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Tuning of band gap of hexagonal boron nitride (h-BN) has been a challenging problem due to its

inherent chemical stability and inertness. In this work, we report the changes in band gaps in a few

layers of chemical vapor deposition processed as-grown h-BN using a simple oxygen plasma

treatment. Optical absorption spectra show a trend of band gap narrowing monotonically from 6 eV

of pristine h-BN to 4.31 eV when exposed to oxygen plasma for 12 s. The narrowing of band gap

causes the reduction in electrical resistance by �100 fold. The x-ray photoelectron spectroscopy

results of plasma treated hexagonal boron nitride surface show the predominant doping of oxygen

for the nitrogen vacancy. Energy sub-band formations inside the band gap of h-BN, due to the

incorporation of oxygen dopants, cause a red shift in absorption edge corresponding to the band

gap narrowing. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872318]

Two-dimensional (2D) hexagonal boron nitride (h-BN)

materials have received enormous interests due to its intrigu-

ing electronic, thermal, and mechanical properties.1 Due to

the similarity in lattice constants, the hybridized structures of

h-BN and graphene can be used as composite electronic devi-

ces.2,3 Since, h-BN is an insulator with a large direct band

gap of almost 6 eV,4 there has been a great deal of interest

from physicists, chemists, material scientists, and engineers

to reduce and/or to manipulate the energy to achieve desired

future electronic applications. Energy gap of h-BN can be

tuned using various strategies, including atomic doping, com-

posites, and surface functionalization.2,5,6 Recently, it was

predicted that optical, electrical, and magnetic properties of

boron nitride can be tuned by oxygen substitution using theo-

retical calculations.7–9 In this Letter, we present our observa-

tions of band gap narrowing in a few layers of h-BN with

respect to doping of oxygen atoms into the lattice of h-BN

via a simple, economical, and environmentally safe method

of oxygen plasma treatment. Though, there have been a few

attempts to alternate the h-BN band gap using carbon doping2

and through hydrogenation,10 experimental observation of

oxygen induced reduction of the gap is not reported. Optical

absorption measurements exhibit a monotonically narrowing

of band gap in oxygen plasma treated h-BN samples, indicat-

ing the decrease in magnitude with increase of oxygen con-

centration. Furthermore, the decrease of band gap results in a

reduction (�100 fold) of electrical resistance of oxygen

doped h-BN films as substantiated by electrical measure-

ments. X-ray photoelectron spectroscopy (XPS) suggests that

h-BN under O2-plasma undergoes the changes in surface

structure by creation of nitrogen (N) vacancies enabling the

substitution of N-sites by oxygen atoms. This is generally

symbolized as ON-substitution doping. Tunable band gap of

h-BN, realized in this study, could be a platform towards

applications in nano- or opto-electronic devices.

h-BN used in this study was prepared by chemical vapor

deposition (CVD) on copper substrate (25 lm thick, pur-

chased from Alfa Aesar) using ammonia borane (Sigma

Aldrich) as precursor.11,12 Prior to the deposition, copper sub-

strate was submerged into dilute nitric acid followed by rins-

ing it using deionized (DI) water. Synthesis of h-BN involved

annealing of copper substrate with two major steps: (1) Cu

substrate was heated to 800 �C for 20 min in Ar/H2 (425:75

sccm), and (2) it was gradually heated up to 1050 �C for

40 min under the vapor of ammonia borane. 5 mg of the pre-

cursor, ammonia borane, was placed in a ceramic holder

within the quartz tube and was heated at 60 �C with a flexible

heating belt to vaporize it. As-grown h-BN on copper sub-

strate was investigated using scanning electron microscopy

(SEM; LEO 1550 Gemini) as shown in Fig. 1(a). In order to

determine the thickness, the synthesized h-BN was

transferred onto SiO2 (285 nm)/Si substrate.13 A thin layer of

poly(methyl methacrylate) (PMMA) was spin-coated on top

of the h-BN/Cu substrate, baked at 105 �C for 2 min, and sub-

sequently put on Fe(NO3)3 solution for few hours to etch away

the Cu. The free standing PMMA coated h-BN was then rinsed

in DI water for several times and extracted onto SiO2/Si or

quartz substrate. Finally, the sample was submerged in acetone

to remove the PMMA. Atomic force microscopy (AFM) was

used to determine the thickness of as-grown h-BN films. Fig.

1(b) shows an AFM image of a continuous h-BN film on

SiO2/Si substrate with measured thickness of 1.89 nm.

Ultraviolet-visible (UV-Vis) spectroscopy is a powerful

tool to investigate the optical properties such as absorption,

transmittance, and optical band gap of materials. In order to
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conduct UV-vis absorption measurements, the h-BN film was

transferred on optical quartz substrate from copper substrate

using the methods described above. Two identical quartz sub-

strates were used for base line corrections. The measurements

were conducted by a UV-Vis (Shimadzu UV-2450) system at

room temperature and in ambient conditions.

The h-BN sample was exposed to oxygen plasma cumu-

latively for 3 s, 6 s, and 12 s. The experiments were carried

out using a commercial plasma system (AST Clen100

Descum) with RF power of 25 W. O2-plasma was chosen for

oxygen substitution because atomic oxygen can generate and

directly substitute nitrogen atom at a site where a B–N bond

is broken. Since, the binding energy of a hexagonal B–N

bond is 7–8 eV,14 sufficient number of electrons or ions of at

least this amount of energy is needed to break these bonds

while adjusting the total energy so as to minimize the dam-

age to the surface of h-BN. O2-plasma treatment over ultra-

thin few layers of h-BN is a crucial process. We managed to

implement this by using low power (25 W) and varying the

exposure time of the plasma. The power used in our study

can be considered “mild” as compared to the power (100 W)

used previously for BN nanotubes.8 Furthermore, this power

(25 W) is sufficient to generate ions with its bombardment

energy >10 eV, which is strong enough to break a B–N bond

in a h-BN system. The effect of O2-plasma modification over

h-BN films was investigated using UV-Vis spectroscopy,

electrical resistance measurements, and XPS.

Fig. 2 shows the UV-Vis absorption spectra acquired

from O2-plasma treated h-BN films corresponding to expo-

sure times of 3 s, 6 s, and 12 s, respectively. The inset shows

the spectrum obtained from a pristine (before exposure)

h-BN sample. The spectrum of the pristine h-BN shows a

prominent absorption at round 202 nm which is the result of

inter-band transition from valence to conduction band of the

h-BN. This absorption band relates to the optical band gap in

h-BN. Under O2-plasma, it is evident that the spectrum

undergoes significant changes in absorption edges, indicating

a band gap narrowing in h-BN. h-BN is a direct band gap

semiconductor and the derived formula to estimate its band

gap is given by its absorption coefficient15

a ¼ CðE� EgÞ1=2=E; (1)

where a¼A/d (A is the optical absorption measured by the

UV-visible spectroscopy and d is the thickness of the film), C

is a constant, and E, the photo energy, is calculated by

E¼ hc/k, where h is the plank’s constant and k is the wave-

length. Based on the above Eq. (1), a plot of (aE)2 vs. E
(Tauc’s plot) can be generated. The extrapolations of the

curves intersecting the x-axis, when (aE)2¼ 0, corresponds to

the estimated value of the band gap, Eg. Tauc plots, corre-

sponding to Fig. 2(a), are presented in Fig. 2(b). It is clear

that, compared to the pristine h-BN (band gap¼ 6 eV),

O2-plasma treated samples show a reduction of band gap

from 6 to 4.31 eV at 12 s which increase as the exposure is

decreased. The estimated band gaps vs. plasma exposure

times are presented in Fig. 3. The narrowing effects of the op-

tical band gap in the absorption spectrum can be understood

based on the chemical doping of h-BN lattice. The chemical

doping of h-BN can result in the formation of doping energy

level inside the energy gap of h-BN, which dramatically

causes a red shift in absorption spectrum corresponding to

band gap narrowing. It is also observed that band gap narrow-

ing phenomenon saturates at exposure time of 12 s (Fig. 3) at

4.31 eV when 25 W RF power is used, as oxygen substitution

predominantly occurs in the early stages during O2-plasma

treatment. Although increasing RF power is able to break

more B-N bonds, too much power will cause severe etching

of the film.

To obtain more insight into the chemical structure and

mechanism of oxygen doping into h-BN, XPS measurements

on h-BN samples before (pristine or untreated h-BN) and af-

ter O2-plasma exposure were conducted. The measurements

were carried out using a VG ESCA 220i-XL Imaging XPS.

Monochromatic Al Ka X-ray (h�¼ 1486.6 eV) was employed

for analysis with photoelectron take-off angle of 90� with

respect to surface plane. The analysis area was approximately

FIG. 1. Characterizations of as-synthesized h-BN. (a) SEM image showing a

continuous film of h-BN. (b) AFM image of h-BN film. The inset shows a

height profile, indicating the thickness of the h-BN film.

FIG. 2. (a) UV-Vis absorption spectra

acquired from h-BN samples exposed

to O2-plasma for 3 s, 6 s, and 12 s,

respectively. The inset shows the spec-

trum of pristine (before exposure)

h-BN sample. (b) Tauc’s plots obtained

from (a) for the determination of band

gaps.
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700 lm in diameter while the maximum analysis depth lay in

the range of 4–8 nm. Charge correction was made based on

adventitious C1s (C-C/C-H) at 285.0 eV using standard soft-

ware. For chemical state analysis, a spectral deconvolution

was performed by a curve-fitting procedure based on

Lorentzian broadened by a Gaussion. The XPS N1s and B1s

spectra of the h-BN before and after exposure to O2-plasma

are shown in Fig. 4. Before exposure, B1s spectrum

(Fig. 4(e)) shows a peak at 190.7 eV (Ref. 8) with a very

weak additional peak, labelled “BOxNy” at higher energy

(191.8 eV). After exposure, a pronounced peak of BOxNy at

191.8 eV was observed (Fig. 4(f)). This BOxNy peak corre-

sponds to boron atoms bound to oxygen atoms (replacement

of nitrogen) as labeled in the schematic diagram in Fig. 4(b).

Substitution doping mechanism was confirmed in our analy-

sis by analysing the N1s (398.3 eV) and B1s (190.7 eV) spec-

tra before (Figs. 4(c) and 4(e)) and after exposure (Figs. 4(d)

and 4(f)). After O2-plasma exposure, it was observed that

total number of B changed a little, while content of N was

reduced indicating the creation of nitrogen vacancy (VN)

accompanied by an increase in oxygen content. The relative

compositional change (substrate related elements or chemical

states are excluded) in h-BN before and after exposure is pre-

sented in Table I. As such, the observations suggest that the

oxygen plasma breaks the B–N bond to create the VN where

an oxygen atom is replaced. This phenomenon is supported

by the theoretical works9,16,17 where O substitution for N is

more favorable due to the lower formation energy.

For electrical measurements, h-BN devices were fabri-

cated using photolithography process, metal deposition, and

oxygen plasma etching. Two Cr (10 nm)/Au (50 nm) metal

electrodes were deposited using electron beam evaporator.

To define the channel, h-BN film was etched under oxygen

plasma. The fabricated h-BN device, in this study, is shown

in the inset of Fig. 5. We performed the electrical resistance

measurements of pristine h-BN device before and after

exposing to oxygen plasma for the duration of 3 s, 6 s, and

FIG. 3. A plot showing the change in band gap of h-BN with respect to oxy-

gen plasma exposure time.

FIG. 4. Chemical structure of untreated

(before exposure to O2-plasma) and

treated (after exposure) h-BN samples.

A schematic showing the structure of

h-BN (a) before exposure, and (b)

with oxygen doping after exposure. (c)

XPS N1s spectrum before exposure.

(d) XPS N1s spectrum after exposure.

(e) XPS B1s before exposure. (f) XPS

B1s spectrum after exposure.
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12 s, respectively. All the measurements were conducted at

room temperature and at ambient conditions using Keithley

4200 semiconductor characterization system. Fig. 5 shows

the measured resistances of h-BN with respect to oxygen

plasma exposure times. It is evident that h-BN under

O2-plasma undergoes a change in resistance from 2.4 GX
(0 s or pristine h-BN) to 0.02 GX (sample exposed for 12 s)

which is �100 fold reduction in resistance compared to

unexposed h-BN sample. The reduction in resistance due to

oxygen doping is the indication of a band gap narrowing

phenomenon in h-BN. The resistance of 0.02 GX observed is

due to the saturated 4.31 eV energy gap at 12 s. Nonetheless,

the trend of cumulative reduction in resistance supports our

observations of optical band gap narrowing effects in

UV-Vis spectra (Fig. 2).

In summary, the narrowing of band gap in a CVD grown

h-BN using oxygen plasma treatment is realized. Optical

absorption spectra show a reducing band gap trend from

6 eV of pristine h-BN to 4.31 eV of h-BN exposed for the du-

ration of 12 s. The narrowing of band gap is also responsible

for the reduction in electrical resistance (�100 fold) of

exposed h-BN film. XPS measurements reveal that h-BN

under O2-plasma undergoes the breaking of B-N bond, creat-

ing nitrogen vacancy followed by oxygen doping. This

chemical doping of h-BN results in the formation of a

sub-band inside the band gap and causes a red shift in

absorption edge corresponding to the band gap narrowing.

The study could be promising to modulate the electronic,

magnetic, and optical property of h-BN material towards

future nano-electronic device applications.
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Nanoelectronics Center of Excellence, Nanyang Technological

University.
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TABLE I. Chemical states and composition of B and N elements.

Before exposure After exposure

Elements

Eb

(eV 6 0.2)

Composition

(at. %)

Eb

(eV 6 0.2)

Composition

(at. %)

B1s h-BN 190.7 26.2 190.7 22.5

B1s BOxNy 191.8 0.8 191.8 3.8

N1s h-BN 398.3 25.8 398.3 23.7

FIG. 5. Electrical resistance of h-BN film measured at different O2-plasma

exposure times. The inset shows an h-BN device with two metal (Ti/Au)

electrodes for electrical resistance measurements.
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