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Mechanisms of nonstoichiometry in HfN,_,
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(Received 17 June 2009; accepted 27 August 2009; published online 16 October 2009)

Density functional theory is used to calculate defect structures that can accommodate
nonstoichiometry in hafnium nitride: HfN;_,, 0= X =0.25. It is predicted that a mechanism
assuming simple distributions of nitrogen vacancies can accurately describe the variation in the
experimentally observed lattice parameter with respect to the nitrogen nonstoichiometry. Although
the lattice parameter changes are remarkably small across the whole nonstoichiometry range, the
variations in the bulk modulus are much greater. © 2009 American Institute of Physics.

[doi:10.1063/1.3236669]

I. INTRODUCTION

The scaling of complementary metal-oxide-semi-
conductor technology has led to the conventional
poly-Si/SiO, gate stack, which unfortunately experiences
excessive gate leakage currents and the polydepletion effect.’
There is consequently a need to replace existing materials
with materials of superior performance.%12 The use of
metal/high-k gate stacks such as TaN/HfN/HfO, has been
proposed as a solution to these problems.1 Nitrogen deficient
hafnium nitride (HfN,_,) is a material with good thermal and
electrical conductivity and would therefore be potentially
useful in many technological applications,13 particularly as a
gate metal as its work function can be tuned with respect to
composition.14

In recent density functional theory (DFT) studies, the
structure and defect chemistry of stoichiometric uranium ni-
trides (UN, U,N;, and UN,) as well as nitrogen deficient
titanium nitride (TiN,_,) and zirconium nitride (ZrN,_,)
were predicted and compared to the available experimental
data (see Refs. 15 and 16, and references therein). The aim of
the present study is to identify, with the use of similar elec-
tronic structure calculations, the mechanism that accommo-
dates N deficiency stoichiometry and the effect of this on the
structure and properties of HfN_,.

Il. THEORETICAL METHODOLOGY

Calculations were performed using the plane wave DFT
code CASTEP.'”'® The generalized gradient approximation
corrected density functional of Perdew and Wang (PW91)
(Ref. 19) was employed to describe exchange and correlation
interactions in conjunction with ultrasoft pseudopotentials.20
The plane wave basis set cutoff was 450 eV in conjunction
with a Monkhorst—Pack grid with a k-point spacing of
0.04 A~! (Ref. 21). The supercells contained up to 32 atomic
sites. This approach has been established by comparing re-
sults for both nitrides and other materials, to experi-
ments, 62224

The concentration of the nitrogen vacancies (Vy) was
adjusted by removing a N atom from the cubic unit cell of

“Electronic mail: alexander.chroneos @imperial.ac.uk.
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HfN (i.e. HfyN3) and supercells of the perfect cubic unit cell
(a2X1X1 cell, HiN5, or a 2 X2 X 1 cell Hf|(N5). Alterna-
tively multiple Vy are removed from a single supercell,
which provides additional defect configurations. Figure 1 il-
lustrates a 2 X 1 X 1 supercell and the multiple distinct con-
figurations of two Vy defects. For every configuration i, the
energy minimized lattice parameters (a;, b;, and ¢;) and lat-
tice energy E; can be used to calculate a configurationally
averaged lattice parameter:

- Eni[e_AEi/kBT(ai A bi . Ci)l/S]
Sn,- o~ ME kgl >

(1)

where kg is Boltzmann’s constant, n; is the degeneracy (i.e.
number of symmetry identical ways to arrange the defects in
the cell), and T is the temperature. Using Eq. (1) we can
effectively average over a number of ordered distributions
and predict the effect that a distribution of defects has in
hafnium nitride.

The supercell sizes used in this calculation are necessar-
ily small to make the simulations computationally tractable.
The predicted energy required to remove a single nitrogen
atom from the crystal to infinity for the largest and second
largest supercell sizes (2 X2 X 1 and 2 X 1 X 1, respectively)

o2y

FIG. 1. (Color online) Possible divacancy configurations in a HfgNg super-
cell, where blue spheres represent Hf and green spheres N. A single vacancy
(shown as a red cube) can be placed at any N site, the second vacancy may
be centered at either site A, B, C, or D. Only these four second vacancy
configurations give rise to symmetrically distinct divacancy configurations.

© 2009 American Institute of Physics
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differed by 1.6%. The interaction of the defects with periodic
images of themselves is therefore not entirely negligible.
However the use of configurationally averaged values over a
sample of nearest and next nearest neighbor configurations
(of which the periodic images may form part) is expected to
accurately account for the effects of defect image interac-
tions for a given stoichiometry.

lll. RESULTS AND DISCUSSION

The DFT approach predicts the lattice parameter of stoi-
chiometric HfN to be 4.644 A compared to a reported lattice
parameter for hafnium nitride (of unspecified stoichiometry)
of 4.525 A.»% Similarly, the bulk modulus is predicted to be
280 GPa compared to an experimental value of 306 GPa.”’
Using a similar DFT approach, Zhao and wu? predicted that
the rock salt structure of HfN is the most thermodynamically
stable. Consistently with the study of Zhao and wu?® we
predict that HfN is metallic.

Nonstoichiometry can have a significant impact on the
physical properties of materials and has been systematically
studied in oxides but less so in nitrides.'® Nonstoichiometry
in HfN,_, can be accommodated by three distinct mecha-
nisms. The first involves Vi and in what follows, will be
termed the vacancy mechanism,

1
Ny — Vn+ ENZ’ (2)
where N, represents a molecule of N liberated by the reac-
tion. The second mechanism, the interstitial mechanism, in-
volves the formation of Hf interstitial defects, Hf;,

1
HIN — Hf; + N, (3)

The third mechanism involves the formation of antisite de-
fects, which are common and important in semiconductors
(for example in GaSb, Refs. 29 and 30, and references
therein) and oxides (for example in MgAl,O,4, Ref. 31 and
references therein). So that, if Hfy represents a Hf atom ac-
commodated at a N lattice site,

HfN+NN*>HfN+N2. (4)

Figure 2(a) presents the predicted lattice parameter of
HfN,_, as a function of composition for all three mecha-
nisms. The vacancy mechanism in particular shows only a
small change in lattice parameter as a function of nitrogen
deficiency. It has previously been established experimentally
that the rock salt structured nitrides ZrN and TiN can accom-
modate substantial nitrogen deficient nonstoichiometry with
only limited effect on their lattice parameter (see for example
Ref. 32 and references therein). DFT simulations of ZrN and
TiN nonstoichiometry also showed only a small change in
lattice parameter with the vacancy mediated mechanism. '®
Here there is only one established experimental lattice pa-
rameter for a nonstoichiometric composition, that is for
HfN 74, which shows a reduction in lattice parameter of only
0.006 A compared to stoichiometric HfN 2 As with ZrN,|_,
and TiN,_, only the vacancy mechanism can reproduce this
observation. This implies that nonstoichiometry in HfN,_, is

J. Appl. Phys. 106, 083502 (2009)
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FIG. 2. (a) Lattice parameter dependence on the nonstoichiometry for the
vacancy, interstitial, and antisite defect mechanisms in HfN,_, and (b) lattice
parameter dependence for the vacancy mechanism including alternate
configurations.

accommodated by a vacancy mediated mechanism in a simi-
lar manner to other nonstoichiometric nitrides, that is TiN;_,
and ZrN_,.

Figure 2(b) shows in more detail the dependence of the
lattice parameter as a function of composition in HfN,_, as-
suming the vacancy mechanism and including alternate con-
figurations. It is clear that at x=0.125 and x=0.25 there are a
significant number of Vy configurations that can potentially
accommodate the nonstoichiometry, each causing only a
small reduction in lattice parameter. This is because Hf at-
oms that are nearest neighbor to a vacancy relax inwardly
toward the vacant nitrogen site by only 0.037 A while the
second nearest neighbor N atoms relax away from the defect
site by only 0.024 A. This relaxation is remarkably small
compared to, for example, equivalent processes in oxides
with the same crystal structure (for example 0.2 A relaxation
of Mg?* away from an oxygen vacancy in MgO, Ref. 33) or
in diamond structure semiconductor materials (for example
0.46 A relaxation of Ge atoms toward a Ge vacancy in ger-
manium, Ref. 34). Furthermore, in the case of HfN, the lat-
tice parameters generated for the various configurations are

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



083502-3 Ashley et al.
09 N, evolution |
0.8 Hf excess X
E 0.7 1
> 06 r |
o
g 0.5 1
S 04f 1
§ 03} i
g 02t 1
2 01} i
o
-0.1 : ‘ \ ‘
0 0.05 0.1 0.15 0.2 0.25

Composition x, HfN;_,

FIG. 3. (Color online) The formation enthalpy of nonstoichiometric HfN,_,
with respect to either the evolution of N, gas [Eq. (5)] or addition of excess
Hf metal [Eq. (6)].

remarkably similar. The energy difference between various
configurations can be up to 0.39 eV. Although for most con-
figurations there is remarkably little variation in the pre-
dicted energies, within 0.02 eV for the most energetically
favorable configurations. As a result, at ambient temperatures
and above we do not predict significant clustering of nitrogen
vacancies, nor at high concentrations of nitrogen vacancies
do we expect significant ordering of the defects. The present
study provides a first insight into the disorder processes of
HIN,_,.

Having identified the dominant mechanism by which ni-
trogen deficient stoichiometry is accommodated in HfN, we
now examine the energetics of such processes. To achieve
this we consider the formation enthalpy of nonstoichiometric
HfN from one of two chemical reference processes: evolu-
tion of nitrogen gas or the addition of excess Hf metal. The
equations for these processes are

X
HfN — HfN,_ + ENZ, (5)

for the nitrogen evolution, and
(1 = x)HfN + xHf — HfN,_,, (6)

for addition of excess Hf metal.

Figure 3 shows the predicted formation enthalpies for
each of these processes. While there is no gain in enthalpy to
form a nonstoichiometric composition from a stoichiometric
material by the evolution of N, gas, there is a clear enthalpy
gain for the reaction of stoichiometric HfN with excess Hf
metal up to a composition of HfNj g7s.

Despite the small effect on lattice parameter, nonstoichi-
ometry could still have a significant effect on the mechanical
properties of hafnium nitride. Mechanical properties can be
especially important when considering the stability of thin
films, such as those required for the formation of
metal/high-k gate stacks for microelectronic devices. Here
we have considered the effect of nonstoichiometry on the
bulk modulus of HfN,_, (see Fig. 4). This figure shows that
the predicted changes to the bulk modulus are significant.
The results can be used to generate a relationship for the bulk
modulus of nonstoichiometric HfN,_, (i.e. BHfN]_X),

J. Appl. Phys. 106, 083502 (2009)
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FIG. 4. Dependence of the bulk modulus on nonstoichiometry in HfN,_,.

BHle—X = BHfN + CYA.X + B(Ax)z, (7)

where By is the bulk modulus of HfN, Ax is the change in
composition x; « and B are constants predicted to be —237.7
and 290.9, respectively. Using Eq. (7) the bulk modulus can
be predicted for any composition within the range 0= X
=0.25.

IV. CONCLUSIONS

In summary, HfN;_, can accommodate an extensive
range of nonstoichiometry that has a significant influence on
properties such as the density and the bulk modulus but sur-
prisingly little effect on lattice parameter. It is predicted that
the only mechanism of nitrogen deficient nonstoichiometry
in HfN,_, that can explain lattice parameter variation in-
volves the formation of Vy. Predicting the effect of nonsto-
ichiometry on the lattice parameter and the density, which
have an impact on the work function of the gate metal, can
aid in the design of more efficient metal/high-k gate stacks
for microelectronic devices.
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