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The stability and work function of TaC,N,_, alloy surfaces
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The stability and work function of the (001), (110), and (111) surfaces of ordered TaC,N;_,
crystals with various possible terminations were studied using density functional theory
calculations. Among all surfaces considered, those with (001) orientations were found to be the
most stable. The work function of these (001) stable surfaces increases monotonically from the
pure TaN value of 3.3 eV to the pure TaC value of 3.8 eV. However, this variation is far surpassed
by the strong dependence of the work function on the surface orientation and chemistry, regardless
of the bulk alloy composition. © 2011 American Institute of Physics. [doi:10.1063/1.3580257]

. INTRODUCTION

Transition metal nitrides and carbides have found applica-
tions as diffusion barriers in semiconductor devices and refrac-
tory coatings for thermal protection because of their high
thermal stability, dense interstitial structure, and low resistiv-
ity."> More recently, these systems have been considered and
optimized as replacements for the poly-Si gate electrodes in
next-generation transistors composed of high dielectric constant,
or “high-K,” dielectrics.® In particular, TaC,N; _, and TiC,N; _,
are attractive, as methods to deposit and process them are al-
ready well developed in the semiconductor industry. Moreover,
these alloys have low vacuum work functions (WFs) that may
be tuned by the alloy composition modulation,*” an important
requirement guiding the choice of the metal electrode.

Accordingly, many experimental and theoretical efforts
have been devoted to transition metal carbides and nitrides.
However, most of these studies have dealt with the bulk
properties (i.e., the bulk modulus and phase stability)® and
much less is known about the properties of their surfaces
such as surface energies and WFs, barring a few studies of
the ternary end-members TaC, TaN, TiC, and TiN.”™?

Following our recent work on the stability and WF of
TiC,N,_, ternary alloy surfaces,'® we have applied similar
techniques to study TaC,N;_, alloy surfaces through ab
initio density functional theory (DFT) based simulations.
Among the possible phases for TaC,N;_, (the NaCl or CoSn
structures),z’l 112 the NaCl-type TaC,N, _, is the most desira-
ble phase for the gate electrode application due to the low
electrical resistivity. Thus, we focus on the NaCl-type
TaC,N; _, solid solution in this paper. Our results reveal that
the TaC, N;_, alloy behaves similar to TiC,N;_, in two
ways: (1) the most stable surface is mainly (001) type; (2)
the surface chemistry (i.e., orientation and defect density)
plays the most important role in determining the WF. How-
ever, the impact of the defects on the WF of TaC,N;_, and
TiC,N;_, is different. For example, carbon vacancies
increase the WF of TaC,N;_, but decrease that of TiC,N; _ .

This paper is organized as follows. In Sec. II, we discuss
the details of DFT calculations. Section III provides the bulk
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properties of TaC,\N;_, (such as the structure, stability, and
density of states). In Sec. IV, we first address the methodol-
ogy to compute the surface phase diagram for a ternary sys-
tem and then discuss the surface stability of TaC,N;_, alloys.
The WF for different bulk composition (or x value), surface
orientation, and chemistry will be presented in Sec. V. Sec-
tion VI summarizes our conclusions. A detailed comparison
between TaC,N;_, and TiC,N;_, is given in each section.

Il. COMPUTATIONAL DETAILS

Our DFT calculations were performed using the Vienna
ab initio simulation package'® with the PW91 generalized gra-
dient approximation,'* Vanderbilt ultrasoft pseudopotentials,'?
and a cutoff energy of 315 eV for the plane wave expansion of
the wave functions. The calculated results were converged
with the atomic forces smaller than 0.04 eV/A. The conven-
tional cell of NaCl-type TaN is shown in Fig. 1(a) along with
its primitive unit cell containing 1 Ta and 1 N atom (the white
rhombohedron). To obtain homogeneous TaCN;_, (x=0,
0.25, 0.5, 0.75, and 1), we created a supercell of TaN with
2 x 2 x 2 primitive cells (containing 8 Ta and 8 N atoms) and
then substituted the N atoms in the supercell by C in a system-
atic way as has been done earlier.'” The surpercell of bulk
TaC,N, _, alloys for x=0.25 thus contains 6 N and 2 C atoms
and for x=0.5 contains 4 N and 4 C atoms. As Fig. 1 shows,
TaCp75Npos and TaC have similar configurations to
TaCy5Np.7s and TaN, respectively, except that the identity of
C and N are interchanged. These bulk calculations required a
5 x 5 x 5 k-point mesh for well-converged results.

Our surface calculations for five alloy compositions were
performed using symmetric slab supercells containing 11
atomic layers and a 10 A vacuum region. The (001), (110),
and (111) surfaces involved 2 x 2, 2v/2 x 2, and 2 x 2 unit
cells along the surface planes and required 5 x5 X1,
4x5x1,and 5x5 x 1 k-point meshes, respectively. More
details about the surface models are provided in Sec. IV.

. BULK TACxN;_x

The calculated equilibrium lattice constant as a function
of the bulk composition (or x) is shown in Fig. 2, along with
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FIG. 1. (Color online) (a) The conventional cubic cell and primitive rhombohedral cell (the latter shown in white) of bulk TaN; (b) the 2 x 2 x 2 TaN super-
cell; and (c), (d), (e), and (f) the supercells of TaC,N;_, for x=0.25, 0.5, 0.75, and 1, respectively. Ta, C, and N atoms are represented by white, navy (gray),
and red (dark gray) spheres, respectively. The, [001], [110], and [111] directions as well as the (001), (110) and (111) planes are indicated.

the experimental values of the end members (x=0 or 1).
Our computed lattice constants of pure TaN and TaC are
4.40 and 4.46 A, respectively, identical to the corresponding
experimental values.'® Similar to TiC,N;_.,'° the equilib-
rium lattice parameter of TaC,N;_, increases with the car-
bon fraction (x). By treating NaCl-type TaC\N,;_, as a
reaction product of TaC and TaN, we next define its forma-
tion energy, Efom, as follows:

Eform = ETac,N s bulk — XETac puik — (1 — X)Eanpuik, (1)

where ETaCle,A “bulks ETaC,bulk» and ETaN,bulk are the calculated
DFT energies per Ta atom of the bulk TaC,N,_, alloy, pure
TaC, and pure TaN, respectively. As also plotted in Fig. 2,
Eform and hence the stability of NaCl-type TaC.N;_,
increases with the carbon concentration (x) in a similar way
as the TiC,N;_, alloys. But the formation energy of
TaC.N;_, is not all negative for the alloy compositions con-
sidered. As Fig. 2 shows, TaCy»5Ny75 has a positive forma-
tion energy and hence tends to decompose. This finding is
consistent with the prior report that NaCl-type TaC.N;_,
will be stable when x> 0.4.""'” This phenomenon is prob-
ably due to the different equilibrium structures of TaN
(CoSn type) and TaC (NaCl type). TaC,N;_, with a high N
concentration is more likely to be stable in the CoSn-type
rather than NaCl-type structure. Although NaCl-type
TaCy,5Np.75 is a metastable phase, it is still informative to
investigate its surface stability and WF since the NaCl phase
could be obtained by specific synthesis techniques.'' Thus, all
five compositions mentioned earlier were considered for the
subsequent surface studies as described in Secs. IV and V.

To investigate the electronic structure change of a ter-
nary TaC,N;_, system when substituting carbon atoms for
nitrogen atoms, we have computed the total density of states
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FIG. 2. (Color online) Lattice constants and formation energies per Ta of
bulk TaC N, _, as a function of x.

(DOS) of TaC, TaCy5Nps, and TaN in Fig. 3. The overall
features are similar to those of previously published''"'® car-
bides and nitrides. We can clearly see from Fig. 3 that these
three compositions are all metallic and the DOS of
TaCysNpgs is a combination of the DOS of TaC and TaN.
Furthermore, the DOS at the Fermi level (Er) increases in
the sequence: TaC — TaN — TaC 5N s, consistent with the
prior theoretical findings.'"'® But we may note that in
experiment TaC was always more electrically conductive
than TaN, due to the fact that (1) the fabricated TaN is a mix-
ture of a semiconductor phase (i.e., TazNs) and a metallic
phase (i.e., NaCl-type TaN)>'>!? and (2) TaN is more likely
to incorporate oxygen by postdeposition air exposure.*’

IV. SURFACE ENERGY

We next focus on the energies of the (001), (110), and
(111) surfaces of TaC,N;_,. These three specific orientations
were considered as they are the normally observed ones.*?!
As Fig. 1 shows, the composition and stacking sequence of
the atomic planes are dependent on the bulk composition as
well as the orientation. Table I summarizes all the possible
stacking sequences along the three directions for a given
bulk composition we considered. Symmetric slabs with iden-
tical top and bottom surfaces were applied in our work to
study the properties of these possible surfaces. Among all
the considered surfaces, only the (001) and (110) surfaces of
TaN, TaC and TaCy 5Ny 5 are stoichiometric or nonpolar. All
other surfaces are polar and hence require the specification
of their surface energies in terms of the chemical potentials
of the elemental components,lo’22 as will be described in
detail in the following.

—— TaN
1——TaC_.N

0.5 0.5

DOS (states/eV)

Energy (eV)

FIG. 3. (Color online) The total density of states for bulk TaC, TaCy 5Ny,
and TaN metal alloys. The Fermi levels (Er) of the three are matched up by
shifting the DOS profiles.
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TABLE I. The stacking sequences of TaC,N; _, along the (001), (110), and
(111) directions.

Bulk composition

Direction x=0 x=0.25 x=0.5 x=0.75 x=1
<001> TaN TaC0,5N0,5 TaC0,5No,5 TaC0_5N0,5 TaC
and TaN TaN TaCy5Nos TaC TaC
(110) TaN TaCosNos  TaCosNos  TaCosNos TaC
TaN TaN TaCysNos TaC TaC

Ta Ta Ta Ta Ta

(111) N CN; CN C3N C

Ta Ta Ta Ta Ta

N CN; CN CsN C

The surface energy (og,r) can be computed based on
DFT calculations, as the following indicates:

Osurf = (Eslab - Ebulk)/2A7 (2)

where Eg., and Ey, are, respectively, the energies of the
slab and of the bulk material with the same number and type
of atoms as the slab. 2A stands for the total area of the top
and bottom surfaces. Eyyx could be expressed as

Ebulk = NTafiry + nclic + nNIN, 3)

where pr,, tc, and py are the chemical potentials of Ta, C,
and N atoms in bulk TaC,N;_,, respectively, and nr,, nc,
and ny are the number of Ta, C, and N atoms in the slab.

Since the DFT energy per Ta atom of the bulk TaC,N;_,
alloy, Etac,N, _,, bulk, could be written as

ETac,N_ bulk = fy + Xpic + (1 — ) py, “4)

the surface energy could be specified based on DFT energies
and uc and py as follows:

Osurt = {Estab — M1aETac,N,_, bulk — (RC — X114 e
— i — (1 = g} 24, )

J. Appl. Phys. 109, 083719 (2011)

We note that for a stoichiometric or nonpolar surface [in
which case nry:inc:ny = 1:x:(1 —x)] the surface energy is
uniquely specified and Eq. (5) could be simplified to

Ogurf — (Eslab - nTaETaC,\.Nl,,\.,bulk)/ZA~ (6)

However, for polar surfaces, the surface energy is a function
of uc and uy [cf. Eq. (5)]. By treating uc and py as free pa-
rameters, we could determine the surface energy of the
(001), (110), and (111) surfaces with various terminations
and bulk compositions and find out the lowest energy surface
for a given combination of puc and pn. This method has been
used here to determine the surface stability for the five
TaC,N,_, alloys, which is displayed in Fig. 4.

Moreover, we could further specify which surface is the
most expected one for a given bulk composition by noting
that the possible values uc and py can take for a stable ter-
nary alloy are limited by certain constraints.'®** To avoid
elemental or binary compound segregation from the
TaC.N;_, ternary, fir,, Uc, and py should satisfy the follow-
ing inequalities:

Hra < Hra bulk

He < He pulk

un < :uNg,gas/z
Hra + e < Hrac puik

Hra T UN < HUTaN pulk
3ptc + 4N < BeaN, bulks

(M

where Hrapbulks HMcbulks HMTaCbulk> HTaNbulk> HC3N, bulks and
[Ny, gas are the chemical potentials of bulk body-centered

cubic Ta, graphite, NaCl-type TaC and TaN, -C3Ny, and
gas phase N,, respectively.

The above-mentioned inequalities could be further
expressed as Eq. (8) with the following simplifications: (1)
eliminating fpr, from the above-mentioned inequalities
according to Eq. (4); (2) replacing the bulk chemical poten-
tials with the appropriate DFT energies by neglecting their
temperature, or T, dependence; (3) representing iy, 445 S
the sum of the DFT energy of N,, Ey,, and its chemical
potential change with temperature (7) and N, pressure
(Pxy): Aty gos (TP,

(111) CN, M) cN
(001)TaN  terminatéq fomie]  11001) TaCo,No
~ -terminated h / - '-termty /
)
z o i 119)T: / (001)TaC
11l M M (001)TaCysNys | 44 tern -terminated
(001) TaN-terminated (001)TaC, .N, -terminated (001)TaC
AL sNos 1
2t -12) -terminated 12| 12 -terminated /
43l (111)Ta-terminated _q3tterminaten, 4 . . 13 ; . ; ¢ 5 ¥
11 10 u;'(e\,)-!i -7 ETHED) u-csa(ev)-s 7 11 10 ﬂ:(eV)'s 7 - - 12(eV) E
(a) (b) (c) (d) (e)

FIG. 4. (Color online) Surface stability of TaC,N; _, alloy for (a) x=0, (b) x=0.25, (c) x=0.5, (d) x=0.75, and (e) x=1.0. The lowest energy surface for
each (uc, py) combination is indicated. The hatched area represents the allowed ranges of yi and py within which TaC,N,_, is stable to decomposition. In (a)
and (e), surface energies depend only on iy and yc, respectively. The upper boundary in (a) can shift based on the T and Py, .
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te < Ecpuik
JTNIRS [ENz + A:“Nz,gas(Ta PNz)]/2

3uc +4uy < EcyN, bulk
C N 3Ny (8)

Xpie 4+ (1 = X)un > Etac,N,_ buik — ETabulk
Ue — Hn < (Etac,N, , bulk — ETacpuik)/(x — 1)
Ue — Hy = (Etac,Ny , bulk — ETaN bulk)/X.

The inequalities in Eq. (8) bound uc and pn within the
hatched areas in Fig. 4 [with the exception of Fig. 4(b), as
discussed further in the following]. These are the “allowed”
(¢c and pn) combination for TaC, N _, to be stable to decom-
position. The surface stability for the five bulk compositions
[shown in Figs. 4(a)-4(e)] will be discussed in sequence.

As Fig. 4(a) represents, the upper boundary of the
allowed range for TaN shifts with temperature (7) and N,
pressure (Py,) in the same manner as TiN.' For example, it
may move upwards with the increase of Py, or the decrease
of T. Thus depending on the N, gas condition, the allowed
range of TaN could purely lie in (001) TaN-terminated region
or also cover (111) N-terminated region. In other words, the
dominant orientation for the stable TaN may change between
(001) and (111), which is in agreement with prior work by
Nie et al* By using reactive radio-frequency magnetron
sputtering, they successfully grew NaCl-type TaN films on
silicon substrates in various N,/Ar ratios (the total processing
ambient gas pressure was kept at 5.0 mTorr). They found that
when N, partial pressure increases from 15% to 30%, the
dominant orientation changes from (001) to (111).

Figure 4(b) indicates that TaCy,5Np75 is not stable to
decomposition (as already anticipated based on the results of
Fig. 2). This finding is different from what we found for
TiCp2sNo7s [stable over a certain chemical potential range
that favors (001) TiN-terminated surface]. Moreover, the
allowed chemical potential of TaCysNgs, similar to
TiCy 5Ny, falls entirely in (001) TaCy 5Ny s-terminated sur-
face [cf. Fig. 4(c)]. Figure 4(d) shows that TaC 75Ny.»s metal
alloy has a larger allowed range than TaC( 5Ny s and thus is
more stable. Similar to TiCy75Ng2s5, the stable surface for
TaCy75Np.»s metal alloy is (001) TaCy 5Ny s-terminated sur-
face. Finally, we can tell from Fig. 4(e) that the allowed

FIG. 5. (Color online) Schematic of the planar averaged potential, Viyg -,
for the bulk (dashed line) and surface (solid line). Er is the Fermi energy of
the bulk. The planar averaged potential for the surface is shifted so that it
matches with the bulk potential. The energy difference between the vacuum
level (D) and the bulk Fermi energy (EF) is the WF.

J. Appl. Phys. 109, 083719 (2011)
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FIG. 6. (Color online) Work function for all TaC,N,_, surface orientations
and terminations considered. The circled data correspond to the WF of the
stable surfaces.

range of TaC binary entirely falls in (001) TaC-terminated
surface. However, our prior knowledge for TiC indicates that
(001) TiC-terminated and (111) Ti-terminated surfaces could
both be stable in the allowed range of TiC binary. In sum,
the surface stability diagrams for TaC,N;_, and TiC,N;_,
are very similar, although there exist several interesting dis-
crepancies as discussed earlier.

V. WORK FUNCTION

Finally, we calculated the vacaum WF for each of the
above-considered surfaces. As WF is the energy required to
extract one electron out of the metal surface into the vacuum
region, it can be written as D — Ey, where D is the electro-
static potential in the vacuum region and E is the Fermi
energy of the metal (cf. Fig. 5). To avoid quantum size
effects,”* we applied the following procedure to determine
the WF.?>?® The planar averaged local electronic potential
(Viavg,-) normal to the surface and that of the corresponding
bulk along the same direction are calculated individually.
We found that two layers away from the surface the potential
already recovers the form of the bulk potential, although
shifted by a constant amount. By matching the two planar
averaged potentials and knowing the bulk Fermi energy rela-
tive to the bulk V,y, -, as schematically shown in Fig. 5, we
calculate the WF as the difference between the vacuum
energy (D) and the bulk Fermi energy (Er).

The computed WFs for all surfaces we considered are
collected and portrayed in Fig. 6. We note that the surface

TABLE II. Work functions for (001) surfaces of TaC, TaN, TiC, and TiN.

TaC TaN TiC TiN
Our work 3.80 3.30 455 3.20

Prior DFT 3.61° 3.45° 4.62° 3.25°
Experiment 4.3° 4,01 3.8° 2.92¢

“Reference 8.
PReference 9.
“Reference 27.
9Reference 30.
“Reference 29.
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TABLE III. Work functions for (001) defective surfaces of TaC, TaN, and
TiC.

TaC TaN TiC

Our work
(1) No surface vacancies 3.80 3.30 4.55
(2) 50% surface C or N vacancies 4.17 3.33 4.06
(3) 100% surface C or N vacancies 4.29 4.52 3.51
(4) 50% surface Ta or Ti vacancies 5.18 4.31 5.64
(5) 100% surface Ta or Ti vacancies 7.25 9.0 7.11

termination has a larger influence on the WF than the bulk
composition, which is similar to what we found for
TiC,N;_,. Among all the surfaces, the (111) surfaces, espe-
cially C,N;_,-terminated (111) surfaces, have a relatively
high WF. Based on the surface stability studies in Sec. IV,
we further circled the WFs for the stable surfaces of
TaC\N;_,. The WF for the (001) stable surfaces increases
monotonically from the pure TaN value of 3.3 eV to the pure
TaC value of 3.8 eV. As discussed before, depending on the
temperature and N, pressure, the dominant orientation of
TaN may change between (001) TaN-terminated and (111)
N-terminated surfaces with a WF of 3.3 and 5.5 eV, respec-
tively. Thus, the WF of TaN could be tuned to a large degree
by varying T and Py;,.

Table II lists the calculated WFs for the (001) surface of
TaC, TaN, TiC, and TiN. The predicted WF is in agreement
with prior DFT predictions in general. The important feature
of Table II is that all the DFT WFs are slightly off with
respect to the corresponding experimental values.”’ " For
example, DFT determinations are smaller than the experi-
mental values for (001) TaC and TaN, but larger than the ex-
perimental result for (001) TiC. In fact, such discrepancies
have been reported and explored before for the (001) TiC sur-
face by Price et al.” and Zhu er al.'® Both works indicate that
the carbon vacancies in experimental TiC samples were most
likely to be responsible for the difference between theory and
experiment.7 In order to explore this further, we calculated
the WF for (001) defective surfaces of TaC (TaN) with 100%
and 50% Ta or C (N) vacancies in the surface plane, as listed
in Table IIT (which also contains our prior results for TiC).
One of the interesting findings is that the surface vacancies
have a significant impact on the WF, especially for the Ta or
Ti vacancies. Furthermore, we note that any surface vacancy
(Ta, C, or N vacancy) is able to increase the WF of TaC and
TaN, which is different from TiC (carbon vacancies reduce
the WF). When 50% C vacancies were introduced to a perfect
(001) surface of TaC, the WF would increase by 0.37 eV (cf.
Table III), in agreement with the prior experimental studies
by Gruzalski et al.*® On the other hand, the WF for the (001)
surface of TiC would decrease by 0.49 eV when the surface
carbon vacancy concentration increases from 0% to 50%.'°
This finding explains why the experimental determinations
for TaC and TaN (TiC) are larger (smaller) than DFT results.

VL. CONCLUSION

We have applied DFT calculations to study the bulk and
surface properties of ordered TaC,N,_, alloys for several

J. Appl. Phys. 109, 083719 (2011)

carbon concentrations (x). The results of this work could be
summarized as follows:

* The stability of NaCl-type TaC,N,_, ternary to decompo-
sition to TaC and TaN will increase with the carbon con-
centration (x).

e Through computing the chemical potential dependent
surface energy and determining the allowed (uc, py)
combination for stable alloys, we have determined the
most probable terminations for TaC,N;_,, except for
TaCy,5Np75 (for which no allowed range of chemical
potentials exist). Depending on the N, condition, the stable
termination for TaN could be (001) TaN-terminated non-
polar surface or (111) N-terminated polar surface. For
TaCysTaCys, TaCgy75Np2s, and TaC alloys, the favored
termination is (001) TaCys5Ng s, TaCy75Ng.5, and TaC ter-
minated, respectively.

* WF studies on TaC,N;_, reveal that the WF of these (001)
stable surfaces increases monotonically from the pure TaN
value of 3.3 eV to the pure TaC value of 3.8 eV. However,
this variation is far surpassed by its dependence on the sur-
face orientation and defect density (regardless of the alloy
composition).

 The discrepancy between WF obtained from DFT calcula-
tions and that from experiment for TaC, TaN, and TiC is
analyzed. The vacancies in experimental samples were
most likely responsible for this discrepancy.

* Work function “tuning” may be accomplished by suitably
controlling the surface chemistry for any stable TaC N;_,
alloy composition.
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