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Transparent ferrimagnetic semiconducting CuCr,04 thin
films by atomic layer deposition
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We report the magnetic and optical properties of CuCr,O; thin films fabricated by
atomic layer deposition (ALD) from Cu(thd),, Cr(acac);, and ozone; we deposit
200 nm thick films and anneal them at 700 °C in oxygen atmosphere to crystal-
lize the spinel phase. A ferrimagnetic transition at 140 K and a direct bandgap
of 1.36 eV are determined for the films from magnetic and UV-vis spectrophoto-
metric measurements. Electrical transport measurements confirm the p-type semi-
conducting behavior of the films. As the ALD technique allows the deposition
of conformal pin-hole-free coatings on complex 3D surfaces, our CuCr,Oy4 films
are interesting material candidates for various frontier applications. © 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1063/1.4946884]

Atomic layer deposition (ALD) is a state-of-the-art thin-film deposition technique particu-
larly advantageous to applications where precisely thickness-controlled and pin-hole-free nanoscale
coatings are required on high-aspect-ratio substrates. The unique atomic layer-by-layer growth
mechanism via self-saturative surface reactions makes it attractive for the fabrication of modern
semiconducting devices with complex 3D architectures.'* Here, we use the technique to deposit
high-quality transparent semiconducting p-type CuCr,Oy4 thin films. Spinel-structured chromium
oxides ACr,O4 (A = Cu, Mn, Fe, Co, and Ni) exhibit a wide range of electronic, magnetic, and
optical properties through the variation of the A-site cation constituent.

At high temperatures, the ACrO4 compounds possess the normal cubic spinel structure with
space group Fd3m. Within this structure, cations on the A and B sites form a bipartite lattice
system. The A”* cations sit on the tetrahedral sites in a diamond sublattice formed by the oxygen
atoms, while the octahedrally coordinated B-site Cr* cations form a pyrochlore-type sublattice
with edge-sharing oxygen octahedra.’ The nature and the type of intra- and/or inter-site interactions
between the A- and B-site cations are then the main source of various exotic ground states in this
material family.®’ In particular, the strong preference of Cr** cations towards octahedral coordina-
tion minimizes the cation site disorder in ACr,Oy spinels. They are thus ferrimagnetic in nature and
have been identified as, e.g., novel spin filter materials for magnetic junctions.®* Most importantly,
it has been observed that the isostructural interface between half-metallic Fe;0, electrodes and the
spinel barrier layer gives rise to a significant increase in junction magnetoresistance that surpasses
the values previously reported for Fe;O4-based junctions. Very recently, an optical resistive switch-
ing behavior was reported for the A = Cu member of the ACr,O4 family in Ag/CuCr,04/FTO
devices.'? Besides, the same CuCr,Oy4 phase with the unique tetragonally distorted normal spinel
structure with ¢/a < 1'! has also been highlighted as a prominent catalyst in, e.g., various oxidation,
hydrogenation, and alkylation reactions of large-scale industrial relevance.'>"'* A more recent appli-
cation area is the solid oxide fuel cell where spinel oxides including CuCr,04 are being explored
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as interconnect materials that need to show both high corrosion resistance and high electrical
conductivity.15 Moreover, CuCr,0,4 and related materials have found usable as burn rate modifiers
in solid propellant processing for space launch vehicles.!®"!® The various application possibilities
and corresponding fabrication challenges were recently summarized in the review article of Prasad
and Singh,'” underlining the importance of further endeavors to explore CuCr,Q, for its improved
functionalities.

Normally, the spinel oxides are insulating in nature due to their prevailing ionic bonding.
However, there are few unambiguous reports regarding the electrical conductivity of CuCr,04.'%?°
In some repotts, it has been found to be an insulator while in others a p-type narrow-bandgap semi-
conductor.”! Magnetically, it is ferrimagnetic and crystal structure-wise a tetragonally distorted (a
=b=6.03 A, c=7.78 A, ¢/a=1.29) normal spinel at room temperature.’>>> The tetragonal
distortion is a consequence of the Jahn-Teller effect of Cu?* cations that removes the ground-state
degeneracy resulting in the flattening of the CuOy tetrahedra to the lower-symmetry tetragonal
phase. However, upon heating, it transforms to the cubic spinel phase near 600 °C, where the
compression of the CuQ, tetrahedra is removed by orbital melting (transition from an orbital-
ordered to orbital-disordered state).?*

There are very few thin-film studies for CuCr,O4. An enhanced magnetization in excess of
200% of the accepted bulk value was reported due to substrate strain for pulsed laser deposited
(PLD) epitaxial CuCr,Qy thin films on single-crystal (110) MgAl,Oy substrates.?> The spin-coating
method was employed for depositing CuCr,0, films for resistive switching'® and the phase was
also found as a co-product in some rf-sputtered Cu—Cr—O films.?6-2® There is one report where the
metal organic chemical vapor deposition (MOCVD) technique was used, with copper and chro-
mium acetyl acetonate as precursors.”’ To the best of our knowledge, there are no ALD processes
reported for this compound. Motivated by its attractive basic physical properties relevant to frontier
applications where the ALD technology could be expected to be highly beneficial, we decided
to develop an ALD process for CuCr,O4 and characterize the resultant thin films for their basic
magnetic, optical, and electrical transport properties. As a starting point for the work, we utilize the
detailed ALD growth parameters we recently optimized for the deposition of delafossite CuCrO,
thin films.3°

For the deposition of CuCr,O4 thin films, copper 2,2,6,6-tetramethyl-3,5-heptanedionate
(Cu(thd);) and chromium acetyl acetonate (Cr(acac)s;) were used as metal precursors and ozone as
the oxygen source; the depositions were carried out in a commercial hot-wall flow-type F-120 ALD
reactor (ASM Microchemistry Ltd., Finland). The reactor was operated under a nitrogen (99.9995%)
pressure of 2—-3 mbar produced with a NITROX UHPN 3000 nitrogen generator. Nitrogen gas was
used both as a carrier and purging gas. For the depositions, Cu(thd), was prepared in-house from
copper acetate (Fluka; 98%) and 2,2,6,6-tetramethyl hepatane-3,5-dione (Fluka; >98%), whereas for
Cr(acac); (97.5%) commercial powder (STREM Chemicals) was used. Ozone was produced from
oxygen (99.999%:; Fischer model 502 laboratory ozone generator) and pulsed into the reactor through
a needle valve and a solenoid valve from the main ozone flow line.

The sublimation temperatures of the metal precursors, Cu(thd), and Cr(acac);, were 120 and
130°C, respectively;* the precursors were sublimed from open glass boats held inside the reactor.
The pulse times were fixed at 2 s for all the three precursors (two metal precursors and ozone),
followed by a 3 s long N, purge based on our work on delafossite CuCrO, films,*° and all
the depositions were carried out at 250 °C. To adjust the film composition to the desired copper
and chromium molar ratio of 1:2, the following super-cycle sequence was optimized: (Cu(thd),
+ O3) + 4 X (Cr(acac)s + O3). The correct elemental composition of the films was confirmed us-
ing wavelength-dispersive X-ray fluorescence spectroscopy (WD-XRF; PANanalytical Axios™AX
microanalysis system equipped with SST-mAX X-ray tube that virtually eliminates instrument
drift). The aforementioned super-cycle was then repeated 300 times to yield CuCr,O4 films with
the desired thickness of ca. 200 nm, i.e., with the growth rate of 0.67 nm per super-cycle. It is
commonly observed for ALD-grown ternary oxides®'—* that the as-deposited films are amorphous,
and a post-deposition annealing is required for crystallization. The present films were annealed
at 700 °C in a rapid thermal annealing (RTA) furnace (PEO 601; ATV Technologie GmbH) in an
oxygen gas flow.
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FIG. 1. GIXRD patterns and AFM images for as-deposited and annealed CuCr,Oy4 films. The red lines show the diffraction
peaks matched with JCPDS reference data for CuCr,O4.

The films were deposited on borosilicate glass as the substrate material to allow the electrical
transport and optical measurements. The UV-vis spectrophotometric measurements were carried
out in the wavelength range of 190-1100 nm (Hitachi-U 2000 spectrophotometer). Grazing inci-
dence X-ray diffraction measurement (GIXRD; PANalytical model X’pert Pro diffractometer, Cu
Ko radiation) was performed to identify the crystal structure of the post-deposition annealed films.
The same diffractometer was used for the thickness and density determination of the as-deposited
thin films from X-ray reflectivity (XRR) patterns. The thickness of the films after annealing was
confirmed from the cantilever tip jump using an atomic force microscope (AFM; TopoMetrix Ex-
plorer).?> It should be noted that within the estimated error limits (<5%), the thickness of the
films remained the same. For the physical property measurements, we deposited ca. 200 nm thick
films. The structural parameters such as grain size (D) and dislocation density (0) were calculated
from the GIXRD patterns. The grain size of the thin films was calculated using Debye Scher-
rer’s formula, D = 0.9A/f cos 6, where D is the grain size, A is the X-ray wavelength used, f§
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is the full width at half-maximum (FWHM) intensity in radians, and 0 is Bragg’s angle. Addi-
tionally, the dislocation density (&) was evaluated by the formula,® & = 1/D?, where the larger
D and smaller & values indicate better crystallization of the films. The surface topography and
root-mean-square (RMS) roughness measurements were performed using the same atomic force
microscope. Magnetic measurements were performed with DynaCool physical property measure-
ment system (PPMS) from Quantum design equipped with vibration sample magnetometer (VSM).
The specimen dimension was 10 x 5 mm?.

In Figure 1, we show the GIXRD patterns for both as-deposited and O,-annealed films. The
as-deposited film is amorphous but, as expected, crystallizes upon the O,-annealing at 700 °C. The
annealing temperature 700 °C was chosen based on literature data revealing that the pure CuCr,O4
phase is formed above 450 °C, the degree of crystallinity enhancing with increasing temperature.’’
All the peaks in the GIXRD pattern can be readily indexed according to the spinel CuCr,Oy struc-
ture (JCPDS 05-0657). It is to be mentioned here that we have tried annealing the films in Ar
atmosphere also but the resultant films had mixed phases of CuCr,04 and CuCrO,. The grain size
estimated using the FWHM of the (211) peak at 20 ~ 35.16 is ca. 30 nm. The dislocation density
estimated for our CuCr,Oy films is 0.001 nm™2.

We also took AFM images to demonstrate the changes in surface topography and RMS rough-
ness upon the post-deposition annealing of our CuCr,0Oy thin films, see Figure 1. Congruent to the
GIXRD data, the RMS roughness value of 1.40 nm for the as-deposited film was found to increase
to 5.36 nm for the annealed crystalline film; this trend is common for many ALD-grown amorphous
films, which are extremely smooth after deposition and then upon the post-deposition heat treatment
crystallize and become rougher.

To confirm the ferrimagnetic phase transition reported in literature for CuCr,0O,4, we measured
the temperature dependence of magnetization at a magnetic field of 20 kOe for our crystalline
CuCr,0y thin film, see Figure 2. The data indicate that the Curie temperature (7¢) is approximately
140 K, which is in close agreement with the Tc values reported for epitaxial film> and bulk powder
sample?? of CuCr,O4. In the inset of Figure 2, we plot the magnetic hysteresis data measured at
10 K (after subtracting the diamagnetic contribution from the substrate). An average saturation
magnetic moment of 0.28 ug/f.u. was estimated from the data using the calculated density 3.9
g/cc from the XRR fittings. The calculated density is, however, lower than the value of 5.4 g/cc
reported in literature for bulk samples.*® The estimated saturation magnetization of 0.28 ug/f.u is
less than the values of 0.50°° and 0.725 ug/f.u* reported in literature for single-crystal samples.

30 :
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FIG. 2. Temperature dependence of magnetization measured for an annealed CuCr,Oj4 film in an applied magnetic field of
20 kOe; the inset shows the hysteresis loop at 10 K.
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FIG. 3. UV-vis spectra measured as transmittance and reflectance for an annealed CuCr,04 film and for the borosilicate

substrate for reference; the lower panel demonstrates the determination of the direct energy bandgap. The inset shows the
absorption coefficient as a function of wavelength.

The discrepancy in saturation moments may be related to complex non-collinear®>***" nature of
the magnetic structure with increased tetragonality due to an increase in the angle between the
Cr’*—Cr’* spins. The increased angle results in decreased collinear projection along the Cu®* spins,
yielding the decreased net moment.”

In Figure 3, we present UV-vis spectra measured for the crystalline CuCr,O4 film. High
transmittance (>60%) is observed in the wavelength range 800—1000 nm. As for the bandgap of
CuCr,0,, there are very few reports in literature.”! The bandgap and the absorption coefficient
(a) at each wavelength have been calculated as reported by us in Ref. 30. The bandgap energy is
then obtained as shown in the lower panel of Figure 3. The estimated bandgap 1.36 eV is in good
agreement with values recently reported by Bajaj et al.>! for BiVO,/CuCr,O4 composites.

Finally in Figure 4, we show the Seebeck coeflicient (S) and electrical resistivity (p) data for
CuCr;04. The p-type conductivity and the semiconducting-type behavior with temperature are seen
from the positive Seebeck values and the negative dp/dT slope, respectively. The inset shows the
well-known exponential law between resistivity and temperature

p = poexp(AE/kpT), ()
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FIG. 4. Electrical transport properties measured as Seebeck coefficient and electrical resistivity as a function of temperature.
The inset shows the log p vs 1/T plot for the calculation of electrical bandgap or activation energy.

where p is resistivity, po is constant, AE is bandgap or activation energy, kp is Boltzmann constant,
and T is absolute temperature. The relation is obeyed strictly in the measured temperature range,
which confirms the intrinsic semiconducting nature of the film. The value of AE = 0.17 eV is in
good agreement with values reported for similar oxide spinels in literature.*!

In the present work, we introduced an ALD process to fabricate CuCr,O4 thin films based
on Cu(thd),, Cr(acac)s, and ozone precursors. The as-deposited films were extremely smooth but
amorphous. When annealed at 700 °C in O, then pure crystalline CuCr,Oy4 films were obtained with
high transmittance values greater than 60% in the visible range with a direct bandgap of 1.36 eV.
Magnetic measurements confirmed the ferrimagnetic phase transition with T¢ close to 140 K. The
estimated average saturation moment of 0.36 ug/f.u. is in good agreement with the value reported
in literature for single crystal samples. Electrical transport measurements confirmed the p-type
semiconducting behavior of the films.

The present work has received funding from the European Research Council under the Euro-
pean Union’s Seventh Framework Programme (No. FP/2007-2013)/ERC Advanced Grant Agree-
ment (No. 339478) and also from the Aalto Energy Efficiency Research Programme.
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