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CrN was doped with Mo and W to study the effect of heavy elements alloying on its thermoelectric

properties. An spontaneous phase segregation into Mo- and W-rich regions was observed even at the

lowest concentrations probed at this work ð’1%Þ. In the particular case of W, this segregation creates

nanoinclusions into the Cr1–xWxN matrix, which results in a substantial reduction of the thermal

conductivity in the whole temperature range compared to undoped CrN. In addition, an increased

hybridization of N:2p and 4d/5d orbitals with respect to Cr:3d decreases the electrical resistivity in

lightly doped samples. This improves substantially the thermoelectric figure of merit with respect to

the undoped compound, providing a pathway for further improvement of the thermoelectric

performance of CrN. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861845]

The use of thermoelectric generators, which can trans-

form a thermal gradient into usable electricity, have gained

importance for clean electricity production from waste heat

or natural heat sources.1 The conversion efficiency of a ther-

moelectric material working at a temperature T is related to

the thermoelectric figure of merit, Z ¼ S2r=ðje þ jlÞ, where

S is the Seebeck coefficient, r is the electrical conductivity,

and je and jl are the electrical and lattice thermal conductiv-

ities, respectively. The main difficulty in developing efficient

thermoelectric materials is related to the fact that S, r, and

the total thermal conductivity, j ¼ je þ jl, cannot be treated

independently; therefore, a compromise solution must be

reached when trying to improve Z.

The are two standard approaches for the optimization of

Z: one is to optimize the power factor, PF ¼ S2r, by tuning

the electronic properties of the material; the second consists

on reducing jl by effectively scattering phonons.1 Strategies

to increase PF include optimizing the carrier concentration

via chemical doping,1 introducing resonant impurity levels

near the Fermi level2 or reducing the dimensionality of the

system.3 Lowering jl is usually achieved by nanostructuring

the material4 or introducing defects of different sizes via

alloying and/or multiphase segregation.5 However, minimiz-

ing jl while maintaining large PF is challenging because pho-

nons scatterers also reduce the electronic mobility, which

results detrimental to PF. An effective way to escape from this

handicap is to take advantage of the different mean free paths

of electrons and phonons, introducing defects which preferably

impede the transport of heat more effectively than the charge.

Following this approach, we thought that doping CrN at

the Cr-site with heavier elements of the same group could

reduce the thermal conductivity, at the time that is beneficial

to PF. A larger hybridization of 4d and 5d orbitals with N:2 p
could reduce the electronic correlations characteristic of

Mott insulator CrN,6 increasing its electronic mobility.

Based in such premise, the effect of heavy element doping

on the thermoelectric properties of bulk CrN was studied by

substituting Cr by Mo and W.

Stoichiometric CrN is a degenerated semiconductor, which

was recently considered as potential thermoelectric material

due to its large Seebeck coefficient (�135 lV K�1 at 300 K)

and its rather low thermal conductivity (1.76 W m�1K�1 at

300 K).7 The material shows good mechanical properties,

including large hardness, high-temperature stability, strong ad-

hesion to different surfaces, and excellent oxidation and wear

resistance.8,9 At TN � 273–286 K, CrN undergoes a magneto-

structural phase transition (MPT) from a high-temperature par-

amagnetic (PM) cubic Fm�3m phase to a low-temperature

antiferromagnetic (AFM) orthorhombic Pnma phase,10 associ-

ated to a large exchange-striction.11,12 Its jðTÞ is also puzzling:

while in the low temperature AFM phase jðTÞ is fairly consist-

ent with the expectation for a crystalline material, in the high

temperature PM phase j shows an unexpected linear tempera-

ture dependence. This behavior, distinctive of amorphous mate-

rials, is not expected at all in the cubic phase of CrN, where the

lattice contribution to the thermal conductivity is the dominant.

Polycrystalline Cr1�xWxN with x¼ (0.01 and 0.02) and

Cr1�xMoxN with x¼ (0.01, 0.025, 0.05, 0.1) were synthe-

sized as described in Ref. 13. Structural and morphological

characterization of the samples was addressed by powder

x-ray diffraction (XRD), high-resolution transmission elec-

tron microscopy (TEM), and energy dispersion spectroscopy

(EDS). Electrical resistivity measurements were performed

by using the four-contact configuration on thin bars cut from

dense pellets. Thermal conductivity was measured by using

the steady-state absolute method on dense bars of 6 mm

length and a cross sectional area of 2 mm� 1 mm. Seebeck

coefficient was measured applying a heat pulse on one of the

ends of the sample and recording the DV=DT variation at

each temperature. The three magnitudes entering Z were

measured on the same sample for each composition.

The XRD patterns of the different samples are shown in

Fig. 1. For all the Cr1�xMoxN samples with x � 0:025, there

were detected low intensity diffraction peaks associated to

hexagonal MoN structure ðd3Þ (space group P63mc). As

shown in Fig. 1(b), these impurity peaks move toward the

theoretical position of hexagonal MoN (200) as the Mo con-

centration increases. In the case of the W-doped samples, wea)Electronic mail: f.rivadulla@usc.es
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have kept the W concentration below the 2.5% limit to avoid

a similar effect of segregation. In this case, only the peaks

corresponding to cubic CrN are observed, indicating the ab-

sence of secondary phases. However, it is important to note

that, both in Mo and W samples, the diffraction peaks char-

acteristic of CrN shift to lower angles, indicating an increase

in the lattice parameter with respect to the undoped com-

pound. This suggests a successful replacement of part of Cr

atoms by Mo and W in the rock-salt structure.

In order to further analyze the distribution of dopants

and the effect on the morphology of the CrN crystals, we

have performed high-resolution TEM characterization and

EDS analysis of the samples (Fig. 2). The analysis reveals

that the material forms a solid solution in a very limited

range of compositions, and it segregates spontaneously even

for substitutions as small as 1% of W/Mo. Therefore, even

for samples with clean XRD patterns, there is a nanoscale

segregation of dopant ions. In the case of W-doped samples,

three levels of doping can be differentiated from the analysis

of XRD and TEM: a small amount of W replaces Cr in the

host CrN lattice forming a true alloy, as reflected in the pro-

gressive increase of the cubic lattice parameter. As shown in

Fig. 2, further doping results in segregation of W-rich

regions within the CrN lattice. Even further doping results in

a complete segregation of WN particles. For Mo, there is a

larger tendency towards complete segregation of MoN par-

ticles even for the lowest doping.14

The effect of atomic replacement combined with the

compositional phase segregation is reflected in the evolution

of the electrical resistivity with doping. As shown in

Figs. 3(a) and 3(b), the value of the electrical resistivity in

the whole temperature range decreases with respect to stoi-

chiometric CrN. Hall effect measurements performed in

Cr0.92W0.02N showed a room temperature carrier concentra-

tion of n � 2:7� 1019 cm�3, comparable to the observed in

pure CrN ðn � 4:1� 1019 cm�3Þ. This confirms that the

decrease in the resistivity is due to a larger mobility in a

wider, less correlated band due to an increase of the M:

d-N:2p hybridization for 4d and 5d metals.

The lower resistivity is achieved for Cr0.99Mo0.01N and

Cr0.99W0.01N, and it increases gradually with doping beyond

this level. This suggests that the solubility limit must be

around 1% W/Mo concentration. Therefore, the segregation

of (W/Mo)-rich regions scatter electrons, increasing the elec-

trical resistivity for concentrations larger than 1%. It should

be also mentioned that for the most conductive samples,

although still thermally activated, the low temperature resis-

tivity does not diverge at all, suggesting its closeness to an

itinerant electron regime.

The temperature dependence of the Seebeck coefficient

is shown in Figs. 3(c) and 3(d). All the samples exhibit nega-

tive values of S in the whole temperature range, pointing that

the majority carriers are electrons, in agreement to Hall

effect measurements. Comparing the resistivity and Seebeck

coefficient, it can be concluded that the decrease in the abso-

lute value of Seebeck coefficient (in comparison with pure

CrN) is consistent with the decrease observed in the electri-

cal resistivity. Moreover, the Seebeck coefficient continues

to increase linearly, without signs of saturation at high tem-

perature, for the samples with the smaller resistivity ð’1%Þ.
As a consequence, the PF increases at ’1%ðW=MoÞ : CrN,

doubling the value reported for CrN at 400 K.7

The temperature dependence of the thermal conductivity

for CrN and for the Mo- and W-doped compounds is shown

in Figs. 3(e) and 3(f). Pure CrN shows a broad maximum,

with a very small temperature dependence of j from

’125� 250 K. Above this temperature, jðTÞ decreases

abruptly due to the magnetostructural transition ðTN �
285 KÞ and increases linearly in the PM cubic phase above

TN.7 The effect of Mo and W on jðTÞ is very different for

FIG. 1. (a) XRD patterns for the series Cr1�xMoxN. Dashed ovals show diffrac-

tion peaks associated to hexagonal MoN. (b) Zoom in the vicinity of the CrN

(111) peak for the members of the Cr1�xMoxN series. The arrow shows the

presence of the (002) peak of hexagonal MoN above 2.5% Mo. (c) XRD pat-

terns of the Cr1�xWxN series. (d) Zoom in the vicinity of the CrN (111) peak

showing the absence of impurity peaks at this small level of doping with W.

FIG. 2. Bright field ((a) and (d)) and dark field ((b) and (c)) TEM images of

2% W:CrN particles. The arrows mark crystalline defects that could be

due to compositional variations across the particles. The inset in panel

(d) presents the EDS mapping of W (red) and Cr (green) in a single

Cr0.98W0.02N particle.
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both ions: 1% of either Mo or W reduce slightly the thermal

conductivity below TN, but leave j the same as in pure CrN,

above TN. However, while further doping with Mo (up to

10%) does not reduce j, 2% of W decreases further the ther-

mal conductivity in the whole temperature range. We have

also co-doped CrN with 1% Mo þ 2% W but the result is

identical to that observed for 2% W, showing the dominant

effect of W on the reduction of jðTÞ. Therefore, it can be

concluded from these data that higher levels of doping will

result in a complete segregation of (W/Mo)N particles,

which will not reduce further the lattice thermal conductivity

of CrN.

The effect of the different scattering mechanisms that pro-

duce a change on jl is usually studied using the Boltzmann

transport equation for phonons. In a first approximation, jl can

be estimated by the Debye model according to15

jlðTÞ ¼
1

2p2v

ðxD

0

sðxÞ �h
2x4

kBT2

e
�hx

kBT

ðe
�hx

kBT � 1Þ2
dx; (1)

where the relaxation time, sðxÞ, is the sum of the contribu-

tion of different processes that produce an effective phonon

scattering. In this study, the combined relaxation time using

the Matthiessen’s rule is given as16

s�1ðxÞ ¼ v

1:8d
þ �hc2

Mv2hD
x2Te

�hD
aT þ Cxr: (2)

Here, the first term represents the phonon-boundary scatter-

ing, which depends on the sound velocity of the material, v,

and the grain size, d. The second term represents the

phonon-phonon Umkalpp scattering processes, which

depends on the average atomic mass in the crystal, M, the

Gr€uneissen constant, c, the Debye temperature, hD, and a

empirical constant, a. The last term takes into account the

scattering of phonons due to point defects in the lattice. For

point defects or any other object with a typical size much

smaller than the phonon wavelength, this term reduces to

Rayleigh scattering, having r¼ 4 and

C ¼ V0

4pv3

X
i

xiN
2
i ; (3)

where V0 and xi are the volume and molar fraction of defects,

and N represents the contributions of the local variation of

mass and bond distance due to the defects on the host lat-

tice.17 Joshi18 proved that when the size of the defects is

comparable to the phonon-wavelength, the objects cannot be

considered as point defects and r¼ 2 must be considered.

In order to get an insight on the physical mechanism that

produces the observed reduction of the thermal conductivity in

the W-doped samples, we have fitted the experimental data

below TN to Eq. (1), considering the different contributions to

the relaxation time according to Eq. (2). The fittings are shown

in Fig. 4. We have calculated the contribution of the Umklapp

term using hD ¼ 460 K and v¼ 5575 m/s (from specific heat

measurements), and c ¼ 2. These values were kept constant in

the calculations for three samples. Fitting the curves that way

allows us to discriminate the effect of defect scattering as the

concentration of W increases. Using the nominal % of W, the

fittings reveal a decrease of the phonon mean free path and an

increase of the volume of the scattering defects, V0, as the

amount of W increases. The V0 value obtained for CrN ðV0 �
5� 10�3 nm�3Þ is compatible with the volume expected for

point defects of effective radius ref f � 1 Å. As the W concen-

tration is increased, the volume of the scattering defects

increases from V0 � 7:9� 10�2 nm�3 for Cr0.99W0.01N to

V0 � 8:9� 10�2 nm�3 for Cr0.98W0.02N. Consonant with

these results, the parameter d (associated to the grain size)

decreases from d � 13 nm for CrN, to d � 10 nm for

Cr0.99W0.01N, and d � 7:5 nm for Cr0.98W0.02N. Note that a

reduction in the effective doping of W (due to segregation of

FIG. 3. Temperature dependence of q ((a) and (b)), S ((c) and (d)), and j ((e) and (f)), for the most representative samples studied in this work.
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WN) will require a larger volume of the scattering defects and,

therefore, a smaller average grain size.

The effect of the nanoinclusions seem also very effec-

tive in reducing jðTÞ in the high-temperature PM cubic

phase. As we explained before, the linear temperature de-

pendence of j in this phase is characteristic of amorphous

materials, instead of a highly crystalline material like this.

This temperature dependence cannot be attributed to je

because its value, obtained from the Wiedemann-Franz law,

is very small ðje � 0:07 Wm�1K�1Þ, pointing that j is domi-

nated by jl. Moreover, in the case of the 2% W sample, the

actual value of j above TN decreases with respect to CrN, in

spite of its higher electrical conductivity. Therefore, the lin-

ear behavior of j in the high-temperature PM cubic phase is

dominated by the lattice thermal conductivity.

In a situation in which defects are not small compared to

the phonon wavelength, the influence of Umklapp scattering

could be largely suppressed and Rayleigh dispersion mecha-

nism is no longer applicable. Instead, Joshi18 proposed a

s�1 ¼ Cx2, which results in a linear jðTÞ from Eq. (1).

Therefore, the reduction of the thermal conductivity above

TN produced by W-doping could be due to the existence of

large (nanometer) size inclusions in the CrN matrix. On the

other hand, the inefficacy of Mo to reduce jl in CrN as effec-

tively as W must be related to the tendency towards segrega-

tion of Mo and not due to the formation of nanoinclusions,

as observed by XRD and TEM (see supplementary material

for TEM images of the Mo-doped samples).

This experiment also provides a valuable insight into the

origin of the linear term of jlðTÞ in the PM cubic phase of

CrN. The strong exchange-striction interaction responsible

of the magneto-structural transition in CrN may introduce

dynamic bond-length fluctuations that result in an inhomoge-

neous medium for the propagation of phonons. This effect

has been observed in oxides close to a localized-to-itinerant

electronic transition,19 as it could be the case here.

From the experimental values of qðTÞ, S(T), and jðTÞ,
the thermoelectric power factor and the thermoelectric figure

of merit were calculated. Fig. 5 shows the temperature

dependence of PF and ZT for those samples with best ther-

moelectric performance. Among all the members of the

Cr1�xAxN series, those with x¼ 0.01, show the largest PF.

The maximum PF is obtained for Cr0.99W0.01N, which

reaches PF � 2 lW cm�1K�2 at 400 K. This value is roughly

two times larger than the observed in stoichiometric CrN. On

the other hand, Cr0.98W0.02N shows the largest ZT, reaching

a value of ZT¼ 0.06 at 400 K. It is also important to point

that in the case of Cr0.98W0.02 N, ZT increases very rapid

with temperature, with a tendency to further enhancement at

higher temperatures.

In conclusion, the strong reduction of the thermal con-

ductivity of CrN produced by doping with W is due to the

presence of W-rich nanoinclusions which scatter phonons

very effectively. In the high-temperature PM cubic phase,

the presence of these large objects also affects the thermal

conductivity, giving an insight about the origin of this in-

triguing linear temperature dependence of jðTÞ in CrN. The

increased hybridization between N:2p and 4 d/5 d orbitals

with respect to Cr:3d decreases the electronic resistivity,

resulting in an increase of PF. As a result, the thermoelectric

figure of merit is substantially increased with respect to pure

CrN. Note that the PF of Cr0.9V0.1N was previously reported

to be PF¼ 4 lW cm�1 K�2 at 400 K due to the optimization

of charge carrier concentration.7 If this is combined with

the reduction of the thermal conductivity achieved for

Cr0.98W0.02N, it would lead to ZT � 0:1 at room tempera-

ture, suggesting that co-doping strategies could improve the

high temperature performance of CrN.
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