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Borazine promoted growth of highly-oriented thin films
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We report on a phenomenon, where thin films sputter-deposited on single-crystalline
Al>03(0001) substrates exposed to borazine -- a precursor commonly used for the synthesis of
hexagonal boron nitride layers -- are more highly-oriented than those grown on bare Al,O3(0001)
under the same conditions. We observed this phenomenon in face-centered cubic Pd, body-
centered cubic Mo, and trigonal TaC thin films grown on Al2O3(0001). Interestingly, intermittent
exposure to borazine during the growth of Ta>C thin films on Ta>C yields better crystallinity than
direct deposition of monolithic Ta2C. We attribute these rather unusual results to a combination of
both enhanced adatom mobilities on, and epitaxial registry with, surfaces exposed to borazine
during the deposition. We expect that our approach can potentially help improve crystalline quality

of thin films deposited on a variety of substrates.



31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Crystallinity is an important characteristic that often dictates properties and life-time
performance of materials. Microstructural evolution during the growth of thin films on solid
substrates is often considered to be determined by two critical parameters, surface mass transport

and deposition flux.!

High fluxes and low diffusivity result in far-from-equilibrium
microstructures while the opposite yield near-equilibrium, thermodynamically favorable
microstructures. In general, by increasing substrate temperature (7s) one can grow single-
crystalline thin films by depositing at low rates. In practice, however, the depositing material may
decompose, desorb, or react with the substrate upon increasing 7.

An alternate approach to increasing 7T is via reducing substrate-deposit interactions. Three-
dimensional (3D) substrate surfaces have dangling bonds that interfere with adatom diffusion. For
epitaxial growth on such surfaces, lattice match between the film and the substrate is desirable. In
contrast, van der Waals (vdW) surfaces, with weak out-of-plane bonds facilitate easy surface
diffusion and 'free' nucleation. Koma and co-workers® * demonstrated over three decades ago that
heteroepitaxial growth can be achieved without the need for lattice match using vdW-bonded
materials (e.g., NbSe2/MoS>), which they referred to as vdW-epitaxy.*® This concept was later
extended to grow vdW layers on 3D solids [e.g., MoSex/CaF2(111)],!° vice versa [e.g.,
CdTe/WSe,],''"*  3D/3D  using vdW  buffer layers (e.g. GaAs/GaSe/Si,
Cu/graphene/A1,03(0001)),'5!8 and crystalline thin films on amorphous substrates with vdW
buffer layers (e.g., CdTe/graphene/glass).'> 2> Kim and co-workers reported on 'remote-
epitaxy',?> 2* homoepitaxial growth of GaN on graphene-covered single-crystalline GaN(001).%*
28 An important distinction between remote-epitaxy and vdW-epitaxy is that there exists definite
crystallographic orientation relation between the film and the substrate in the former, whereas such
requirement is relaxed in case of the latter.

Here, we present data that seemingly demonstrate a new phenomenon, wherein exposing the
growth surfaces to borazine, a precursor used to grow hBN, yields thin films that are more highly
oriented than homoepitaxially grown films. Our observations are not to be mistaken as vdW-
epitaxy or remote-epitaxy, because neither of these phenomena have been associated with
improvement in crystallinity of the deposits on substrates either covered with vdW buffer layers
or exposed to precursors of such layers.

Using Al,03(0001) as a model substrate, chosen for its high thermochemical stability*’ and

because hBN layers can be grown using borazine,*® we tested the generality of this phenomenon



62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

using materials with different crystal structures and bonding: catalytically-active, face-centered-
cubic (fcc) Pd, refractory body-centered-cubic (bcc) Mo and VNbTaMoW, and ultrahigh-
temperature ceramics (trigonal-TaC and B1-TaC) wused in high-temperature structural
applications. We chose VNbTaMoW because it is isostructural (bcc) to Mo with nearly the same
lattice parameters®! but is expected to be more sluggish and hence may exhibit different growth
kinetics compared to Mo.

As a first step, we exposed Al,O3(0001) substrates to borazine at high-temperatures.
Experimental details and the results are summarized in Figure S1 of the Supporting Information
(SI). Briefly, A,03(0001) is exposed to 1.2 x 10° L borazine (porazine = 2.0 x 10 Torr for 600 s)
at Ts = 1373 K. Based on Auger electron spectroscopy (AES) (Figure S1A) and low-energy
electron diffraction (LEED) (Figures S1B, C) data acquired in situ from Al,O3(0001) before and
after exposure to borazine, we conclude that hBN layers form on Al203(0001). From the LEED
pattern in Figure S1C, we identify in-plane orientation of one of the hBN domains with respect to

AL03(0001) as [1010], 5 || [2110]41,0,. Although we detect hBN in both LEED and AES data

from within ~1-mm-wide spot sizes across the sample, we do not know the exact thickness, size,
or the areal coverage of the hBN domains. Raman spectroscopy and scanning transmission electron
microscopy (STEM) data (details in the SI) of the borazine-exposed substrates before and after
thin film deposition did not reveal any indication of hBN. Therefore, in the following sections, we
use the notation (hBN) to indicate borazine-exposure.

All the metal (Mo, Pd, and VNbTaMoW) and compound (Ta>C and TaC) thin films are grown
on Al203(0001) substrates at the desired T via ultra-high vacuum (UHV, base pressure < 6.0 x 10

? Torr) direct current (dc) magnetron sputtering of the respective metal (Mo, Pd, and VNbTaMoW)

32-34 35-37

and compound (TaC) targets in a custom-designed, triple-source UHV deposition system.
All the experimental details are presented in the SI.

In the following sections, we compare and contrast the crystallinity of Ta>C films grown on
bare and borazine-covered Al>O3(0001) substrates [hereafter referred to as (hBN)/ALbO3(0001)].
Figures 1A and S2 are representative LEED patterns obtained in sifu from ~6-nm-thick Ta>C layers
sputter-deposited on (hBN)/A1bO3(0001) and bare AlO3(0001), respectively. For Ta,C on
(hBN)/ALO3(0001), we find six-fold symmetric diffraction spots, which we attribute to the
formation of highly ordered, smooth Ta,C(0001)-(1x1) surface. In contrast, LEED pattern (see

Figure S2) of Ta,C/Al,03(0001) does not show any diffraction spots, suggestive of relatively



93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113
114
115
116
117
118
119
120
121
122
123

poorer quality surface. Figure 1B shows typical 20-o X-ray diffraction (XRD) scans, red and black
curves, respectively obtained from the same set of samples. For Ta,C/Al,03(0001), XRD data
reveal only one peak at 20 = 36.46° due to 0002 reflection of trigonal a-Ta,C (P3m1);*® we note
that this peak is not visible when the same data are plotted on linear scale, shown as inset in Figure
2B. In comparison, for TaC/(hBN)/Al,03(0001), we see two peaks, at 20 = 36.61° and 77.68°,
respectively due to 0002 and 0004 reflections of a-Ta>C, indicative of better crystallinity. The ¢
values measured from the XRD data are comparable to those reported previously and deviations
from the bulk value are to be expected in sputter-deposited Ta,C thin films.*> 3* We note that the
0002 peak appears broad with satellite peaks. As we show below, the TaxC layer on
(hBN)/A1,03(0001) is single-crystalline and the satellite peaks are Laue oscillations associated
with high-quality Ta>C layers with abrupt interfaces. Normalized intensity Zooo2 of the a-Ta>C 0002
peak, measured as a ratio of the a-Ta>C 0002 and Al,O3 0006 peak intensities, is 3700x higher for
TaxC/(hBN)/AL,O3(0001) than for Ta;C/AlbO3(0001) sample. Clearly, borazine-exposure
promotes highly 0001-oriented growth of Ta,C layers.

Figures 1C and D are representative high-resolution bright-field TEM and high-angle
annular dark-field STEM images, respectively acquired from the same Ta,C/(hBN)/Al,O3(0001)
sample as in Figures 1A,B. The images and the Fourier transform (FT) in Figure 1C inset reveal
highly-ordered lattice, indicative of single-crystallinity. From the FTs of the film and the substrate

(not shown), we determine the orientation relation as (0001)Tazc || (0001) ALOs and [IOTO]Talzc I
[1120] ALO,s 35 We show later, Ta,C layers deposited using the same parameters on bare

Al,03(0001) bear the same orientation relationship, consistent with previous studies.>*
Furthermore, the STEM image in Figure 1D reveals uniform contrast across the thickness of the
film, suggestive of compositional homogeneity in the film.

We provide additional evidence in support of this phenomenon in Figure S3, which shows
XRD and XTEM data obtained from thicker (= 17 nm) TaC/(hBN)/Al,O3(0001) and
TaxC/Al,03(0001) films deposited for # = 5 min. The 20-w XRD scans in Figure S3A reveal that
Iooo2 is over 17x higher for TaxC/(hBN)/AlO3(0001) than that for the Ta,C/Al,O3(0001) film.
Furthermore, Laue oscillations around 0002 peak are observed in the XRD scan of the
Ta>C/(hBN)/Al03(0001) but not in the other, indicative of higher crystalline quality of the film.
XTEM image in Figure S3B and the associated FT in the inset of the Ta,C/(hBN)/Al,03(0001)

sample reveal that the layer is highly 0002-oriented. Electron energy loss spectra and energy
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dispersive spectra (not shown) acquired from the Ta>C/(hBN)/AlLbO3(0001) samples are
inconclusive regarding the C content in the film and the presence of hBN layers at the interface.
We speculate that the lack of direct evidence in support of the hBN layer could be due to
decomposition of the hBN domains during sputter-deposition and/or due to the difficulty in
distinguishing B and N atoms from C (in Ta;C) and O (in Al>O3) atoms present at the interface.
Nevertheless, the LEED pattern (Figure 1A), XRD scans (Figures 1B, S3A), along with TEM and
STEM data (Figures 1C,D and S3B) all support the idea that borazine-exposed Al>O3(0001)
substrates enhance the crystallinity and promote the growth of highly-oriented Ta>C thin films.

We tested the generality of this phenomenon in the growth of materials with different
crystal structures: 2H-MoS>,* fce-Pd,*” bec-Mo and VNbTaMoW, and B1-TaC. Figures 2A-D are
typical 20-0 XRD scans obtained from A) Pd, B) Mo, C) VNbTaMoW, and D) TaC thin films
sputter-deposited on bare Al,03(0001) and (hBN)/Al,03(0001). For the Pd/Al,O3(0001), Figure
2A shows high intensity peaks due to 111 and 222 Pd reflections, along with a peak due to Pd 220
reflection. For Mo/Al,03(0001), we observe nearly equal intensity peaks associated with 110 and
222 reflections (Figure 2B). In comparison, XRD scans of Pd and Mo thin films on
(hBN)/A1:03(0001) substrates show peaks due to only one orientation, 111 and 222 reflections for
Pd and 110 and 220 for Mo. For Mo/(hBN)/A1,03(0001), pole figure in Figure S4 shows additional
relatively weaker intensity spots due to 111-oriented grains. That is, with the same set of deposition
parameters, we obtain polycrystalline Pd and Mo thin films on Al2O3(0001) and highly-oriented
Mo(110) and Pd(111) layers on (hBN)/Al2O3(0001). XRD pole figures in Figure S4 provide
further evidence in support of this claim.

In Figure 2C, XRD scans obtained from VNbTaMoW thin films indicate the growth of
single-phase, bce-structured alloy with 110 texture on both Al,03(0001) and (hBN)/ALO3(0001).
We note the presence of both 110 and 220 peaks in the XRD scan from VNbTaMoW/Al>O3(0001)
but only 110 peak in the XRD of VNbTaMoW/hBN/A1,03(0001); the absence of 220 peak is likely
due to poorer crystallinity of the film. XRD data in Figure 2D from TaC/Al,O3(0001) and
TaC/(hBN)/A1203(0001) layers show B1-TaC 111 peaks with similar shapes and intensities.
However, we do not observe any clear effect of hBN buffer layer on the TaC film crystallinity.
The results presented in Figures 2C and D suggest that the phenomenon of borazine-promoted

crystal growth is not universal and may not be applicable to all materials.
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To understand the limitations of our approach, we carried out additional growth
experiments using Ta>C as the model material. We prepared three different types of Ta,C samples
labeled, 4, B, and C, and their schematics are shown in Figure 3.

In Figure 3A, we compare and contrast XRD 20-m scans obtained from Sample 4 with
those from thinner Ta,C/(hBN)/Al,03(0001) layers deposited for ¢ = 2 and 5 min., red curves in
Figures 2B and S3A, respectively. The XRD and TEM data in Figures 2 and S3 indicate that the
thinner samples are highly 0001-oriented. In contrast, XRD data from sample 4 reveal multiple
peaks at 20 = 38.35°, 59.62°, and 82.20°, respectively, corresponding to a-Ta,C 1011, 2110, and
2022 reflections, in addition to those due to a-Ta,C 000/, with / = 2, 3, and 4, reflections at 20 =
36.30°, 55.72°, and 77.11°, respectively. That is, the monolithic Ta,C films deposited for ¢ = 30
min. are polycrystalline. These results reveal that under the same set of deposition conditions, Ta>C
layers grow heteroepitaxially for at least the first 5 minutes on (hBN)/Al,03(0001);
polycrystallinity develops in thicker Ta>C films grown for # = 30 min.

We now present XRD 20- scans, solid green and blue curves, respectively, from samples
B and C in Figure 4B. The XRD data for sample B shows primarily a-TaxC 0002 and 0004
reflections at 20 = 36.27° and 77.03°, respectively. (We also observe weaker intensity peaks at 20
around 34° and at ~73.2°, which are likely due to 111 and 222 reflections of B1-TaC.) XRD pole
figure (Figure S5) obtained from this sample indicates that the Ta>C is highly oriented with 0001
texture with the following orientation relationship with respect to Al2O3(0001): (OOOI)Tazc I

(0001) ALOs and [IOTO]Talzc | [1120] ALOS" XRD results from sample C show all the a-Ta,C

reflections at nearly the same 20 values as in sample 4 and an additional peak at 26 = 33.28° due
to a-Ta>C 1010 reflection. That is, sample C is polycrystalline. So, while depositing Ta>C layers
on borazine-exposed AlO3(0001) promotes 0001-oriented growth, continuous or intermittent
deposition for longer times yield polycrystalline Ta>C films. However, exposing to borazine at
regular intervals continues to promote highly 0001-oriented a-Ta>C growth.

Surprisingly, ¢ scans (see Figure 4C) acquired from the samples 4, B, and C reveal that the
TayC films in all the three samples bear the same in-plane orientation, [IOTO]TazC | [1120] ALO3’
with underlying (hBN)/AL,O3(0001), as that observed (see the ¢ scan in Figure S6) in Ta>C layers

deposited using the same parameters on bare A1>O3(0001) for # =30 min. (We find that this is also
the case for Pd and Mo thin films, see Figure S4.) These results indicate that 0001-oriented Ta,C



184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

grains bear the same orientation relation with A1>O3(0001) irrespective of the crystallinity (highly-
oriented or polycrystalline) of the films grown with and without borazine exposure.

The above data in Figures 1, S3, and 3 indicate that borazine-exposure promotes
heteroepitaxial growth of Ta,C(0001) on AlO3(0001), however, up to a certain thickness.
Remarkably, continued Ta>C deposition with or without interruptions on these heteroepitaxial
TaxC(0001)/(hBN)/Al,03(0001) thin films result in polycrystalline Ta,C. Highly 0001-oriented
Ta;C films can only be grown on borazine-exposed Ta;C surfaces. To reiterate, under our
deposition conditions, highly 0001-oriented growth of Ta,C is observed on (hBN)/Ta>xC(0001)
surfaces but homoepitaxial growth of Ta>C on TaxC(0001) is not favored.

To explain these rather unusual results, we propose that borazine-exposure enhances
surface mobilities of adspecies during deposition leading to nucleation and growth of highly-
oriented crystalline thin films. While the exact mechanisms underlying this behavior are not clear,
we envision two scenarios: i) borazine chemically modifies the surface but does not alter the
surface structure. This is consistent with the fact that substrate-film orientation relationships are
unaffected by borazine-exposure (see Figures 3, S4-S6). ii) Borazine decomposes to form hBN, a
vdW layered material, that is likely to interact weakly with the deposit and hence promote surface

39:40 and we have some evidence of

diffusion. The latter is plausible especially on transition-metals
hBN formation on Al>O3(0001), see Figure S1. However, we do not know if borazine-exposure
results in hBN formation on Ta>C surfaces. In case there exists an hBN layer on the growth surfaces
[A12O3(0001) and TayC], then in order for the thin films to maintain the same in-plane orientation
as those grown on bare Al,03(0001), either remote-epitaxy is operational or both the film and the
hBN layer bear the same orientation relations with Al03(0001). Our XRD pole figures along with
LEED data from Figure 1 support such a possibility. We realize that this is rather unique and
maybe specific to our growth conditions and the choice of materials.

Finally, we address the factors influencing the generality of the observed phenomena. As
hypothesized above, weak interactions between the deposit and the vdW layer increase surface
mobility of the adspecies resulting in highly-oriented film growth as is the case with Pd and Mo
films on (hBN)/Al,03(0001) (Figures 2A, B). Qualitatively similar results have been reported for
2H-MoS: thin films reactively sputter-deposited on borazine-exposed Al,03(0001).%° Given that
2H-MoS; is a vdW layered material, one would expect weak interactions between MoS: and

Al,03(0001). Yet, results reported in Ref. [*°] support the idea that borazine-exposure further
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weakens the interactions between MoS; and the substrate. However, stronger deposit/vdW-layer
interactions can suppress surface mobility and affect the crystallinity. It is also possible that the
substrate-deposit interactions, and hence mobilities of adspecies, are unaffected by the borazine-
exposure under a given set of deposition conditions, in which case our approach will have little
effect on the crystallinity of the deposited material (see for example Figures 2C, D). Therefore, we
expect that the strength of surface/film interactions after borazine exposure, and hence the surface
adatom mobilities, are likely to be material specific. Furthermore, it is to be seen if the observed
enhancement in crystallinity is general and independent of substrate crystal orientation. That is,
would similar heteroepitaxial growth occur for Pd or Ta>C thin films, for example, on borazine-
covered (001)-oriented substrates? Finally, it is to be determined whether similar phenomenon
would be observed with precursors, e.g., ethylene, ammonium thiomolybdate, etc., respectively
used for the growth of other vdW materials such as graphene and MoS,, or even with
mechanically-transferred hBN layers. Clearly, additional investigations of crystal growth on vdW
surfaces,*! for example in situ microscopy studies** of the nucleation and growth kinetics, are
essential for understanding the mechanisms leading to vdW-epitaxy, remote-epitaxy, and the
phenomena observed in our experiments.

In conclusion, we demonstrated an approach involving the use of borazine to enhance
crystallinity and orientation of sputter-deposited thin films. Our approach yields highly-oriented
fcc-Pd(111), bee-Mo(110), and a-Ta>C(0001) thin films on borazine-exposed Al,O3(0001)
compared to those grown on bare AlbO3(0001) substrates. Sputter-deposition of bcc-VNbMoTaW
and B1-TaC thin films on borazine-exposed Al2O3(0001) substrates did not yield similar results.
A series of growth experiments conducted using Ta,C revealed that the positive effect of borazine-
exposure is limited to a finite film thickness beyond which polycrystallinity develops. We show
that this issue can be overcome by intermittent exposure to borazine. Surprisingly, this approach
facilitates epitaxial thin film growth under the deposition conditions that do not favor
homoepitaxy. We attribute these observations to a combination of enhanced surface mobilities of
the adspecies and epitaxial registry between the deposit and the substrate during sputter-deposition
on surfaces exposed to borazine. While our observations maybe material-specific, we expect that
similar enhancement in crystalline quality can be achieved in a variety of materials with the

appropriate choice of the precursor and the deposition parameters.
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Figure 1. (A) Representative LEED pattern, (B) 20-w XRD scan (red curve), and (C) bright field
and (D) high-angle annular dark field cross-sectional TEM images obtained from an ~ 6-nm-thick
Ta>C/(hBN)/ALO3(0001) film. Black curve in B is an XRD scan obtained from Ta,C/A1,O3(0001).
LEED pattern of this TaxC/A1203(0001) is shown in Figure S2. Intensities in each of the XRD
curves are normalized to those of the Al,O3 0006 reflections (labeled s) and are plotted on a
logarithmic scale. TaxC film reflections are labeled as shown. Inset in B shows the same XRD data
plotted with intensities on linear scale. Inset in C is a Fourier transform (FT) of the region
highlighted by a cyan-dotted square in C. From the observed symmetry of the reflections, we
determine the zone axis as [IOTO]Tazc and index all the observed reflections as due to {000 2/},

{112 21}, and {112 2/} planes. In this experiment, Ta>C is sputter-deposited for ¢ = 2 min. at Ts =
1373 K and hBN layers are grown using borazine (pborazine = 2.0 % 10™* Torr) for # = 10 min. at the
same T5. Incident electron beam energy E used for LEED i1s 214 eV.
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414  Figure 2. XRD 26-o scans, with intensities normalized to those of the Al,O3 0006 reflections and
415  plotted on a logarithmic scale, obtained from (A) Pd, (B) Mo, (C) VNbMoTaW, and (D) TaC thin
416  films deposited on (hBN)/AlbO3(0001) (red curves) and bare AlO3(0001) (black curves),
417  following the procedure described in the SI. Al,O3 000/ (with / = 6, 9, and 12) reflections are
418  denoted by s.
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Figure 3. (A, B) Typical XRD 26-w scans, with intensities normalized to those of the Al2O3 0006
reflections and plotted on a logarithmic scale, obtained from: (A) TaxC thin films deposited for ¢
=2, 5, and 30 min. (sample 4) on (hBN)/Al,03(0001) and (B) samples B and C. s denotes Al,O3
0006 reflections. Asterisk indicates a peak, likely due to a-Ta>C 0003 reflection. (C) XRD phi
scans of (red curves) TaC 1012 and (black curves) Al,O3 1126 reflections from samples 4, B, and
C, schematics of which are shown as insets. 4, B, and C are all grown on borazine-exposed
ALO3(0001) substrates using the same parameters for the same total time ¢ = 30 min. Sample 4 is
a relatively thick Ta,C film deposited on (hBN)/Al>O3(0001) without any interruptions for # = 30
min. Sample B is made of six Ta>C thin films, with each layer sputter-deposited for # = 5 min. after
exposure to borazine with poorazine = 1.0 x 10 Torr for 10 min at the same T, i.e. sample B =
5x[TaC/(hBN)]/Ta;C/(hBN)/Al,03(0001). The total time elapsed between each Ta,C deposition
due to borazine exposure is 15 min. Sample C is also made of six Ta,C layers as in B with each
layer grown for # = 5 min., but instead of exposing the surfaces to borazine, the sample is held in
20 mTorr Ar at the same 7T for 15 min., i.e. the same time as required for the borazine exposures
in sample B. The observed differences in relative peak intensities within the phi scans are due to
differences in effective irradiation of the X-ray beam during data acquisition and are not indicative
of sample quality.
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