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ABSTRACT: CrN-based thin films are emerging as thermoelectric materials for energy
harvesting. Their thermoelectric properties depend on phase composition and stoichiometry, @800 °C

necessitating control over the nitrogen content and how it affects the phase composition.

Here, the effect of high-temperature ammonia annealing on the thermoelectric properties as

well as crystal structure of thin films of Cr—N on c-plane sapphire (Al,05(0001)) was +9 QO%
investigated. Single-phase (cubic CrN) and mix-phase (cubic CtN + hexagonal-Cr,N) Cr—N -@77 ° a
films were annealed in ammonia, converting any secondary phase of hexagonal Cr,N to cubic 220

CiN. The thermoelectric properties of the films that contained a secondary phase of

hexagonal Cr,N greatly improved upon annealing, with an increase of 900% to 0.5 X 107> W m™' K for the film annealed at 800
°C for 2 h. Annealing of single-phase films of cubic CrN resulted in films with near-insulating electrical properties. For the

thermoelectric applications of CrN, ammonia annealing can be beneficial over meticulous deposition control.

KEYWORDS: CrN, thermoelectrics, thin film, ammonia, annealing, chromium

B INTRODUCTION nitrogen composition variation maintaining the NaCl structure
even if it would be thermodynamically metastable.'”™**
Controlling stoichiometry in CrN is essential to control its
electrical and TE properties, because of the strong influence of
the stoichiometry (nitrogen/vacancies) on charge carrier
concentration in the CrN system. Nitrogen understoichiom-
etry leads to increased n-type charge carriers, and nitrogen
overstoichiometry yields p-type behavior of the coating.”*

Thermoelectric (TE) devices can convert heat to electricity
(Seebeck effect), and vice versa (Peltier effect) without moving
parts and with high reliability.' ™ In TE devices, a current or
voltage is generated as heat transports electrons or holes from
the hot side to the cold side. Heat-to-electricity conversion
could allow for harvesting of waste heat by TE generators, and

Peltier heat 1 Id potentiall 1 tandard
eltier heater/coolers could potentially replace standar For a deviation in stoichiometry larger than —0.3 in CrN,s

4 . . .
compressors.” With the present efficiency of TE devices, . .
such replacements are only reasonable when reliability and the hexlz;gzc;nal CrN (h-CroN) secondary phase will typically

e . . . appear. 7~ This phase has metal-like electrical and thermo-
lifetime are more important than efficiency. The efficiency of a ppea > P . . ,
.1 . . . . electric properties. However, present as nanoinclusions in

TE material is determined by the dimensionless figure of merit, ) ; - .

2 1 cubic CrN, it can be beneficial for the overall TE properties,
zT = a"ok™ T, where T stands for temperature, a for Seebeck . ] o . .

. : . since it injects charge carriers into the matrix phase without
coeflicient, ¢ for electrical conductivity, and k for thermal

. . 1504
. . adversely affecting the overall Seebeck coefficient.” ™
conductivity. The numerator, a’o, is commonly referred to as Y s . . .
. Bulk powder nitride material can be synthesized by high-
the power factor, and all of the thermoelectric parameters («, .. .
. temperature annealing in ammonia (NH;) atmosphere under
0, and k) are interdependent on each other and depend on the . - 25
. . 12 thermodynamic equilibrium condition.”™ This process can also
charge carrier concentration of the material.

o . . 6 . be used for post treatment as temperature annealing treatment
The CrN system is interesting for its hardness,™® corrosion P P )
. 7,8 for PVD films to increase the nitrogen content in the film and
resistance,”” near room-temperature magnetic phase trans-

. thus alter their properties.'”'®**” In the Cr—N system, few
formation,”™"" as well as TE properties.'”~"® Chromium is also prop ySter

a relatively cheap and abundant metal, allowing possible future ;Eports .have shown the effect of ammonia anneahng.on Cr-N
. . ms. Biswas et al. demonstrated a phase transformation from a
mass production. The cubic NaCl Bl structure of CrN, 4 (c- xt f h-C,N/c.CiN to single-ph “CrN
CrN) is of main interest with power factors in the range (1.5— fixture o AN/ CLEN To single-phase cLr upon
5) X 107 W m™" K™ and a thermal conductivity around 4 W
m~' K™!, at room temperature.>'”'® Even though the material Received: June 10, 2024
system appears relatively simple, the growth, control, and Revised:  July 17, 2024
obtention of stoichiometric nitride coatings in physical vapor Accepted: July 18, 2024
deposition (PVD) processes remain challenging. For instance, Published: July 30, 2024
most PVD processes occur far from thermodynamic
equilibrium. This allows synthesis of nitride films with large
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annealing in ammonia which yields metal-insulator behavior
changes for its electrical transport.'’ Quintela et al. showed
epitaxial CrN thin films becoming stoichiometric after
annealing, with improved TE properties.'”'® This emphasizes
the need to investigate further and understand the effect of
nitrogen stoichiometry and phase composition on the electrical
and, more precisely, thermoelectric properties of CrN.

In the present work, we investigated the thermoelectric
properties of CrNy,; films as-grown and annealed in ammonia.
The initial as-grown coatings were either containing only
NaCl-structured CrN or containing the NaCl-structured CrN
with h-Cr,N secondary-phase inclusions. Those different films
were annealed in NH; under different temperature conditions
to mainly alter their nitrogen content, and the thermoelectric
properties differences of the final film were investigated.

B EXPERIMENTAL SECTION

Two 59 nm films of NaCl-B1 structured CrN containing a secondary
phase of h-Cr,N and two 52 nm single-phase (rock-salt cubic CrN)
films were deposited on c-plane sapphire (10 X 10 X 0.5 mm®
Al,04(0001)) using unbalanced reactive direct current (DC)
magnetron sputtering in an ultrahigh-vacuum chamber, described in
detail elsewhere.*® The Cr target (Kurt J. Lesker, 99.95%) had a
diameter of 50.8 mm and a thickness of 6 mm. Throughout the
deposition, the substrates were electrically floating with a constant
substrate rotation of 15 rpm. A systematic waiting time of 1S min
prior to deposition was implemented to allow temperature
homogenization. All of the depositions lasted 30 min.

The deposition parameters of Cr—N were varied during an
optimization process, leading to various phase constitutions in the
films. The films with (without) secondary phase were deposited at a
substrate temperature of S15 °C (570 °C), with a base pressure lower
than 1.2 X 107° Pa (2.8 X 1077 Pa) and with a target power of 50 W
(44 W). The films without secondary phase are denoted single phase
(SP), and the films with a secondary phase are denoted mixed phase
(MP). For the films labeled MP-1, the Ar/N, gas flows were 33/21
sccm, and the deposition pressure was 0.32 Pa. These parameters
were 49/31 sccm and 0.47 Pa for the films labeled MP-2, and 22/33
sccm and 0.32 Pa for the single-phase films labeled SP-1 and SP-2,
respectively.

The four deposited films were cut in half and annealed in a tubular
furnace under a NH; flow. For each annealed temperature/duration,
one MP film, one SP film, and one bare substrate, as reference, were
reacted at 600 °C/2 h, 700 °C/2 h, 800 °C/2 h, and 800 °C/4 h.
After the dwelling reaction time, the furnace was switched off and the
nitride thin films were cooled down to room temperature under
ammonia atmosphere. Before opening, the chamber was flushed with
nitrogen.

The crystal structure of the samples was investigated by X-ray
diffraction (XRD) using Bragg—Brentano mode (6—260) with 6
ranging from 15 to 90°. The equipment used was a PANalytical
X'Pert Pro diffractometer, equipped with a Cu Ka source operated at
45 kV and 40 mA. The incident optics was a Bragg—Brentano module
with a 0.5° divergence slit and a 0.5° antiscatter slit, while the
diffracted optics included a 5.0 mm antiscatter slit, a 0.04 rad Soller
slit, a Ni-filter, and an X’Celerator detector. The thicknesses were
determined by modeling X-ray reflectivity (XRR) measurements in
the X'Pert Reflectivity software. Measurements were done using a
PANalytical X'Pert diffractometer, equipped with a Cu Ka source
operated in line mode with a hybrid mirror module with a 0.5°
divergence slit for incident optics and a 0.125° divergence slit for the
diffracted optics. The same setup was used for rocking-curve
measurements.

Scanning electron microscopy (SEM) imaging was performed in a
Zeiss Sigma 300, with a field emission gun electron source. Top-view
surface morphology images were acquired using a secondary electron
detector with the electron gun operated at 2 kV.
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The compositions of the films were determined by an ion-beam
analysis technique, time-of-flight elastic recoil detection analysis
(ToF-ERDA). Measurements were performed at Uppsala Univer-
sity.”” ToF-ERDA measurements were performed using 36 MeV 2717
ions as probing beam at a 67.5° incidence angle, relative to surface
normal, and with the recoiled species detected at a 45° recoil angle.
The data was analyzed using the Potku code.*

Room-temperature electrical sheet resistance was measured using a
Jandell Model RM3000 4-point probe. The resistivities were
measured after the samples were cut in half to ensure comparability
before and after annealing. Two measurement points were taken along
the cut and two across. The resistance of the films was then
determined by multiplying the sheet resistance with the film thickness,
to which a sample-size-dependent correction factor was applied.
Typically an error bar of 5% (relative) is observed using this
method.*"*

The Seebeck coeflicient, a, was measured at room temperature
using a home-built thermoelectric measurement setup, equipped with
two Peltier heat sources for creating a temperature gradient in the
sample and two K-type thermocouples for measuring the temperature.
The two Cu electrodes are in contact with the sample in an area of
approximately 4 X 1 mm?, in which thermocouples are present. The
temperature gradient is applied in-plane over a distance of 8 mm. For
all samples, the voltages were measured at five different AT (from 1 to
8 K) with a Keithley 2001 multimeter. Ag paste was applied on some
of the samples to lower the contact resistance between the sample and
Cu electrodes.

For the temperature-dependent in-plane Seebeck coefficient, the
measurement was performed using ULVAC-RIKO ZEM3 under a
low-pressure (0.9 atm) helium atmosphere from 100 °C up to 400 °C.
For both Seebeck coeflicient measurement setups, an error of 7%
relative is observed.

B RESULTS

Figure 1 shows the 8—26 XRD patterns of the SP series and
the MP series before and after annealing. The full-range XRD

MP-series

SP-series

‘sub

800 °C -4 h?
~ 800 °C-2h1/
700°C -2 h1
600°C-2h

Intensity (arb. units/log scale)

Before ! !
annealing [ i .
. . . . L MP1
36 38 40 42 36 38 40 42
26 (°) 26 (%)

Figure 1. XRD /20 scans of as-grown and annealed films from the
(a) SP series and (b) MP series. For both panels, the bottom two
patterns are XRD scans from as-grown films. Marked reflections: star:
cubic CrN 111; square: hexagonal Cr,N 0002; sub: Al,O; 0006 from
PDF 01-074-8390, 00-035-0803, and 00-046-1212, respectively.”’

patterns are presented in the Supporting Information (Figure
S1). The substrate 0006 peak is observed at 41.7°
(AL,05(0006) reflection, PDF 00-046-1212).>> A sharp
increase originating from the Ni-filter cutoff of the substrate
peak is seen around 40° for most of the diffractograms. Table 1
lists the d values and the corresponding rocking-curve full

https://doi.org/10.1021/acsaem.4c01491
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Table 1. Measured d,;,-Spacings (Growth Direction) and FWHM from ®@-Scan (Measured by Rocking Curve) of the As-

Grown and Annealed Films from the SP and MP Series

Series Annealing conditions (temperature—duration) Sample
SP 600 °C—2 h SP-1
700 °C-2 h SpP-2
800 °C—2 h SP-1
800 °C—4 h SP-2
MP 600 °C—2 h MP-1
700 °C-2 h MP-2
800 °C—2 h MP-1
800 °C—4 h MP-2

As-grown Annealed
dy, + 0.001 A dy; £ 0.001 A ®-FWHM =+ 0.01°
2.397 2.394 0.05
2.397 2.394 0.04
2.397 2.397 0.05
2.397 2.397 0.05
2.401 2.394 0.05
2.400 2.392 0.07
2401 2.400 0.05
2.400 2.398 0.06

width at half-maximum (FWHM) for the two series of
samples.

The XRD patterns from the as-deposited films show a peak
at around 37.5°. This peak is identified as the (111) reflection
from a cubic NaCl B1 structure (CrN, PDF 01-074-8390),33
showing preferential growth along 111 for CrN. These films
were part of the same deposition batches as in prior work
where the epitaxial growth was demonstrated through pole
figure analysis giving the following epitaxial relationship:
(0001){I{111),, (out of plane) and (1120){I(112)g,, or
(1210)/1(112) g, (in-plane).’* NaCl-structured materials are
well known for their epitaxial growth with twin domains on ¢-
plane sapphire}.35’_39 For the MP series, an additional, broad
peak is observed around 40.5°, identified as a (0002) reflection
from hexagonal Cr,N (PDF 00-035-0803).>* The presence of
Cr,N can be observed in CrN films when the nitrogen content
decreases, which has been reported in several works.'>**

After annealing, all diffraction patterns are similar to the
presence of only the 111 XRD peak from CrN and a sharp Ni-
filter cutoff at the substrate with no evidence of Cr,N phases.
The absence of Cr,N is not directly concluded from the
absence of the XRD peak as such, but rather by the well-
defined Ni-filter cutoff at around 40.5° (Figure 1b) as seen for
the SP series (Figure la). This reveals the efficacy of the
annealing process for eliminating the secondary phase. The
measured d};,-spacings of CrN after annealing correspond to
lattice parameter a = 4.14—4.16 A, in agreement with previous
work and theoretical values of 4.13 A.'>'****® For the SP
series, the CrN 111 peak of the films annealed at 600 and 700
°C shifted by +0.04—0.05° toward higher angles. On the other
hand, after annealing at 800 °C, the diffraction peaks shifted
back to a lower angle and happened to be at the same position
as the as-grown film. In the MP series, similar variations are
observed with a shift of the 111 diffraction peak of CrN toward
a higher angle of +0.1° when annealed at 600 or 700 °C.
Similar to the SP series, the 111 diffraction peak of the MP
series films annealed at 800 °C shifted back to lower angles and
at a position close to the as-grown peak position. All of the
different values of the d,;, spacing are listed in Table 1.

XRD analysis reveals that any secondary phases previously
observed have been removed after annealing regardless of the
temperature and duration of annealing. Annealing in ammonia
affects the dj;; spacing of the CrN materials and could be
related to composition variation and strain relaxation. With a
mismatch of approximately +11% with c-plane sapphire,®® the
as-grown CrN film grown epitaxially on sapphire may suffer
compressive strain, hence an observation of larger out-of-plane
dyy; than its relaxed position. Strain relaxation of compressive
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films would lead to an XRD peak shift to a higher angle than
observed as, for example, the as-grown film (Figure 1).

The quality of the orientation of the film after annealing was
evaluated with the rocking-curve measurement performed on
the 111-reflection from CrN at 20 = 37.5° (Table 1). The
rocking curve of the annealed SP films has a @-FWHM of
0.05° or lower. The MP-1 films showed an FWHM of 0.05°,
while the MP-2 films demonstrated a larger value of 0.05—
0.07°. No clear trends are observed on the effect of annealing
temperature or duration on the quality of the preferential
orientation. Nevertheless, a larger FWHM of 0.07° was
observed for the films (MP-2) initially containing a relatively
larger amount of Cr,N prior to deposition (Table 1). For all
annealed films, the @-FWHM of the CrN 111 peaks remain
relatively low between 0.04 and 0.07°.

Table 2 lists the ToF-ERDA compositions of the films from
the two series of samples after annealing at different

Table 2. Composition Analysis of the Two Series (SP and
MP) Annealed under Different Temperatures and Times”

Composition, ToF-
ERDA, § and y with

+0.02
Annealing conditions

Series (temperature—duration) Sample CrN;,;  Cr(N,0),,,
sp 600 °C—2 h SP-1 CrNpos  Cr(N,0),o;
700 °C—2 h SP2  CrNpes  Cr(N,0)osy

800 °C—2 h SP-1  CriNyos  Cr(N,O), 15

800 °C—4 h SP2 CrNpws  Cr(N,0)100

MP 600 °C—2 h MP-1  CrNyg;  Cr(N,0)pos
700 °C=2 h MP2  CiNgyy  Cr(N,0)pes

800 °C—2 h MP-1  CrNyg,  Cr(N,0)pss

800 °C—4 h MP2  CrNyy  Cr(N,O)oss

“The composition is after annealing.

conditions. For clarity, the compositions were written as
Cr)N,,5 and Cr;(O,N),,, to compare the series and evaluate
their stoichiometry variations. With the exception of the 800—
2 h sample which has 6 = +0.08, the difference of N content in
the SP series varies between 6 = —0.05 and —0.02. The
deviation from stoichiometry is relatively larger for the
annealed MP series with values of 6 between —0.09 and
—0.06. Apart from SP 800—2 h, the annealed SP samples are
on average closer to stoichiometry with 6 & —0.04, compared
to the annealed MP series with 6 ~ —0.08.

Oxygen contamination was detected for all films with
approximately 1—2 at. %, which corresponds to the lower
detection limit of ToF-ERDA. When considering an insertion

https://doi.org/10.1021/acsaem.4c01491
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of oxygen in the NaCl structure as in Cr;(N,0),,, the
deviation to stoichiometry in the NaCl B1 structure is further
reduced with y = 0 for the SP series and y & —0.05 for the MP
series. For reference, a deviation to stoichiometry of 6 = —0.08
with oxygen levels below 2 at. % was measured on films with
nominally identical deposition conditions as for the SP films.**
The composition of the MP series was not quantified before
annealing. Although these films had two phases, h-Cr,N and c-
CrN, this reveals that the nitrogen content is significantly lower
than in the SP series. For comparison with other work, an
epitaxial c-CrN on c-plane sapphire had a deviation to
stoichiometry of 6 & —0.15 while maintaining single-phase
NaCl CrN structure.">*!

An increase of N in the NaCl structure from an
understoichiometric CrN,,s with 6 < 0 would lead to an
increase of the cell parameters, hence a shift of the XRD peak
towards lower angles. No clear trends and conclusions could
be drawn from XRD as two phenomena have an effect on the
position of the XRD peak. The compressive stress yields a shift
toward smaller angles and its relaxation to a shift toward larger
angles, while the insertion of N in the NaCl structure yields a
shift toward lower angles.

Figure 2 shows the room-temperature thermoelectric
properties with the electrical resistivity (p), the Seebeck
coefficient (a), and the power factor (a’c = a’p™") of the as-
grown films and annealed. Before annealing, the SP samples
exhibited resistivity values around 40—50 m€2 cm and Seebeck
coefficient values of around —40 to —50 uV K™, leading to a
power factor between 3 and 5 W m™' K™% The variation of
electrical and thermoelectric properties between the samples
(prior to annealing) could be due to a small variation of
stoichiometry or morphology that can occur between
deposition batches. The variation remained low and should
not be seen as an anomaly. After annealing, regardless of the
annealing conditions, the electrical resistivity drastically
increased to values between 420 and 770 mQQ cm, and the
measured Seebeck coeflicient values decreased by a factor of 2
compared to the as-grown films. The calculated power factor
for the annealed film is reduced to values close to 0.1 gW m™"
K2,

The as-grown film from the MP series, i.e., containing Cr,N
as secondary phase, exhibited electrical resistivity values
around 6—7 mQ cm and Seebeck coefficient values near —57
UV KL, This resulted in a power factor of around 50 yW m™
K2 After annealing, the electrical resistivity remained
relatively the same with a small reduction from 6—7 to 3.5
mQ cm for the annealed MP film at 800 °C. However, the
room-temperature absolute Seebeck coefficient values in-
creased to values larger than 100 xV K™' for the films
annealed at 600 and 700 °C and to a maximum of 130 yV K™
when annealed at 800 °C for 2 h. A longer annealing time at
800 °C yielded a reduction in the absolute Seebeck coeflicient
values to —82 uV K", Both electrical resistivity and Seebeck
coefficient for the MP series improved after ammonia
annealing. The resulting power factor of the samples annealed
in the MP series increased from around S0 to 130—480 uW
m~' K™%, with the most pronounced increase for an annealing
at 800 °C for 2 h.

Previous reports showed a large variation of the electrical
and thermoelectric properties of CrN films. Typical values of
resistivity can range from 1 to 60 m€ cm and the Seebeck
coefficient can range from 25 to 400 xV K.'"*7'® In the
present manuscript, only the annealed MP films are on par
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Figure 2. Room-temperature thermoelectric properties: (a) electrical
resistivity, (b) Seebeck coefficient, and (c) power factor for all
samples: before (filled symbol) and after (empty symbol) ammonia
annealing performed at different temperatures and durations. The
arrows show the changes occurring after annealing.
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Figure 3. Seebeck coefficient as a function of temperature. Values at elevated temperatures (above room temperature) are measured by ZEM3,
while the values at 22 °C are measured in the home-built thermoelectric measurement setup. (a) SP series and (b) MP series.
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Figure 4. SEM surface morphology images of select films, as-grown (g, ¢, e) and after annealing (b, d, f). As denoted, pairs (a, b), (¢, d), and (e, f)

are the samples SP 600—2 h, SP 800—4 h, and MP 800—2 h, respectively.

with the reported values, and the annealed SP series have
orders of magnitude larger resistivity and much lower Seebeck
coeflicient values at room temperature.

Figure 3 shows the temperature-dependent Seebeck
coefficient values measured by ZEM3 of the annealed samples.
The room-temperature values reported in the graph are the
values measured with the home-built thermoelectric measure-
ment setup presented in Figure 2. Note that only Seebeck
coeflicient values are shown. The Seebeck coeflicient measure-
ments were repeated twice showing equivalent results with no
changes occurring during the measurement revealing stability
in the temperature of the film in the measurement range.
Moreover, these measurements are consistent with the result
obtained at room temperature by other measurement
techniques and previous results already reported for these
kinds of compound.'*™"*

All films, from SP and MP series, exhibited similar trends of
the Seebeck coefficient with temperature. An increase in the
Seebeck coefficient values is observed monotonically from
room temperature up to the maximum measurement temper-
ature. In the SP series, the annealed 600—2 h film differs from
the rest of this series, with slightly lower absolute Seebeck
coefficient values above 200 °C (Figure 3a). All three other
annealed films exhibited similar trends, with the Seebeck
coefficient varying from —50 uV K™' at 100 °C to —220 uV
K™ at 400 °C. All annealed MP series (Figure 3b) exhibited
similar temperature-dependent Seebeck coefficient values but

6789

with larger absolute values at lower temperatures than the SP
series. The 600—2 h annealed MP sample exhibits relatively
lower values throughout the temperature range. An increase of
temperature leads to an overall increase of the Seebeck
coefficient in the entire range of measurement temperature.
The annealed MP 800—2 h sample exhibited a significantly
larger Seebeck coeflicient value, with maximum absolute values
above 200 uV K" in the temperature range 100—400 °C and a
maximum measured value of 250 above 250 °C. A longer
duration of annealing at 800 °C led to a decrease in the
Seebeck coefficient values. The thermoelectric properties of
Cr—N films can be compared to the power factor of other
thermoelectric thin-film materials at room temperature, like n-
type Bi, T; (4000 gW m~ K2),** n-type PbTe (1500 4gW m™*
K™2)," and p-type Ca;Co0,0, (800 gW m™" K72).**

Figure 4 displays the SEM images of selected samples. The
top row (a, ¢, e) presents the images of as-grown film surfaces,
and the bottom row (b, d, f) shows the surface images of the
corresponding annealed films. Figure 4a—d corresponds to the
SP series films 600—2 h and 800—4 h which were the extreme
end annealing conditions tested in this study. Regardless of the
phase composition, the as-grown films (Figure 4a—c) have
large, elongated grains (&S0 X 300—1000 nm). After
annealing, this morphology feature was retained for the film
containing originally single-phase CtN (Figure 4b,d), with the
observation of enlarged grains for both of these samples which
is more pronounced for higher annealing temperature. The
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films with originally a mix of CtN and Cr,N (Figure 4e,f)
undergo a change of morphology from a relatively smooth film
with elongated grains (Figure 4e) to a rougher film without
elongated grains and the presence of visible voids (Figure 4f).

The as-grown SP films exhibited lower absolute Seebeck
coefficient and higher electrical resistivity than previously
reported values for pure cubic CrN thin films (@: —100 to
—240 uV K74, p: 0.75—15 mQ cm).">'"'%3* Several factors
play an important role in the electrical and thermoelectric
properties of CrN, where nitrogen vacancies, oxygen
contamination, and morphology are the most important
aspects.m"45

In the present study, from the composition analysis (Table
2) and diffractograms (Figure 1), we observed that annealing
in ammonia increased the nitrogen content in the films as well
as transformed the multiphases h-Cr,N/c-CrN phase into a
single-phase ¢-CrN film. This annealing effect was expected
and is in line with the rest of the literature.'® After annealing,
the morphology in the SP series was unchanged, and the
composition analysis revealed a change of deviation from
stoichiometry in CrN,; from 6 = —0.08 to 6 = —0.05 to
—0.02. This confirmed that nitrogen has been incorporated in
the films upon annealing, whereas no trends have been
observed for different temperatures.

In the SP series, after annealing, the vacancies (§) were
reduced to a level of § = —0.02/—0.04 as in CtN,5 ory = 0 as
in Cr(N,0), +y when considering oxygen as doping element in
the NaCl structure. Those variations resulted in a reduction of
the Seebeck coeflicient as well as an increase of the electrical
resistivity in the range of insulators, which are not anymore
typical values for a degenerated semiconductor.

The MP series films, on the other hand, experienced several
changes upon annealing, yielding substantial improvements of
their TE properties. The phase composition changed from mix-
phase to single-phase-containing films, the nitrogen content
varied, and the surface morphology changed. In this film series,
the deviation to stoichiometry as in CrN, s became 6 = —0.08
after annealing. Compositional analysis showed that they still
have a significant understoichiometry even considering that
oxygen is inserted into the NaCl structure: Cr(N,0),,, with y
—0.0S. The reduction of electrical resistivity observed for the
film annealed at 800 °C seems to be related more to a lower
level of electron scattering since the composition of the films is
relatively the same in this series. Indeed, the annealing at
higher temperatures may have affected the grain boundaries
and/or morphology of the film, hence affecting the electron
scattering.

In CrN, the presence of vacancies and or oxygen
contamination plays an important role and influences the
charge carrier concentration.'” A non-negligible amount of
oxygen content was detected in the films, which will affect the
charge carrier concentration, hence the Seebeck coefficient. A
previous work has shown that a gradual variation of the
nitrogen content in the CrN structure yields an n-type to p-
type semiconductor behavior with a reduction to nominally a
zero value for the Seebeck coeflicient at the transition which
happens for a film close to stoichiometry (6 ~ 0)."

Upon ammonia annealing, the samples initially having a
mixture of c-CrN and h-Cr,N (MP series) had their Seebeck
coeflicient increased and their electrical resistivity remaining at
the same scale or slightly decreased for higher temperatures.
On the other hand, samples initially composed of a single
phase of CrN (SP series) had their Seebeck coefficient

6790

decreased, and their electrical resistivity increased. The
composition of the film (Table 2) revealed that the annealed
MP samples have a larger nitrogen understoichiometry (5 =
—0.07), compared to the annealed SP samples (5§ ~ —0.04).
Biswas et al. have previously shown that a mix-phase c-CrN/h-
Cr,N film undergoes to phase transition to single-phase c-CrN
when annealed, yielding a large increase of electrical
resistivity.'" Other studies showed improvement of TE
properties (resistivity and Seebeck values) upon annealing of
a single-phase c-CrN film which is different from our
findings."” Quintela et al. reported the annealing study of
highly understoichiometric single-phase CrN, s film with 6 =
—0.25."® After ammonia annealing, they claimed the obtention
of a stoichiometric CrN (composition measured by electron
energy loss spectroscopy, EELS), but no composition values
were reported. More recent studies reported the importance of
a small deviation to stoichiometry, where 6 &~ —0.07 will give a
significant difference in the thermoelectric properties of
CrNy,s " The TE properties of the films are highly dependent
on stoichiometry, where ammonia annealing plays a role in
reducing the deviation to stoichiometry. Its effect seems to be
dependent on the initial level of deviation to stoichiometry. In
fact, it is possible that the work reported by Quintela et al.
reported an increase of the TE properties of CrN after
annealing by obtaining a nearly stoichiometric CrN with a few
nitrogen vacancies not necessarily detectable by EELS. With
this small deviation from stoichiometry, those results are in line
with our findings. When the nitrogen vacancies are reduced in
CrN,,; but not entirely removed, an improvement of the TE
properties is observed before observing a deterioration of its
TE properties when the stoichiometry is achieved.

Quintela et al. demonstrated that ammonia annealing of
CrN can greatly improve its TE properties."® We have
demonstrated that ammonia annealing of the CrN system
will not systematically improve its TE properties. The effect of
ammonia annealing is highly dependent on the composition
beforehand and its deviation to stoichiometry. In contradiction
with this, the Seebeck coefficient values at elevated temper-
atures did not differ much between our two series. In line with
the work of Biswas et al, we also saw that such a secondary
phase is eliminated upon annealing in ammonia.'’ Phase
control and stoichiometry tailoring can be achieved during the
deposition process by magnetron sputtering, but remain rather
challenging. Temperature, pressure, nitrogen flow, and target
power density are a few parameters that have an impact on
phase and stoichiometry. Substrate selection is of significant
importance where c-CrN is favored on MgO(100) even with a
large deviation to stoichiometry (6 > —0.25)" while growing
on Al,0;(0001) h-Cr,N is favored for a smaller deviation of
stoichiometry in CrN,; (§ > —0.15).">">*" With challenging
control of the stoichiometry during sputtering growth,
annealing in ammonia seems to be an effective way of
controlling the stoichiometry along with the phase formation
in the film. However, the resulting film stoichiometry and
properties are dependent on the stoichiometry before
annealing treatment. The present study highlights the
importance of individual ammonolysis condition optimization
dependent on the initial stoichiometry of the film. In the
present work, annealing at 800 °C/2 h yields great improve-
ments in the TE properties on a mix-phase-containing film
while being detrimental when performed on a single-phase film
with relatively lower deviation to stoichiometry.
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B CONCLUSIONS

The effect of high-temperature ammonia annealing of Cr—N
films on their thermoelectric properties was investigated.
Ammonia annealing of mix-phase cubic CrN/hexagonal-Cr2N
leads to single-phase cubic CrN with a greatly improved power
factor ((0.1-0.5) X 107> W m™" K?) compared to the as-
grown films (0.05 X 107> W m™" K™2). In contrast, the single-
phase cubic CrN films undergoing the same annealing
conditions see their thermoelectric properties deteriorate
after annealing (power factor from 4 X 107° to less than 1 X
1077 W m™! K), mainly due to larger electrical resistivities.
Those observations underscore the importance of controlling
the nitrogen vacancies in the CrN system to maximize its
thermoelectric material. Ammonia annealing of Cr—N coatings
does not necessarily lead to an improvement in thermoelectric
properties. Nevertheless, under optimized conditions and
depending on the deviation to stoichiometry prior to annealing
as in CrN,,; the thermoelectric properties can be greatly
improved. Employing postdeposition ammonia annealing
could be used instead of meticulous deposition control to
grow high-performing films of CrN for thermoelectric
applications.
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