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Band gap in epitaxial NaCl-structure CrN „001… layers
D. Gall,a) C.-S. Shin, R. T. Haasch, I. Petrov, and J. E. Greene
Department of Materials Science and the Frederick Seitz Materials Research Laboratory, University of
Illinois, 104 South Goodwin, Urbana, Illinois 61801

~Received 18 January 2002; accepted for publication 6 February 2002!

B1–NaCl-structure CrN~001! layers were grown on MgO~001! at 600 °C by ultrahigh vacuum
reactive magnetron sputter deposition in pure N2 discharges. X-ray diffraction analyses establish
the epitaxial relationship as cube-on-cube, (001)CrNi(001)MgO with @100#CrNi@100#MgO, while
temperature-dependent measurements show that the previously reported phase transition to the
orthorhombicPnma structure is, due to epitaxial constraints, absent in our layers. The resistivity
increases with decreasing temperature, from 0.028V cm at 400 K to 271V cm at 20 K, indicating
semiconducting behavior with hopping conduction. Optical absorption is low (a,23104 cm21)
for photon energies below 0.7 eV and increases steeply at higher energies.In situ ultraviolet
photoelectron spectra indicate that the density of states vanishes at the Fermi level. The overall
results provide evidence for CrN exhibiting a Mott–Hubbard type band gap. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1466528#
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I. INTRODUCTION

CrN has received considerable interest over the past
eral years due to its high hardness and corrosion resista
and its corresponding potential for applications as ha
wear-, and corrosion-resistant coatings. Nevertheless, m
fundamental physical properties of single-crystal CrN
still unknown and reported results on electronic transpor
CrN are contradictory and do not provide a clear picture
the electronic structure of this material.

At room temperature, CrN is paramagnetic and exhib
the B1 NaCl structure. However, a magnetic and structu
phase transition, with a Ne´el temperatureTN5273– 286 K,
leads to an unusual antiferromagnetic orthorhombicPnma

phase in which pairs of ferromagnetic~FM! (11̄0) planes
have alternating spin directions.1–4 The Pnma phase has bee
identified by Corlisset al.1 based on temperature-depende
neutron scattering from CrN powder samples which w
obtained by nitriding Cr at 1100 °C using NH3. Their results
were confirmed by several other groups, who also show
that the phase transition is accompanied by a 0.56%–0.
increase in the atomic density,2,4 exhibits hysteretic
behavior,3,4 and results in a peak in the magnetic suscepti
ity x nearTN .1,4 Similar results, with a peak inx at 260–280
K, were obtained from CrN samples synthesized by a
monolysis of Cr2S3 ~Ref. 5! and reactive sputtering.6 Para-,
ferro-, and antiferromagnetic phases in CrN have also b
investigated using spin density functional theory.7,8 It was
found that the structural transition stabilizes the experim
tally observed antiferromagnetic phase and that the s
stress leading to the transition from NaCl structure to ort
rhombicPnma has a purely magnetic origin.

While the magnetic and structural phase transitions
CrN are well established experimentally, and theoreti
models for their explanation are developed, no consensus

a!Electronic mail: d-gall@uiuc.edu
5880021-8979/2002/91(9)/5882/5/$19.00
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been reached yet concerning electronic transport behavio
CrN. Reported values for room temperature resistivityr vary
by more than six orders of magnitude, ranging from
31024 to 63102 V cm.4–6,9–12However, all results up until
now were obtained from powder samples or polycrystall
thin films, where contributions due to nonstoichiomet
grain boundaries, impurities, extended defects, sample ge
etry, and density are unknown and may be dominant fact
The temperature dependence ofr is also controversial. One
group reports metallic behavior,dr/dT.0,4 in agreement
with results from spin density functional calculations predi
ing . 0.025 carriers of each sign per formula unit in pocke
of the Fermi surface.7 In contrast, other investigators fin
that r increases at low temperature, indicative of semico
ducting behavior,5,6,10,11 although Tsuchiyaet al.6 attributes
the results in their case to grain boundary scattering w
intrinsic CrN remaining metallic. Additionally, two investi
gations also report a drop inr(T) of 30%–70% at the Ne´el
temperature.4,6

In an attempt to resolve the question of whether CrN
metallic or semiconducting, we have grown single-crys
CrN layers on MgO~001! and measured optical and ele
tronic transport properties. X-ray diffraction~XRD! analyses
show that the layers are single-phase epitaxial NaCl-struc
CrN. In situ valence-band photoelectron spectroscopy in
cate that the density-of-states~DOS! vanishes at the Ferm
level EF , while optical absorption is low athn<0.7 eV.
r(T) increases by.4 orders of magnitude asT is decreased
from 400 to 20 K. The overall results show that CrN is
semiconductor with a negligible DOS(EF).

II. EXPERIMENTAL PROCEDURE

CrN layers, 0.5mm thick, were grown in a load-locked
multichamber UHV stainless-steel dc magnetron spu
deposition system described in detail in Ref. 13. The tar
was a 99.99% pure Cr disk and sputtering was carried ou
20 mTorr ~2.67 Pa! pure N2(99.999%) discharges. Pressu
2 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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was measured by a capacitance manometer and mainta
constant with an automatic mass-flow controller.

Sputtering was done at a constant power of 150 W i
magnetically unbalanced mode, achieved using an exte
pair of Helmholtz coils.13 These conditions resulte
in a film deposition rate of 1.4mm h21. A combination of
Langmuir probe,13 growth rate, and film composition mea
surements showed that the ion-to-Cr ratio incident at the s
strate was 10 with an ion energy of 12 eV.14 Ion irradiation
was essentially monoenergetic since the charge-exch
mean-free path15 was approximately a factor of 10 large
than the substrate sheath width. From previous glow
charge mass spectroscopy measurements,16 the ion flux con-
sists primarily~.96%! of N2

1 .
The substrates were polished 13130.05 cm3

MgO~001! wafers which were cleaned as described in R
17. They were then mounted on resistively heated Ta pla
and inserted into the sample introduction chamber for tra
port into the deposition chamber. Final cleaning consisted
thermal degassing at 800 °C for 1 h, a procedure show
result in sharp MgO(001)131 reflection high-energy elec
tron diffraction patterns.17 The target was sputter etched for
min, with a shutter shielding the substrate, prior to initiati
deposition. The film growth temperature, 600 °C includi
the contribution due to plasma heating, was measured u
a pyrometer calibrated by a thermocouple bonded to a C
coated MgO substrate.

The composition of the CrN layers was measured b
MeV He1 Rutherford backscattering spectroscopy~RBS!
and the spectra analyzed using theRUMP simulation
program.18 All layers were found to be stoichiometric wit
N/Cr ratios of 1.0060.03. No impurities were detected b
either RBS or x-ray photoelectron spectroscopy. Film mic
structures were investigated byv–2u, rocking curve, and
w-scan XRD measurements in a high-resolution Phil
MRD diffractometer with a CuKa1 source.

Temperature-dependent resistivity measurements w
performed using a four-point probe with evaporated Al co
tacts patterned in the van der Pauw geometry. Optical tra
mittance and reflectance spectra were obtained over
wavelength range between 800 and 2500 nm using a Pe
Elmer Lambda 9 spectrophotometer with an integrat
sphere for light collection. Spectral intensity distributio
were calibrated using the reflectance spectrum from an
doped single-crystal Si~001! wafer.

The CrN valence band DOS was investigated byin situ
ultraviolet photoelectron spectroscopy~UPS!. Following film
growth, the CrN~001! layers were transferred in UHV to a
attached Physical Electronics PHI 5400 photoelectron sp
trometer and He I~21.2 eV! spectra were acquired. The UP
source was incident at an angle of 50° while the elect
detector had an acceptance angle of 22° and was positi
perpendicular to the sample surface.

III. RESULTS

A narrow portion of a typical XRDv–2u scan from a
0.5-mm-thick CrN/MgO~001! sample is shown in Fig. 1. Th
only detectable peaks over a scan range between 20° an
Downloaded 18 Apr 2002 to 130.126.102.15. Redistribution subject to A
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2u are the MgO 002 substrate peak at 42.915° (aMgO

54.211 Å) and the CrN 002 layer peak at 43.298°. The l
ter corresponds to a CrN lattice constanta' along the film
growth direction of 4.176 Å. The absence of any addition
peaks shows that the layer is single phase and 002 orien
XRD scans about the azimuthal directionf, obtained in the
parallel-beam mode withv and 2u angles optimized for the
220 peaks of MgO and CrN at a tilt angle of 45° with respe
to the surface normal, exhibit four 90°-rotated 220 peaks
the same angular positions for both MgO and CrN~left inset
in Fig. 1!. The combination of the two sets of results sho
that the film is epitaxial with a cube-on-cube relationship
the substrate, (001)CrNi(001)MgO and @100#CrNi@100#MgO.

A CrN 002v-rocking curve is shown in the right inset o
Fig. 1. The full width at half maximumGv is 0.16°. Reported
Gv values for other epitaxial NaCl-structure TM nitrides, 0
and 0.9° for TaN~001! and ScN~001!,19,20 respectively, are
factors of 4 and 6 larger than that for CrN, indicative of t
high crystalline quality of our CrN~001! layers.

The relaxed lattice constant,a054.16260.008 Å, of
NaCl-structure CrN was determined using high-resolut
reciprocal lattice mapping about the asymmetric 113 s
strate reflection. This is within the range of previously r
ported values, 4.133–4.185 Å, obtained from polycrystall
layers and powder samples.21–25

v–2u XRD scans were acquired as a function of te
peratureT between 100 and 300 K in order to search for
possible unit cell volume change signaling a structural ph
transition. The CrN lattice constanta' along the growth di-
rection was found to decrease approximately linearly withT
from 4.178 Å at 100 K to 4.176 Å at 300 K. This rather sma
linear change of 0.002 Å in lattice constant as a function oT
argues against the occurrence of a structural phase trans
in our epitaxial CrN layers, since the reported unit cell vo
ume change of 0.56%–0.59%, attributed to the phase tra
tion in CrN, would correspond to a 43 larger change in
lattice constant, 0.008 Å, over a narrow temperature rang
only a few degrees.

Figure 2 shows the results of ourin situ valence-band
UPS measurements. The CrN spectrum exhibits a dou
feature with peaks at binding energies of 5.0 and 6.5

FIG. 1. XRD v–2u scan from a 0.5-mm-thick CrN~001! layer grown on
MgO~001! at 600 °C. Insets: 220f scan andv-rocking curve at 2u
543.298°.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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arising from valence band electron states which have pri
rily N 2 p character. This is in excellent agreement with DO
calculations showing a strong peak at 5 eV and a weaker
at 6.5 eV.7,26 The peak at 1 eV below the Fermi level in Fi
2 is attributed to states which have primarily Cr 3d character.
The measured intensity decreases smoothly at binding e
gies below 1 eV to vanish at 0 eV. This rate of intens
decrease is considerably less steep than what is measure
metallic samples as shown, for example, by the VN UPS d
aroundEF

27 which is also presented in Fig. 2. We acquir
the VN results~shifted up in intensity for clarity! under con-
ditions identical to those used with CrN. The VN spectru
exhibits an abrupt Fermi edge with a width, defining t
measurement resolution, of only 0.2 eV. Thus, the inten
decrease observed in the CrN spectrum between 1 and
corresponds to an actual reduction in the CrN DOS aE
,EF with the DOS vanishing atEF .

Our results are in strong contradiction to the nonsp
polarized band structure calculations of Papaconstantopo
et al. which predict a CrN DOS peak atEF .26 However,
more recent calculations by Filippettiet al.7 are in better
agreement with our data. They show that magnetic orde
leads to carrier depletion within. 0.5 eV aroundEF , with
DOS(EF) being only 10%–20% of the DOS at the Cr 3d
peak, which they predict to occur around 0.5 eV. Our m
sured peak position is, however, at 1.0 eV indicating that
carrier depletion region aroundEF is actually larger than
predicted in Filippettiet al.’s calculation and that CrN con
sequently may exhibit a band gap.

Figure 3~a! shows optical transmittanceT(hn) and re-
flectanceR(hn) spectra obtained over the photon ener
range 0.5 eV<hn<1.5 eV from a 0.5-mm-thick CrN/
MgO~001! layer. TheR(hn) spectrum shows strong interfe
ence fringes athn&0.8 eV, indicating, in agreement wit
nonzeroT(hn) values, significant transmission at low ph
ton energies. The absorption spectruma(hn) in Fig. 3~b!
was calculated from ourR(hn) and T(hn) data using the
following expression which neglects multiple intern
reflections:28

FIG. 2. In situ valence band photoelectron spectrum from CrN~001!. For
reference, a typical spectrum nearEF is also plotted~offset in the vertical
direction! for metallic VN.
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where t is the layer thickness.a is small, less than 2
3104 cm21, at photon energies below 0.7 eV and increa
approximately linearly withhn.0.7. The absorption at low
energies is more than an order of magnitude lower than t
cal values from other NaCl-structure transition metal
trides. For example,a is greater than 2.53105 cm21 over
both the intra- and interband transition regions of TiN29

Thus, the lowa we observe for CrN athn<0.7 eV indicates
the absence of both interband transitions and free carrier
sorption, in agreement with resistivity data presented la
We attribute the residual absorption athn<0.7 eV to crys-
talline defects, possibly N vacancies.

The resistivity of single-crystal CrN~001! between 20
and 400 K is plotted in Fig. 4. At 300 K,r57.7
31022 V cm. This is within the wide range of previousl
reported values, 331024 to 63102 V cm, obtained from
polycrystalline CrNx powders and thin films.4–6,9–12r(T) in
Fig. 4 increases with decreasing temperature, ranging o
four orders of magnitude from 2.73102 V cm at 20 K to
2.831022 V cm at 400 K. The steep increase inr(T) with
decreasingT indicates that CrN is a semiconductor. Th
is in contradiction to predictions from bandstructu
calculations7,8,26 and one experimental report,4 but in agree-
ment with other experimental investigations.5,6,10,11

FIG. 3. ~a! Optical transmittance and reflectance spectra and~b! absorption
coefficienta vs photon energyhn for a 0.5-mm-thick CrN/MgO~001! layer.

FIG. 4. Temperature dependent resistivityr(T) of epitaxial single-crystal
CrN~001!. The inset shows a semilog plot ofr(T) vs T21/2.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Ther(T) curve in Fig. 4 is smooth with no indication o
an abrupt change inr, as reported by some researchers, d
to a phase transition.4,6 The discontinuity inr(T) at TN ob-
served by these investigators may, as proposed,4,6 be directly
assignable to the structural phase transition from cubic
orthorhombic, but could also be a secondary effect relate
changes in grain boundary and/or sample geometry resu
from changes in unit cell shape and volume during the ph
transition. In any case, our epitaxial CrN~001! layers exhibit,
as discussed above, no structural phase transition and co
quently also no discontinuity inr(T).

The inset in Fig. 4 is a semilogarithmic plot ofr vs T1/2

which exhibits a straight line relationship atT1/2*0.1, corre-
sponding toT&100 K. Thus,r(T) can be fit at low T using
the expression

r~T!}expSAT0

T D ~2!

derived for hopping conduction in the presence of coulo
repulsion between carriers.30,31 Here,T0 is a constant which
depends on both the dielectric permittivity of CrN and t
localization radius of the electron states. The line through
data, obtained using Eq.~2!, yields aT0 value of 1800 K,
corresponding to an energykBT050.16 eV. This is compa-
rable to the reported value,T051080 K, for P-doped Si (n
52.531018 cm23), whoser(T) behavior is also describe
by Eq. ~2! at low T.31 Thus, electronic transport in ou
CrN~001! layers has a temperature dependence consis
with hoping conduction through localized states, most lik
due to N vacancies acting as donors.

IV. DISCUSSION

High-resolutionv–2u and w-scan x-ray diffraction re-
sults clearly show that our CrN layers are NaCl-struct
single crystals which have a cube-on-cube epitaxial
lationship with the substrate, (001)CrNi(001)MgO and
@100#CrNi@100#MgO. Moreover,T-dependent XRD measure
ments provide no evidence for a structural phase transi
occurring over the temperature range between 100 and
K. We attribute the absence of the NaCl-to-orthorhom
transition, previously reported for polycrystalline CrN, to t
epitaxial constraint that our single crystal CrN layers expe
ence. The MgO substrate remains cubic asT is varied, thus
inhibiting the phase transition in CrN. That is, the in-pla
translation vectors of the epitaxial CrN unit cell are fixe
only the lattice constant in the growth direction is free
relax in response to thermally induced strain.

While our epitaxial CrN layers do not exhibit a structur
phase transition as observed in polycrystalline sample
TN5273– 286 K, we cannot deduce, based upon
T-dependent XRD data, whether magnetic ordering occ
The spin-density calculations by Filippettiet al.7,8 show that
the structural distortion of the unit cell during the cubic-t
orthorhombic phase transition is due to magnetic str
driven by the antiferromagnetic~AFM! ordering and does
not take place in the absence of a magnetic transition. H
ever, magnetic ordering can occur in the cubic phase with
lattice distortion. Here, CrN would exhibit antiferromagne
Downloaded 18 Apr 2002 to 130.126.102.15. Redistribution subject to A
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ordering with single FM planes having alternating spin alo

@11̄0#. This case has been predicted to be 34 meV per
mula unit more stable than for magnetic ordering with alt
nating pairs of FM sheets as in the distorted orthorhom
phase.7,8 Therefore, if magnetic ordering occurs in epitaxi
CrN~001! layers, it most likely exhibits an AFM phase wit

alternating spin along@11̄0#, a different ordering than tha
observed in polycrystalline powder samples which exhib
structural phase transition.

We do not observe a significant change in lattice co
stant between 100 and 300 K indicating that ifTN is in this
temperature range for cubic CrN/MgO~001!, magnetic order-
ing alone does not lead to a change in unit-cell volume. T
is reasonable since short range interactions, which determ
interatomic distances, still exist even in the absence of lo
range magnetic ordering (T.TN).

Our CrN valence-band photoelectron spectrum in Fig
consists of peaks at 5 and 6.5 eV belowEF , due to N 2p
bands, and a peak at 1 eV, due to Cr 3d bands. The N 2s
bands, predicted to have binding energies between 15 an
eV,7 are outside the measured energy range. CrN has 11
lence electrons per formula unit; 8 of them fully occupy t
bands associated with N 2s and 2p orbitals. The remaining
three electrons partially fill the Cr 3d bands. In cubic crys-
tals, the five degenerated orbitals split into three-fold and
two-fold degenerate states witht2g andeg symmetry, respec-
tively. If both the crystal splitting oft2g andeg states and the
splitting of up and down spins, due to Hund’s rule, are s
ficiently large to separate individual bands, then the DOS
exhibit a band gap and CrN becomes a semiconductor
that case, each Cr-site is occupied by three electrons
t2g-type orbitals having the same spin orientation, in agr
ment with spin-density functional calculations7 showing that
the occupied 3d bands have primarilyt2g symmetry.

The calculated DOS in Ref. 7, however, predicts meta
behavior with nonvanishing DOS(EF) and a Cr 3d peak
only 0.5 eV belowEF . This is in contradiction to our UPS
data in Fig. 2 with DOS(EF).0 and a peak at 1.0 eV below
EF . Thus, our results indicate that the band splitting is lar
than calculated and that CrN actually exhibits a band gap
addition, our optical spectroscopy results in Fig. 3, show
an optical gap of.0.7 eV, are consistent with the UPS da
indicating a splitting between occupied and empty sta
Underestimation of band gaps is typical for density fun
tional calculations and is related to the local spin dens
approximation which leads, due to valence-electron s
interaction, to less localized valence states whose ener
are too high.32 Additionally, electron correlations in
d-electron materials are significant and are likely to be ins
ficiently accounted for by density functional based a
proaches.

Figure 4 shows that the resistivity of single crystal C
increases by four orders of magnitude as the temperatu
decreased from 400 to 20 K. This provides additional stro
evidence that CrN exhibits a band gap. The low tempera
(T&100 K) resistivity data are consistent with a hoppi
conduction mechanism and we attribute the carriers to
vacancies which are expected to act as donors.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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We expect the existence of a band gap, and conseque
the semiconducting behavior of epitaxial CrN, to be indep
dent of magnetic ordering. This follows the definition of
Mott insulator,30 or a Mott–Hubbard insulator,33 where the
gap is determined by the Hubbard energy and not the cry
structure. That is, the insulating~semiconducting! state de-
pends upon the existence of moments, but not on whe
they are ordered. Consequently, the occurrence of magn
ordering in epitaxial CrN~001! layers cannot be observed b
r(T) measurements.

In summary, epitaxial CrN/MgO~001! layers retain
their cubic NaCl structure, due to the coherency constra
and do not exhibit a cubic-to-orthorhombic phase transiti
Temperature-dependent resistivity measurements re
semiconducting behavior with hopping conduction, indic
ing the existence of a band gap in the CrN DOS. This
supported by photoelectron spectroscopy results show
that DOS(EF).0 and by an optical gap of.0.7 eV. Mag-
netic ordering may occur, however, it does not affect unit c
volume or electrical resistivity, consistent with a Mott-typ
insulator, where the insulating~semiconducting! state, and
therefore also the band gap, is determined by the Hubb
energy.
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