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Metal/semiconductor phase transition in chromium nitride (001) grown
by rf-plasma-assisted molecular-beam epitaxy
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Structural and electronic properties of stoichiometric single-phas&00dNthin films grown on
MgO(00)) substrates by radio-frequency N plasma-assisted molecular-beam epitaxy, are
investigated.In situ room-temperature scanning tunneling microscopy clearly shows thé 1
atomic periodicity of the crystal structure as well as long-range topographic distortions which are
characteristic of a semiconductor surface. This semiconductor behavior is consisterk\gito
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 electfeamiconductor/metaltransition
temperature coincides with the temperature of the known coincident magpetéa-antiferrp and
structural(cubic-orthorhombig phase transitions. @004 American Institute of Physics
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For many years, CrN has received a lot of attention duametallic state is observed at285 K. This transition coin-
to its high hardness and corrosion resistancén addition,  cides with the known magnetic/structural transition.
CrN is also interesting due to its magnetic, optical, and elec- The experiments are performed in a custom-designed
tronic properties. It is known that CrN is paramagnéBd/) hybrid MBE/STM system. The MBE system employs a Cr
with a B1 NaCl crystal structure at room temperature; ateffusion cell and a radio-frequency N plasma source with N
Tneer reported in the range of 273-283 K, the material un-as the source gas. During the entire growth, the N plasma
dergoes a phase transition to antiferromagngtfeM) with source is set to a power of 500 W with the nitrogen flow rate
an orthorhombicP,,, crystal structuré:® Filippetti et al®  about 1.1 sccm (growth chamber pressure is 1.1
found theoretically that the magnetic stress is the drivingx 107° Torr). The entire growth process is monitored by re-
force for the lattice distortions, and thus linked the magnetidlection high energy electron diffractiotlRHEED), after
and structural transitions. So far, however, the electroniavhich the samples are transferred to ithsitu STM. Finally,
properties have been less understood. x-ray diffraction (XRD) and resistivity versus temperature

Filippetti et al® reported, based on theoretical calcula- (R-T) measurements are performea situ Resistivity is
tions, that CrN is a metal in its PM state but a weak metal inmeasured using the four-point van der Pauw geometry.
the aFM state. This agrees well with an earlier experimental The MgQ001) substrates are first heated to 900 °C for
work, based on CrN polycrystalline powders, which found30 min under the presence of N plasma, after which the
metallic behavior with, however, an abrupt increase of theRHEED pattern looks streakjFig. 1(a)], indicating a suit-
resistivity with increasing temperature at286 K. Onthe able smooth substrate surface. A buffer layer of CrN is
other hand, Herlet al.® based on synthesized CrN powders, grown at a sample temperatufe<200 °C with thickness
reported that CrN is a semiconductor with a band gap of 9@;~ 45 nm. The RHEED pattern of the buffer laygfFig.
meV as measured by resistivity. Recently, Gatllal® grew  1(b)] looks spotlike, suggesting rough growth. Next, the tem-
crystalline thin films of CrN by sputtering and reported thatperature is increased 8450 °C and a CrN layer is grown
CrN behaves as a semiconducibfott-type insulatoy with ~ with a thickness oftc,y~90 nm, after which the RHEED
an optical gap of 0.7 eV. Although the electronic behavior atpattern[Fig. 1(c)] shows a streaky behavior but also some
room temperature has become more clear, the value of thextra spots. At this point, the Cr shutter is closed, followed
band gap as well as its detailed nature, remain to be deteby a second and rapid increaseTqfto 650 °C. The RHEED
mined; moreover, the discrepant results reported for low tempattern becomes more streglfig. 1(d)] and the extra spots
peratures, remain to be resolved. fade away. After~14 min at 650 °C, a fina4 nm CrN

In this letter, we present results concerning the uniqudayer is grown. The ultimate RHEED pattefRig. 1(e)] is
structural and electronic properties of G91). We show  very streaky suggesting a high-quality atomically smooth
that high-quality epitaxial layers are grown by molecular-surface with(001) orientation.
beam epitaxy(MBE), having crystalline(001) orientation Shown in Fig. 2 are the main peaks seen in XRD over
and atomically smooth surfaces measured by scanning the range 30% 26<140° — the two orderg002 and 00%#of
tunneling microscopySTM)] and semiconducting behavior MgO and CrN. The CiKa; and Ka, 002 peaks of MgO
at 300 K. Bulkex situmeasurements confirm the semicon-(CrN) are seen at 2=42.99° and 43.10726=43.92° and
ducting behavior at 300 K, but furthermore a transition to the44.029, respectively. The inset of Fig. 2 shows the Lorentz-

ian fit for the rocking curve of the CrN 002 peak, giving a

author to whom correspondence should be addressed; electronic maifull width half maximum(FWHM) of theKa; CrN 002 peak
smitha2@ohio.edu of I',=0.09°, which is smaller than the correspondifig
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[100] 110 TABLE I. CrN 002 FWHM, lattice constanta, a;, anda,, for three dif-
g0 [110]u,0 L1 & 2

@) ferent film thicknesses of Ci801)/MgO(001).
CrN sample 250 262 256
Thickness of CrN layetc,n(A) 335 894 1490
CrN 002 FWHMFw(°) 0.13 0.09 0.12
Lattice constant (A) 4.14 4.13 4.14
Lattice constang(A) 4.04 4.06 413
Relaxed bulk lattice constam(A) 4.10 4.10 414

With v=0.29, the relaxed lattice constaamy obtained is
4.10 A for the two thinnes{<1000 A) films but for the
thickest filmay=4.14 A—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°A%12

Regarding the stoichiometry, Rutherford backscattering
has been done for our thickest filfig,=1490 A and it was
found that CrN=1:1 with ~5% uncertainty.

Figure 3 shows room-temperature STM images of
CrN(001) acquired at sample biag=+0.7 V. The surface
of CrN, on a scale of 300 X300 A [Fig. 3@)], consists of
smooth terraces seprated by steps of height 2.0@/A2)
which indicates that the growth is epitaxial. The atomic reso-
lution image of CrNOOJ) in Fig. 3(b) clearly shows the cu-
bic 1X 1 structure. The atoms viewed in this image are most
FIG. 1. Sequence of RHEED patterns during the CrN growth on 90 |ikely Cr, although a detailed surface calculation remain to

substrate(a) MgO substrate after the heatin@p) CrN buffer layer;(c) CrN ; i
layer grown at 450 °C(d) After the temperature of the substrate goes up to be performed. The conventional surface cell , and the primi

650 °C with the plasma on for about 10 min; afi the final layer of CrN. tive St!rff“?e unit cell rOtat_ed by 45° are Shown' Features 1
and 2 in Fig. 8b) are most likely CrN vacancy islands which
=0.10° of the MgO 002 substrate peak. This further indicate$ormed during heating up to 650 °C. In the image of Fig.
the high-quality crystallinity of the CrN film. 3(c), besides CrN vacancy island8, 4, and 5, there are
Lattice parameters measured for several ©fN) fims  Some brighter areas labeled A, B, and C. Similar features,

are summarized in Table |. The measuced-of-planelattice ~ referred to as long-range-topographic distorti g'fDS)vM

constanta, =4.14 A is consistent with values of 4.14—4.18 have been observed recently by Al-Brithen al.™ on the
A reported in earlier work:® The measureih-plane lattice
constanty, obtained from RHEED varies from 4.04 A for the
thinnest film (te,y=335 A) to 4.13 A for the thickest film
(tern=1490 A), increasing with thickness. The thinnest films
are evidentlyin-plane compressively strained. Note that
=g, for thicker films and that the agreement betwegrand

a, improves with thickness. Moreover, the relaxed lattice
constanta, is obtained for each film using the following
equation withy being the Poisson ratio for crivt

1-v . 2v 0
=a, .
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71 oNoyMgOoD) [ 3 )
fol ol
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ofdegrees)
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E‘ 10*
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16 FIG. 3. Room-temperature STM of CfD1)/MgO(001). (a) 250 A
25 40 485 M0 uUS X250 A STM image of CrN showing smooth terraceés=+1V, It
20 (degrees) =0.2 nA; (b) 25 Ax25 A atomic resolution image showing thexi

square lattice periodicity and the face-centered-cubic conventional unit cell
FIG. 2. XRD results for CrkD01)/MgO(001). Lorentzian fittings ofKa; of the CrN lattice.Vg=+0.7 V,11=0.2 nA; (c) The features at A, B, and C
andKa, of MgO 002 and CrN 002 peakénse) rocking curve of CrN 002  are LTDs. The features 1-5 are CrN vacancy islands=+0.6 V, I
peak. =0.6 nA.
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FIG. 4. STS of CrN001/MgO(001). I-Vs curve (right axis taken on simi- 0,004 UTam
lar image area as in Fig(®; together with NCV (left axis) derived from . 5'0 1(')0 150 2(-)0 250 3(.)0 350 4(.» 450

I-Vs curve.

Temperature (K)
nonpolar(001) surface of semiconducting ScN as well as for _ _
various nonpola¢110) surfaces of -V semiconductors like F!G: 5. p vs T measurement showing metalkt) and semiconductodl)
GaAs Thev are onlv observed on semiconductor surface regions. There |s_eV|dept thermal hysteresis vy|th a WIdIhVQD.K. The
y y Shset shows the linear fit of lp/pg) vs 1/T region (Il), the straight line

For example, they are not seen on MON1) or MngN»(010)  represents the linear fit to the data having slofi&#2ks).
surfaces in our system, which are metatfidhe explanation
of the mechanism of the LTD features has been explained
elsewheré®*® but briefly (for this casg the LTDs can be In summary, it has been shown that high-quality epitax-
attributed to downward band bending in the vicinity of posi-ial CrN(001) layers on Mg@001) substrate have been pre-
tively charged ionized donors, which locally enhances thepared by MBE.In situ STM data acquired at 300 K shows
tunneling currentfor either bias polarity. semiconductor behavior which agrees well wéth situp—T

Room-temperature scanning tunneling spectroscopyneasurements, above the transition, but below the transition
(STS measurements averaged over an area as in Fy. 3 metallic behavior is obtained. This transition occurs at the
have been performed. The current—voltageVs) curve is Same temperature range as the well-known magnetic and
presented in Fig. 4right axi9, showing a nonlinear shape, Sstructural transition, which suggests that all three transitions
typical of a semiconductor. The corresponding normalizednay be correlated.

NC) = (dI 1/V), which i [ h
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