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The optical and electronic properties of rocksalt structure tungsten nitride (B1-WN) were

investigated by x-ray photoelectron spectroscopy (XPS) and UV–visible-Fourier transform infrared

optical reflectivity. Both 111-textured polycrystalline and epitaxial WN(111) films with [N]/[W]

ratios of 1.12 and 0.87, respectively, were found to be electron conductors with partially filled W-

5d conduction bands. However, their electronic behavior is dominated by high conduction electron

losses, which are attributed to scattering at both anion and cation vacancies and are more pro-

nounced for films with high nitrogen content, yielding high resistivity values of 1.4–2.8 mX cm.

The dielectric function is well described with a Drude–Lorentz model over a large wavelength

range from 0.2 to 100 lm, and exhibits an e1 that becomes negative above a relatively high critical

wavelength that increases with increasing nitrogen content from 22 to 100 lm. Compositional inter-

polation of XPS data provides a W4f7/2 electron binding energy for pure stoichiometric B1-WN of

31.9 eV, while increasing the N-content results in a reduction of the density of states from the

W-5dt2g bands at and near the Fermi level. The overall results do not confirm the predicted promis-

ing plasmonic properties of B1-WN but instead reveal possible alternative applications for this

compound as photothermal or epsilon-near-zero material. VC 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4978030]

I. INTRODUCTION

The nitrides of the transition metals of the groups

IVb–VIb of the periodic table of elements have been estab-

lished as a major category of engineering materials owing

to their unique combination of properties, such as high

hardness, electronic conductivity, lustrous metallic appear-

ance, refractory character, and resistance against oxidation,

corrosion, and wear.1–8 Most of them can be crystallized in

a cubic rocksalt structure with octahedral symmetry due to

the hybridization of metal’s d valence electrons with the

nitrogen’s 2p electrons.9–13 TiN has served as the archetyp-

ical example of them, and as such, it has been exhaustively

studied along with ZrN, HfN, NbN, and TaN.7,9,10 On the

contrary, tungsten nitride (WN) in the B1 rocksalt structure

is less studied. This is primarily due to the difficulty of its

synthesis since it exhibits various competing phases includ-

ing a vacancy-containing cubic W2N phase14,15 and an

equiatomic hexagonal WN phase,16–18 which are both con-

sidered for applications in microelectronics.17–24 In addi-

tion, B1-WN has been predicted to be mechanically

unstable and to have a negative formation enthalpy for

Schottky defects,25 such that the predicted equilibrium

phase for equiatomic WN is the cubic NbO phase25–27

which, however, has never been observed experimentally.

Correspondingly, experimentally grown B1-WN layers

are expected to contain both cation and anion vacancies,

while deviations from stoichiometry in cubic WNx with

x¼ 0.75–1.33 can be ascribed to varying vacancy concen-

trations on both sublattices of B1-WN.28

The theoretically predicted electronic properties of B1-

WN are very promising13 for a variety of applications in

electronics and photonics such as plasmonic devices13 and

thin film resistors of high conduction electron density and

high work function.7 However, well-documented formation

of near-equiatomic B1-WN is extremely scarce,7,29,30 and

only recently, we have grown epitaxial B1-WN(111) of high

crystalline quality.31

In this work, a detailed study of the optical reflectivity

spectra of polycrystalline and epitaxial B1-WN/MgO(111)

in the wide range spanning from the UV (191 nm) to the

verge of THz frequencies (125 000 nm) is presented. The

existing spectral features are firmly identified, and they are

associated with the chemical features and the electron den-

sity of state (EDOS) of the films acquired by x-ray photo-

electron spectroscopy (XPS). Finally, the resulting optical

spectra are critically evaluated for various applications in

photonics.
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II. EXPERIMENT

The WN layers were deposited on polished 10� 10

� 0.5 mm3 MgO(111) wafers using a load-locked ultrahigh

vacuum dc magnetron sputtering system with a base pressure

of 10�9 Torr, as described in more detail in Refs. 28 and 31,

and employing parameters that have been successfully used to

deposit various other epitaxial transition metal nitrides includ-

ing ScN(001),32 TiN(001),33 CrN(001),34,35 NbN(001),36 and

MoN(001),37 TaN(001),38 and Ti1–xWxN(001).39 Depositions

were performed at 20 mTorr 99.999% pure N2, using a con-

stant dc power of 300 W applied to the magnetron source

with a 99.95% pure W target, yielding a deposition rate of

375 nm/h. 1.45-lm-thick layers were deposited at substrate

temperatures ranging from 500 to 700 �C, as measured by a

thermocouple below the sample stage that was cross cali-

brated with a pyrometer focused on the sample surface.

The optical reflectivity spectra were acquired using three

individual spectrometers, in particular:

(1) a UV–Vis (191–850 nm) optical spectrometer at near

normal-incidence using a coaxial fiber optic assembly and

a Deuterium-Halogen optical source (Theta-Metrisis, FR-

Basic UV/VIS),

(2) a near IR (900–1700 nm) spectrometer at near normal-

incidence using a coaxial fiber optic assembly and a

Halogen optical source (OceanOptics, NIRQuest512), and

(3) a dual mid-IR and far-IR Fourier transform spectrometer

(5000–80 cm�1 or 2200–125 000 nm) (Bruker FTIR-

IFS113v).

All the spectra were normalized using a Pt reference

mirror. Additional nonspecular reflectivity spectra were

acquired in the UV–Vis (191–850 nm) spectral range using

an integrating sphere, in order to evaluate the effect of sur-

face roughness to the optical spectra, which was found to be

minor (<1.5%).

Core-level and valence band XPS were acquired in a

KRATOS Axis Ultra DLD system equipped with a mono-

chromated AlKa x-ray source, a hemispherical sector elec-

tron analyzer and a multichannel electron detector. Surface

cleaning was performed by 4 nm in situ sputter etching using

a 4 keV defocused Arþ beam. The XPS measurements were

acquired using 20 eV pass energy resulting in a full width at

half maximum of the Ag-3d5/2 peak of less than 500 meV.

Spectral shifts due to charging of the surface were evaluated

and subtracted based on the spectral positions of the C-1s
peak of adventitious Carbon and the Ar-2p peak after sputter

etching. The elemental composition was also measured by

energy dispersive spectroscopy (EDS) using a silicon drift

detector which is particularly well suited for light element

analysis and yields an estimated accuracy in x of 63%, as

discussed in more detail in Ref. 28.

III. RESULTS AND DISCUSSION

All layers exhibit a single B1 cubic phase, as determined

by x-ray diffraction and reported previously in Refs. 28 and

31. The films grown at 500 and 600 �C are polycrystalline

with a strong 111 preferred orientation. In contrast, the films

grown at 700 �C are epitaxial WN(111) crystals. In order to

investigate the chemical composition and state of the B1-

WN films, we acquired XPS wide-scan and core level spec-

tra, respectively. The wide scan spectra revealed a reduction

of the [N]/[W] ratio x from 1.12 to 1.07 and 0.87 for films

grown at 500, 600, and 700 �C, respectively, in good agree-

ment with x¼ 1.17, 1.14, and 0.83 measured by EDS on the

same samples.28 We attribute the epitaxial growth at the

highest temperature to enhanced adatom mobility associated

with the higher temperature but also the reduced nitrogen

surface coverage, similar to what has been reported for

TiN.40 The W-4f core level spectra have previously been

reported to be sensitive to the chemical state of W atoms

in the lattices of crystalline W compounds.41–46 In particular,

the W-4f core level manifests as a doublet (W-4f5/2 and

W-4f7/2) due to spin–orbit coupling. The W-4f7/2 peak

appears at distinctive binding energies for metallic tungsten

(31.3 eV, Ref. 41), W2N (31.5–31.7 eV, Refs. 43 and 44),

WO2 (32.6 eV, Ref. 42), and WO3 (36.3 eV, Ref. 43); these

variations are due to the charge transfer from tungsten atoms

to the ligand’s atoms. It is noteworthy that the binding

energy shifts are substantially stronger for the ionic oxides

than the intermetallic nitride W2N.47

No report for the XPS core level spectra of firmly identi-

fied B1-WN exists in the literature. Figure 1 shows the W-4f
core level spectra of the two marginal cases of the present

B1-WN (i.e., a polycrystalline film with [N]/[W]¼ 1.12

grown at 500 �C and an epitaxial film with [N]/[W]¼ 0.87

grown at 700 �C, respectively) after exposure to lab

FIG. 1. (Color online) XPS W-4f core level spectra of B1-WN layers deposited

at (a) 700 and (b) 500 �C before and after surface cleaning by Arþ ion etching.
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atmosphere and after Arþ ion etching of a 4 nm thick surface

layer. In both cases, the air-exposed surfaces exhibit two W-

4f doublets that correspond to the WO2 and WO3,42,43 sug-

gesting that the surfaces consist of mixed oxides; the peaks

corresponding to WO3 are stronger for the polycrystalline

film, which may be attributed to underdense grain bound-

aries and associated surface depressions and defects that

facilitate more complete oxidation than for the epitaxial

layer. After surface etching, the oxide peaks are eliminated

and only one doublet appears that is assigned to B1-WN.

Indeed, the observed binding energy for the W-4f7/2 peak

varies slightly from 32 to 31.8 eV with increasing deposition

temperature and decreasing nitrogen content in the films,

consistent with a reported shift to higher binding energies

with increasing N-content for W2Nx films.46 The observed

binding energy values for the B1-WN films are also in ratio-

nal agreement with the lower binding energy of the W-4f7/2

electrons in W2N (31.5–31.7 eV, Refs. 44 and 45), given the

lower nitrogen content of the latter phase. Taking into

account that the studied B1-WN films are not stoichiometric

and equiatomic, a rational anticipation for the binding

energy of the W-4f7/2 electron binding energy for pure and

stoichiometric B1-WN is 31.9 eV.

In addition to the XPS core level spectra, we also consider

the XPS valence band spectra of the same B1-WN films; the

relevant spectra are presented in Fig. 2. The valence band

spectra of the pristine (lab-exposed) surfaces exhibit two

major peaks, at approximately 2 and 7.5 eV below the Fermi

level. After Arþ ion etching, the 2 eV peak intensity is sub-

stantially enhanced for both samples and intersects the Fermi

level revealing the conducting character of B1-WN. The epi-

taxial layer deposited at 700 �C has a larger EDOSs for the

t2g bands at 0–4 eV below the Fermi level Ef than the layers

grown at 500 and 600 �C. We attribute this difference to the

lower [N]/[W] ratio, resulting in a larger relative contribu-

tion from the W-d(t2g) bands and correspondingly a higher

DOS at Ef.

Similarly, the EDOS close to the Fermi level is consider-

ably smaller for the lab-exposed B1-WN surfaces (prior to

sputter etching), which is attributed to the depletion of con-

duction electrons by the formation of surface oxides, consis-

tent with the above discussion on the core-level spectra. In

order to shed more light to and clarify this issue we compare

the experimental valence band spectra with the EDOS calcu-

lated by the linear augmented plane wave (LAPW) method

within the density functional theory using the Wien2k soft-

ware48 and using the generalized gradient approximation in

the form given by Perdew–Burke–Ernzerhof,49 as described

in Ref. 50. The calculated total EDOS, as well as the partial

EDOS from N-2p and W-5d bands, are also presented in

Fig. 2. Despite the differences in the broadening of the

experimental and calculated peaks (which are due to various

reasons, such as (1) the difference in crystallinity—the cal-

culated EDOS is for perfect single crystal with periodic

boundary conditions, while the experimental films are poly-

crystalline and/or contain considerable concentrations of cat-

ion and/or anion vacancies, (2) experimental factors and

secondary phenomena, such as photoelectron energy losses

due to electron–electron scattering, the photoemission cross

section for valence electrons using x-ray photons, surface

states, varying surface oxidation, and sputter etching dam-

ages), there is a remarkable quantitative agreement between

experiment and calculations. By comparison of experiment

and simulations, we assign the peak at 7.5 eV below the

Fermi level to the mixed states of the hybridized N-2p and

W-5d (in the eg configuration9,25) electrons that are forming

the bonds between the two elements in the B1-WN crystal.

The conduction electrons (i.e., the experimental peak that is

located around 2 eV below the Fermi level, and that inter-

sects the Fermi level) are mostly the W-5d electrons (in the

t2g configuration9,25). We note that for the 1486.6 eV photons

of the Al Ka radiation used for the XPS experiments, the

photoemission cross section of the N-2p electrons (<10�25

m2) is about an order of magnitude less than that of the W-

5d electrons (>7� 10�25 m2),51 thus explaining the differ-

ence between the relative intensity of the d-tg and pþd(eg)
bands between theory and experiment in Fig. 2; in particular

the experimental EDOS of the pþd(eg) at 7.5 eV below the

Fermi level is underestimated due to the low photoemission

cross section of the N-2p electrons.

The merged optical reflectivity spectra of the various B1-

WN films versus the wavelength of light are presented in

Fig. 3. All the spectra are typical of conductors with high

reflectivity values at long wavelengths. For the films grown

at lower temperatures there are some distinctive features in

the wavelength range 5000–30 000 nm, which might be

assigned to polar impurities and the contribution of the MgO

substrate. In order to demonstrate the possible association of

these features with the MgO substrate, we present in Fig. 3

the optical reflectivity spectrum of MgO extracted from Ref.

52 (gray line), as well. The reflectivities in the UV–visible

and midinfrared ranges will be evaluated in detail separately.

Figure 4 shows the infrared reflectivity spectra versus the

wavenumber of light (as it is accustomed with IR analysis).

The vertical dashed lines correspond to vibration modes of
FIG. 2. (Color online) XPS valence band spectra of B1-WN, along with the

valence band electron density of states determined by LAPW calculations.

031501-3 Metaxa et al.: Electronic and optical properties of rocksalt-phase tungsten nitride (B1-WN) 031501-3

JVST A - Vacuum, Surfaces, and Films



polar bonds in or on tungsten oxide.53 Based on the compari-

son of our experimental spectra with the MgO spectrum

(gray line) from Ref. 52, and the vibration modes of the

tungsten oxide,53 we can safely assign the observed peaks

between 400 and 700 cm�1 to substrate contributions from

MgO, while the weak peaks around 1600, 1400, and

950 cm�1 are assigned to oxides of tungsten. These peaks

are exceptionally weak and therefore might originate from a

surface oxide and adsorbed water species. It is worth to men-

tion that the features assigned to MgO are less pronounced

for the epitaxial film (700 �C) compared to the polycrystal-

line films (500, 600 �C). Given that the nonspecular reflectiv-

ity of the three samples (not shown here) shows no

significant differences, we attribute this variation in the

intensity of the MgO peaks to differences in the screening by

the electrons of B1-WN. More specifically the epitaxial film

with a lower nitrogen content exhibits stronger screening,

indicating a higher conductivity of the epitaxial layer, in per-

fect agreement with the analysis below.

Two spectral regions of the optical reflectivity spectra

(i.e., the regions for longer wavelengths than the MgO and

tungsten oxide contributions and the UV–Vis region), as

indicated by the vertical dotted lines in Fig. 3, were fitted

simultaneously by a Drude–Lorentz model as described in

Refs. 11, 50, and 54. The choice of excluding the region

where MgO and tungsten oxides contribute to the spectra,

was based on our intention to use the minimum number of

fitting parameters in order to have a physically reliable fit; in

addition, these contributions are minor for the epitaxial B1-

WN sample, which is the core of this study. In particular the

model is based on the following equation for the determina-

tion of the complex dielectric function ~eðxÞ:

~e xð Þ ¼ e1 �
x2

pu

x2 � iCDx
þ
Xm

j¼1

fj � x2
oj

x2
oj � x2 þ icjx

: (1)

In Eq. (1), e1 is a background constant, larger than unity,

which is due to high frequency contributions (beyond the

experimental spectral range) referring to transitions that are

not taken into account by the Lorentz term(s). The Lorentz

oscillator is located at an energy position E01¼ �hx01, with

strength f1 and damping (broadening) factor c1. Fitting with

m> 1 was also performed, but did not provide any physi-

cally significant change, since the additional oscillators were

located at far shorter wavelengths than the experimental

range. The comparison of the experimental spectrum of the

epitaxial sample (growth temperature 700 �C) with the corre-

sponding fit result (Drude and one Lorentz oscillator) is pre-

sented in the inset of Fig. 3. The dielectric function spectra

(real—e1—and imaginary—e2—parts) for the studied B1-

WN samples can be determined from the fits of the

optical reflectivity spectra using the best fit parameters into

Eq. (1). Indeed, these dielectric function spectra are pre-

sented in Fig. 5. Surprisingly, and contrary to the recent the-

oretical prediction of Kumar et al.,13 e1 becomes negative

only for photon energies below 0.06 eV, i.e., the conductive

character of B1-WN is manifested only in the mid-infrared

region. On the contrary, for photon energies higher than 2 eV

(where dielectric losses dominate55), there is a remarkable

agreement between calculations13 and the present experi-

ments. There is a featureless optical absorption (positive e2

values) up to 6 eV, which is distinctively different from the

optical behavior of other conductive nitrides in the B1 phase,

such as TiN and ZrN, whose high-energy optical behavior is

dominated by distinctive peaks around 3.5 eV.56,57

In order to understand the peculiar optical behavior of

B1-WN, the dielectric spectra of the studied samples should

be thoroughly quantified. The Drude term in Eq. (1) is char-

acterized by the unscreened plasma energy Epu ¼ �hxpu and

the damping factor CD. xpu depends on the concentration of

FIG. 3. (Color online) Merged optical reflectivity spectra from the three

spectrometers used in this work for the B1-WN film samples grown at vari-

ous temperatures along with the spectrum of bare MgO single crystal (Ref.

38). Inset: the spectrum of the sample grown at 700 �C (open circles) along

with the Drude-Lorentz fit (solid line).

FIG. 4. (Color online) FTIR spectra of the various B1-WN films along with

the spectrum of the MgO substrate and the expected vibration modes of

tungsten oxide (vertical dashed lines).
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the conduction electrons in the film and is defined by the

relation

xpu ¼

ffiffiffiffiffiffiffiffiffiffi
Ne2

eom�

s
() N ¼

x2
pueom�

e2
; (2)

where N is the conduction electron density, e is the electron

charge, eo is the permittivity of free space and m* is the elec-

tron effective mass, in the international system of units.

Since xpu is directly correlated with the conduction electron

density, it can be used to quantify the metallic character of

the B1-WN. The values for the studied B1-WN films varied

in the range 7.35–8.35 eV, which are quite lower than the

reported values for the calculated B1-WN (11.01 eV, Ref.

13) and for the B1-WN grown by pulsed laser deposition

(10.58 eV, Ref. 7). Possibly, these low values are not inher-

ent of B1-WN, but they are due to density and stoichiometry

variations of the samples of the present study.

CD is due to the scattering of electrons, and according to

the free-electron theory, it is related to the electron relaxa-

tion time through the relation

sD ¼
�h

CD eVð Þ : (3)

The CD values for the studied samples were in the range

of 14–19 eV, which are substantially higher than the corre-

sponding calculated values.13 Although the experimental CD

values are expected to be higher than the calculated ones,

due to the existence of structural defects in the experimental

samples and the temperature of measurement,11 and B1-WN

is expected to be more lossy than any other conductive

nitride,13 these values for the B1-WN samples are much

higher than any nitride reported so far.7,13 These very large

CD values may again be attributed to deviations from stoichi-

ometry and, possibly even more importantly, the random

distribution of both cation and anion vacancies which, as

eluded in the introduction, have a negative formation

energy.25,28 Correspondingly, far-from-equilibrium synthesis

methods will need to be designed in order to realize the crys-

tal growth of vacancy-free stoichiometric B1-WN in order to

achieve the predicted optical and electronic qualities.13

The relaxation time of the conduction electrons is associ-

ated with the film resistivity through the relation11,54,58,59

sD ¼
m�

q N e2
; or q ¼ 4p

�h

� �
� CD

x2
pu

: (4)

The relaxation time can be used to calculate the mean

free path (MFP) of the conduction electrons in B1-WN, as

well, considering also the velocity (vF) at the Fermi sur-

face,11,54,58 which in turn can be expressed in terms of xpu;

thus, MFP can be expressed as54

MFP ¼ 0:75p

m�eð Þ2

 !1=3

�
�h2x2=3

pu

CD � Cbulk

; (5)

where Cbulk is the electron relaxation time of the single-

crystal, defect-B1-WN. The Cbulk for B1-WN was deter-

mined to be 0.32 eV from the imaginary part of the dielectric

function (e2) calculated from the computational EDOS data

presented in Fig. 2. Figure 6 summarizes the variation of the

carrier density, the resistivity and the MFP of the present

B1-WN films calculated using Eqs. (2), (4), and (5), respec-

tively, note that especially for the carrier density, we used

m*¼me, where me is the free electron mass; therefore, the

presented carrier density values can be used only for com-

parison among the various samples and not as quantitative

absolute values.

The resistivity of B1-WN decreases with increasing

growth temperature, from 2.8 to 2.2 to 1.4 mX cm for 500,

600, and 700 �C, respectively, which is slightly lower than

the previously reported values of 4.4, 2.6, and 1.9 mX cm

obtained directly from four-point probe measurements from

the same samples.28 That is, the resistivity of cubic WN is

approximately a factor of 2 larger than the 1.0 mX cm

reported for cubic W2N samples grown by metallorganic

chemical vapor deposition.45 The MFP values are an order

of magnitude shorter than those of sputtered TiN,54,60,61

proving unequivocally the exceptionally high electron losses

in B1-WN and rationally explaining the long wavelengths at

which e1 reaches zero. This challenges the perspectives of

B1-WN for applications in mainstream plasmonics as they

have recently been proposed.13 On the contrary, WN may be

promising as high electron loss was recently proposed as a

FIG. 5. (Color online) Dielectric function spectra (real—e1—and imagi-

nary—e2—parts) for the studied B1-WN samples; insets: the dielectric func-

tion spectra vs wavelength.
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pathway for implementing localized plasmon-enhanced pho-

tothermal processes such as photothermal therapy.62 Another

potential asset of B1-WN, which is also originating from the

high electron losses, is the varying moderate slope of the e1

spectrum versus photon wavelength (see inset of Fig. 5) that

results in wide wavelength regions where e1 is nearly zero.

Therefore, B1-WN can be considered as a potential tunable

epsilon-near-zero material.63,64

IV. CONCLUSIONS

The core-level, valence-band, and broadband optical

(UV–visible–infrared) spectra of epitaxial and polycrystal-

line B1-WN films were investigated. All B1-WN layers are

electron conductors with exceptionally high electron losses,

resulting in high resistivity values >1.4 mX cm. The electron

losses decrease with increasing growth temperature and

decreasing nitrogen content in nonstoichiometric B1-WN

films, but are orders of magnitudes higher than the recently

predicted values. The high electron losses cause e1 to remain

positive up to very long wavelengths in the infrared region,

becoming negative only above 22, 50, and >100 lm for the

samples with [N]/[W] ratios of 0.87, 1.07, and 1.12, respec-

tively. The large vacancy concentrations and related electron

losses make the WN grown with the methods used in this

study not suitable for mainstream plasmonic and photonic

applications, but its lossy character might be ideal for photo-

thermal and epsilon-near-zero material applications.
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