
RSC Advances

PAPER

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
3 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
2:

12
:0

8 
A

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e. View Article Online
View Journal  | View Issue
Chemical vapor d
aDepartment of Materials Science and Engin

Madison, Wisconsin 53706, USA. E-mail: m
bIHP-Leibniz-Institut für Innovative Mikroel

Frankfurt (Oder), Germany

† Electronic supplementary information
data and schematics. See DOI: https://doi

Cite this: RSC Adv., 2024, 14, 25378

Received 20th May 2024
Accepted 6th August 2024

DOI: 10.1039/d4ra03704a

rsc.li/rsc-advances

25378 | RSC Adv., 2024, 14, 25378–
eposition of hexagonal boron
nitride on germanium from borazine†

Katherine A. Su, a Songying Li, a Wei-Chen Wen, b Yuji Yamamoto b

and Michael S. Arnold *a

The growth of hexagonal boron nitride (hBN) directly onto semiconducting substrates, like Ge and Ge on Si,

promises to advance the integration of hBN into microelectronics. However, a detailed understanding of

the growth and characteristics of hBN islands and monolayers on these substrates is lacking. Here, we

present the growth of hBN on Ge and Ge epilayers on Si via high-vacuum chemical vapor deposition

from borazine and study the effects of Ge sublimation, surface orientation, and vicinality on the shape

and alignment of hBN islands. We find that suppressing Ge sublimation is essential for growing high

quality hBN and that the Ge surface orientation and vicinality strongly affect hBN alignment. Interestingly,

95% of hBN islands are unidirectionally aligned on Ge(111), which may be a path toward metal- and

transfer-free, single-crystalline hBN. Finally, we extend the growth time and borazine partial pressure to

grow monolayer hBN on Ge and Ge epilayers on Si. These findings provide new insights into the growth

of high-quality hBN on semiconducting substrates.
Introduction

Hexagonal boron nitride (hBN) is a promising two-dimensional
material for next generation electronics, due to its insulating
properties, chemical inertness, and exotic optoelectronic
behaviors. Chemical vapor deposition (CVD) onto catalytic
substrates is the method of choice for the large-area production
of mono- or few-layered hBN.1 Typically, hBN is grown on
metallic substrates, such as single-crystalline metal lms2–7 and
polycrystalline metal foils.8 However, hBN is rarely used as
grown on metallic substrates. Instead, it is typically transferred
to semiconducting or insulating wafer substrates through
processes that invariably damage and contaminate the hBN.
The direct growth of hBN on semiconducting substrates like Ge
or Ge epilayers on Si could enable scalable, metal- and transfer-
free integration of hBN into industrial processes and facilitate
the manufacturing of devices using hBN-based heterostructures
with other 2D materials,9–13 as well as hBN-based quantum
emitters.14,15

In previous work, hBN has been grown on Ge using two
precursors, ammonia borane (AB)16,17 and borazine.18 Prior
research16,17 has shown that hBN islands grown on Ge(001) and
(110) via the low-pressure CVD of AB are highly aligned, with
four observed island orientations on Ge(001) and two on
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Ge(110). Other work18 has demonstrated the growth of multi-
layer hBN via the high-vacuum CVD of borazine onto Ge epi-
layers on Si(001). While AB is generally viewed as a safer
precursor, it is a solid with a low vapor pressure and is
complicated to control. Primarily, AB must be heated to release
vapor. However, AB has been found to release seven different N
and B-containing species with non-correlated ow proles that
vary with time. These species ultimately form hBN deposits with
different nucleation densities, growth rates, and morphologies
unless the AB temperature is adjusted throughout growth to
maintain a constant ratio of B and N feedstock.19 All of these
factors further complicate achieving a precise and stable
precursor partial pressure and the controllable growth of hBN.
Borazine, while challenged by its ammability and air-
sensitivity, is a liquid at room temperature with a high vapor
pressure whose partial pressure can be controlled reproducibly
through more straightforward means. For example, borazine
can be leaked into a high-vacuum CVD system with leak valves6

or controlled with a carrier gas bubbler and mass ow
controller.20

In this work, we present the growth of high-quality hBN
islands and monolayers on single-crystalline Ge and Ge
epitaxial layers on Si via high-vacuum CVD with borazine as the
precursor. We investigate Ge sublimation under high-vacuum
and its impact on hBN nucleation and morphology. We also
explore the inuence of Ge surface orientation and vicinality on
hBN island alignment, learning that hBN islands are nearly
unidirectionally aligned on Ge(111). Additionally, we describe
a method for reducing pinhole density in hBN monolayers.
Finally, we grow hBN on Ge epitaxial layers on Si, overcoming
© 2024 The Author(s). Published by the Royal Society of Chemistry
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challenges associated with the diffusion of noncatalytic Si to the
growth surface and demonstrating the compatibility of this
process with commercially relevant substrates.
Experimental
Growth of hBN via chemical vapor deposition

hBN is grown from borazine via high-vacuum CVD. The CVD
system consists of a quartz tube surrounded by a three-zone
tube furnace on a linear track, which facilitates the furnace's
movement along the length of the tube. The tube has an inner
diameter of 34 mm and a heated zone of 30 cm. The down-
stream end of the tube is equipped with a turbopump and
residual gas analyzer (RGA, Stanford Research Systems, RGA
200). Approximately 5 mL of borazine precursor (CAS No. 6569-
51-3, Gelest) is transferred from the commercial bottle to
a domed Pyrex tube. The tube is connected to the pump with
a bellows sealed valve and to the CVD system with a variable
leak valve, similar to the setup used by Arias et al.6 Precautions
should be taken to avoid borazine exposure, as it is classied as
causing GHS category 1B skin corrosion/irritation and category
1 serious eye damage/irritation.

hBN is grown on single-crystalline Ge(001), (110), and (111)
(AXT, Ga dopants, electrical resistivity < 0.05 U cm); single-
crystalline Ge(001) intentionally miscut by 6 and 9° toward Ge
[111] (University Wafer, Ga dopants, 0.01–0.05 U cm); and 3 mm-
thick Ge epilayers on Si(001), (110), and (111). The Ge epilayers
on Si are fabricated via reduced-pressure CVD. A threading
dislocation density of∼1× 107 cm−2 is achieved using a cyclical
annealing process, as described by Yamamoto et al.21–23 The
substrates are cleaved into 0.8 cm pieces and positioned
polished-side-down on a Ge(001) base.

Aer loading the substrates, the system is pumped down and
then relled with Ar and H2 to atmospheric pressure. The gas
ow is changed to 200 sccm Ar and 100 sccm H2 and allowed to
equilibrate for 10 minutes. Then, with Ar and H2 still owing,
the furnace is slid over the samples to anneal them for 45
minutes at 920 °C to remove Ge oxides and organic adsorbates.
Simultaneously, the borazine precursor is puried via three
freeze–pump–thaw cycles (see ESI Note 1† for details). Without
cooling the samples, Ar and H2 ow are stopped, and the system
is pumped down to less than 1 × 10−5 torr within 10 minutes.
For hBN growth, borazine is leaked into the system at the
desired partial pressure measured with the RGA for the desired
amount of time. Aer growth, the furnace is slid away from the
samples, and the samples are cooled to room temperature.
Transfer of hBN to SiO2/Si

hBN monolayers are transferred to 90 nm of SiO2 on Si for
Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS). This process involves spin-coating C7 PMMA onto the
samples at 2000 rpm for 1minute, annealing them in N2 at 160 °
C for 5 minutes, and scratching the sample edges with a razor
blade. Delamination of PMMA/hBN from the growth substrate
is achieved electrochemically.2,24 Specically, we fabricate an
electrochemical cell consisting of 1 M NaOH as the electrolyte,
© 2024 The Author(s). Published by the Royal Society of Chemistry
Pt foil as the anode, the sample as the cathode, and a 9 V
battery. Aer delaminating, the lms are transferred to cleaned
SiO2/Si substrates, and the PMMA is removed via acetone
soaking followed by high-vacuum annealing.
Characterization

To characterize hBN morphology and topography, we use
scanning electron microscopy (SEM, Zeiss GeminiSEM 450) and
atomic force microscopy (AFM, Bruker Dimension Icon AFM).
To characterize transferred hBN lms, we use Raman spec-
troscopy (Horiba LabRAM HR Evolution Raman Spectrometer)
with an excitation wavelength of 532 nm, 25 mW laser power,
and 1800 mm−1 grating. We also measure the stoichiometry of
the transferred lms with XPS (Thermo K alpha X-ray Photo-
electron Spectrometer) equipped with a monochromated Al ka
X-ray source with a spot size of 400 mm and a ood gun to
mitigate surface charging. Peak positions are calibrated using
the Si 2p peak of the SiO2/Si substrate at 103.5 eV. Vendor-
adjusted Scoeld relative sensitivity factors are used to calcu-
late B : N atomic ratios.

Tomeasure the density of pinhole defects, we dip the samples
as grown into 0.02 M FeCl3 for 1 minute and triple rinse in
deionized water. The FeCl3 diffuses through pinholes in hBN,
creating etch pits in the Ge that can then be measured with AFM.
To reveal threading dislocations that are present in Ge on Si(001),
we dip the samples into Secco etch solution, amixture of one part
0.15 M potassium dichromate (K2Cr2O7) in water to two parts
49% HF, for 1 minute.25 Note, the GHS category 1 corrosive,
carcinogenic, mutagenic, and toxic chemical, K2Cr2O7, and the
category 1 corrosive and toxic chemical, HF, pose signicant
safety hazards and must be handled with extreme care.
Results and discussion
The importance of suppressing Ge sublimation

First, we nd that suppressing Ge sublimation, which occurs
readily under high vacuum at the growth temperature of 920 °C,
is crucial for growing high-quality hBN. In Fig. 1, we compare
two different substrate congurations: a face-up conguration,
in which the growth surface is exposed to high vacuum (Fig. 1a),
and a face-to-face conguration, in which the growth surface is
placed in direct contact with another piece of Ge (Fig. 1b).

When Ge(001) is annealed under high vacuum in the face-up
conguration, Ge sublimes, and the surface roughens consid-
erably (Fig. 1c, RMS roughness = 5.6 nm). The roughening of
the surface results in a high hBN nucleation density, non-
triangular morphology, and non-uniform thickness of hBN
islands grown in this conguration (Fig. 1d). These results may
explain the high nucleation density observed for multilayer hBN
grown on Ge on Si(001) from borazine via high-vacuum CVD
reported previously.18 Additionally, thermal etch pits that are
over 1 mm deep form aer just 30 minutes of annealing
(Fig. S1†). These pits would interfere signicantly with the
growth and coalescence of a monolayer of hBN. In contrast,
when Ge(001) is annealed under high vacuum in the face-to-face
conguration, the surface is signicantly smoother (Fig. 1e,
RSC Adv., 2024, 14, 25378–25384 | 25379
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Fig. 1 Schematics illustrating the (a) face-up and (b) face-to-face sample configurations. AFM height maps showing the morphology of the
Ge(001) surface after high-vacuum annealing for 30min at 920 °C in the (c) face-up and (e) face-to-face configurations and after growth of hBN
islands with a borazine partial pressure of 1 × 10−10 torr for 30 min at 920 °C in the (d) face-up and (f) face-to-face configurations. All AFMmaps
are 5 mm × 5 mm. Insets in (d) and (f) show enlarged SEM of hBN islands from the same samples.
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RMS roughness = 0.3 nm). We attribute this smoothness to the
suppression of Ge sublimation due to the buildup of Ge vapor
pressure between the two faces. hBN islands grown in this
conguration have lower nucleation density and triangular
morphology (Fig. 1f), indicating marked improvement over hBN
grown in the face-up conguration.
The effect of Ge surface orientation on hBN island orientation

Using a face-to-face conguration, a borazine partial pressure of
1 × 10−10 torr, and a growth time of 30 minutes, we grow hBN
islands on Ge(001), (110), and (111), as well as Ge(001) inten-
tionally miscut by 6° and 9° toward Ge[111] and show that hBN
island orientations are highly dependent on the Ge surface
orientation. We use a low borazine partial pressure of 1 × 10−10

torr because the resulting slow growth rate (∼100 to 200
nm min−1) and low nucleation density (∼1 to 2 mm−2) result in
triangular, mostly non-overlapping islands whose orientations
can be easily observed and quantied using SEM. Prior work by
Yin et al. indicates that hBN edges on Ge(001) and (110) are
aligned along the zigzag direction.16 We anticipate hBN edges to
be N-terminated based on theoretical predictions by Zhang et al.
for hBN on Cu and Ni,26 which are weakly interacting catalysts
like Ge. Fig. 2a shows SEM of the hBN islands, and Fig. 2b
shows AFM height maps of the same samples as in Fig. 2a,
indicating that the Ge(110) and (111) surfaces are signicantly
smoother than the (001) surface aer the growth of hBN islands.

On Ge(001), (001)-6°, and (001)-9°, hBN islands are triangular
and have four preferred orientations, each having an edge
parallel to Ge[110] or [11�0] (Fig. 2a–c). When the miscut angle is
approximately 0°, the islands are distributed evenly between the
four preferred orientations, as previously reported by Yin et al.16

When the miscut angle is increased to 6° and then 9°, the
25380 | RSC Adv., 2024, 14, 25378–25384
distribution shis such that orientations where the island edge
is parallel to Ge[11�0] are preferred, with an increasing prefer-
ence for the islands to be pointed downhill (Fig. 2d). This is
likely due to the preferential nucleation of hBN islands off of Ge
step edges in the downhill direction. Ultimately, it may be
possible to grow unidirectionally aligned hBN islands by
increasing the miscut angle further.

On Ge(110), hBN islands have two preferred orientations,
each having an edge parallel to Ge[1�10], similar to the obser-
vations made by Yin et al. and Zhang et al.16,17 The islands are
distributed approximately evenly between the two preferred
orientations (Fig. 2d), which is expected on the two-fold
symmetrical Ge(110) surface.

OnGe(111), triangular hBN islands are expected to have six (or
two unique) preferred orientations due to the six-fold symmetry
of the Ge(111) surface. However, we observe that one of the two
unique orientations is heavily favored, and 95% of the islands are
unidirectionally aligned (Fig. 1a–d). This unexpected result may
be explained by a theory proposed by Chen et al., in which
asymmetry at opposing Cu(111) step edges and in their binding
energies causes hBN nuclei to dock preferentially on one side of
the steps, resulting in the unidirectional alignment of hBN
islands on Cu(111).2 A similar asymmetry at opposing step edges
is seen on Ge(111) (Fig. S2†), which seems to have the same effect
as on Cu(111). With further tuning of growth parameters and
understanding of hBN nuclei-step docking on Ge, it may be
possible to grow single crystal hBN on Ge(111).
Growth and characterization of hBN monolayers on single-
crystalline Ge

By extending the growth time from 30 minutes to 10 hours, we
are able to grow monolayer hBN on Ge(001), (110), and (111).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM images and (b) AFM height maps of hBN islands grown on Ge(001), (110), and (111). (c) Schematics showing preferred hBN island
orientations. (d) Bar graphs showing the fraction of islands oriented within ± 2° of a preferred orientation on Ge(001), (001)-6°, (001)-9°, (110),
and (111). All samples are grownwith a borazine partial pressure of 1× 10−10 torr and growth time of 30min. SEM images and AFMmaps are 5 mm
× 5 mm. AFM scale bars are in nm. Arrows in (c) depict crystallographic directions and the downhill direction for vicinal Ge(001). Edge termination
and lateral position of hBN in schematics in (c) are not confirmed experimentally. Number of islands measured in (d) is 505, 608, 536, 710, and
1020 for Ge(001), (001)-6°, (001)-9°, (110), and (111), respectively.
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Wrinkles originating from the difference in the coefficient of
thermal expansion of hBN and Ge are seen in SEM (Fig. 3a) and
AFM (Fig. 3b), indicating that the surface is fully covered. In
© 2024 The Author(s). Published by the Royal Society of Chemistry
addition, AFM shows that aer hBN growth, the Ge(110) and
(111) surfaces are atomically at, but the Ge(001) surface is
nano-faceted (Fig. 3b). As a result, hBN grown on Ge(110) and
RSC Adv., 2024, 14, 25378–25384 | 25381
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(111) is much smoother than hBN grown on Ge(001). These
surface topographies are similarly observed for graphene grown
on Ge(001), (110), and (111).27 For lms transferred to SiO2/Si,
Raman peaks are observed at 1370 cm−1 with full-widths at half-
maximum ofz19 cm−1 (Fig. 3c). These data have not previously
been reported for hBN monolayers on Ge.

Transferring the lms also allows for a more accurate
measurement of the lm stoichiometry by removing potential
effects from the substrate, for example nitridation of the Ge
surface during growth as proposed by Yin et al.16 XPS reveals
that the lms are stoichiometric (B : Nz 1 : 1) (Fig. 3d). It is not
clear if the few percent overabundance of N in hBN monolayers
grown on Ge(001) and Ge(111) is an accurate reection of
a small degree of non-stoichiometry or are indicative of
systematic error in our B : N ratio determination.

Characterization and reduction of pinhole defects in hBN
monolayers

To further characterize the quality and completeness of the hBN
monolayers, the presence of pinhole defects in hBN lms grown
on Ge(110) is quantied by dipping them into a Ge etchant
(0.02 M FeCl3). The etchant diffuses through pinholes in the
hBN and creates etch pits in the underlying Ge that can then be
visualized with AFM. (In contrast, etch pits are not formed when
a bare Ge surface is dipped into the etchant, see Fig. S3.†) We
Fig. 3 (a) SEM images and (b) AFM height maps of monolayer hBN on
Ge(001), (110), and (111). (c) Raman spectra and (d) XPS spectra of
monolayer hBN grown on Ge and transferred to SiO2/Si. SEM images
and AFM maps are 5 mm × 5 mm. FWHM in (c) and B : N ratio in (d) are
mean values from three samples. All samples are grown with a bor-
azine partial pressure of 1 × 10−10 torr and growth time of 10 h.

25382 | RSC Adv., 2024, 14, 25378–25384
nd that while hBN lms grown under many conditions appear
to be complete monolayers as assessed by SEM, AFM, and
Raman, these hBN lms are plagued by a high density of
pinhole defects (Fig. 4a). In many hBN applications, such as the
use of hBN as passivation layers for air-sensitive materials,28,29

ultrasmooth and clean substrates for reducing charge or exciton
scattering,30,31 and barrier layers for controlling interlayer exci-
tons,32 these pinholes are likely to be detrimental to
performance.

To reduce the pinhole density and thus improve lm quality,
we grow hBN with the same borazine partial pressure as before
(1 × 10−10 torr) but, at the end of growth, supply a burst of
borazine at a higher partial pressure (6–8 × 10−10 torr) for 2 h
(Fig. S4,† 4b and c). A two-step process is required because using
a high borazine partial pressure from the beginning results in
poorer crystallographic alignment (Fig. S5†). Using a two-step
process allows us to maintain the alignment, low nucleation
density, and slow growth rate of hBN islands until the surface is
nearly completely covered. Then, increasing the borazine partial
pressure increases the probability of borazine molecules or
molecular fragments encountering and subsequently healing
pinhole defects in the hBNmonolayer. We nd that this method
ultimately decreases the density of pinhole defects to∼0.7 mm−2

(Fig. 4c). The pinhole densities measured for highly optimized
graphene growth on Ge(110) are ∼0.01 per mm2.33
Growth of hBN on Ge epilayers on Si

To enhance the compatibility of hBN growth with semi-
conductor industrial processes, we demonstrate the growth of
hBN on epilayers of Ge on Si(001), (110), and (111). We nd that
hBN islands grown on epilayers of Ge on Si have the same
Fig. 4 AFM height maps of monolayer hBN grown on Ge(110) after
dipping in Ge etchant (0.02 M FeCl3) for 1 min to reveal pinhole
defects. Borazine partial pressures are (a) 1 × 10−10 torr for 10 h, (b) 1×
10−10 torr for 10 h and then 6× 10−10 torr for 2 h, and (c) 1× 10−10 torr
for 10 h. Scans are 10 mm × 10 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of (a) hBN islands and (b) hBN monolayers with multilayer islands grown on Ge/Si(001), (110), and (111). (c) SEM showing lack
of correlation between hBN island nucleation and threading dislocations (revealed with a 1 min Secco etch) on Ge/Si(001). The islands in (a) and
(c) are grown with a borazine partial pressure of 1× 10−10 torr for 30min. The monolayers in (b) are grown with a borazine partial pressure of 6×

10−10 torr for 6 h. SEM images are 5 mm × 5 mm in (a) and (b) and 10 mm × 10 mm in (c).
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rotational alignment and similar morphology to islands grown
on equivalent Ge surfaces, indicating that growth is comparable
on the two substrates (Fig. 5a). However, small differences in
the hBN island morphology specically on Ge/Si(111) are
observed, possibly due to the high initial roughness of the Ge/
Si(111) surface (Fig. S6†). Additionally, we dip the hBN islands
grown on Ge/Si(001) into Secco etch solution, which selectively
creates etch pits at threading dislocations in the Ge epilayer.25

We nd that the location of these threading dislocations has no
correlation with where hBN islands nucleate (Fig. 5c).

The growth of monolayer hBN is complicated by the diffu-
sion of Si through Ge at high temperatures. When Si segregates
at the Ge surface, it roughens the surface34 and disrupts hBN
growth, likely due to its noncatalytic nature and requirements
for higher growth temperatures35 (Fig. S7†). To minimize Si
diffusion, we increase the borazine partial pressure from 1 ×

10−10 to 6× 10−10 torr so that growth can be completed within 6
hours instead of 10. While this does enable faster coalescence,
we also observe the formation of multilayer hBN islands, with
coverage ranging from 2 to 5% and heights ranging from 1 to
8 nm (Fig. 5b).
Conclusions

In summary, suppressing Ge sublimation is essential for
growing high-quality hBN on Ge via high-vacuum CVD. Using
a borazine precursor, we show that the orientational alignment
of hBN correlates strongly with the surface orientation and
miscut angle of Ge. Remarkably, 95% of hBN nuclei are unidi-
rectionally aligned on Ge(111), which presents a promising path
toward the growth of single-crystalline hBN on a semi-
conducting substrate. Despite hBN monolayers appearing to be
full coverage and high quality as characterized by SEM, AFM,
and Raman spectroscopy, pinhole defects can be prevalent.
However, the density of pinhole defects can be signicantly
reduced by introducing a burst of borazine precursor toward the
© 2024 The Author(s). Published by the Royal Society of Chemistry
end of the hBN growth process. These ndings, along with
successful hBN growth on Ge epitaxial layers on Si, hold
considerable promise for the integration of hBN into advanced
microelectronics.
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