Thesdetector. To account for this, the calculated DOS spectrum
differences, again, are likely to be due to the higher qualityhas been convoluted with Gaussian curves of wwdtlysing
of the ScN layers used in the present experiments. w=0.8eV yields a curvénot shown of essentially identical

Figure 4b) is a plot of the complex dielectric function we shape to that of the He | UPS spectrum. The binding energies
obtain from the EXX density-functional calculations whilr ~ of the calculated N g peaks are reduced by 0.1 eV, to 4.1
between 0 and 6 eV. The imaginary part was obtained and 5.5 eV, due to the asymmetry in the DOS peak shapes.

S

------ calculated

1486.6 eV

Intensity (arb. units)

Sreavess
Il
BN

»
[\

DOS (eV )

sexd | 1

-t

from the expression Convolving the N 2 peak with a Gaussian @f=1.0 eV to
reproduce the experimental broadening yields a curve very
4m2e?h? 5 similar to that of the XPS spectrum. The peak occurs at 15.1
ex(w)= WS{( [{vk|plck)|“o(hw—eqct k), eV, 0.2 eV above the originally calculated DOS and close to
v 6 the XPS peak at-153 eV.
and th_e real part from a subsequent Kramers—qunlg trans- V. DISCUSSION
formation. We have neglected exchange-correlation, local-
field, and nonlocal pseudopotential effects in Eg). Thek The electronic structure of ScN near the Fermi level is

summation contains 328 points in the irreducible wedge of composed of the N 2and 2 valence bands and the Sd 3
the Brillouin zone. The calculates), value is zero up to 2.86 conduction bands. While there is a qualitative resemblance
eV, the onset for interband transitions at tKepoint. e,  between our EXX calculated band structdFéy. 2) and ear-
increases sharply to a peak at 3.2 eV, with a larger seconlier calculations employing the LDA or theXa
peak at 4.8 eV. The real part of the dielectric function exhib-approximation:® there are major differences. The EXX
its a peak at 3.0 eV, after which it decreases slowly at firsmethod predicts that ScN is a semiconductor with an indirect
(3.5<hw<4.7eV) and then faster near the resonance at 4.8 to X bandgap of 1.6 eV. LDA an&a results predict a
eV. These results are in agreement with experiment, as disemimetal with band overlaps of 0.21 €Ref. 3 and 0.01
cussed in the next section. eV (Ref. 1), respectively. Thd” and X-point direct gaps are

Figure 5 shows calculated ScN DOS together wntlsitu ~ also much larger in EXX than in LDA. The smallest direct
valence-band photoelectron spectra obtained from(@2N  gap at theX point is 2.9 and 0.8 eV for EXX and LDA,
layers. XPS and UPS spectra were acquired alongaf®  respectively. The gaps at tHépoint are 4.7 and 5.1 eV in
growth direction. However, the detector has a large angulaéXX and 2.7 and 3.9 eV in LDA. These large differences in
acceptance and thus counts photoelectrons from throughoutgap energies are a consequence of the repulsive self-
space. Thus, the resulting measurement corresponds essémeraction present in LDA, which is stronger for the more
tially to the total DOS. localized valence electrons and raises their energy with re-

The UPS spectra in Fig. 5 exhibit a double peak featurespect to the more delocalized conduction electrons resulting
which is associated with the Np2bands at binding energies in LDA underestimating the gap.
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The absorption spectrum presented in Fig. 3 supports our The experimental determination of the gap energies also
calculated ScN band structure. The sharp absorption increasentains some uncertainty which is primarily due to the pres-
near 2.4 eV indicates the onset of direct interband transitionggnce of conduction electrons in our ScN layers with a carrier
corresponding to the lowest direct gap at tgoint. This  density of=5x10?°cm™2 as estimated from the free carrier
conclusion is opposite to that of Travagliet al!” who,  contribution in the optical transmission and reflection spec-
based upon the high absorption they measured below 2 e¥fa. The free carriers are attributed to N vacancies which act
concluded that the LDA band structure calculations are coraS donors similar to anion vacancies in G&ft and also
rect. They found an absorption peak at 0.8(&ig. 3), which  disturb the periodic potential of the crystal, leading to a
they related to the direct interband transition at ¥apoint ~ band-edge tail as commonly observed in heavily-doped
while they associated the strong absorption near 2.6 eV tgemiconductors? This tail is pronounced and can be clearly
the direct transition at th& point. Another interpretation Observed when comparing the onset of interband transitions
was provided by Dismukest al'* who concluded that ScN in the experimentak, spectra[2.3 eV, Fig. 4a)] with the
is a wide band-gap semiconductor. They related the absorggalculation[2.8 eV, Fig. 4b)]. The relatively large carrier
tion onset they observed above 2 eV to the fundamental gapensity causes a decredseD.1 eV) in the observed bandgap
and neglected the possibility of a smaller indirect gap. Oudue to the exchange term in the electron—electron
results clearly show, however, that the observed absorptiotiteraction’® At the same time, however, the conduction
edge at 2.4 eV is not associated with either a direct transitioglectrons also increase the apparent bandgap due to the
at theI point or with the fundamental gap. Rather, it corre- Moss—Burstein shift® The size of this shift can be estimated

sponds to the lowest direct transition at thgoint, while the ~ from the carrier density by integrating the EXX DOS. This

fundamental gap is indirect. procedure yields a value of 0.25 eV, the largest contribution
The good agreement between our optical measurement@ our total uncertainty in bandgap energies which we esti-

and EXX calculations is evident when comparing the dielecmate to be 0.3 eV, including the 0.05 eV uncertainty from

tric functione =&, +ie, obtained from ellipsometry experi- the measurement.

ments with thee(hv) spectra obtained from EXX band Combining the results from the UPS valence band spec-

structure calculationéFig. 4). £, exhibits a maximum due to  troscopy, the EXX calculated DOS, and the above consider-

the onset of interband transitions at 2.4 and 3.0 eV in experi@tions, we conclude that ScN is a semiconductor with an

ment and calculation, respectively, is small athv<2 eV  indirectI’'-X band gap of 1.20.3eV. The combination of

in both experimental and calculational results, consisten@Ptical analysis and band-structure calculations show that the

with the absence of direct interband transitions over this ensmallest direct gap is at th¢ point and has a value of 2.4

ergy range. Resonance peaks are observed at 2.7 and 3.8 &0.3¢eV.

in the experiment and at 3.2 and 4.8 eV in the calculation.

The two peaks in the imaginary part of the dielectric function VI. SUMMARY AND CONCLUSIONS
correspond to high joint densities-of-states aroundXtaand
I" points, respectively. We have employed both experimental aiuinitio com-

The experimentad, ande, spectra indicate, in agreement putational methods to resolve the debate over whether ScN is
with the absorption data in Fig. 3, that the onset for directa semiconductor or a semimetal, thus whether there is a gap
transitions between valence and conduction bands occurs between the N g and Sc @ bands. ScN layers, 40 to 518
2.4 eV, 0.5 eV below the calculated transition energy. Thexm thick, were grown at 750 °C on Mg@01) and at 800 °C
higher direct transition at th&€ point is 1.0 eV below the on 220-nm-thick epitaxial TiKD01) layers on Mg@001) by
calculated value. These deviations correspond to eri9%  ultrahigh vacuum reactive magnetron sputter deposition in
of the measured values, which is a significant improvemenpure N, discharges. The films are stoichiometric with N/Sc
over LDA calculations, which predict, for example, the di- ratios, determined by Rutherford backscattering spectros-
rect gap energy at thX point to be 0.8 eV, a factor of 3 copy and x-ray photoelectron spectroscopy, of ¥0M02.
below the experimental value of 2.4 eV. The combination of x-ray diffractiom—26 with  rocking

The EXX-calculated DOS also exhibits good agreementurves and pole figures were used to show that the layers
with valence band photoelectron spectra, as shown in Fig. 3vere single crystals which grow with a cube-on-cube epitax-
The binding energy of the calculated double peak featuréal  relationship:  (0013.\|(001)r||(001)ygo  and
related to the N p bands is however, after correction to [100]Scl\“[100]TiN||[100]Mgo-
account for experimental broadening, 0.3 eV larger than The high quality of the ScN layers used in this investiga-
measured by UPS. This is a relatively small difference andion was also attested to by the low optical absorption below
can be explained within the uncertainty of the EXX calcula-the onset for direct transitiona.in this region was measured
tion (for further details, see Ref. 21In fact, the calculated N to be =6x10°cm™%, two to ten times lower than earlier
2p DOS agrees perfectly with experimentif in the calcu-  experimental reports:!’ In-situ x-ray and ultraviolet va-
lation is reduced by 0.3 eV. This indicates that the bottom ofence band photoelectron spectroscopies were used to deter-
the conduction band is 0.3 eV lower in energy than calcumine the DOS below the Fermi level. The measured DOS
lated and we therefore obtain a value for the fundamentadxhibits peaks at 3.8 and 5.2 eV arising from the iNisands
indirect gap of=1.3 eV, 0.3 eV below the calculated 1.6 eV, and at 15.3 eV due to the Nsdbands. The complex dielectric
which corresponds again to an20% overestimation of the functione=¢;,+ie, was obtained from spectroscopic ellip-
band gap by EXX, consistent with our optical analysis. sometry experiments:, has two main features, correspond-
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ing to direct transitions near thé andI" points, at photon the form of the complex reflection ratio. If the measured

energies of 2.7 and 3.8 eV, respectively. sample can be treated as a bulk substrate with a perfectly flat
The ScN band structure was calculated using an exacend clean surface, the reflection ratio can be expresséd as

exchange Kohn—Sham approach. It predicts an indirect gap

from the valence band at tHépoint to the conduction band r

at theX point of 1.6 eV and shows, in contradiction to earlier L —tan pe'd (A1)

calculations based on the LDA or théx approximation s

but consistent with our experimental results, that ScN is a

semiconductor. The calculated ScN DOS and complex giwherer, andr are the Fresnel reflection coefficients for the

electric function are in good agreement with our valence-cOMPonents paralléh) and perpendiculafs) to the plane of
band photoelectron spectra and measured optical propertidgcidence, respectively. Written in polar form, the complex
respectively. A careful comparison of the calculated datd@t© iS described by the two parametdrsandA (the ellip-

with experiments indicates that both the optically-measured®Mmetric angles where tan¥ and A are the amplitude ratio
direct bandgap at th¥ point and the fundamental indirect @nd the phase difference between hands components,

gap determined by photoelectron spectroscopy -a28% respectively. The real and imaginary parts of the complex

overestimated by the EXX calculation and that ScN has affliélectric functions =g, +ie, are obtained by direct inver-
indirect T to X bandgap of 1.3 0.3eV. sion from the measured and A values. If the sample con-

sists of a substrate covered by one or more layers, the mea-
sured reflection ratio is written as
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