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Structural and electronic properties of stoichiometric single-phase CrN(001) thin films grown on
MgO(001) substrates by radio-frequency N plasma-assisted molecular-beam epitaxy, are
investigated.In situ room-temperature scanning tunneling microscopy clearly shows the 131
atomic periodicity of the crystal structure as well as long-range topographic distortions which are
characteristic of a semiconductor surface. This semiconductor behavior is consistent withex situ
resistivity measurements over the range 285 K and higher, whereas below 260 K, metallic behavior
is observed. The resistivity-derived band gap for the high-temperature region, 71 meV, is consistent
with the tunneling spectroscopy results. The observed electronic(semiconductor/metal) transition
temperature coincides with the temperature of the known coincident magnetic(para-antiferro) and
structural(cubic-orthorhombic) phase transitions. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1836878]

For many years, CrN has received a lot of attention due
to its high hardness and corrosion resistance.1,2 In addition,
CrN is also interesting due to its magnetic, optical, and elec-
tronic properties. It is known that CrN is paramagnetic(PM)
with a B1 NaCl crystal structure at room temperature; at
TNéel, reported in the range of 273–283 K, the material un-
dergoes a phase transition to antiferromagnetic(aFM) with
an orthorhombicPnma crystal structure.3–5 Filippetti et al.6

found theoretically that the magnetic stress is the driving
force for the lattice distortions, and thus linked the magnetic
and structural transitions. So far, however, the electronic
properties have been less understood.

Filippetti et al.5 reported, based on theoretical calcula-
tions, that CrN is a metal in its PM state but a weak metal in
the aFM state. This agrees well with an earlier experimental
work, based on CrN polycrystalline powders, which found
metallic behavior with, however, an abrupt increase of the
resistivity with increasing temperature at,286 K.7 On the
other hand, Herleet al.,8 based on synthesized CrN powders,
reported that CrN is a semiconductor with a band gap of 90
meV as measured by resistivity. Recently, Gallet al.9 grew
crystalline thin films of CrN by sputtering and reported that
CrN behaves as a semiconductor(Mott-type insulator) with
an optical gap of 0.7 eV. Although the electronic behavior at
room temperature has become more clear, the value of the
band gap as well as its detailed nature, remain to be deter-
mined; moreover, the discrepant results reported for low tem-
peratures, remain to be resolved.

In this letter, we present results concerning the unique
structural and electronic properties of CrN(001). We show
that high-quality epitaxial layers are grown by molecular-
beam epitaxy(MBE), having crystalline(001) orientation
and atomically smooth surface[as measured by scanning
tunneling microscopy(STM)] and semiconducting behavior
at 300 K. Bulkex situmeasurements confirm the semicon-
ducting behavior at 300 K, but furthermore a transition to the

metallic state is observed at,285 K. This transition coin-
cides with the known magnetic/structural transition.

The experiments are performed in a custom-designed
hybrid MBE/STM system. The MBE system employs a Cr
effusion cell and a radio-frequency N plasma source with N2
as the source gas. During the entire growth, the N plasma
source is set to a power of 500 W with the nitrogen flow rate
about 1.1 sccm (growth chamber pressure is 1.1
310−5 Torr). The entire growth process is monitored by re-
flection high energy electron diffraction(RHEED), after
which the samples are transferred to thein situ STM. Finally,
x-ray diffraction (XRD) and resistivity versus temperature
(R–T) measurements are performedex situ. Resistivity is
measured using the four-point van der Pauw geometry.

The MgO(001) substrates are first heated to 900 °C for
30 min under the presence of N plasma, after which the
RHEED pattern looks streaky[Fig. 1(a)], indicating a suit-
able smooth substrate surface. A buffer layer of CrN is
grown at a sample temperatureTs,200 °C with thickness
tB,45 nm. The RHEED pattern of the buffer layer[Fig.
1(b)] looks spotlike, suggesting rough growth. Next, the tem-
perature is increased to,450 °C and a CrN layer is grown
with a thickness oftCrN,90 nm, after which the RHEED
pattern[Fig. 1(c)] shows a streaky behavior but also some
extra spots. At this point, the Cr shutter is closed, followed
by a second and rapid increase ofTs to 650 °C. The RHEED
pattern becomes more streaky[Fig. 1(d)] and the extra spots
fade away. After,14 min at 650 °C, a final,4 nm CrN
layer is grown. The ultimate RHEED pattern[Fig. 1(e)] is
very streaky suggesting a high-quality atomically smooth
surface with(001) orientation.

Shown in Fig. 2 are the main peaks seen in XRD over
the range 30°,2u,140° — the two orders(002 and 004) of
MgO and CrN. The CuKa1 and Ka2 002 peaks of MgO
(CrN) are seen at 2u=42.99° and 43.10°(2u=43.92° and
44.02°), respectively. The inset of Fig. 2 shows the Lorentz-
ian fit for the rocking curve of the CrN 002 peak, giving a
full width half maximum(FWHM) of theKa1 CrN 002 peak
of Gv=0.09°, which is smaller than the correspondingGv
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=0.10° of the MgO 002 substrate peak. This further indicates
the high-quality crystallinity of the CrN film.

Lattice parameters measured for several CrN(001) films
are summarized in Table I. The measuredout-of-planelattice
constanta'.4.14 Å is consistent with values of 4.14–4.18
Å reported in earlier work.7,10 The measuredin-plane lattice
constantai obtained from RHEED varies from 4.04 Å for the
thinnest film stCrN=335 Åd to 4.13 Å for the thickest film
stCrN=1490 Åd, increasing with thickness. The thinnest films
are evidentlyin-plane compressively strained. Note thata'

.ai for thicker films and that the agreement betweena' and
ai improves with thickness. Moreover, the relaxed lattice
constanta0 is obtained for each film using the following
equation withn being the Poisson ratio for CrN.9,1

a0 = a'

1 − n

1 + n
+ ai

2n

1 + n
. s1d

With n=0.29, the relaxed lattice constanta0 obtained is
4.10 Å for the two thinnests,1000 Åd films but for the
thickest filma0=4.14 Å—which we conclude to be the most
probable relaxed bulk value for CrN and consistent with pre-
viously reported values of 4.13–4.185 Å.9,11,12

Regarding the stoichiometry, Rutherford backscattering
has been done for our thickest filmstCrN=1490 Åd and it was
found that Cr:N=1:1 with ,5% uncertainty.

Figure 3 shows room-temperature STM images of
CrN(001) acquired at sample biasVs= +0.7 V. The surface
of CrN, on a scale of 300 Å3300 Å [Fig. 3(a)], consists of
smooth terraces seprated by steps of height 2.07 Åsa0/2d
which indicates that the growth is epitaxial. The atomic reso-
lution image of CrN(001) in Fig. 3(b) clearly shows the cu-
bic 131 structure. The atoms viewed in this image are most
likely Cr, although a detailed surface calculation remain to
be performed. The conventional surface cell , and the primi-
tive surface unit cell rotated by 45° are shown. Features 1
and 2 in Fig. 3(b) are most likely CrN vacancy islands which
formed during heating up to 650 °C. In the image of Fig.
3(c), besides CrN vacancy islands(3, 4, and 5), there are
some brighter areas labeled A, B, and C. Similar features,
referred to as long-range-topographic distortions(LTDs),14

have been observed recently by Al-Brithenet al.13 on the

FIG. 1. Sequence of RHEED patterns during the CrN growth on MgO(001)
substrate.(a) MgO substrate after the heating;(b) CrN buffer layer;(c) CrN
layer grown at 450 °C;(d) After the temperature of the substrate goes up to
650 °C with the plasma on for about 10 min; and(e) the final layer of CrN.

FIG. 2. XRD results for CrN(001)/MgO(001). Lorentzian fittings ofKa1

andKa2 of MgO 002 and CrN 002 peaks;(inset) rocking curve of CrN 002
peak.

TABLE I. CrN 002 FWHM, lattice constantsa', ai, anda0, for three dif-
ferent film thicknesses of CrN(001)/MgO(001).

CrN sample 250 262 256

Thickness of CrN layertCrNsÅd 335 894 1490
CrN 002 FWHMFvs°d 0.13 0.09 0.12
Lattice constanta'sÅd 4.14 4.13 4.14
Lattice constantaisÅd 4.04 4.06 4.13

Relaxed bulk lattice constanta0sÅd 4.10 4.10 4.14

FIG. 3. Room-temperature STM of CrN(001)/MgO(001). (a) 250 Å
3250 Å STM image of CrN showing smooth terraces.VS= +1V, IT

=0.2 nA; (b) 25 Å325 Å atomic resolution image showing the 131
square lattice periodicity and the face-centered-cubic conventional unit cell
of the CrN lattice.VS= +0.7 V, IT=0.2 nA; (c) The features at A, B, and C
are LTDs. The features 1–5 are CrN vacancy islands.VS= +0.6 V, IT

=0.6 nA.
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nonpolar(001) surface of semiconducting ScN as well as for
various nonpolar(110) surfaces of III–V semiconductors like
GaAs.14 They are only observed on semiconductor surfaces.
For example, they are not seen on MnN(001) or Mn3N2s010d
surfaces in our system, which are metallic.15 The explanation
of the mechanism of the LTD features has been explained
elsewhere,14,16 but briefly (for this case) the LTDs can be
attributed to downward band bending in the vicinity of posi-
tively charged ionized donors, which locally enhances the
tunneling current(for either bias polarity).

Room-temperature scanning tunneling spectroscopy
(STS) measurements averaged over an area as in Fig. 3(c)
have been performed. The current–voltagesI–VSd curve is
presented in Fig. 4(right axis), showing a nonlinear shape,
typical of a semiconductor. The corresponding normalized
conductancesNCd;sdI /dVd / sI /Vd, which is related to the
local density of states(LDOS), is plotted versusVS in Fig. 4
(left axis) and was computed according to the method de-
scribed by Feenstra,17 using a broadening of 0.05 V. The
NC-VS spectrum shows that a dip in the LDOS is observed
near the Fermi level(the zero of the voltage in Fig. 4). Such
a dip is consistent with a small band gap; however, the 300 K
thermal broadenings,50 meVd precludes a direct measure
of its size. Qualitatively, the Fermi levelEF is on the
conduction-band side of the minimum, implying the sample
is n type, which agrees with a separate hot-point probe mea-
surement, which showed that the majority carriers are elec-
trons.

To confirm the semiconductor behavior seen in STM at
300 K, ex situresistivity versus temperaturesr–Td measure-
ments were taken between 77 and 450 K. As shown in Fig. 5,
the resistivity varies linearly(slightly increasing) with in-
creasingT between 77 and 260 K[Region(I)], showing me-
tallic behavior. At 260 K,r begins to increase more, and
above 280 K,r increases steeply, consistent with a first-order
phase transition. Above 280 K[Region (II )], r decreases
exponentially with temperature, indicating semiconductor
behavior. Measuringr–T with decreasing temperature, ther-
mal hysteresis is observed with a width of 20 K. As men-
tioned before, a steep increase inr has been observed by
Tsuchiyaet al.18 and Browneet al.7 but not a transition from
metallic to the semiconductor state, as we observe.

Plotted as an inset of Fig. 5 is lnsr /r0d versus 1/T for
the data of Region(II ). Fitting the data using the linear equa-
tion lnsr /r0d=sEg/2kBds1/Td, we derive the band gapEg

=71.0±0.3 meV withr0=4.52310−3 V cm.

In summary, it has been shown that high-quality epitax-
ial CrN(001) layers on MgO(001) substrate have been pre-
pared by MBE.In situ STM data acquired at 300 K shows
semiconductor behavior which agrees well withex situr–T
measurements, above the transition, but below the transition
metallic behavior is obtained. This transition occurs at the
same temperature range as the well-known magnetic and
structural transition, which suggests that all three transitions
may be correlated.
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FIG. 4. STS of CrN(001)/MgO(001). I–VS curve(right axis) taken on simi-
lar image area as in Fig. 3(c); together with NC-VS (left axis) derived from
I–VS curve.

FIG. 5. r vs T measurement showing metallic(I) and semiconductor(II )
regions. There is evident thermal hysteresis with a width of,20 K. The
inset shows the linear fit of lnsr /r0d vs 1/T region (II ), the straight line
represents the linear fit to the data having slope=sEg/2kBd.
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