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Growth of Epitaxial TiN (111) Thin Films with Low Resistivity on Si (111)
by Crossed-Beam Pulsed Laser Deposition

Sukill KANG*

Institute of Photonics, FElectronics, and Information,
Department of Physics, Chonbuk National University, Jeonju 54896, Korea

C. M. ROULEAU
Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

(Received 25 May 2017, in final form 31 May 2017)

Titanium nitride (TiN) thin films were grown epitaxially on Si (111) substrates by reactive pulsed
laser deposition. Substrate temperatures ranged from 550 to 950 °C while plume kinetic energies
ranged from 46 to 154 eV. Quality of the grown films depended strongly on kinetic energy of the
films than the growth temperatures. High quality film was grown at 750 °C with a laser plume
kinetic energy of ~ 92 eV. Full width at half maximum for a w-scan around the TiN (111) peak
and a ¢-scan through the TiN (002) peak were 0.3° and 0.43°, respectively. The resistivity of the
films was increased with increased temperatures and a room temperature resistivity of 3.8 p-cm

was obtained.
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I. INTRODUCTION

TiN is an attractive material for semiconductor thin-
film devices since its excellent properties include high
electrical conductivity, high surface hardness, high melt-
ing point, and good wear resistance. TiN thin films
have various applications such as diffusion barriers, con-
tact metallizations in semiconductor devices and, when
grown very thin, transparent conducting electrodes for
flat panel displays. TiN may even serve as a buffer layer
for GaN/Si (111) heterostructures because TiN is chem-
ically similar to GaN. Such a buffer layer is technolog-
ically important since it would provide a means of in-
tegrating Si-based electronics with GaN-based optoelec-
tronic devices [1].

TiN films have been grown by various techniques in-
cluding chemical vapor deposition (CVD) [2], magnetron
sputtering [3], atomic layer deposition (ALD) [4,5], and
pulsed laser deposition (PLD) [6]. Commonly available
target materials for PLD are usually hot-pressed sintered
compound targets which sometimes deteriorate the qual-
ity of grown films because of low purity and density.
For binary compounds, these problems can be overcome
completely by ablating a melt-cast high purity elemental
metal target through a high purity reactive gas. Will-

*E-mail: skang@jbnu.ac.kr; Fax: 4+82-63-270-3320

pISSN:0374-4884 /eISSN:1976-8524

mott et al. have refined the approach and have intro-
duced reactive crossed-beam PLD method, a nonequilib-
rium energetic-beam-assisted growth, to grow TiN (100)
on Si (100) [7]. Not only does the method promote a
region of highly dense mixing where the plume and the
molecular beam cross, followed by a nearly collisionless
expansion of the activated species toward the substrate,
but because of the low time-averaged background pres-
sure in the chamber, the substrate is not exposed to high
impurity partial pressures as would be the case in the
static pressure technique.

In this work, we report the growth of high quality TiN
(111) thin films on Si (111) by reactive crossed-beam
pulsed laser deposition using a conventional PLD cham-
ber adapted for the reactive crossed-beam technique. It
should be noticed that, in contrast to Willmott et al.,
the ablation plume and pulsed jet crossed orthogonally
in this work and the target was a standard metallic disk.
To our knowledge, these TiN/Si (111) heterostructures
are the best grown to date, as describe below.

II. EXPERIMENT

Thin films of TiN were grown on n-type Si (111) sub-
strates (Resistivity 0.3 Q-cm, 0.38 mm thick) by pulsed
KrF laser ablation of a high purity Ti metallic target
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through a supersonic N2 jet formed by a pulsed solenoid
valve. The distance between the laser spot on the Ti
target and pulsed valve nozzle was 1.3 cm and the Ti
plume and pulsed N2 jet crossed orthogonally. The
target-substrate separation, Ds, was 5 cm. The cham-
ber was equipped with an ion probe for measuring the
time-of-flight (TOF) of the ablated species. The ion
probe consisted of Kapton insulated coaxial cable (50
Q impedance) placed in the path of the plume and bi-
ased negatively through an electrical feedthrough by an
external bias supply. It was placed into the laser plume
before growth to make TOF measurements. The voltage
drop across an external resistor was captured as a func-
tion of time in synchronization with the laser flash. The
trigger signal for synchronization was supplied by a fast
photodiode placed behind a mirror in the beamline. To
maximize the overlap between the Ti plume and the Ny
gas pulse, the delay between the laser trigger and pulsed
valve driver trigger was adjusted until a maximum TOF
was observed during ion probing (see Fig. 2 inset). For
our apparatus, the optimum delay was found to be 315
us for a corresponding pulsed valve driver gate width
of 140 ps. As shown in the figure, the optimum delay
was also independent of the initial mean kinetic energy
imparted to the plume (i.e. vacuum TOF).

Vacuum TOFs for Ti ranging from 2.0 - 3.7 us (corre-
sponding to kinetic energies of 154 to 46 eV) were used
for the depositions. Before deposition, the Si substrates
were thermally cleaned in-situ at 900 °C. The oxide des-
orption process was monitored using in-situ reflection
high energy electron diffraction (RHEED), which was
also used to inspect the quality of the subsequent TiN
layers. The chamber was pumped to 1 x 10~7 torr prior
to deposition and the time averaged Ny background pres-
sure during deposition was 2 x 10™% torr for all of the
film-growth run. Depositions were carried out at sub-
strate temperatures ranging from 550 to 950 °C as de-
termined by infrared pyrometry and a total of 20,000
laser shots (~ 300 A thick film) at 5 Hz repetition rate
were used for each film growth. The Ti target was po-
sitioned 5 cm from the substrate and ablated at energy
densities ranging from 1.7 ~ 4.1 J/ecm?. Electrical mea-
surements were performed using the custom made Hall
effect measurement system.

III. RESULTS AND DISCUSSION

A characteristic RHEED pattern of a Si (111) surface
was routinely observed along the <110> azimuth of Si
immediately after thermal cleaning at 900 °C. Specif-
ically, a sharp streaky diffraction pattern with Kikuchi
lines developed and indicated oxide desorption and a well
ordered (11) reconstructed Si (111) surface. Subsequent
RHEED patterns of the TiN films were all sharp and
streaky but diffraction spots were also present. For ex-
ample, after 500 shots (~ 1.8 monolayers) for the TiN
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Fig. 1. (a) X-ray diffraction -2 scan result of a 300 A
TiN film grown on Si (111). The inset shows the X-ray rock-
ing curve around the TiN (111) pole. (b) X-ray diffraction
through the TiN (200) pole showing strong 3-fold symmetry.

film grown at 750 °C with a 2.6 us TOF (E; = 91.7 eV),
the RHEED pattern showed a two-dimensional growth
mode. However, diffraction spots began to appear after
1,000 shots, indicating TiN film growth was more three
dimensional. A reconstructed (22) surface structure was
observed after 20,000 shots. This structure during the
film growth was generally believed to arise from the un-
intentional presence of foreign atom species on the sur-
face. There was a report that a (22) reconstructed TiN
surface was due to Oz contamination [8].

Figure 1(a) shows a 6-20 x-ray diffraction pattern of
TiN thin film deposited on Si (111) at 750 °C with a
2.6 us TOF. The diffraction pattern contained only the
Si (111) and TiN (111) families and indicated that the
TiN film was highly oriented along the (111) direction
and essentially phase-pure. The lattice constants were
found to be ag(L) = 4.236 A and ag(]|) = 4.241 A (bulk
TiN ag = 4.242 A) and this result indicated that the
film was under in-plane tension with a tetragonal distor-
tion of 0.0012. This is in agreement with the effective
lattice mismatch when coincidence epitaxy is considered
(5 TiN units on 4 Si units = —2.51% mismatch). The
inset shows an x-ray rocking curve of the TiN (111) re-
flection with a full width at half maximum (FWHM) of
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Fig. 2. Rocking curve width for the TiN (111) reflection
and mosaic spread for the TiN (200) pole as a function of
energy imparted to the plume. The inset shows that the
maximum plume/gas pulse overlap occurs at ~ 315 us and
is not a function of the energy imparted to the plume. Only
the curvature changes with vacuum TOF.

0.3° which indicates excellent out-of-plane texture. This
value is much lower than previously reported for TiN
(111)/Si (111) [9], and is even better than the rocking
curve width reported for TiN (111) grown on 6H-SiC
(0001) [10]. Figure 1(b) shows a ¢-scan result through
the 200 reflection of the TiN film. Although peaks occur
every 60°, the film can be considered to be essentially a
single crystallographic domain since there is such a large
difference (more than 1,000 x) between peak intensities.
The largest peaks occur every 120° and overlap those of
the Si substrate which indicates excellent in-plane reg-
istry. The mosaic spread in the p-scan for this film was
0.43° and the in-plane orientation relationships between
all the TiN films and the underlying Si substrates were
TiN [200] || Si [200] and TiN [111] || Si [111].

The dependence of the FWHM of the x-ray rocking
curve on ablation plume kinetic energy (i.e. the Ti vac-
uum TOF) was investigated and is shown in Fig. 2. It
was found that the FWHM of the rocking curve and of
the y-scan decreased as the TOF increased from 2.0 us
to 2.6 us, and then both increased again as the TOF in-
creased from 2.6 ps to 3.7 pus. However this trend did
not result from the plume “missing” the gas pulse as the
vacuum TOF was varied. As shown in the inset of Fig. 2,
maximum overlap conditions were largely independent of
the energy imparted to the plume (i.e. vacuum TOF),
mainly because the TOF is so much shorter than the
laser pulse delay. However, the effect of the gas pulse on
the plume varied strongly with vacuum TOF as shown
by the increasing curvature as vacuum TOF increases.

The TiN thin films grown on Si (111) with shorter
TOFs ranging from 2.0 to 2.5 us exhibit smooth surfaces
except for the presence of some cracks and small round

Fig. 3. (Color online) SEM images of 300 A TiN films
grown on Si (111) at vacuum TOF (a) 2.0 us (b) 2.6 us, and
(c) 3.7 us.

particles. Figure 3(a) is a SEM micrograph of a TiN
film grown at 750 °C with a 2.0 us TOF showing the
cracks and small particles. The cracks and particulates
most likely resulted from the high energy density (short
TOF) employed for this film - cracks resulting from the
high residual strains caused by the very energetic species
impinging on the growing film and particulates possibly
resulting from hot molten droplets ejected from the tar-
get. Cracks also are favored due to the difference in
thermal expansion coefficients between TiN and Si (TiN
=47 x 1079 K71, Si = 3.6 x 107% K~!). Ex situ
examination of the Ti target surface showed deep cone-
shaped craters after 5,000 laser shots which supports the
idea that massive amounts of material are ejected for this
TOF. Even with target rotation, target surface roughen-
ing was accelerated by long-term exposure to laser irra-
diation. Films grown in this regime exhibited a 38 - 50
A RMS surface roughness over a 10 pm x 10 pm scan
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Fig. 4. Temperature dependent resistivity of a TiN film
grown at 750 °C with 2.6 us TOF.

(measured by AFM).

In contrast to the smooth, cracked and decorated sur-
faces obtained at short TOFs, Fig. 3(b) shows a SEM
micrograph of a TiN film grown with a 2.6 us vacuum
TOF (Ej) = 91.7 eV), the value considered to be opti-
mal. When also contrasted with a film grown at higher
vacuum TOF, Fig. 3(c), the optimal film’s morphology
clearly shows a mixed nature that might result as fol-
lows. For some fixed temperature and at short vacuum
TOFs, the energy-dependent gas pulse collision cross-
section is too small and the impinging growth-species
are left too energetic to allow complete long-range order
to develop and consequently, highly stressed and some-
what disordered films result. Conversely, at sufficiently
long vacuum TOFs the energy-dependent gas pulse colli-
sion cross-section is much larger and extreme collisional-
slowing and/or condensation of the plume might occur
leading to a columnar grain microstructure that is es-
sentially homogeneous, as shown in Fig. 3(c), because
too few energetic species are present to erode unfavor-
able grains or provide sufficient mobility to planerize
the surface. Thus, at some intermediate TOF the en-
ergetics are favorable to balance the forces favoring film
damage and erosion against those favoring highly three-
dimensional growth. However, we note that the ablation
plume’s kinetic energy distribution is broad and even
when the most probable kinetic energy is tuned to the
optimal value (~ 92 eV), the incident flux contains Ti
atoms/ions with both higher and lower kinetic energies,
rendering the optimal films still imperfect. If this is cor-
rect, then growth using more nearly mono energetic Ti
source, such would be expected to produce high quality
TiN.

Electrical resistivity measurements were performed us-
ing the Van der Pauw method with indium contacts.
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The temperature-dependent resistivity of a film grown
at 750 °C with a 2.6 us TOF was measured from 10 K to
300 K and is shown in Fig. 4. The higher temperature
portion of the curve (T > 75K) varied as T with a slope
equal to 0.01195 puQ-cm /K and indicated metallic behav-
ior. The lowest room-temperature resistivity was found
to be 3.8 pf2-cm, which is very promising for contact
metallization in advanced microelectronic devices, since
this value is lower than any previously reported [9, 11,
12]. The resistivity was observed to decrease as growth
temperatures increased, while increasing resistivity was
observed for increasing TOFs. Generally, the resistivity
was affected by preferred orientation, impurity content,
microstructure of the film. Since impurities were not de-
tected from EDX analysis, the changes in resistivity are
considered to be due to diffuse scattering of electrons
from the film surface and grain boundary scattering [9].
This conclusion is not unreasonable given the microstruc-
tures present in Fig. 3.

IV. CONCLUSION

In conclusion, we have grown high quality 300 A thick
epitaxial TiN thin films on Si (111) by reactive crossed-
beam pulsed laser deposition. The crystallinity and sur-
face morphology of the films were dependent strongly
on the kinetic energy of the ablated Ti plume (as mea-
sured by vacuum TOF) and weakly dependent on the
growth temperature. With optimal TOF (2.6 us) and
temperature (750 °C), high quality in-plane-aligned TiN
thin films were obtained with x-ray rocking curve and
p-scan mosaic spreads equal to Awy11 = 0.3° and Apagg
= 0.43°, respectively. Under optimum conditions, films
with room temperature resistivities as low as 3.8 pu2-cm
were obtained. These are the lowest values reported to
date for growth of TiN on Si (111).
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