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Aligned Growth of Hexagonal Boron Nitride Monolayer

on Germanium

Jun Yin, Xiaofei Liu, Wanglin Lu, Jidong Li, Yuanzhi Cao, Yao Li, Ying Xu, Xuemei Li,
Jun Zhou, Chuanhong Jin, and Wanlin Guo*

Monolayered hexagonal boron nitride (h-BN), a wide
bandgap 2D insulator consisting of alternating sp?-boned
boron and nitrogen atoms,!'?! is of primary importance for
functional devices based on 2D materials.>] Settled on
the atomically smooth and inert surface of h-BN, graphene
can develop its peculiar ability and achieve its pristine high
electronic mobility.>* Sandwiched between h-BN layers, 2D
materials such as graphene and transition metal dichalco-
genides can form vertical van der Waals heterostructures to
realize exceptional properties and excellent performance.[**!
Taking h-BN as ultrathin dielectric tunneling barrier, gra-
phene transistors with a high ON-OFF ratio have also been
constructed.P

To construct these devices in large scale, continuous h-BN
monolayer film has been successfully fabricated in large area
on various metal substrates through chemical vapor deposi-
tion (CVD)I® and cosegregation approach;[?l however,
the obtained monolayer films mostly consist of coalesced
h-BN domains with random orientations regardless that of
the underlying substrates. This random in orientation would
severely prohibit the uniform electrical performance of van
der Waals heterostructure devices taking h-BN as the die-
lectric layer because the electronic properties of 2D-mate-
rial-based devices have been proven to be ultrasensitive to
their stacking orientations.®!!l Furthermore, although the
h-BN monolayer preserves outstanding properties including
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high in-plane mechanical strength and thermal conductivity
comparable to that of graphene and excellent thermal sta-
bility higher than 900 °C in oxygen environment, 3] the
inevitable disordered grain boundaries between neighboring
h-BN domains with different orientations would introduce
leakage of electricity and weaken its mechanical, thermal
and chemical stabilities. On the other hand, it might be more
important that a semiconductor surface can serve as a versa-
tile platform for functional systems once covered by a perfect
dielectric monolayer of h-BN.I'®!7] Recently, graphene mon-
olayer was epitaxially grown on germanium,!'®! but aligned
growth of h-BN monolayer on the surface of semiconductors
still remains as a great challenge.

In this work, we realize the epitaxial growth of h-BN
monolayer on both Ge (100) and Ge (110) surfaces with
highly aligned orientations in large area for the first time. The
h-BN monolayer can be facilely transferred without com-
pletely dissolving the Ge substrate and h-BN can be repeat-
edly grown on the Ge surface. The h-BN domains with the
same orientation (coorientated domains) are shown to merge
seamlessly by frictional force microscopy (FFM), while the
boundaries between domains with opposite orientations
(antiorientated domains) can be distinguished. Density func-
tional calculations show that the local states contributed
to the hexagonal-ring boundaries between antiorientated
domains is distributed close to the band edge and the h-BN
film can preserve its outstanding insulating property.

The growth of h-BN from the precursor of ammonia
borane was conducted by using a low pressure CVD system
as we described previously.'2! Placing the polished surface
of the Ge wafer toward a flat quartz substrate can simply and
efficiently suppress the evaporation of Ge at growing tem-

perature (920 °C) close to its melting temperature (938.3 °C),

which may coarsen the Ge surface seriously (Figure S1, Sup-
porting Information). Although taking a high base pressure
can also suppress the evaporation of Ge,l'! we found that
h-BN cannot be deposited under the pressure of 100 Torr in
our system. Typically, continuous h-BN films can be obtained
by introducing the gas decomposition of ammonia borane to
the furnace at 920 °C for 1 h (Figure S2, Supporting Informa-
tion), during which the partial pressure of the gas decomposi-
tion was maintained at 0.5 Pa by modulating the temperature
of the ammonia borane. The estimated domain size from
Figure S2a (Supporting Information) is around 1 pm?, which
may be enlarged through reducing the partial pressure and
introducing surface oxides of the substrate.[2!22]
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Figure 1. Growth of h-BN monolayer on reusable Ge. a) UV-vis spectrum of a monolayer h-BN film. Inset shows the deduced optical bandgap.
b) TEM image at the edge of an h-BN film. ¢) B 1s and N 1s XPS spectra of h-BN on Ge and the deduced atom ratio of B to N. d) Ge 3d XPS spectra
of the sample. e) High-resolution TEM image of the cross section of the h-BN on Ge. f) UV-vis spectrum of three h-BN films subsequently grown

on the same Ge substrate.

The h-BN film was characterized by UV-vis absorption
spectrum. As shown in Figure 1a, the h-BN film transferred
onto a transparent quartz substrate exhibits zero absorb-
ance in the visible-light range and only a sharp absorption
peak at 202 nm, showing the typical characteristic of h-BN.
The deduced optical bandgap according to the formula for a
direct band semiconductor is 6.06 eV (inset of Figure 1a).[??]
This value is larger than that of few-layered h-BN and con-
sistent with that for monolayer predicted theoretically and
measured experimentally,?*?] indicating that the h-BN film
is monolayer. The layer number of the h-BN film was fur-
ther confirmed by the transmission electron microscopy
(TEM) image taken at the edge of the h-BN film, as shown
in Figure 1b. The thickness of h-BN is uniform in large area,
as confirmed by the uniform contrast in the scanning electron
microscopy image of continuous h-BN on Ge (Figure S2b,
Supporting Information).

X-ray photoemission spectroscopy (XPS) was also
performed on the as-grown h-BN film on Ge to deter-
mine the chemical composition of the sample. As shown
in Figure 1c, the B 1s peak and N 1s peak are located at
190.3 and 397.8 eV, respectively, consistent with the values
reported previously for h-BN.I'Yl However, the deduced B/N
ratio is 1:1.33, severely deviating from the ideal 1:1 ratio. We
attribute this large deviation to the nitridation of the Ge
surface, as confirmed by the XPS spectra of the Ge 3d peak
shown in Figure 1d. Besides the peak at 29.8 eV contributed
to elementary Ge, another peak at 31.6 eV corresponding to
Ge—N bond shows up.?l Actually, it is reasonable to detect
the nitridation of the Ge surface for our sample because the
NH; gas in the decomposition of ammonia borane would
react with Ge to form Ge;N, at temperature above 300 °C.[?]
However, for the evaporation of Ge;N, at temperature above
600 °C in vacuum,?®l it is much likely that only the surface
atoms of the Ge wafer was nitrified, without a layer of bulk
Ge;N, structure between the h-BN and Ge. The nitridation
of Ge surface is further confirmed by a much smaller B/N

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ratio (1:2.30) of a Ge sample partially covered with h-BN
(Figure S3, Supporting Information).

Contributed to the passivation of the Ge surface, it
is found that the interface distance between h-BN and
the nitrogen-terminated Ge surface is around 0.68 nm
(Figure 1le), larger than both the interlayer distance of h-BN
(0.33 nm) and the measured lattice constant of Ge (0.51 nm,
Figure S4, Supporting Information) perpendicular to the sur-
face. The large interface distance implies a weak interaction
between the nitrogen-terminated Ge substrate and h-BN.
This may be the origin that the h-BN can be detached from
the Ge substrate, which can be then recycled for repeated
growth of h-BN. To transfer the h-BN, the polymethyl meth-
acrylate (PMMA) coated h-BN film was first detached from
the Ge substrate through intercalating an aqueous solution
of NaOH and H,0,, and then loaded onto a target substrate
(see the Experimental Section for details). Compared to
the transfer method described by Lee et al. for graphene, ']
which takes Au as the mediate support film, this method
avoids the use of noble metals and therefore is much more
cost efficient. We repeated the h-BN growth-detaching cycle
for three times on the same Ge substrate. UV-vis spectra of
the h-BN transferred onto transparent quartz shows almost
identical features for all the h-BN without degradation, dem-
onstrating the stability and high quality of the h-BN grown
on the reusable Ge substrate.

To explore the orientations of h-BN domains, we reduced
the growth duration to 30 min to prevent the fully merging
of the neighbor h-BN domains. The topography and ori-
entations of h-BN domains with partial coverage can be
revealed facilely by FFM for the ultralow friction character
of perfect h-BN monolayer (Figure S5, Supporting Informa-
tion).?%] As shown in Figure 2a, h-BN domains grown on
Ge (110) exhibit nearly equilateral triangles. Selected-area
electron diffraction (SAED) of a single h-BN domain sup-
ported on an amorphous carbon film (Figure 2b) indicates
that the triangle domain is single crystal and the edges of the
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Figure 2. The orientations of h-BN domains grown on Ge (110) and Ge (100). Friction force images of h-BN domains grown on Ge (110) a) and
Ge (100) e), respectively. The dashed equilateral triangles highlight the typical orientations of the h-BN domains. SAED patterns taken at regions
including one triangle supported on carbon film b) and triangles perpendicular to each other f). ¢,g) Schematic illustration of the deduced
orientations of the h-BN domains with respect to the underlying Ge (110) e) and (100) j) substrates, with a measurement variation less than £2°.
Statistical distribution of the orientations of the h-BN domains grown on Ge (110) d) and Ge (100) h), respectively.

triangle are along the zigzag orientation of the h-BN lattice
(Figure S6, Supporting Information), in consistent with pre-
vious results that h-BN triangles are prone to N-terminated
zigzag edges.?”?%] Then, according to the edge orientation of
the epitaxial h-BN triangles relative to the cleavage orien-
tation (edges) of Ge (110) substrate (Figure S7, Supporting
Information), it can be deduced that one N-terminated zigzag
edge of the h-BN triangles is orientated along either 0° or
180° to the [001] crystal orientation of the Ge (110) substrate
(Figure 2c). Based on the orientation, the h-BN triangles
are then categorized to 0° and 180° domains, respectively, as
marked in Figure 2a. Thus, 0° and 180° h-BN domains are of
atom lattices mirror to each other, analog to the antiphase
phenomenon in traditional polar-on-nonpolor epitaxy,*”] and
only one set of diffraction spots with sixfold symmetry appear
for a region involving two antiorientated domains (Figure S8,
Supporting Information). Examinations of several random
locations spaced larger than 5 mm shows the similar situa-
tion, indicating that the h-BN domains are highly aligned in
a large area (Figure S9, Supporting Information). Statistics
demonstrate that the percentage of h-BN domains aligned
along these two orientations exceeds 98% and the numbers
of h-BN domains categorized to each direction are com-
parable (Figure 2d). Topography and friction force images
(Figure S10, Supporting Information) of a domain in orienta-
tion deviated from 0° or 180° demonstrate that the nuclea-
tion of these domains is mainly disturbed by contaminations,
and the percentage of the aligned h-BN domains could be
further improved by optimizing the clean process to reduce
the surface contaminants.

Although epitaxial growth of graphene on Ge is confined
to the (110) surface,l'®! h-BN triangles grown on Ge (100)
surface are also highly aligned (Figure 2e). However, two
groups of antiorientated domains with edges perpendicular
to each other are observed. As we have discussed above, per-
pendicular edges indicate perpendicular lattice orientations
as well, which is confirmed by the two sets of diffraction spots
with a rotation angle of 90° (Figure 2f). The orientation of
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the epitaxial h-BN with respect to the underlying Ge (100)
was also determined as shown in Figure 2g. On the Ge (100)
surface, one N-terminated zigzag edge of the h-BN triangles
is either parallel or perpendicular to the [011] crystal orienta-
tion of the Ge substrate. Based on that, the h-BN domains
are classified to 0°, 90°, 180°, and 270° orientated ones
(Figure 2e), respectively, and the ratio of h-BN domains cata-
loged to each orientation is very close (Figure 2h). The h-BN
domains in orientations deviated from the primary orienta-
tions contribute less than 1% of all the h-BN domains.

Based on these results, it can be concluded that the
number of primary orientations for epitaxial h-BN on dif-
ferent crystal faces of Ge has close relationship to the sym-
metry of the Ge surface. The Ge (110) surface preserves
twofold symmetry (Figure 2e), which provides two equiva-
lent preferred orientations for the nucleation of h-BN with
orientations opposite to each other. The fourfold symmetry
of Ge (100) surface doubles the equivalent preferred nuclea-
tion orientations compared to that of Ge (110) surface, and
two groups of h-BN antiorientated domains perpendicular to
each other appears.

Furthermore, the merging boundaries between coorien-
tated and antiorientated h-BN triangles were examined. We
find that FFM images can be applied to clearly distinguish
the merging boundaries between antiorientated domains,
as shown in Figure 3a,b. It can be seen that antiorientated
domains can merge both along the twin-boundary and tilt-
boundary directions at the microscale. Figure 3a shows that
two antiorientated domains merge along two different zigzag
orientations at the microscale, tending to form three straight
twin boundaries. A couple of tilt-boundary lines, which ori-
entate along 165° to one free edge of the triangle, are shown
in Figure 3b. The merging boundaries between perpendicu-
larly orientated domains can also be distinguished, as shown
in Figure S11 (Supporting Information). However, no notable
boundary is found between h-BN domains merging with the
same orientation, as shown in Figure 3c. This can be seen
more obviously in Figure 3d, where an h-BN domain merges
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Figure 3. Merging boundaries between coorientated and anti-
orienatated domains. High-magnified friction images of aggregates of
h-BN triangles with opposite a,b), the same c), and both opposite and
the same d) orientations. The dashed lines mark where the frictional
signals show notable boundaries between two domains with a small
offset. Scale bar: 0.5 pm. e) The energy corrugation of sliding a GNR
across the N—N and B—B seamless grain boundaries. Inset shows the
simulation models.

with a coorientated domain at the left side and another anti-
orientated domain at the right side, and only the merging
boundary between antiorientated domains shows notable
contrast in the FFM image. This notable difference highly
implies that coorientated h-BN domains merge seamlessly.
The enhanced friction force for the boundaries between
antiorientated domains is reasonable when considering the
boundary induced local states, even if the antiorientated
domains merge seamlessly with hexagon rings. Our simula-
tion of sliding a graphene nano ribbon (GNR) across seam-
less B—B and N—N grain boundaries shows an enhanced
energy corrugation contributed to the boundaries. As shown
in Figure 3e, the energy corrugation of sliding the GNR
across perfect h-BN lattice is only around 24 meV for a unit
cell, where AA (eclipsed with C over both B and N) and
ABN (staggered with C over B) stacking have the maximum
and the minimum energy, respectively. When the GNR layer
slides across the N—N (B—B) boundary as highlighted by the
blue (red) shade, an extremely low (high) stacking energy
appears which gives a much higher energy corrugation of
48 meV (37 meV) for a unit cell. Thus, the friction force
across the N—N (B—B) boundary is evaluated to be increased
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Figure 4. Structures and electrical properties of ideal antiorientated
grain boundaries. Periodic super cell model (left panels) and density of
states (right panels) of 30° B—B zigzag boundary a), —30° N—N zigzag
boundary b), 0° armchair boundary c), and —15° tilt boundary d). The
dashed red squares in the structure model mark the boundary atoms,
which cause the localized states shown in the right.

by 100% (54%), as the maximum friction is proportional to
the energy corrugation according to the Tomlinson model.?"]

Atomic resolution examination of the grain boundaries
is greatly challenged at this stage for the difficulty of dis-
tinguishing B and N atoms and the fragility of h-BN under
high-energy e-beam irradiation.’!] To give some prior evalu-
ation of the electrical property of the h-BN film with antio-
rientated boundaries, we perform density functional theory
(DFT) calculations on the structure of the ideal boundaries
bridging antiorientated domains, which are supposed to be
perfect hexagon rings with homogenous bonds. The bound-
aries between antiorientated domains can be classified into
four types, i.e., zigzag along the N-terminated edge (Figure 4a,
analog to the boundaries in Figure 3a,d marked by white
lines), zigzag along the B-terminated edge (Figure 4b, analog
to the boundaries in Figure 3a marked by black lines), arm-
chair (Figure 4c), and tilt (Figure 4d, analog to the bounda-
ries in Figure 3b marked by white line) types. For a general
denotation, the zigzag boundaries along the N-terminated
edge and B-terminated edge are labeled as 30° and -30°
(Figure 4a,b) respectively, the armchair boundary is labeled
as 0° and the remains orientations can take angles between
—-30° and 30°. The main consequence of the boundaries is to
arouse localized states among the bulk gap. By plotting the
charge density distribution of the localized states, it is found

small 2015, 11, No. 40, 5375-5380
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that in the 30° boundary, the localized states under the Fermi
level is mainly n-like states in N atoms, due to the excess of p
electron in N. In the case of —30° boundary, the occupied and
unoccupied localized states are o-like states and r-like states
of B—B bond, respectively. As 0° and =15° boundaries have
both homoelemental N—N and B—B bonds, both those local-
ized states can be observed. However, all the localized states
are found to distribute close to the bulk band edge and the
bandgap are still up to 2.3 eV for —30° boundary and 2.8 eV
for 30° boundary. Considering the underestimation of gap by
Perdew-Burke-Ernzerhof (PBE) functional, the boundaries
should still preserved an excellent insulating property.

It is need to note that the real situation of antiorientated
boundaries can be more complicated. Although the straight
boundaries along the N—N/B—B zigzag direction or with an
rotation angle of 165° are observed at the microscale, they
can consist of polylines of variable orientations at atomic
scale, similar to the case reveled in MoS, grown by CVD.[*?
Besides, pentagon—octagon—pentagon and nonpolar square—
octagon line defects were also proposed for antiorientated
h-BN domains,?>** although with a higher distortion strain
energy.

In conclusion, by using low pressure CVD, we successfully
obtained highly aligned h-BN monolayer of high quality in
large area on reusable germanium surface. The number of
primary orientations of the h-BN domains shows notable
dependence on the symmetry of the underlying crystal
face. On Ge (110) surface, only coorientated and antiorien-
tated h-BN domains are found. Coorientated h-BN domains
are shown to merge seamlessly by FFM, while merging
boundaries between antiorientated domains are clearly dis-
tinguished. Although localized states contributed to hexagon-
rings boundaries between antiorientated domains arise, the
h-BN film still preserves a large electrical bandgap.

Experimental Section

Synthesis of h-BN: The Ge substrates (0.5 mm thick, undoped)
were cut along the cleavage orientations into small pieces and
then dipped into 10% diluted hydrofluoric acid (HF) to remove the
native oxide. Once the Ge substrates were taken out from the HF
solution, they were immediately loaded into a CVD chamber, which
was then evacuated down to 0.1 Pa to prevent the reoxidization
of the Ge surface. After the chamber was flushed with a 9 sccm H,
at 90 Pa for 1 h, it was heated to 920 °C in 1 h and maintained at
this temperature for the deposition of h-BN. To synthesize h-BN,
the borazane power was heated in an isolated container to raise
the gas pressure by 0.5 Pa.['%2% Finally, the chamber was rapidly
cooled down to room temperature after the desired growth time.

Transfer of h-BN: The h-BN film was transferred onto the target
substrates by a PMMA-assisted transfer method and the under-
lying Ge substrate can be reused to grow h-BN repeatedly. First,
a thin film of PMMA was spin coated onto the h-BN/Ge and then
curved at 120 °C for 10 min. Afterward, the sample was floated
on the surface of an aqueous solution (100 mL 8 wt % NaOH and
10 mL H,0,). After around 10 min, the PMMA/h-BN film would be
detached from the Ge substrate automatically and the underlying
Ge substrate would sink to the bottom. After the PMMA/h-BN film
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was rinsed with deionized water for several cycles, it was loaded
by a target substrate and then annealed at 150 °C for 10 min to
improve the adhesion between the film and the substrate. Finally,
PMMA was dissolved with hot acetone, and the sample was
annealed under 10 sccm hydrogen at 600 °C for 2 h to remove the
possible residual contamination.

Friction Force Simulation: DFT calculation including vdW-DF,5®]
which approximately accounts for dispersion interactions, as imple-
mented in the Vienna ab initio simulation package (VASP),253¢ is
employed to calculate the atomic and electronic structures and ener-
gies of our systems. The projector-augmented wave (PAW) method
and PBE functional are used for pseudo potential and the exchange
correlation. The cutoff energy is 500 eV. The energies and the forces
are calculated to converge to the accuracy of 1.0 x 107 eV and
0.01 eV AL, respectively. The size of the optimized cell is 2.510 x
30.723 A in the x—y plane and with a length of 30 A in the z-direc-
tion, leaving a vacuum region of more than 15 A. The optimized B
—N bond is 1.45 A, the B—B bond is 1.72 A, and the N—N bond is
1.43 A,

Electrical Property Analysis: The DFT calculations were per-
formed by VASP code,3%371 using the PAW method for pseudo
potential and PBE functional for the exchange correlation. The
conjugate gradient method was used to fully relax the geometry
until the force on each atom is less than 0.01 eV A1, The ideal-
ized boundaries are simulated by exchanging the B and N atoms
located in a triangle area of a perfect BN lattice (the left panel of
Figure 4), giving the opportunity to reveal the properties of one
kind of boundary in each model.38!

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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