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ABSTRACT 

Hexagonal boron nitride (hBN) nanowalls were deposited by unbalanced radio frequency 

sputtering system on (100)-oriented silicon, nanocrystalline diamond films, and amorphous 

silicon nitride (Si3N4)
 membranes. The hBN nanowall structures were found to grow 

vertically with respect to the surface of all of the substrates. To provide further insight into 

the nucleation phase and possible lattice distortion of the deposited films, the structural 

properties of the different interfaces were characterized by transmission electron microscopy. 
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For Si and Si3N4 substrates, turbostratic and amorphous BN phases form a clear transition 

zone between the substrate and the actual hBN phase of the bulk nanowalls. However, 

surprisingly, the presence of these phases was suppressed at the interface with a 

nanocrystalline diamond film, leading to a direct coupling of hBN with the diamond surface, 

independent of the vertical orientation of the diamond grain. To explain these observations, a 

growth mechanism is proposed in which the hydrogen terminated surface of the 

nanocrystalline diamond film leads to a rapid formation of the hBN phase during the initial 

stages of growth, contrary to the case of Si and Si3N4 substrates.  

1. Introduction 

Boron nitride (BN) materials have attracted much attention in recent years [1], due to a wide 

variety of promising future applications for coating and related technologies [2‒5]. 

Hexagonal boron nitride (hBN) has a structure similar to graphite, in which B and N atoms 

are bound alternatively in in-plane hexagonal rings forming two dimensional (2D) sheets, 

which are held together by van der Waals forces, forming the hBN lattice. hBN can be 

synthesized into nanostructured films, such as nanowalls, with tunable properties depending 

on the growth parameters, to make it insulating, highly compressible, or to improve its 

lubricity [1, 5]. Grown hBN structures have so far shown a considerable number of defects 

and disordered BN phases, i.e. amorphous and turbostratic boron nitride (aBN and tBN), 

particularly at the initial stages of thin film growth. The presence of those phases is largely 

dependent on dynamics of chemical reactions at the substrate surface [1]. A substrate material 

that reduces these defective phases, creating a direct interface to the hBN phase, is therefore 

highly desirable. 

Many excellent properties of diamond, such as a negative electron affinity on hydrogen 

terminated surfaces, mechanical hardness, chemical inertness, and good thermal conductivity 
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[6‒9], make nanocrystalline diamond (NCD) thin films an interesting potential substrate 

material for hBN. For example, field electron emission devices that take advantage of the 

NEA of NCD thin films and the electric field enhancement factor of hBN nanowall 

structures, are an exciting potential application for these materials [10]. This work seeks to 

understand the nucleation and early growth phase of hBN layers on different substrates, 

including NCD films, by investigating the role of the different substrate surfaces on the 

crystallinity of the deposited hBN nanowalls at the BN-substrate interface. 

2. Experimental details 

2.1 Substrates 

Three types of substrates were used for hBN film growth – Si (100), NCD grown on Si (100), 

and amorphous Si3N4 membranes. 11 cm2 Si (100) substrates were cut from a single side 

polished n-type Si wafer 500 – 550 μm in thickness, with a resistivity of 10–20 Ωcm, 

obtained from WAFERNET, INC. Si(100) substrates were cleaned using a standard cleaning 

procedure [11]. The 300 nm thick NCD layers were deposited on the same Si (100) 

substrates, with deposition conditions that will be given in Section 2.4. The membrane is a 35 

nm-thick amorphous Si3N4 film supported on a 500 μm-thick silicon frame with a 100×100 

μm2 electron transparent window, obtained from TED PELLA, INC. The samples studied in 

this work are summarized in Table 1. 

2.2  Deposition of the hBN films 

hBN thin films were synthesized in a home-built, unbalanced 13.56 MHz radio frequency 

(RF) sputtering system using optimized process conditions for nanowall formation, as 

determined in our previous work, i.e. a gas mixture of Ar(51%)/N2(44%)/H2(5%) and cathode 

power of 75 W [12]. A 3 inch diameter pyrolytic BN ceramic target (Kurt J. Lesker) with 

99.99% material purity and a mass density of 1.96103 kg/m3 was used as the sputtering 
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target. The working pressure and target-to-substrate distance were fixed at 2.1  10-2 mbar 

and 3 cm. The samples were unintentionally heated during the thin film deposition, due to 

reactive gas ion bombardment on the substrate surface [13]. The substrate temperature during 

growth was monitored through a thermocouple probe with a EUROTHERM 2408 controller, 

and was measured to be 125 °C for all of the depositions in this work.        

2.3 Optical, morphological and TEM characterization 

Optical properties of the films were characterized by Raman spectroscopy with a HORIBA 

Jobin Yvon T64000 spectrometer using a blue laser (488 nm) in backscattering mode [14]. 

The Fourier transformed infrared (FTIR) transmission spectra of the films were taken at room 

temperature with a NICOLETTM 8700 spectrometer [15]. The FTIR measurements were 

performed normal to the film surface from 400‒4000 cm-1 with a resolution of 2.0 cm-1, and 

the transmission spectrum of a bare Si (100) substrate was used as a baseline. Morphological 

properties of the films were investigated by electron microscopy using an FEI Quanta 200F 

field emission gun scanning electron microscope (FEG-SEM). 

High resolution transmission electron microscopy (HRTEM) was performed on a JEOL 

3000F microscope, equipped with a high-brightness Schottky-field emission electron source, 

and a high-resolution Gatan Imaging Filter (GIF2000) [16]. 80 kV accelerating voltages were 

used to minimize knock-on damage to the soft hBN material while retaining high contrast 

between the C, B, and N elements with similar atomic number (Z) [17]. 300 kV FEG 

accelerating operation voltages were used for annular dark field scanning TEM (ADF STEM) 

experiments, with the convergence and collection semi-angles in the range of 20 – 22 mrad. 

The TEM point resolution is 1.9 Å, and probe current and the energy spread are 0.5 nA and 

1.2 eV, respectively. 
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2.4 NCD film growth 

Si(100) substrates were seeded by spin-coating, using a 3.3  10-4 kg/L water-based colloidal 

suspension of detonation nanodiamond particles with average size of 5-10 nm [18]. The NCD 

thin films were then grown by microwave plasma enhanced chemical vapor deposition 

(MWPECVD) in an ASTeX 6500 reactor, using a gas composition of 99% H2 (396 sccm) / 

1% CH4 (4 sccm), a working pressure of 25 Torr, and a microwave power of 2500 W. The 

substrate temperature of 680 °C was constant for all the NCD growth runs and was monitored 

by single color optical pyrometry, assuming an optical emission coefficient ϵ = 0.3. The film 

thickness was measured in situ during growth from the interference fringes of the reflection 

spectrum of a 405 nm diode-pumped solid state laser, and the deposition was stopped when 

the film thickness reached 300 nm. The resulting diamond film showed well-faceted grains, 

as seen in Fig. 1. These grains form as a result of the process of evolutionary selection of 

diamond, which assumes that a cubic diamond crystal consists out of the {001} and {111} 

faces. The growth of those grains occurs by propagation of these faces, of which depends on 

the ratio of the growth rates in the <001> and <111> directions, v001/v111. This parameter 

represents the ratio of the vertical distances of the {001} and {111} faces from the original 

nucleation point and can be controlled by the deposition parameters [19]. Wild et al. defined 

the well-known growth parameter,  = 3½(v001/v111) [20 ‒ 22]. Therein, if  ≥ 3, the {001} 

planes disappear and the contour of a diamond grain is formed by four {111} faces, forming a 

pure octahedron, whilst if  ≤ 1, a cubic diamond crystallite is formed. For the cases of  

between 1 and 3, all forms of cubo-octahedron facets can be produced [19, 22]. 

2.5 TEM specimen preparation 

Samples were prepared for TEM analysis by thinning to electron transparency using either 

the gentle ion milling (IM) or focused ion beam (FIB) techniques [17, 23, 24], as given in 
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Table 1. For the IM technique, a sample is first cleaved into two halves that are glued face-to-

face with an epoxy resin and then ground using a hand grinder to a thickness of ~120 μm. 

The glued slices were then continuously dimpled by a dimple grinder during ion polishing in 

a Balzers RES 010 precision ion polishing system, to a thickness of < 10 μm at the spherical 

indentation. The sample was then Ar+ ion milled down to electron transparency of < 100 nm. 

Ar+ ion energies of 1000 eV, 750 eV and 500 eV were used for 25 min each during the three 

step milling process on each side. An ion beam incidence angle of approximately 6° to 9° was 

used. The specimen was oscillated during the milling with an oscillation angle of ± 35°, to 

avoid back sputtering.  

The FIB technique for sample thinning to electron transparency uses a FIB lift-out procedure, 

carried out in the FEI Helios NanoLab 650 FIB-SEM with a high-performance DualBeam 

system [23, 24]. The FIB consists of a gallium liquid metal ion source (Ga+ LMIS) with an 

energy range of 5 keV to 30 keV, and a high resolution FEG-SEM. Thin layers of C and Pt 

were sputtered onto an area of interest on the sample with the electron and ion beam-induced 

depositions prior to FIB preparation to protect against re-deposition and/or contamination 

caused by the energetic Ga+ ion beam during the lift-out procedure [24, 25]. The current 

profiles were varied from 10 pA to 20 nA during the FIB specimen preparation. During the 

final thinning and cleaning processes, the lowest ion beam current (10 pA) and energy (5 

keV) were used on both sides of the specimen, with substrate tilting angles of  ± 1° for 

thinning and ± 7° for cleaning from the 52° tilting of the ion beam. The final specimen 

thickness after the thinning and cleaning procedure is ~100 nm.  

3. Results and Discussion 

3.1 Interfacial crystalline properties: Hexagonal boron nitride on silicon and diamond 
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To investigate the different surface morphologies of hBN grown on Si and NCD substrates, 

SEM analysis of samples T1 and T2 was performed, as shown in Fig. 2. The morphology of 

the NCD film prior the 300 nm-thick hBN film deposition is given in Fig. 2(c) for 

comparison. The hBN nanowalls appear bright in the SEM images, and are randomly 

oriented with respect to both the substrate surface and each other. While the hBN nanowalls 

grown on the Si substrate are spread equally on the substrate, appearing to form a 

homogenous film, as shown in Fig. 2(a), the nanowalls grown on the NCD film (Fig. 2(b)) 

are clearly more localized to the facets of the NCD surface. Because the deposited BN film 

conformally coats the NCD substrate, the higher roughness of the NCD as compared to the 

smooth silicon surface causes a larger variation in wall-heights, and a perceived clustering of 

the nanowalls. The characteristics of the NCD film therefore have a large influence on the 

resulting hBN nanowall morphology, with the crystalline diamond grains appearing to form 

the preferential locations for the BN nanowalls to nucleate. 

To further investigate a possible difference in the hBN nucleation mechanism on silicon and 

diamond, the growth rate (RG) of hBN was determined via a series of experiments. Three 

pairs of hBN films were deposited at three fixed deposition times, td = 66, 150 and 240 min, 

with the resulting film thickness vs td plotted in Fig. 3. The thickness of the thin (D1) and 

medium (D2) films deposited on NCD are higher than that of the hBN films deposited on 

silicon (Si1 and Si2) for the same td, indicating a larger RG on diamond. This implies a 

difference in the nucleation and/or initial stage of thin film growth. Looking more in detail to 

Fig. 3, the thickness of hBN-on-Si clearly increases quasi-linearly with deposition time. By 

contrast, when using NCD substrates, the growth speed tends to be slower for longer 

deposition times (Table 1). It is argued that the subsequent growth of hBN on the NCD facets 

is complicated by the clustering of the nanowalls on the diamond crystal facets and the 

inherent larger roughness of NCD, as discussed earlier. BN films deposited on the smooth 
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silicon substrates do not have these limitations, and the thickness continues to increase quasi-

linearly. 

To investigate the difference in the crystalline quality at the interface of hBN with Si and 

NCD substrates, samples T1 and T2 were characterized by bright field (BF) HR TEM and 

ADF STEM, as shown in Fig. 4. A significant difference can be seen in the BN crystallinity 

close to the Si surface compared to the NCD surface. A mixture of hBN, tBN and aBN 

phases is observed for the region in contact with the Si surface [26], as seen in Fig. 4(a). The 

aBN and tBN phases in particular are much more prevalent at the Si/BN interface than in the 

same region of the NCD/BN structure. The mixed phase of aBN and tBN extend a few tens of 

nanometers from the Si substrate surface before the hBN nanowall structures become more 

dominant [27]. The quality of the deposited BN films on the Si substrate, especially at the 

initial stage of thin film growth, is therefore largely dependent on many other deposition 

factors, i.e. target-to-substrate distance (d), substrate tilting angle (α), substrate temperature 

(Tsub), ambient mixed gases, and RF power [12, 27], which determine the conditions for the 

nucleation of the hBN phase remote from the surface.  

The aBN and tBN phases at the interface of the Si/BN film thus result from chemical and 

physical processes at the initial stage of the thin film growth [28]. If the sputtered ions do not 

initially form chemical bonds to substrate nucleation sites or to BN material already present, 

they can migrate across the substrate surface until stable positions are found, which may not 

cause them to incorporate in an ordered lattice structure [28]. In this case aBN material is 

formed, as seen at the initial stage of thin film growth on the Si surface. Remarkably, when 

looking at the interface between BN and diamond, the aBN/tBN phases are completely 

absent, with clear crystalline hexagonal boron nitride phase directly connected to the 

underlying diamond grain. As seen in Fig. 1 and Fig. 2(c), the NCD film shows well faceted 
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grains without a clear preferred orientation that might develop for thicker films [29]. The 

specific orientation of the different grains does not seem to play a role in the direct nucleation 

of the hBN on the diamond surface, nor on the eventual orientation of the hBN nanowalls. 

The hBN nanosheets, indicated as cyan dashed-arrows in Fig. 4(b), eventually grow 

perpendicular to the overall substrate surface, i.e. parallel to the incoming ion flux from the 

target to the substrate (indicated as a green arrow) irrespective of the local facet orientation 

(denoted as yellow and purple dashed-lines). 

3.2 Nanowall crystalline properties 

3.2.1 hBN on Si3N4 membranes 

In order to gain a better understanding of the overall crystallinity of the nanowalls and their 

spatial in-plane distribution, an investigation of a thin hBN film by HR TEM parallel to the 

growth direction was undertaken. A 35 nm thick Si3N4 membrane was used as the substrate, 

on which 100 nm of BN was deposited, keeping the combined structure electron transparent 

and thus avoiding additional processing steps before the TEM investigation.  

Figure 5(a) shows a bright field (BF) TEM image of the T3 specimen, and its electron 

diffraction (ED) pattern is shown in the inset. The hBN nanowalls are thicker than the 

surrounding material, and therefore appear dark in the image. The nanowalls are randomly 

oriented in the plane parallel to the Si3N4 membrane surface and they show variation in the 

heights and widths of the walls. As already shown by SEM in Fig. 2(a), the walls are oriented 

vertical to the substrate surface, as also evidenced by the ED pattern shown in the inset of 

Fig. 5(a). The electron intensity of the (0002) ring is homogeneous and continuous, indicating 

that the [0002] directions of the deposited hBN nanowalls are randomly oriented parallel to 

the substrate surface (vertical to the transmitted electron beam direction). The size 

distribution of the nanowalls was quantified through image analysis by modeling the 
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nanowalls as ellipses, as shown in Fig. 5(b). The narrow peak of the wall-width distribution 

confirms that the specimen shows good homogeneity of nanowalls. (See also Fig. S1 and the 

accompanying explanation on the determination of the size distribution in the Supplementary 

Data (SD)) 

Studying the area in Fig. 5(a) in more detail, two different kinds of morphologies can be 

identified, one with well-defined ellipsoidal nanowalls, and the spaces in between with more 

complicated nanowall structures. To further investigate the crystallinity of individual hBN 

nanowalls in those regions, higher magnification BF HRTEM images were taken. Fig. 5(c) 

shows the image corresponding to an area where the nanowalls have simple geometries that 

are well described as ellipses. This is illustrated by the dashed ellipse that nicely borders an 

individual nanowall. Based on an electron intensity profile taken across the line AB, as given 

in the inset of Fig. 5(c) and also described in the SD, the nanowall height is inhomogeneous 

within the wall, with a high central part that gradually decreases in height towards the 

outsides of the wall. The HRTEM image of a region with more complicated nanowall 

geometries (Fig. 5(d)) shows a greater degree of overlap between neighboring walls. Both 

regions show the presence of wrinkles, as denoted by green arrows in Figs. 5(c) and (d). This 

wrinkling behavior can result from stress or strain caused by defects during the material 

growth [27, 30]. 

3.2.2 Hexagonal boron nitride on silicon and diamond   

To further assess the crystalline properties, samples T1 and T2 were characterized by Raman 

and FTIR spectroscopy (Fig. 6). The width of the Raman frequency (E2g at 1368 cm-1) mode 

of the sp2 hBN material can be used to determine the quality of the pure hBN phase [1, 5, 31]. 

In Figs. 6(a) and (b), these peaks are shown for the two samples studied. While the full-width 

at half maximum (½) value of the E2g peak was measured to be ~26 cm-1 for sample T1, a 
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much lower value of ~18 cm-1 could be determined for T2, indicating that the hBN crystalline 

quality in the latter sample is higher. This confirms the HRTEM observations presented in 

Fig. 4, where hBN was directly deposited on the diamond surface without the presence of an 

aBN/tBN interface. The Raman spectrum of sample T2 also shows characteristics of the 

diamond film, with the first order Raman mode peaks of diamond (sp3) at 1333 cm-1 and non-

diamond carbon (sp2) present in the grain boundaries at 1489 cm-1 [32]. 

FTIR was used to detect the vibrational modes of the most common defects in hBN the 

samples, such as N-H (3437 cm-1) [27, 33], B-C (1100 cm-1) [34, 35], and sp3 BN (1085‒

1110 cm-1) [36, 37]. The N-H absorption peak intensity is related to defects in the hBN lattice 

as described in our previous work [27]. The infrared absorption spectra for samples T1 and 

T2 are shown in Figs. 6(c) and (d). The features seen at 1110 cm-1 (indicated by the dashed 

arrows) could be due to the presence of sp3 BN or B-C. Although sp3 BN is not expected to 

form at the substrate temperature (125 °C) and the cathode power (75 W) investigated in this 

work, some sp3 bonding could be present in the disordered BN phase in between the 

nanowalls [36]. However, it is more likely that the 1110 cm-1 feature originates from the B-C 

mode due to already observed contamination with carbon, and in the case of T2, partly due 

the possible presence of B-C bonds at the diamond-BN interface [12, 35]. Both spectra of 

course also show the expected B-N bending (A2u at 817 cm-1) and B-N stretching (E1u at 1376 

cm-1) optical phonon modes of the sp2 hBN [1, 5, 31]. 

3.2.3 Hexagonal boron nitride diamond: Nucleation model 

In earlier work by Hoang et al. carried out on silicon substrates, it was proven that the hBN 

formation is primarily a chemically driven process rather than a physical one, leading to 

nanowalls that are vertically oriented with respect to the substrate surface, irrespective of the 

relative substrate-target orientation [27]. As supported by the electron diffraction pattern of 
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Fig. 5(a), this is also the case when a Si3N4 membrane is used as a substrate. As discussed 

above, the interface between the deposited BN film and the NCD surface shows virtually no 

presence of disordered BN phases. The hBN phase seems to nucleate directly onto the 

diamond surface. Despite the fact that the different diamond facets are clearly not all parallel 

to the Si substrate surface, vertically oriented nanowalls are still observed, indicating that 

after nucleation, the hBN nanowalls change their orientation slightly during the first stages of 

growth, as seen in Fig. 4(b). This hints strongly at some influence of the direction of the 

incoming ion flux, i.e. a physical effect. Nevertheless, the question remains as to what 

underlying process drives the direct nucleation of hBN on diamond. To obtain hBN 

nanowalls, the addition of hydrogen to the process gas is a prerequisite [12]. The NCD films 

are used are as-grown, i.e. they are H-terminated when taken out of the diamond plasma 

deposition reactor. Here, it is proposed that the combination of a hydrogen terminated 

diamond surface and the abundance of hydrogen during the BN deposition process play a 

crucial role in the observed hBN crystalline phase at the interface with the diamond substrate. 

As a notice, an amorphous carbon film with dangling bonds or hydrogen termination surface 

does not create the same effect as it does at the NCD surface. Because, dangling bonds of the 

amorphous carbon surface are randomly oriented or easily saturated in energy at the surface 

due to their cross-linkages. Those dangling bonds are therefore difficult to connect with B or 

N ions from the BN plasma deposition chamber. While the NCD surface with sp3 bonds 

needs to be terminated in some way in order to prevent cross-linkages. This surface 

termination is performed by hydrogen via the diamond plasma reactor. The H-termination 

appearing on the NCD surface plays two key roles: (1) keeps the sp3 diamond lattice stable; 

(2) during hBN growth, some of these H atoms need to be removed by reactive gas ion 

bombardment in the RF sputtering chamber and replaced by B or N species afterwards, as 

described schematically in Fig. 7. 
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The proposed growth model begins with the abstraction of an H atom terminating the surface 

of the diamond substrate by a sputtered B ion [34, 39], which nucleates the hBN ring, as seen 

in Figs. 7(b) and (c). Two sputtered N ions can then react with the B-site to form one-third of 

the hBN ring with two N terminated edges, as shown in Figs. 7(c‒e). Two other sputtered B-

ions then join the resulting N-sites, and this process proceeds one more time, ending with an 

N locking the last two B-sites into the first ring in the nucleated hBN lattice, as shown in Fig. 

7(f). The hBN nanosheet formation then proceeds from this initial template. The hBN 

nanosheet therefore orients vertically to the substrate surface due to the locked orientation of 

the first atom in this nucleation ring, resulting from the surface H abstraction site. 

Consequently, the H-termination of the NCD surface is key to the formation of the hBN 

nanowall structures via the process outlined in Fig. 7. 

4. Conclusions 

The deposition of hexagonal boron nitride nanowalls achieved by unbalanced RF sputtering 

was investigated. HRTEM characterization showed that the disordered BN phases that 

formed at the interface with Si substrates were significantly reduced in the case of diamond 

substrates, where a rapid formation of the crystalline hBN phase at the initial stage of thin 

film growth was observed. It is proposed that the presence of hydrogen at the diamond 

surface plays an important role in allowing the hexagonal BN phase to nucleate directly from 

the diamond surface without prior aBN/tBN formation. These results are further supported 

through Raman and FTIR spectroscopy data, showing that the hBN crystallinity was higher 

for hBN on NCD than as compared to hBN on Si. The achieved reduction of disordered BN 

phases at the BN-diamond interface, increasing the crystalline quality of the hBN nanowalls 

presents substantial progress toward the realization of hBN nanowalls applications that 

require high crystalline quality and interfacial properties. 
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Table 1 Samples studied in this work. TEM preparation methods for the purpose of thinning 

the samples to electron transparency refer to: gentle ion milling (IM) encapsulation and 

focused ion beam (FIB) techniques. T3 was only grown to a thickness of 100 nm thus 

remained electron transparent. 

Sample name Substrate 

hBN 

thickness 

(nm) 

TEM 

preparation 

method 

Deposition 

time (td) 

(min) 

Average 

growth rate 

(RG) (nm/h) 

T1 Si (100) 300  18 IM 79 228  18 

T2 NCD  300  25 FIB 54 333  25 

T3 a-Si3N4 membrane 100  18 - 26 231  18 

Si1 Si (100) 250  16 - 66  228  16 

D1 NCD  370  27 - 66 336  27 

Si2 Si (100) 700  33 - 150 280  33 

D2 NCD  800  39 - 150 320  39 

Si3 Si (100) 1080  38 - 240 270  38 

D3 NCD  970  41 - 240 242  41 

 

 


