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Large Scale Growth and Characterization of
Atomic Hexagonal Boron Nitride Layers

Li Song,T Lijie Ci,” Hao Lu,T Pavel B. Sorokin,” Chuanhong Jin, Jie Ni,T
Alexander G. Kvashnin,® Dmitry G. Kvashnin,® Jun Lou,™ Boris, I. Yakobson,™ and

Pulickel M. Ajayan*T

TDepartment of Mechanical Engineering & Materials Science, Rice University, Houston, Texas 77005,
fNanotube Research Center, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba
305-8565, Japan, and $Siberian Federal University, 79 Svobodny av., Krasnoyarsk, 660041, Russia

ABSTRACT Hexagonal boron nitride (h-BN), a layered material similar to graphite, is a promising dielectric. Monolayer h-BN, so-
called “white graphene”, has been isolated from bulk BN and could be useful as a complementary two-dimensional dielectric substrate
for graphene electronics. Here we report the large area synthesis of h-BN films consisting of two to five atomic layers, using chemical
vapor deposition. These atomic films show a large optical energy band gap of 5.5 eV and are highly transparent over a broad wavelength
range. The mechanical properties of the h-BN films, measured by nanoindentation, show 2D elastic modulus in the range of 200—500
N/m, which is corroborated by corresponding theoretical calculations.

KEYWORDS Boron nitride, electrical microscopy, optical and mechanical properties, computation

oron nitride (BN) is a wide band gap III—V compound
with remarkable physical properties and chemical
stability. Hexagonal BN is comprised of alternating
boron and nitrogen atoms in a honeycomb arrangement,
consisting of sp>bonded two-dimensional (2D) layers.' ~°
Within each layer of hexagonal BN, boron and nitrogen
atoms are bound by strong covalent bonds, whereas the
layers are held together by weak van der Waals forces, as
in graphite. Therefore, h-BN films could be peeled off from
bulk BN crystal by micromechanical cleavage*™® and used
as a dielectric layer.®” Few-layer hexagonal BN has also been
made by ultrasonication® and high-energy electron beam
irradiation of BN particles.” The chemical decomposition
reactions of various precursors have been used to demon-
strate the growth of single layer BN domains over small
areas.'®” "> However, methods for preparing good quality
h-BN layers over large areas would bring new opportunities
to exploit its properties and potential applications, especially
as interesting two-dimensional dielectric material in graphene-
based electronics. Here we show uniform and continuous
h-BN films on a large area have been successfully synthe-
sized using a thermal catalytic chemical vapor deposition
(CVD) method. These as-grown films consisting of two to five
layers are highly transparent with a large band gap and pose
unique mechanical properties.
The synthesis of h-BN films was carried out in a split tube
furnace with a fused quartz processing tube (50 mm outside
diameter). A copper foil with 25 um thickness was used as
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substrate, similar to previous reports.'*~'® For the growth,
the Cu foil was quick washed by dilication nitric acid and
deionized water. Then it was placed in the center of a
furnace, annealed at 600 °C for 20 min in Ar/H, (15 vol %
H,, 85 vol % argon) flow with 500 sccm. As followed, the
furnace was gradually heated up to 1000 °C in 40 min.
Ammonia borane (NHs;—BHs5) was sublimated at 120—130
°C by using a heating belt and then carried into the reaction
region by Ar/H, gas glow. During the growth process, Ar/H,
flow was kept as 200 sccm. The typical growth time is
30—60 min. After growth, the furnace was cooled down to
room temperature quickly. After growth, the films were
coated with poly(methyl methacrylate) and transferred to
other substrates for further characterization as reported
previously in graphene transfers.'®'” For characterization,
JEOL-2100 field emission HRTEM was performed for high-
resolution transmission electron microscopy (HRTEM), se-
lected area electron diffraction (SAED), electron energy loss
spectroscopy (EELS) measurements, and elemental mapping
(Gatan GIF). JEOL-2010F, equipped with a postspecimen
aberration corrector (CEOS), was carried out to obtain the
atomic image. X-ray photoelecton spectroscopy (XPS) (PHI
Quantera XPS) was performed using monochromatic alu-
minum Ko X-rays, and the MultiPak software was used for
XPS data analyses. Raman spectroscopy (Renishaw inVia)
was performed at 514.5 nm laser excitation. Electrical
measurement was performed in a probe station with a high
vacuum chamber. Optical absorption measurement
(SHIMADZU UV-3600) was performed on h-BN films that
were transferred onto optical quartz plates. For the mechan-
ical tests, the as-grown h-BN film was transferred on a silicon
wafer with around 1 um well patterns. Atomic force micros-
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FIGURE 1. Topography of ultrathin hexagonal BN films. (a) Photograph of a large h-BN film on a silicon substrate. Scale bar is 1 cm. (b), SEM
image shows a h-BN film (scale bar 10 um). (c, d) AFM image and line-scan profile indicate that h-BN film has uniform thickness of a 1 nm.

Scale bar is 2 um.

copy (Agilent PicoScan 5500) was used to perform the
following indention measurements.

Figure 1a is a photograph of as-grown h-BN film trans-
ferred onto a silicon substrate, showing that the grown films
have continuous large areas up to several square centime-
ters. Panels b and c of Figure 1 show typical scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) images of the film. Both optical imaging and electron
microscopy images indicate that the film is quite uniform
and continuous except for some wrinkles, which may be
introduced by the transfer process and the roughness or gain
boundaries present on the Cu surface.'*'” Figure 1d shows
the line-scan profile of films, indicating the as-grown films
with thickness of about 1.3 nm.

HRTEM was performed to characterize the microstructure
of these thin films. Our HRTEM observations found that the
h-BN films mainly consist of two layers, as shown in Figure
2a. Some of the films were composed of three to five layers
(Figure 2, panels b and ¢). To further evaluate the crystallinity
of the films, SAED was carried out on the films. The SEAD
of the region in Figure 2a is shown as the insert image,
clearly revealing the distinctive hexagonal structure of h-BN
films.'® We mapped the elemental distribution of B and N
in a selected area of the films by using energy-filtered
techniques (see section 1 in Supporting Information). It is
found that B and N are uniformly distributed over the entire
area of the films. We performed atomic HRTEM character-

@ © XXXX American Chemical Society

ization by using a low voltage aberration-corrected electron
microscopy in order to investigate the atomic structure of
the h-BN films. Figure 2d shows a typical atomic HRTEM
image, in which the resolved features correspond to the
hexagonal lattice having consistent lattice spacing with bulk
h-BN.'??° The fast Fourier transform (FFT) analysis in Figure
2e reveals five sets of hexagonal spots, which indicates that
the covered region of the Figure 2d has multiple layers. Using
EELS, we qualitatively performed elemental analysis on the
films to determine their chemical composition and structure.
Figure 2f shows an EELS spectrum with two visible edges
starting at around 180 and 390 eV, corresponding to the
characteristic K-shell ionization edges of B and N, respecti-
vely.'??! The two bands corresponding to each element can
be well resolved and show a first peak corresponding to the
Is—m* antibonding orbit. This type of EELS edge structure
proves that B and N are sp? hybridized*'** and indicates that
the atomic films grown on Cu possess a hexagonal structure
consisting of B and N, which is consistent with HRTEM
observation.

The XPS spectra of as-grown h-BN films for the B and N
edges are presented in panels a and b of Figure 3, respec-
tively. It is previously reported that boron nitride bulk with
hexagonal phase presents the B 1s core level at 190.1
eV.?>** We find that all our samples present a B 1s-core level
at 189.9 eV (marked in Figure 3a), which is very close to that
in h-BN bulk phase. The N 1s peak is located at 397.6 eV

DOI: 10.1021/n11022139 | Nano Lett. XXXX, xxx, 000-—-000
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FIGURE 2. Microstructure of atomic layers hexagonal BN. (a) HRTEM images of the film edges indicate that the h-BN are two atomic layers
thick. Some of as-grown films are three to five layers (b, c). The scale bar is 5 nm. The insert of (a) is the corresponding SEAD of the regions,
which shows the hexagonal structure of h-BN film. (d) A typical atomic image of a h-BN films. The scale bars is 2 nm. (e) The FFT pattern of
a region of panel d, which indicates a five-layer stacked region. (f) EELS spectrum of a h-BN film. The C signal corresponds to small amounts
of amorphous carbon which could have come from contamination on TEM grids or contamination during transfer of the BN films.

(marked in Figure 3b), similarly to the reported position of
the N1s spectrum (398.1 eV) of h-BN.?>#* Both the B 1s and
the N 1s spectra indicate that the configuration for B and N
atoms is the B—N bond, implying that the hexagonal phase
exists in our BN films. Figure 3¢ shows typical Raman
spectra taken from the h-BN thin film (top curve) and a bulk
h-BN (bottom curve). At the lower frequency region, the
dominant peak near 1370 cm™' that shows up intensely for
both the film and the bulk samples is attributed to the B—N
vibrational mode (E,g) within h-BN layers.25 This Raman
spectrum further confirms the successful growth of BN film
with a hexagonal structure. Figure 3d shows that the Eag
mode of h-BN film shifts to higher frequency compared with
that for the bulk BN. The peak shift is about 2.5 cm™!, and

@ © XXXX American Chemical Society

the fwhm decreases from 15.5cm™" inbulk BN to 11.7 cm™!
in the thin film. In general, a Raman peak frequency would
shift to higher and lower frequency under compressive and
tensile stress, respectively.?® We speculate that the Raman
peak frequency of the E,; mode shifts to higher frequency
due to an increase of stress in the h-BN films, which may be
generated by the substrate interaction and the intrinsic
surface wrinkles. At higher frequency region, the intensity
of second mode for bulk BN gets suppressed due to a strong
photoluminescence background, which is shown by a broad
peak at 2765 cm™!. The second-order Raman band of h-BN
film is fitted by two peaks located at 2270 and 2631 cm™!,
as shown in the insert of Figure 3c.*”-*®

DOI: 10.1021/n11022139 | Nano Lett. XXXX, xxx, 000-—-000
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FIGURE 3. Spectra of hexagonal BN films. (a, b) XPS spectrum of B
and N 1s core level, respectively. The spectral data (x) are fitting by
Gaussian curves (red solid). (c) Raman spectrum of a h-BN film and
bulk h-BN recorded at room temperature, exited by 514.5 nm laser.
The inset shows the peak at high frequency. (d) Their main Raman
peak near 1370 cm™'. The Lorenz curves (red solid) were used here
to fit the peaks. (e) Ultraviolet—visible absorption spectra of h-BN
films taken at room temperature. The inset shows the corresponding
plot of £'2/] versus 1/4.

Previous investigations have shown that bulk hexago-
nal BN is a wide gap material. Here, we performed
electrical measurements on h-BN films devices, fabricated
by standard lithography technique (see section 2 in Sup-
porting Information). We found that the h-BN films are
very good insulators. The UV—visible absorption spectrum

v © XXXX American Chemical Society

was carried out for investigating the optical energy gap
of the h-BN film based on its optically induced transition.
For this study, we first transferred large h-BN film onto
an optical quartz plate, and the quartz background was
subtracted using a blank quartz plate as the reference
substrate. The following Tauc’s equation was used to
determine the optical band gap E*°

w’e = (ho — Eg)2 (1)

where ¢ is the optical absorbance and @ = 2x/4 is the
angular frequency of the incident radiation (4 is the
wavelength). As Figure 3e shows, the nanometer thick
h-BN film is highly transparent and can transmit over 99 %
of the light with wavelengths in the range of 250—900 nm.
The absorption spectrum displays one sharp absorption
peak at 203 nm. On the basis of Tauc’s formulation, it is
speculated that the plot of €'"2/A versus 1/4 should be a
straight line at the absorption range. Therefore, the
intersection point with the x axis is 1/A4 (Ag is defined as
the gap wavelength). The optical band gap can be calcu-
lated based on Eg = hclig. The insert plot of Figure 3e
shows ¢'?/A versus 1/A curve acquired from the thin h-BN
film. The calculated gap wavelength 44 is about 223 nm,
which corresponds to an optical band gap of 5.56 eV.
Previous theoretical calculations of band structures for a
single layer of h-BN anticipated that equivalent bands did
not cross each other and a 6 eV band gap was the result.’®
Considering two to five layers in our h-BN films, the
measured gap is smaller than the theoretical gap value of
a single layer due to the layer—layer interaction increases
the dispersion of the electronic bands and tends to reduce
the gap.’® but it is larger than that of bulk h-BN
(5.2—5.4 eV).”%7!

Theoretical calculations have indicated that BN layers
can be extremely strong.’® To investigate mechanical
properties of the h-BN films, circular wells with diameter
around 1 um were patterned onto a silicon substrate by
e-beam lithography and reactive ion etching (RIE) tech-
niques. The h-BN films were then transferred onto the
prepatterned substrates. Figure 4a shows an ultrathin film
deposited over many circular wells to form a series of
freestanding membranes. Noncontact mode AFM test was
first used to obtain the thickness and find the center of
the suspended near circular membranes. It is found that
the h-BN films were stretched tautly across the well
openings with about 20—50 nm sag due to the van der
Waals attraction from the substrate and surface tension
during drying process (Figure S3b in Supporting Informa-
tion). The mechanical properties of the h-BN films were
probed by indenting the center of each freestanding
membrane with a diamond tip, as illustrated in Figure 4b.
The detail indention test can be found in section 3 of
Supporting Information. The elastic response of a 2D film

DOI: 10.1021/n11022139 | Nano Lett. XXXX, xxx, 000-—-000
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FIGURE 4. Elastic properties and intrinsic strength of ultrathin hex-
agonal BN film. (a) Scanning electron micrograph of a large h-BN film
spanning an array of circular holes 1 um in diameter. Area C shows a
hole fully covered by h-BN, and area F is fractured from indentation.
(b) Schematic of nanoindentation on suspended h-BN membrane. (c)
Measured force vs displacement curve and fracture loading curve for
two 1.1 um diameter membranes and curves fitting to eq 2. The
fracture point was marked. (d) The deformation sequence for of BN
membrane: (i) unloaded structure, (ii—iv) with indentation depth 6 =
1.5 nm, 2.5 nm, 3.0 nm (critical stain), and (v) after the failure.
The color variations represent the bond lengths, from red
(0.161—0.175 nm) to yellow (0.144—0.146 nm). (e) The strain energy
of the BN sheet as a function of the indentation depth, for different
vacancy concentrations. (f) The dependence of modulus E?°, breaking
stress 0,?P, and breaking strain ¢ on the vacancy concentration.

is expected to be nonlinear, and the value of mechanical
properties was determined by the equations®”

v © XXXX American Chemical Society

where Fis applied force, 0?® is the pretension in the film,
a is the radius of wells, and E?P is the elastic constant. &
is the deflection at the center point; ¢ = 0.99 is a
dimensionless constant related to the Poisson’s ratio of
boron nitride.>* Figure 4c shows two typical force—
displacement curves (open circles) recorded on two h-BN
films stretched tautly across 1.1 um wells. The data are
fitted by polynomial curves according to eq 2, taking 0°°
and E?P as free parameters. The calculated values of E?P
for the h-BN film with thickness of 1—2 nm are in the
range of 220—510 N-m~'. Considering the two films
stacked with two and five hexagonal BN layers, the tested
2D modulus of h-BN in our case is lower than the theoreti-
cal computation (270 N-m~! for single BN layer).”>** It
may be attributed to the layer distribution of stacking
faults in the CVD grown films>® or the error in estimating
the exact diameter of the holes and the position of
membrane contact with the substrate. The breaking
strength of h-BN films was measured by loading the
membranes to the breaking point. The image in Figure
4a (“F” region) shows the fractured membranes after
being broken by a diamond tip, also indicating that the
indentation tests were performed at the center of free-
standing h-BN membrane. A typical fracture test curve is
presented in Figure 4c. It can see that the films break at
deflections of about 70 nm and forces of about 221 nN. A
continuum model was used to determine the maximum
stress of a clamped circular membrane®?

0,.°° = (FE*®/47R)"" 3)

where 0,,°P is the maximum stress at the central point of
the film and R = 50 nm is the radius of our indenter tip.
The calculated breaking strength is about 8.8 N-m™' for
our ultrathin h-BN film with a thickness of around 1 nm.
We note that the strain here was much smaller than that
of graphene reported in ref 33, and hence we ignored the
nonlinearity effect and used a linear model in eq 3. We
suggest that the lower breaking stress in the h-BN film
compared with monolayer graphene could be due to
possible vacancy defects in our freestanding as-grown
membranes.’>?> Somewhat reduced stiffness of the h-BN
layers can be either caused by compliance at the edges
(hole perimeter) or due to the presence of defects. We
illustrate the latter with molecular mechanics simulations.
Figure 4d shows the simulation process of the deforma-
tion of h-BN membrane, including the initial, strained, and
fractured structure. The pressure induced by the tip causes
the greatest BN-bond elongation in the vicinity of the tip,
as indicated by the color gradient (Figure 4d, ii—iv). To

DOI: 10.1021/n11022139 | Nano Lett. XXXX, xxx, 000-—-000
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TABLE 1. The Comparison of Mechanical Properties of h-BN
Films with Different Thicknesses and Theoretical Computation
Values

thickness possible
sample (nm) layer no. E*® (N/m)  0°® (N/m)
A 2.0%+0.1 ~5 503 £ 30 157+ 1.5
B 1.65 £ 0.1 ~4 431 £21 128+ 1.3
C 1.03 £ 0.1 ~2 22316 88+£1.2
theoreticalcomputation 0.33 1 292.1 71.7

emulate the AFM tip, a hemisphere of mutually static
atoms strain the h-BN membrane with fixed edges up to
its failure. At critical strain level, the film fails with a visible
puncture in the center. The computed strain energy
(Figure 4e) is then fitted to the integral of eq 2, to obtain
the coefficient E?P.

For the computation model, we chose a BN sheet of
diameter 14.8 nm and a tip of diameter 1.63 nm. Then for
an initially perfect BN sheet, we obtain E?® =292.1 N-m™,
in accordance with earlier ab initio results (271 N/m).>* We
simulated the behavior of BN sheets with 1—10% vacancy
concentrations. Due to variability in defect distributions, we
performed 10 computational tests for each of the concentra-
tion values and plotted the obtained data in Figure 4e. The
E°P values decrease almost linearly with defect concentra-
tion, down to 115.4 & 14.8 N/m (at 10% vacancies). The
0n°" decreases linearly from 71.7 N/m (perfect BN) to 26.6
+ 1.7 N/m (10 % vacancies). It is important to note that the
breaking strain e = (0,,*PYE?P) ~ 0.22 is nearly unaffected
by vacancies. This contrasts with the well-known stress-
concentration by microcracks but is understandable for
atomic-size voids. A comparison between tested mechanical
values and theoretical computations is listed in Table 1. More
information of computeration is shown in section 4 of the
Supporting Information. Here, we want to point out that
the tested values may have been underestimated due to the
nonsharp edges of the wells and the possible underestima-
tion of the diameter of freestanding BN membranes. Pos-
sible defect distribution in the films could also contribute to
the relatively lower values in our tip-indentation experiments.

As to the growth mechanism of hexagonal boron nitride,
it has been observed that small area h-BN layers, such as
BN nanomeshes and islands, could be synthesized by de-
composed borazine (HBNH)5 or B-trichloroborazine (CIBNH);
ontransitionmetal surfacesusingaCVD processat 1000—1100
K.'?%® In our synthesis, the copper substrate has a lattice
constant similar to that of the in-plane lattice constant of
h-BN (0.255 nm versus 0.25 nm). The copper substrate
shows catalytic activity for the decomposition of ammonia
borane (NH;—BHj3). During growth, the ammonia borane
was sublimed first and transferred to a high temperature
zone for decomposition. The decomposition of NH;—BHj3
vapor at 1300 K on a copper surface supplies both boron
and nitrogen onto the metallic substrate, leading to surface
diffusion of these species and a surface-mediated growth of
h-BN films, which is similar to the growth mechanism

v © XXXX American Chemical Society

14,16,37

proposed forgraphene and BN-Chybridlayerson copper.
As the growth seems to occur by a surface-mediated process,
the quality of copper foil plays a key role in controlling the
formation of continuous layers on the substrate and the
number of layers of h-BN formed. It is not clear however why
the growth produces mostly multiple layers of h-BN and not
a single layer; with further optimization of growth param-
eters, this could be achieved in the future but for applications
involving the use of h-BN layers as dielectric, a few layer
structure may suffice.

In summary, we have synthesized two-dimensional atomic
layers of hexagonal BN films over large areas and transferred
them successfully to many substrates. These 2D dielectric
films with a large optical band gap of 5.56 eV show high
optical transparency in the UV—visible range. The mechan-
ical properties of the h-BN film were measured via nanoin-
dentation and theoretical models and this showed the
dependence of the in-plane stiffness of the films to intrinsic
defects present in the films. Our synthesis method could
pave a way for investigating the unique structure and
properties of h-BN thin films®® and exploiting its large
number of potential applications®”*® including its use as a
dielectric to complement graphene devices.
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