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CrN thin films are versatile in lots of applications. To develop a facile processing method for large-area
CrN thin films with low-cost is unquestionable to improve the technical advances in CrN applications.
In this work, CrN thin films are prepared by chemical solution deposition processing for large-area ap-
plications. The electrical transport properties are investigated, showing semiconductor-like properties.
Magnetoresistance at low temperatures under high magnetic fields is observed in the CrN thin films,

showing ultra-low magnetoresistance under 14T of —0.14% and —0.10% at 4.2 and 2 K, respectively.
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1. Introduction

CrN thin films have attracted much interest due to their excel-
lent performance in applications such as hard protective coatings
on cutting tools, diffusion barriers, wear resistant electrical con-
tacts and thermoelectric materials [1,2]. Up to now, several
methods have been successfully used to prepare CrN thin films
including reactive magnetron sputtering, pulsed laser deposition,
arc evaporation, radio-frequency plasma-assisted molecular beam
epitaxy, ion beam assisted deposition and so on [3—8]. To develop a
facile processing method for large-area CrN thin films with low-
cost is unquestionable to improve the technical advances in CrN
applications. As an alternative approach for thin film preparation,
chemical solution deposition (CSD) will offer advantages in terms
of low-cost, atomic-scale mixing and coating of large-area onto
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arbitrary surface [9—14].

In contrast with the well-known magnetic properties, the
transport properties of CrN thin films show controversial results.
Some reported that the transport properties of CrN thin films show
a metallic conductivity accompanied with a steep change around
the Néel temperature with the resistivity range of 0.3—1.7 mQ cm at
300 K, and the electrical transport behaviors match well with the
structural transition [4,15]. Some others reported that the transport
properties of CrN thin films are semiconductor-like with the re-
sistivity range of 3.5 x 10° to 3 x 10° mQ cm at 300 K. The differ-
ences of transport properties are usually attributed to the large
differences in stoichiometry and/or microstructures including grain
size, porosity and defect concentration [16,17]. On the other hand,
magnetoresistance (MR=(py-po)/po x 100%, where py and pg is the
resistivity with and without an applied magnetic field, respec-
tively) in CrN is rarely reported. In fact, materials with ultra-low MR
(ULMR) at low temperatures are needed more and more to carry out
temperature measurements with high magnetic field technology
developments. Recently, ULMR is preliminarily observed in CrN thin
films, which shed light on possible applications as resistance thin
film temperature sensors at low temperatures in high magnetic
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fields [18—20].

Herein, polycrystalline CrN thin films are prepared by optimized
CSD processing. The annealing temperature effects on microstruc-
tures as well as transport properties are investigated. The results
show that the prepared CrN thin films show semiconductor-like
electrical transport properties, and especially ULMR is observed
under applied magnetic field of 14T at low temperatures, suggest-
ing CrN thin films can be considered as potential, low-cost, thin film
resistance temperature sensors in high magnetic fields.

2. Experimental details
2.1. Synthesis of CrN thin films by chemical solution deposition

Here, as compared with our previous report [18] an optimized
CSD processing is carried out for CrN thin films. Cr(NO3)3-9H,0 was
dissolved into 2-methoxyethanaol (2-MOE) at 80 °C, and stirred at
this temperature for 20 min, and then stirred at room temperature
for more than 6 h to get well mixed solution. The mixed solution
was adjusted to a concentration of 0.4 M in CrN. The usage of 2-
MOE instead of ammonia water and acetic acid will improve the
wettability between the solution and the substrates as compared
with our previous report [18]. Before the deposition processing, all
the SrTiO3 (100) single crystal substrates were ultrasonically
cleaned subsequently with acetone, ethyl alcohol and deionized
water, and then cleaned in a plasma-cleaner for 10 min. All the thin
films were deposited by a spin coater with a rotation speed of
5000 rpm and a time of 10 s, and baked in air at 150 °C for 2 min and
then baked in air at 350 °C for 10 min. In order to enhance the
thickness, the above processing was repeated. Finally, the baked
films were annealed at different temperatures for 2 h under a
flowing ammonia atmosphere with 1 atm pressure. Here, as
compared with our previous report [18], the pyrolysis processing
under the mixture of hydrogen and nitrogen atmosphere at 500 °C
is discarded, which will lead to a smaller grain size and is beneficial
for the atom diffusion resulting in high quality CrN thin films.

2.2. Characterizations and measurements of the obtained thin films

The crystal phase and quality were analyzed by X-ray Diffraction
(XRD) using Cu-K,o radiation on a Philips X'pert Pro machine
(Nickel filter and Bragg-Brentano geometry, PANalytical B. V.,
Almelo, Netherlands). The surface morphology and the film thick-
ness were determined using a Field-Emission Scanning Electron
Microscope (FE-SEM, FEI Sirion 200). The crystallite size and the
crystalline quality were also checked using a Transmission Electron
Microscope (TEM, JEM-2010). The chemical states of Cr and N were
analyzed by an X-ray Photoelectron Spectrometer using Al-K,
source gun (XPS, ESCALAB250). Electrical transport properties were
measured on a Physical Property Measurement System (PPMS,
Quantum Design) using the standard four-point probe technique.
The room-temperature Hall measurements were also carried out
on the PPMS using the van der Pauw geometry.

3. Results and discussion
3.1. Crystal structure and surface morphology

Fig. 1 shows the Grazing Incidence XRD (GIXRD) patterns for all
the CrN thin films annealed under different temperatures. All the
thin films are polycrystalline due to the large lattice mismatch (e=
(ag-as)/ag x 100%, arand as is the lattice constant of the thin film and
the substrate, respectively) between the CrN thin film (af ~ 4.13 to
415 A) and the SrTiOs substrate (as = 3.90 A). Shown in Fig. 1, it is
seen that the thin film annealed at 700 °C (T700) consists of two
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Fig. 1. Grazing incidence XRD of CrN thin films annealed at different temperatures. The
annealing temperature dependence of lattice constants is shown in the inset.

phases, naming the phases of Cr,03 and CrN. As for the thin film
annealed at 800 °C (T800) phase-pure CrN thin film is achieved.
With the increasing annealing temperature to 900 (T900) and
1000 °C (T1000), the intensity of the CrN diffraction peaks is
enhanced, suggesting the improved crystalline quality. The lattice
constant daris calculated by Bragg formula and the results are shown
in the inset of Fig. 1. The ay is determined as 4.133(2), 4.142(2),
4.145(2) and 4.148(2) A for the T700, T800, the T900 and the T1000
thin films, respectively. The determined values are within the scope
of the reported lattice constants of CrN and the slight variation in ar
can be attributed to different N content in the prepared CrN thin
films. As reported previously, the more N content, the larger ay is
[21]. Additionally, the obtained ay of 4.148(2) A for the T1000 is in
very good agreement with the stoichiometric CrN with lattice
constant of 4.149 A, suggesting the near stoichiometry of the T1000
[21].

As for the reaction mechanisms, Cr(NO3)s3 is decomposed into
Cr,03 after baked in air as depicted by Cr(NO3); + 0235]—L»CCr203,

which is also confirmed in our experiments [22]. With the
increasing annealing temperature up to 700 °C, ammonia is

decomposed into N; and Hj as NH32700 OCNZ + H, [22]. Then, Cr,03
will be reacted with Hy and N» as
00 °C >700 °C

Cry03 + H227 Cr and Cr + N~ CrN. The reactions between
Cr03 and NH3 are preceded by a diffusion model [22]. At 700 °C,
the surface Cr,03 grains start to be reduced into Cr by H, and then
Cr will react with N, to form CrN phase. The appearance of CrN
phase at 700 °C is same as the previous report [23]. However, at this
temperature the inner Cr;Os3 particles cannot be fully reduced,
resulting in the appearance of Cr,03. With the further increasing
annealing temperature, the activity of H, and N, are largely
improved [24], resulting in the accelerated chemical reactions and
the phase-pure CrN thin films as observed in XRD results.

The prepared CrN thin films show metallic gloss with gold color
and the photograph of the T1000 thin film as a typical sample is
presented in Fig. 2(a), showing homogenous surface morphology.
Fig. 2(b), (¢) and (d) show the surface FE-SEM results of the CrN thin
films annealed at different temperatures, showing relatively
smooth and dense surfaces. To obtain the average grain size, several
hundreds of grains are examined using an image analyzer. The
grain size distribution of each film is shown by a histogram in the
corresponding FE-SEM results. The average grain size is determined
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Fig. 2. (a) Photograph of the Tygoo thin film. FE-SEM results of the derived CrN thin films annealed at different temperatures: (b) 800 °C, (c) 900 °C and (d) 1000 °C. The thickness

and the history diagram of the grain size are shown in the corresponding insets.

as 22, 35, 73 nm for the T800, the T900 and the T1000 thin films,
respectively. The increased grain size with annealing temperature
increasing can be attributed to the enhanced grain growth [25]. As
shown in the corresponding insets, the thin film thickness is
determined to be ~130 nm from the cross-sectional FE-SEM mea-
surements for all the prepared CrN thin films.

To further investigate the microstructures, high-resolution TEM
(HRTEM) measurements are carried out and the results are shown
in Fig. 3. The surface HRTEM results of the derived CrN thin films
annealed at different temperatures are shown in Fig. 3(a), (c) and
(e). With the increasing annealing temperature, the grain bound-
aries can be observed more clearly, indicating the improved crys-
talline quality. The average grain size increases with the increasing
annealing temperature, confirming the FE-SEM results. The
Selected Area Electron Diffraction (SAED) patterns are presented as
diffraction rings as shown in the insets of Fig. 3(b), (d) and (f) for the
T800, the T900 and the T1000, respectively. The diffraction rings
from center to edge are indexed as (111), (200), (220), (311), (222)
and (400) respectively, indicating the polycrystalline characteris-
tics. With the increasing annealing temperature, the diffraction
rings tend to become sharper, further confirming the enhancement
of the crystalline quality.

3.2. Characterization of the N content variations

To investigate the N content variations in the CrN thin films, XPS
measurements are performed and the results are shown in Fig. 4.
The peaks centered at ~575 €V can be attributed to the Cr 2p3/; and
the asymmetric shape of the Cr 2p peak is originated from the
Doniach-Sunjic effects [26]. The N peaks centered at ~ 396 eV can
be attributed to the N 1sqp, confirming the appearance of N
element in the derived CrN thin films [27]. As reported previously,
the binding energies of Cr 2p and N 1s are both decreased with N
content increasing [28—30]. The decreases indicate that the
attraction of the electrons surrounding the ionized Cr atom be-
comes less and less effective as the N content increasing. It also
represents the order of decreasing neutralization of charge

surrounding the Cr-cation and increasing neutralization of charge
surrounding the N-anion in these films [30]. The binding energy of
Cr 2p3p2 and N 1sq3 is 574.92 and 396.45 eV for the T800, 574.82
and 396.40 eV for the T900 and 574.71 and 396.25 eV for the T1000,
respectively, suggesting the increased N content with the
increasing annealing temperature [27].

3.3. Electrical transport properties

To give the carrier concentration as well as the carrier mobility,
the room-temperature Hall measurements are carried out. The
results show that the carrier type is electron-type (n-type) as
previously reported [15]. As shown in Fig. 5(a), the calculated
electronic carrier concentration N, and electron mobility u. are
9.44 x 10%° cm™3 and 117 cm? V71571, 2.99 x 10! cm~3 and
0.95 cm? V-1s71 3.08 x 10! cm™3 and 2.52 cm? V- 1s! for the
T800, the T900 and the T1000, respectively. With the increasing
annealing temperature, the increased N content will lead to an
increased electronic carrier concentration. Meanwhile, the less
grain boundary scattering, the enlarged grain size and the
improved crystalline quality will lead to the improved electron
mobility. However, the increase in carrier concentration will lead to
a decrease in the mobility due to the enhanced electron-electron
scattering [10]. Consequently, the combined effects lead to the
enhanced carrier concentration with increasing annealing tem-
perature, while the mobility is the lowest for the T900.

The temperature dependence of resistivity is shown in Fig. 5(b)
and the measured current is 5 mA. It is seen that all the prepared
CrN thin films show a semiconductor-like behavior with dp/dT < 0
within the measured temperature range of 5—350 K. The resistivity
within the whole measured temperature range is decreased with
the increasing annealing temperature. The resistivity at 300 K
(p300K) is 5.61, 2.18 and 0.79 mQ cm for the T800, T900 and T1000,
respectively, which is within the range of the previous reports for
the epitaxial and polycrystalline CrN thin films [4,6,15—17]. With
the increasing annealing temperature, the resistivity is decreased
due to the increased N content, the improved crystalline quality as
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Fig. 3. Surface HRTEM results of the derived CrN thin films annealed at different temperatures: (a) 800 °C, (c) 900 °C and (e) 1000 °C. The surface lattice stripes of the corresponding
thin films: (b) 800 °C, (d) 900 °C and (f) 1000 °C. The SAED patterns are shown in the corresponding insets.
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Fig. 4. XPS spectra of the CrN thin films annealed at different temperatures: (a) Cr 2p and (b) N 1s.

well as the enlarged grain size. Additionally, in CrN a characteristic
is the presence of a phase transition from the high-temperature
paramagnetic with rock-salt structure and space group Fm-3m to
the low-temperature antiferromagnetic with orthorhombic

structure and space group Pnma at the Néel temperature, showing a
kink in resistivity [21,31]. The temperature of the resistivity kink is
defined as Tk. To give the T, dp/dT is calculated and the results are
shown in the insets of Fig. 5(b). The obtained T is of 278, 279 and
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Fig. 5. (a) shows the variation of electron carrier concentration and electron mobility for CrN thin films annealed at different temperatures; (b) shows the temperature dependence
of resistivity for the derived CrN thin films, the dp/dT results to determine the Ty are shown in the insets. The transport fitting results of the CrN thin films annealed at different
temperatures (c) in the region above T; (d) The plot of d(Ins)/d(InT) vs T extrapolates to zero with T—0, a fit to the data is shown in the inset.

280 K for the T800, T900 and T1000 respectively, which is similar to
previous reports [15,32,33].

To investigate the electrical transport mechanisms, the re-
sistivity is fitted within different temperature ranges. For the
temperature range above Tk, as shown in Fig. 5(c), it is observed
that the resistivity can be well fitted by the thermal activation
model p(T) = poe~Ee/2ksT) where Eg is the band gap. The Eg is ob-
tained as 91.4, 55.9 and 24.2 meV for the T800, T900 and T1000
respectively, which is similar to the previous report [33]. The
decrease in E; with annealing temperature can be attributed to the
effects of N content, grain size and crystalline quality. As for the
resistivity below T the thermal activation model cannot be fitted
well the resistivity. It is reported that the resistivity behavior below
Tk of CrN ceramics can be explained by the Mobius criterion [34].
The d(Ing)/d(InT) extrapolates to zero with T— 0 as the conductivity
g is a finite value at T— 0 for metallic systems. In contrast, d(Ins)/
d(InT) will diverge as T— 0 for systems with ¢ that follow an
exponential dependence on T. As shown in Fig. 5(d), it is seen that
the d(Ing)/d(InT) versus T tends to zero, suggesting the metallic
characteristic of CrN [34]. In fact, as shown in the inset of Fig. 5(d),
the conductivity can be fitted by ¢(T) = ¢(0) + mT1/2, which sug-
gests that CrN can be considered as a correlated metal in the
presence of disorder [35,36].

3.4. Magnetoresistance at low temperatures under high magnetic
fields

The MR at 10K for the three prepared CrN thin films is shown in
Fig. 6(a) and the applied magnetic field direction is perpendicular
to the film surface. It is seen that the MR value of the prepared CrN
thin films is negative. Moreover, it is interesting to observe that the
MR value is decreased with the increasing annealing temperature
and the MR under 8.5 T is —0.33%, —0.24% and —0.11% for the T800,
the T900 and the T1000, respectively. Generally, negative MR is
observed in ferromagnetic materials due to the enhanced magnetic
moment alignments, and positive MR is usually observed in other
materials due to the Lorentz effects. In our experiments, the
observed very small negative MR suggests the weak ferromagne-
tism in the prepared CrN, which may be attributed to the slight N
deficiency. The slight N deficiency is possible to induce weak
ferromagnetism as observed in previous reports in oxides due to
vacancies [37,38]. Additionally, the N deficiency will be decreased
with the increasing annealing temperature as confirmed from XPS
measurements, which will lead to the decreased negative MR as
observed in our experiments.

To further investigate the MR behaviors, the MR of the T1000
thin film is further measured under 14T at 2 and 4.2 K with the
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Fig. 6. (a)The MR at 10K for the three CrN thin films; (b) and (c) are the MR results of the T1000 thin film and the commercially CERNOX™ resistance thin film temperature sensors

at 4.2 and 2K.
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commercially CERNOX™ resistance thin film temperature sensors
for a comparison and the results are shown in Fig. 6(b) and (c) at 4.2
and 2 K, respectively. It is seen that the MR value is negative and
positive for the CrN and the CERNOX™ resistance thin film tem-
perature sensor, respectively. It is interesting to observe that the
absolute MR of the prepared CrN thin film is obviously lower than
that of the CERNOX™ resistance thin film temperature sensor. The
MR under 14T is —0.14% and 1.19% at 4.2 K and —0.10% and 1.78% at
2 K for the T1000 and CERNOX™, respectively. The absolute MR
value under same applied magnetic fields is enhanced with the
decreasing temperature for the CERNOX™ sensors due to the
enhanced Lorentz force. As for our prepared CrN thin films, the
absolute MR value under same applied magnetic fields is decreased
with the decreasing measure temperature for the CrN thin films.
With the decreasing measurement temperature, the Lorentz effects
will be enhanced resulting in the enhanced positive MR. On the
other hand, the negative MR will be enhanced due to the enhanced
magnetic moment alignments. These two inverse effects might
have led to the decreased negative MR as observed in our experi-
ments, which needs further investigation.

4. Conclusion

CrN thin films have been successfully prepared by a modified
chemical solution deposition processing. Annealing temperature
effects on the growth mechanisms, microstructures, electrical
tranport properties are investigated. Especially, ultra-low magne-
toresistance is observed in the as-prepared CrN thin films, and the
magnetoresistance value under 14T can be as low as —0.14%
and —0.10% at 4.2 and 2 K, respectively. The CrN thin films can be
considered as candidates for applications in temperature
measuring at low temperatures and high magnetic fields. The
achievement is a tremendous leap toward the utilization of
chemical solution methods to enable widely fundamental investi-
gation about the properties as well as provide a very simple and
low-cost method to synthesis other novel nitride thin films.
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