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We report on the growth of 1–10 ML films of hexagonal boron nitride (h-BN), also known as white

graphene, on fiber-oriented Ag buffer films on SrTiO3(001) by pulsed laser deposition. The Ag

buffer films of 40 nm thickness were used as substitutes for expensive single crystal metallic

substrates. In-situ, reflection high-energy electron diffraction was used to monitor the surface struc-

ture of the Ag films and to observe the formation of the characteristic h-BN diffraction pattern.

Further evidence of the growth of h-BN was provided by attenuated total reflectance spectroscopy,

which showed the characteristic h-BN peaks at �780 cm�1 and 1367.4 cm�1. Ex-situ photoelectron

spectroscopy showed that the surface of the h-BN films is stoichiometric. The physical structure

of the films was confirmed by scanning electron microscopy. The h-BN films grew as large,

sub-millimeter sheets with nano- and micro-sheets scattered on the surface. The h-BN sheets can

be exfoliated by the micromechanical adhesive tape method. Spectral analysis was performed by

energy dispersive spectroscopy in order to identify the h-BN sheets after exfoliation. The use of

thin film Ag allows for reduced use of Ag and makes it possible to adjust the surface morphology

of the thin film prior to h-BN growth.VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943174]

I. INTRODUCTION

Boron nitride (BN) is a wide band gap (�5 eV) refrac-

tory ceramic often used in high temperature applications such

as lubricants due to its chemical stability.1 Single layer, hex-

agonal BN (h-BN), also known as white graphene, is a poly-

morph of interest with a breadth of applications such as

photonic, thermo-electronic, and heterostructure devices.2–4

It has a hexagonal crystalline structure with lattice constant

of �2.5 Å. With roughly a 1.5% mismatch with respect to the

lattice of grapheme,5 the similarity of h-BN to graphene has

played a key role in the growth and characterization of both

materials on their own as well as the intercalation of h-BN

and graphene layers to create novel nano-structures.6–8 A va-

riety of complex physical and chemical techniques have been

used to grow h-BN on diverse ceramic and semiconductor

substrates,9–16 which often bind in a highly interactive man-

ner with the BN film. Nonetheless, the study of h-BN as an

isolated system is of importance for potential applications,

similar to those of graphene, where conductivity is an issue

(i.e., gating devices). Hence, it is important to understand the

fundamental properties of the electronic and geometric struc-

ture of h-BN in a weakly interactive environment. We used

an approach to the synthesis of h-BN that was similar to the

deposition of graphene on single crystal Ag. There, the weak

interaction between film and substrate allows for the study of

graphene as an isolated system.17

It has been shown that crystalline Ag surfaces provide

ideal metallic platforms for the study of h-BN properties,

which is, in particular, due to the vanishing BN-Ag interface

energetics, observed both, theoretically and experimen-

tally.18 In contrast, most other transition metals form highly

interactive interfaces with monolayer and bulk BN to the

extent that BN often forms superstructured lattices rather

than a 2D hexagonal polymorph.19–28 Although the use of

single crystal Ag substrates is viable for the growth of h-BN,

it is impractical in the large scale given the high cost of these

substrates. In order to circumvent this issue, we have used

thin, crystalline, Ag films as growth platforms as substitutes

for expensive, single crystal, Ag substrates. We have synthe-

sized h-BN films by Pulsed Laser Deposition (PLD), a state

of the art thin film synthesis technique,29 on 40 nm thick,

fiber-oriented Ag(111) buffer layers on SrTiO3(001). The

h-BN films were characterized in-situ via Reflection High-

Energy Electron Diffraction (RHEED) and ex-situ by

Attenuated Total Reflectance (ATR), Photoelectron

Spectroscopy (PES), Energy Dispersive Spectroscopy (EDS),

and Scanning Electron Microscopy (SEM).

II. EXPERIMENTAL DETAILS

The experimental growth chamber, shown in Figure 1, is

attached to a pumping assembly that includes a turbomolecu-

lar pump and an ion pump. The chamber pressure was lower

than 2� 10�9Torr during deposition. The substrate surface

temperature was measured using an optical pyrometer

through an IR transmissive viewing port. A Staib Instruments

RH15 RHEED system consisting of a remotely controlled

electron gun and a phosphor screen was arranged on an axis

parallel to the surface of the sample. RHEED patterns were

collected with an electron beam energy of 15.2 keV and a

current of �0.2lA. The electron beam diameter was

�300lm and was incident at an angle of �2�.
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A remotely controlled multi-target carrousel from Excel

Instruments was used to hold six ablation targets for the

growth of complex multilayers and superlattices. Ablation

was performed using a Continuum Surelite III-10 YAG laser

(1064 nm, 850 mJ/pulse) with the second and fourth har-

monic generators used to produce 266 nm, 100 mJ/pulse,

5 ns width pulses. The laser is operable at up to 10Hz with a

circular spot size of �9mm in diameter. The laser pulses are

directed at UV mirrors and are focused on the target surface

inside the chamber with a UV lens (fused silica) at an angle

of incidence of 45�. The fluence (pulse energy/ablation spot)

was held between 5 and 6 J/cm2 during deposition. A quartz

crystal microbalance (QCM) by Inficon (SQM 160) was used

to measure the deposition rate. Prior to deposition on the

substrate, the QCM sensor was placed at the substrate posi-

tion and the deposition rate was calibrated for every film.

The deposition rate, independently verified by ellipsometry,

was found to be consistent over several weeks with variation

of less than 10%.

SEM/EDS were performed using a Phenom Pro X

Desktop SEM at 5 kV for surface imaging and spectral anal-

ysis at a resolution of 17 nm. Photoelectron spectroscopy

measurements were collected using a double-pass cylindrical

mirror analyzer (PHI 25–260AR) with a pass energy of

15 eV (with resolution DEdetffi 0.02PE¼ 0.3 eV). The excita-

tion source was a non-monochromatic Al Ka (1486.6 eV

with 0.85 eV FWHM) X-ray source (PHI 04–500). The total

resolution of the system was 0.9 eV. Attenuated Total

Reflectance (ATR) was performed using a Thermo Nicolet

Nexus 470 FT-IR. An Omnic Sampler Horizontal Attenuated

Total Reflectance (HATR) accessory was attached for ATR

mode. The HATR uses a Ge crystal for scans in the range of

4000–600 cm�1 at a resolution of 4 cm�1. Data sets consisted

of 32 averaged scans per sample.

III. RESULTS AND DISCUSSION

Commercially available, single crystal SrTiO3(001) sub-

strates were used as the platform for the growth of the 40 nm

buffer Ag(111) layers and the h-BN film. The SrTiO3(001)

substrates were cleaned in-situ by IR laser heating to

approximately 400 �C. Figure 2(a) shows the RHEED pattern

of the clean SrTiO3(001) surface, which displays thin recip-

rocal lattice rods and Kikuchi lines along the [100] azimuth.

The buffer Ag(111) layers were grown at 150 �C with a

deposition rate of �2 nm per minute (�9.4 ML/min). The

RHEED pattern of Ag(111)/SrTiO3(001) is shown in Figure

2(b), which displays thin modulated and curved rods. This

pattern shows superimposed families of rods due to the [211]

and [101] azimuths,30,31 which elucidate the hexagonal lat-

tice of the Ag(111) film and indicate that the film consists of

a random azimuthal distribution of Ag(111) normal crystals

(i.e., fiber-oriented or 2D polycrystal31–33). The curvature of

the rods, away from the sample surface shadow (bottom of

RHEED pattern) are, in fact, the result of the intersection of

the Ewald sphere with reciprocal lattice cylinders, which

provide further evidence of the azimuthal randomness of

normally oriented, Ag(111) crystalline faces. Boron nitride

films were deposited at 200 �C, with a deposition rate of

0.7 nm per minute (�2ML/min), on the fiber-oriented

FIG. 1. Schematic drawing of the PLD system.

FIG. 2. RHEED patterns of (a) clean SrTiO3(001) substrate, (b) fiber-

oriented Ag(111)/SrTiO3(001), and (c) h-BN/Ag(111)/SrTiO3(001).
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Ag(111)/SrTiO3(001). Figure 2(c) shows the RHEED pattern

of a 10 monolayer (ML) thick (33.3 Å) BN film, which

exhibits the [100] and [102] rings of h-BN.9,18,34 Also visible

is the specular spot of Ag(111)/SrTiO3(001). In general, the

sharpness of all RHEED pattern features presented are indic-

ative of highly ordered surfaces.

Figure 3(a) shows a 5 keV SEM image of h-BN/

Ag(111)/SrTiO3(001). For this sample, BN and Ag were

deposited at slightly different angles to produce a shadow

effect using a metallic tab in order to leave the Ag layer par-

tially uncoated. The fiber texture of the Ag layer, anticipated

from RHEED (Figure 2(b)), is manifested in the physical

structure of the film which consists of a random azimuthal

distribution of crystallites. The appearance of rings rather

than rods in the RHEED pattern of the h-BN film seen in

Figure 2(c) is due to the formation of h-BN nano-sheets and

nano-flakes on an underlying uniform h-BN layer. The

underlying layer thus likely forms through the 2D growth of

smaller h-BN domains which coalesced to cover large areas.

The interaction of the h-BN domains and the Ag surface is

weak due to the interplay of electrostatic repulsion and van

der Waals forces balancing beyond typical covalent bonding

distances and thus, inhibiting the influence of the substrate

on the azimuthal orientation of h-BN.35

In order to examine the h-BN films independently from

the Ag(111)/SrTiO3(001) growth platforms, they were exfo-

liated using the adhesive tape method often employed to

cleave graphene.36,37 To facilitate exfoliation, the films were

heated up to 400 �C for 1 min. Figure 3(b) shows a 5 keV

SEM image of the exfoliated h-BN film which consists of

large sub-millimeter fragmented sheets, likely due to fracture

of crystallite boundaries during lift off. Figure 3(c) shows

5 keV EDS spectra acquired at sample points on one of the

BN fragments and uncovered adhesive tape. The drastic

change of concentrations observed from the C Ka and N Ka

peaks indicate that the flat regions with lighter shade (Figure

3(b)) are BN despite the insensitivity of EDS to boron. The

ability to readily exfoliate large h-BN domains from epitax-

ially grown films improves the likelihood of this technique

being used in industrial applications.

In addition to spectral analysis by EDS, PES was used to

characterize the chemical structure of the films ex-situ.38,39

Samples were exposed to air momentarily during transfer

from the PLD deposition chamber to the PES analysis cham-

ber. The atomic ratio of B:N for the h-BN films was calcu-

lated to be 1.1. This calculation was performed using PES

data obtained from a commercially available (Sigma Aldrich)

h-BN reference sample. Figure 4 shows narrow scans of the

(a) O 1 s, (b) N 1 s, (c) C 1 s, and (d) B 1 s core levels and

their respective fits collected using a photon energy of

1486.6 eV. The components of elemental peaks from the film,

that is, N 1 s and B 1 s, indicate that the main film impurity

was adventitious oxygen, as evidenced by the electron den-

sity shifts toward lower kinetic energy due to

oxidation.10,12,40–43 Additional surface contaminants are ad-

ventitious carbon and water, which did not directly interact

with the film as shown by the electron density shifts in the O

1 s and C 1 s core levels due to CO, CO2, and hydrox-

ides.42–44 Oxidation and surface impurities were attributed to
FIG. 3. SEM images of (a) h-BN/Ag(111)/SrTiO3(001), (b) exfoliated h-BN,

and (c) EDS spectra of exfoliated h-BN and adhesive tape.
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the brief exposure to air during transport for analysis. In addi-

tion, peak broadening to some extent was likely due to flaking

and nano-sheet formation. Thus, it is evident that the surface

contaminants did not affect the chemistry of the h-BN films,

which remained stoichiometric. Table I summarizes the

assignments of the peak components for each core level, their

kinetic energies (and corresponding binding energies) as well

as references used in the criteria for peak assignment.

In order to show the growth of ultra-thin films, and as

additional and direct evidence of the formation of the

hexagonal polymorph of BN, we used attenuated total reflec-

tance infrared spectroscopy to study films of thicknesses of 1,

2, and 10 ML. Previously, Gorbachev et al.45 have shown that

it is possible to identify single and multilayer h-BN by track-

ing small shifts in the position of the characteristic E2g (in-

plane) phonon mode peak at for h-BN, usually observed

around 1367 cm�1.11,41,42,46,47 Figure 5(a) shows ATR spectra

of 0, 1, 2, and 10 ML of h-BN deposited on Ag(111)/

SrTiO3(001). The characteristic features of h-BN10,42,47 are

immediately evident on the bulk spectrum (10 ML); the out-

of-plane and in-plane modes at 780 cm�1 and 1367.4 cm�1,

respectively. Figure 5(b) shows a narrowed version of Figure

5(a) in order to focus on the position of the in-plane peak. For

emphasis, only the spectrum of bulk h-BN (10 ML) was

scaled (1/100), and all spectra have been stacked (i.e.,

Relative Transmittance). Fits for the spectra of 1 and 2

ML films are superimposed as viewing guides. As expected,

the in-plane peak is absent in the spectrum of Ag(111)

SrTiO3(001) (i.e., 0 ML). Furthermore, the position of the in-

plane peak is modulated in accordance with the h-BN film

thickness; at 1 ML the peak appears at slightly higher wave-

number (1371.7 cm�1) with respect to the bulk value and at 2

ML it shifts to a slightly lower value (1357.7 cm�1) with

some extent of broadening likely due to scarce domains of 1

and perhaps 3 ML. These observations are consistent with

those previously reported45 and confirm the ability to grow

single layer h-BN.

FIG. 4. PES of h-BN/Ag(111)/

SrTiO3(001) using a photon energy of

1486.6 eV shows narrow scan fits and

decomposition of the (a) O 1 s, (b) N

1 s, (c) C 1 s, and (d) B 1 s core level

envelopes.

TABLE I. Component assignments of PES core level peaks of h-BN film on

Ag(111)/SrTiO3(001) (Photon energy: 1486.6 eV).

Core level

Component

assignment KE (eV) BE (eV) Reference

O 1 s O-BN 952.2 529.4 10 and 40

C-O 950.3 531.3

H2O 948.0 533.6

N 1 s BN 1082.8 398.8 10, 12, 40, 41, and 43

Ox-(BN)y 1081.4 400.2

C 1 s C-C 1197.0 284.6 42 and 44

C-O 1195.2 286.4

C¼O 1193.3 288.3

O¼C-OH 1191.1 290.5

B 1 s BN 1291.4 190.2 12, 40, 41, and 43

Ox-(BN)y 1289.4 192.2

B2O3 1288.0 193.6
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Our characterization of 1–10 ML films of hexagonal

boron nitride has shown that pulsed laser deposition can be

used to controllably deposit 1–10 ML films of h-BN on

fiber-oriented Ag(111)/SrTiO3(001). The 1 ML boron nitride

films, known as white grapheme, can be easily exfoliated.

The use of the thin silver films greatly reduces the amount of

silver needed in the synthesis of the h-BN. This synthesis of

h-BN may be of interest to those needing a non-conductive

single layer compound to be paired with graphene in single

atomic layer nano-devices.

IV. CONCLUSION

We have presented evidence for the growth of h-BN

films using pulsed laser deposition on fiber-oriented

Ag(111)/SrTiO3(001) through the use of physical

(RHEED, SEM, and ATR) and chemical (PES and EDS)

characterization techniques. The ability to grow h-BN on a

2D-polycrystalline Ag(111) surface highlights the weak

interaction of the film with Ag and provides an ideal plat-

form for the study of h-BN in isolation. This also empha-

sizes the potential of using inexpensive Ag films to grow

h-BN as substitutes for single crystal Ag substrates. In

addition, post-deposition annealing facilitated microme-

chanical exfoliation of large multilayer h-BN domains,

which allowed for the close examination of h-BN and

opens the possibility of simplifying the process of growth

and exfoliation for potential future applications in nano-

devices. We also proved the formation of monolayer h-BN

by tracking the thickness-dependent modulatory behavior

of the in-plane phonon mode peak through the use of ATR.

This result reiterates the efficacy of the Ag(111) films as

growth surfaces even for the synthesis of atomically thin

layers.
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