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Chemical Potential Gradient Induced Formation of Kirkendall Voids 
at Epitaxial TiN/MgO Interface 

Xiaoman Zhang,1 W. J. Meng,1 Andrew C. Meng2 
We report the observation of Kirkendall voids at the epitaxial titanium nitride (TiN)/magnesium oxide(MgO)(001) interface. 

While epitaxial growth of TiN on MgO has been known for years, many reports show a perfectly sharp epitaxial interface. 

Because TiN is a prototypical diffusion barrier material, observing the consequence of rapid diffusion at a TiN interface is 

interesting. Structural characterization of the interface using x-ray diffraction and electron microscopy confirms the diffuse 

nature of the interface. Rectangular voids that form at the TiN/MgO(001) interface and extend into both TiN and MgO result 

from a large chemical potential gradient at the interface, which contributes a strong chemical driving force for diffusion. The 

spatial localization of the observed voids is limited to within ~10 nm from the interface, consistent with a chemical potential 

gradient driving force. A composition gradient on the nanometer scale is also observed. Observation of Kirkendall voids at 

this nitride/oxide interface suggests possibilities for engineering oxygen and nitrogen vacancies at thin film interfaces. 

Introduction 

Nitride/oxide interfaces have been studied for many 

applications in electronics. Their chemistry is relevant to wide 

ranging materials systems from oxide gate dielectrics on nitride 

semiconductors,1-6 oxynitride gate dielectrics on silicon and 

germanium,7, 8 and nanowire heterostructures.9-11 There have 

been many recent studies on interfaces between titanium 

nitride and oxides due to the widespread use of titanium nitride 

(TiN) as a bottom electrode for metal/oxide/metal functional 

devices for resistive12, 13 and ferroelectric1-3 random access 

memory applications. Some device performance improvements 

are attributed to the presence of TiN, and there are studies 

focusing on structural characterization that suggest that TiN 

plays a role in crystallization of and ferroelectric behavior of 

hafnium oxide films,2, 4, 14 and can influence crystallographic 

texture.5 The strong influence of vacancies on the electrical 

properties of many functional oxides15-17 means that an 

understanding of vacancy behavior at nitride/oxide interfaces 

may prove useful for tunable control over functional properties, 

particular when the oxide film is very thin such as in highly 

scaled random-access memory devices.18, 19 Here, we study TiN 

thin films grown epitaxially on magnesium oxide (MgO) 

substrates as a controlled model system to examine the 

influence of chemical driving forces at the interface. 

 

The TiN/MgO system has been studied since the 1980s,20, 21 and 

it is well known that TiN can be epitaxially grown using reactive 

sputtering.22, 23 TiN and MgO are isostructural, both having the 

halite structure, and have a bulk lattice mismatch of less than 

1%.24 There are combined experiment and simulation studies 

consistent with cation-anion bonding (e.g. Ti-O and Mg-N) at 

the interface,25, 26 and solid-state interfacial reactions for 

formation of the spinel phase or other compounds are 

known.27-29 Thus, the chemical interaction between the nitride 

and oxide is non-negligible. Oxygen contamination in TiN is well-

known,30 and Ti is also known to form oxynitrides,31, 32 so there 

are potentially other competing interfacial processes as well. On 

the other hand, there are many reports arguing that the 

epitaxial TiN/MgO interface is sharp, as evidenced by 

Scanning/Transmission Electron Microscope (S/TEM) imaging at 

atomic resolution in films grown by both pulsed laser deposition 

and reactive sputtering and for growth temperatures as high as 

800 °C.33-35 Such reports imply that interactions between TiN 

and MgO do not interfere with binding sufficiently to cause 

significant atom migration. This apparent paradox could be 

rationalized in several ways: 1) growth conditions can be varied 

to limit the kinetic processes related to diffusional mixing at the 

interface; 2) differences in as-grown vacancy concentrations 

could influence chemical potential gradient induced diffusion at 

the interface; 3) the appearance of sharp contrast at an 

interface in TEM or STEM images does not guarantee that the 

interfacial composition profile is atomically sharp. 

 

Here, we report epitaxial growth of TiN films on MgO (001) 

using reactive sputtering. Epitaxy is confirmed through X-ray 

diffraction (XRD). Structural characterization of the interface is 

performed using TEM, STEM, and energy dispersive X-ray 

spectroscopy (EDS) compositional mapping. Although upon first 
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observation, many regions of the interface appear perfectly 

sharp through imaging techniques, we observe regularly spaced 

rectangular Kirkendall voids in as-grown TiN/MgO(001) 

specimens that extend from the TiN film into the MgO 

substrate. This observation and the observation of a graded 

interfacial composition profile are consistent with atom 

migration due to imbalanced diffusion during growth. The atom 

migration process at the interface could potentially be used to 

intentionally generate vacancies at nitride-oxide interfaces in 

an epitaxial multilayer structure. It is also important to note that 

interactions at the heteroepitaxial interface not only include 

chemical driving forces for diffusion, but also misfit strain. 

Experimental 

TiN films were deposited using reactive magnetron sputtering 
in a custom-built ultra-high-vacuum (UHV) system with a base 
pressure below 5 × 10-10 Torr. The growth chamber, which is 
pumped by a turbomolecular pump (Pfeiffer HiPace 800) and a 
cryogenic pump (Marathon® CP-8), is connected to a load-lock 
that is also pumped by a turbomolecular pump (Pfeiffer HiPace 
300). MgO(001) substrates were purchased from the MTI 
Corporation, degreased in acetone and ethanol, and finally 
cleaned by annealing in the growth chamber prior to growth. Si 
targets (75mm diameter, 99.95 at%) and Ti targets (75 mm 
diameter, 99.95 at%) are used. During TiN film growth, the MgO 
substrate was heated radiatively from the back side using a SiC 
electric heater. Because the MgO substrate is transparent, a Si 
film was deposited separately at room temperature onto its 
back side to act as a heat susceptor prior to it being loaded into 
the growth chamber. The temperature of a separate Si 
substrate was measured using direct optical access infrared 
pyrometry, with the emissivity of Si set at 0.68. The 
temperature was simultaneously read from a thermocouple 
placed in close proximity of the substrate, and the calibrated 
thermocouple reading was subsequently used to indicate the 
substrate temperature during actual growth runs. Growths 
were carried out at ~850°C in an Ar/N2 mixture with a total 
pressure of ~4.5 mTorr, with two Ti targets operated in the dc 
mode at 1.65 A. The gas input flow rates were 20.0 and 6.5 sccm 
for Ar (99.999%+) and N2 (99.999%+), respectively. A substrate 
bias of -40 V was used. After growth, specimens were cooled to 

room temperature before being transferred out of the growth 
system. 
 
X-ray diffraction (XRD) data were collected on a PANalytical 
Empyrean instrument using monochromated Cu Kα1 radiation 
via a 2 crystal Ge(220) 4-bounce monochromator. Samples were 

mounted on a --x-y-z stage, allowing symmetric /2, 

asymmetric , and  rocking curve scans to be performed. Scan 
rates of 0.18 deg/s, 1 deg/s, and 0.5 deg/s, and scan steps of 

0.05 deg, 1 deg, and 0.01 deg, were used for /2, , and  
scans, respectively. Scattered x-rays were collected using a 
PIXcel 3D detector. Transmission electron microscopy (TEM) 
samples were prepared using a ThermoFisher Helios G4 Xe+ 
plasma focused ion beam/scanning electron microscope 
(PFIB/SEM). Electron beam induced deposition of Pt, followed 
by ion beam induced deposition of Pt was used to protect the 
sample from the ion beam. The sample was thinned at 
successively lower accelerating voltages, with final thinning 
performed at 2 kV. S/TEM experiments were performed in a 
double aberration corrected ThermoFisher Spectra 300 S/TEM 
instrument. HAADF STEM images were acquired with 21 mrad 
convergence angle and 32 pA probe current. The microscope is 
equipped with Super-X silicon drift detectors (SDD) for EDS with 
0.7 sr solid angle. For acquisition of drift-corrected STEM-EDS 
maps, 80 pA probe current was used. Integrated differential 
phase contrast (iDPC) STEM images were collected using a 
segmented STEM detector. 

Results and Discussion 

To confirm the epitaxial relationship between the TiN film and 
the MgO substrate, XRD is used. Figure 1a shows a typical θ/2θ 
symmetric scan. In addition to the (002) family of MgO 
substrate peaks, all TiN reflections can be indexed to those of 
the (002) family. The off-axis asymmetric φ-scans shown in Fig. 
1b show that the (204) reflections of the TiN film are aligned 
with the (204) reflections of the MgO substrate. The ω rocking 
curves, shown in Figure 1c, indicate a full-width-at-half-
maximum (FWHM) of 0.05° for the MgO substrate and 0.11° for 
the TiN film. The data shown in Fig. 1 indicate that the TiN film 
is grown epitaxially on the MgO(001) substrate with a cube-on-
cube orientation relationship, with TiN (001) ‖ MgO (001) out-
of-plane and TiN [100] ‖ MgO [100] in-plane. 
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Figure 1. XRD (a) θ-2θ scan, (b) off-axis asymmetric φ-scan, and (c) ω-scan of one TiN thin film grown on a MgO (001) 

substrate. 
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The structure of the epitaxial TiN/MgO (001) interface is first 
characterized using TEM and STEM imaging. At low 

magnification, the substrate and the film are easily 
distinguished in both the TEM image (Fig. 2a) and the high angle 

Figure 2. Low magnification cross-sectional TEM (a-b) images, STEM(c-d) images, and STEM EDS (e) maps and (f) line scan. The 

red regions of interest highlight rectangular regions of brighter contrast in TEM (b) and darker contrast in STEM (d). 

Figure 3. (a) A HRTEM image of the TiN/MgO (001) interface; (b) 5× Inset of a); (c/d) HAADF STEM images of the TiN/MgO(001) interface; 

the small trapezoidal region with a darker contrast in STEM is consistent with a void in both the (e) HAADF STEM image and the (f) iDPC 

STEM image. 
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annular dark field (HAADF) STEM image (Fig. 2c). At low 
magnification, the TEM image (Fig. 2a) shows bend contour 
diffraction contrast and the HAADF STEM image (Fig. 2c) is 
relatively featureless. As the films are grown at 850°C under low 
substrate bias (-40V), the contrast in the low magnification TEM 
and STEM images indicates that polyhedral nitrogen bubbles 
typically observed in sputtered TiN films under high substrate 
bias (< -300 V) and low temperatures below 800°C are not 
observed, consistent with previous reports that such bubbles do 
not form for growth temperatures of 800°C and higher.36 At 
higher magnification, small rectangles are observed at the 
TiN/MgO interface in both the TEM image (Fig. 2b) and HAADF 
STEM image (Fig. 2d). In the TEM image, these rectangles have 
a brighter contrast, while in the HAADF STEM image, they have 
a darker contrast. Diffraction contrast in the TEM image 
indicates that fewer electrons are scattered in these rectangular 
regions; mass-thickness contrast in the HAADF STEM image 
indicates that there is less material in these rectangular regions. 
Both imaging modes indicate consistently that these 
rectangular regions have less material than their surrounding 
regions. 
 
Aberration corrected high resolution TEM (HRTEM) and 
aberration corrected STEM imaging is used to characterize the 
TiN/MgO(001) interface at the atomic scale. The rectangular 
regions span the TiN/MgO interface with one surface in TiN and 
the diametrically opposed surface in MgO (Fig. 3). Phase 
contrast shows continuous lattice fringes throughout the 
rectangular regions (Figs. 3a, 3b), consistent with the 
observation of atomic columns in the HAADF STEM images (Figs. 
3c, 3d). The lattice fringes in the rectangular regions are slightly 
brighter than those in the surrounding areas (Figs. 3a, 3b). In the 
HAADF STEM images, the atomic columns are darker in the 

rectangular regions than in the surrounding areas (Figs. 3c, 3d). 
Such contrast is consistent with the observations at low 
magnification (Fig. 2). An integrated differential phase contrast 
(iDPC) STEM image (Fig. 3f) shows improved contrast from low 
atomic number elements such as oxygen and nitrogen by using 
a segmented dark field detector. Focusing on a region with 
reduced mass thickness at the interface (Fig. 3e), iDPC imaging 
observes that the region consists of faceted triangular 
subregions. In comparison, this contrast is not visible in the 
HAADF STEM image of the same region (Fig. 3e). 
 
Elemental composition mapping is performed using STEM-EDS 
(Fig. 4 a-f). Here we note that the region in Fig. 4 is not the same 
as the one in Fig. 3. On the 10 nm scale, the interface is not 
sharp: oxygen signal in the TiN film is consistent with some 
diffusive mixing. The rectangular region shows a significantly 
lower count of characteristic X-rays, consistent with a 
decreased amount of material due to a void. A line-scan of the 
region in Fig. 4a is given in Fig. 4f and shows compositional 
grading at the interface consistent with interdiffusion. At the 
atomic scale, an EDS map of a region of the interface without a 
void shows significant compositional grading on the nm scale 
(Fig. 5). Ti and Mg compositions vary significantly over an 
approximately 1 nm distance, while N and O compositions vary 
over a significantly larger distance. The composition in the TiN 
region ~4.5 nm away from the interface is approximately 50 at% 
Ti, 20 at% N, and 20 at% O (bal. Mg). Similarly, the composition 
in the MgO region ~4 nm away from the interface is 
approximately 50 at% Mg, 40 at% O, and 5 at% N (bal. Ti) (Fig. 
5b). While atomic columns are visible in the Ti and Mg EDS maps 
(Figs. 5c and 5e), they are not in the N and O EDS maps (Figs. 5d 
and 5f). There are two factors that contribute to this: first, lower 
Z elements generate fewer x-rays, resulting in a smaller signal 

Figure 4. (a) HAADF STEM image of voids at the TiN/MgO (001) interface, and EDS maps for (b) Ti, (c) N, (d) Mg, (e) O signals, 

and (f) STEM EDS line scan through void region. 
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to noise ratio in the EDS data; second, N and O likely diffuse 
faster than Ti and Mg, resulting in more disorder in the anion 
sublattice. 
 
Electrical properties of an epitaxial TiN film were measured 
using the Transmission Line Model method, and the results are 
shown in Fig. 6.37, 38 Using contact spacings of 2 mm, 4 mm, and 
6 mm, resistances of 8.09Ω, 8.90Ω, and 10.06Ω are measured, 
respectively (Fig. 6b) using Rh probes (250 µm diameter, 
Nextron Corp.). Fitting the contact resistance (Fig. 6c) and using 
the formula for the conductivity between two circular contacts 
at the rim of a disk39 yields a resistivity of 53.7 µΩ cm for the TiN 
film. The result is on the low side of reported resistivities of 
sputtered TiN as-grown, which range from 30 µΩ cm to 170 µΩ 
cm.40, 41 

While there are reports of polyhedral gas bubble precipitates in 
sputtered TiN films throughout the bulk film,36 these are only 
observed under high substrate bias (Vs < -300V) for growth 
temperatures less than 800°C. As the growths for the current 
work are conducted at higher temperatures under lower 
substrate bias (-40V), it is likely that a different mechanism 
dominates. Another proposed mechanism is that polyhedral 
voids can be attributed to low adatom mobility conditions that 
promote atomic self-shadowing; this has been observed in 
TiN/NbN superlattice structures.42 The present results, 
combined, show clear evidence of rectangular voids at the 
epitaxial TiN/MgO (001) interface. Coupled with the 
observation of a diffuse interface, this is consistent with 
imbalanced diffusion between TiN and MgO during growth. As 
TiN is a well-known diffusion barrier and MgO is a refractory 

Figure 5. (a) A HAADF STEM image of the TiN/MgO interface, (b) atomic resolution STEM EDS line scan at TiN/MgO interface and EDS 

maps for c) Ti, d) N, e) Mg, and f) O signals 

Figure 6. (a) Epitaxial TiN film on Mg (001): red circles indicate electrical contact positions, black circle indicates the center of the sample. 

Transmission line model (b) current-voltage characteristics as a function of contact spacing and (c) contact resistance fitting 
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ceramic, this may seem somewhat surprising. To rationalize the 
present observation, consider that the driving force for 
diffusion is a chemical potential gradient. Simulations 
consistent with Ti-O and Mg-N bonding at the interface25, 26 then 
suggest that differences in Ti-O and Ti-N or Mg-O and Mg-N 
bond enthalpies could potentially lead to enthalpy of mixing 
interactions that influence chemical interdiffusion. Likely there 
are a combination of effects including modulations in surface 
adatom mobility and imbalanced diffusion at the interface that 
result in voids at the TiN/MgO interface. While diffuse 
composition changes at the interface are consistent with 
imbalanced diffusion, rectangular faceted voids suggest 
concurrent nucleation and growth of vacancy clusters at the 
interface that is influenced by anisotropy. On the other hand, 
we note that Kirkendall voids at epitaxial interfaces have been 
observed in a number of different material systems, including 
Cu(In,Ga)Se2/GaAs,43 CaSi2/Si,44 and ZnO/Si.45 
 
Alternatively, considering that the microscopic mechanism(s) 
for atom migration in the TiN-MgO system is likely vacancy 
mediated, asymmetries in vacancy migration at or across the 
interface will generate imbalanced atom fluxes that will lead to 
the formation of Kirkendall voids. As a larger volume fraction of 
the voids is located in the TiN film side as compared to the MgO 
substrate side, the present data indicate a positive vacancy flux 
from the MgO substrate side towards the TiN film side. 
Conservation of lattice sites indicates that atomic flux from the 
TiN film side towards the MgO substrate side is greater than 
that from the substrate towards the film. In the literature, 
formation of Kirkendall voids during TiO2 nanorod nitridation 
into oxynitride is known.46 At the interface between TiO2 and 
TiN1-xOx, the atomic flux points from the nitrogen rich region 
towards the oxide, consistent with an O diffusion rate that is 
greater than that of N. Our data shows the opposite—atomic 
flux points from the oxide towards the nitride. There are two 
possibilities, 1) the relative rates of O and N diffusion in the 
TiN/MgO system are reversed compared to that in the TiN1-

xOx/TiO2 system, or 2) the Mg diffusion rate is greater than that 
of Ti in the TiN/MgO system and this difference dominates the 
behavior at the interface. A combination of these effects is also 
possible. The second possibility is supported by the present 
STEM-EDS data: the Mg and Ti concentration profiles in Fig. 5b 
show that the Ti concentration decays slightly more (~ 50 at% 
to ~23 at%) than the Mg composition increases (~0 at% to 18 
at%) over a distance of 4 nm. This distance, while arbitrary, was 
chosen so that the region of interest falls almost entirely in the 
TiN film in order to avoid complications from differences in 
diffusivity in TiN and MgO. Here, noting that MgO and TiN are 
ionic and mixed ionic/covalent compounds, the small ionic 
radius of Mg compared to the atomic radius of Ti is consistent 
with the observation of faster diffusion of Mg compared to Ti. 
 
One subtlety is that it is likely more difficult to increase the void 
concentration at the interface than it is to decrease it because 
low growth temperatures in combination with low substrate 
bias limit both diffusion and gas bubble formation.36 There are 
previous reports of spinel formation at the TiN/MgO interface 
when the growth temperature is greater than 800 °C or when 
specimens are post-annealed at 850 °C.28, 36 Interestingly, no 
spinel formation is observed as might be expected for the 
growth temperature (850 °C), even though no post-growth 
anneal is performed. As spinel formation depends on the 

kinetics of the solid-state reaction, the shorter growth duration 
needed for the low thickness of the present TiN film (~300 nm) 
as compared to that for the previous reports (for growing a ~2 
μm thick TiN film)36 where spinel formation was observed may 
be in part responsible for this difference. At high growth 
temperature and low substrate bias, vacancy diffusion kinetics 
driven by the sharp chemical potential gradient at the interface 
control dynamics of void formation. To avoid void formation, 
low growth temperature and low substrate bias may be used. 36 
 
Nitrogen and oxygen vacancies play an important role in 
electrical conductivity of nitrides47 and oxides,48 respectively. 
For optoelectronic devices with nitride or oxide active 
materials, controlling vacancies at the nitride-oxide interface 
could potentially be used to tune device behavior. For example, 
vacancies could be intentionally clustered at an interface in a 
multilayer structure to generate a 2D layer with vacancies acting 
as charge carriers analogous to a 2D electron gas. Separately, 
nitride-oxide interfaces could be designed through doping to 
minimize chemical interaction induced void formation either by 
reducing the magnitude of the enthalpy of mixing or by 
balancing diffusion of atoms across the interface to prevent 
vacancy buildup. This could be important in reducing defects in 
heteroepitaxial nitride films where crystallographic defects 
arising from the foreign substrate can have deleterious effects 
for functional behavior. 

Conclusions 

We report combined structural characterization from XRD, 

TEM, and STEM-EDS of epitaxial TiN films on MgO (001) 

substrates grown by reactive dc magnetron sputtering. 

Characterization of the TiN/MgO (001) interface indicates the 

presence of nanoscale, rectangular Kirkendall voids. While this 

material system has been well-studied since the 1980s, and 

interfacial reactions at the interface of epitaxial TiN films on 

MgO are known, our observations of void formation consistent 

with chemically driven imbalanced diffusion suggest the 

potential to tune electrical properties of, for example, 

functional oxide semiconductors, grown on TiN electrodes by 

modulating vacancy concentration. While investigation of the 

dynamics of the epitaxial interface under growth conditions 

using in-situ TEM could prove promising, there are significant 

challenges to replicating high temperature sputter deposition 

conditions in existing commercial TEM gas cells. The 

observation of Kirkendall voids despite TiN being a prototypical 

diffusion barrier material reinforce the strong chemical nature 

of the driving force at the interface. There is a potential to 

leverage these chemical interactions on TiN from a materials 

design perspective as well, for example, engineering oxygen and 

nitrogen vacancies in superlattice structures. 
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