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Si ion implantation with a set of ion energies and ion doses was carried out to dope hexagonal boron

nitride (hBN) thin films synthesized by radio-frequency magnetron sputtering. Hall effect measure-

ments revealed n-type conduction with a low resistivity of 0.5 X cm at room temperature, corre-

sponding to an electron concentration of 2.0� 1019 cm�3 and a mobility of 0.6 cm2/V s.

Temperature-dependent resistivity measurements in a wide temperature range from 50 to 800 K

demonstrated two shallow donor levels in the hBN band gap induced by Si doping, which was in

consistence with the theoretical calculation by density function theory. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4887007]

Hexagonal boron nitride (hBN) is an isostructural mate-

rial to graphite, and it is also referred to as “white graphite.”

While graphite shows semimetallic characteristics, intrinsic

hBN is an insulator with a direct wide band gap of 5–6 eV,1,2

there are no free electrons within BN layers due to the strong

electronegativity of nitrogen atoms. Hexagonal BN has an

attractive combination of outstanding physical and chemical

properties, e.g., high thermal conductivity (600 and 30 W

m�1 K�1 in and out-off basal planes, respectively, at 300 K),

excellent thermal and chemical stabilities, and large exciton

binding energies (149 meV).3 Moreover, hBN is transparent

in a wide light spectral range. The overall characteristics of

hBN make it a very promising material for applications in

high-power high-temperature electronic and optoelectronic

devices. Nevertheless, the commercially available pyrolytic

hBN has thus far mainly be used in the applications such as

electrical insulators, crucibles and reaction vessels, sub-

strates for electronic devices, and solid lubricant.4 There

have been only limited theoretical5–7 and experimental8–10

studies on the electronic structure and optical properties of

hBN.

Recently, some other applications of hBN have been

demonstrated. For example, deep ultraviolet (DUV) emission

has been achieved in high-pressure high-temperature (HPHT)

hBN single crystals1 and epitaxial hBN layers synthesized by

flow-rate modulation epitaxy11 and metal organic chemical

vapor deposition (MOCVD);12 and HPHT hBN-based DUV

emission compact devices have been reported.13,14 Studies on

controlling the conduction type and resistivity of hBN films,

which is a prerequisite to further exploring the electronic and

optoelectronic applications of hBN, have also been reported.

Nose et al. deposited Zn-doped hBN thin films by inserting a

DC biased Zn rod into the plasma during radio-frequency

(r.f.) sputtering, and a p-type conductivity of 10�2 X�1 cm�1

was revealed by Van der Pauw method and Seebeck-effect

measurements.15 The acceptor level decreased from 0.41 to

0.11 eV with increasing Zn concentration. Jiang et al.
reported Mg-doped hBN thin films synthesized by introduc-

ing biscyclopentadienyl-magnesium in MOCVD.16,17 Mg-

doped hBN films exhibited a p-type resistivity around 12 X
cm at 300 K and the estimated acceptor level was around

31 meV. Hall effect measurements revealed a hole concentra-

tion of 1.1� 1018 cm�3 and mobility of 0.5 cm2/V s. In addi-

tion to the in situ doping process, p-type doping of hBN and

as well cubic BN films was also attained by ion implantation

of Be.18,19 For the hBN films implanted with a fluence of

1015 cm�2 and annealed at 1000 �C, six orders of magnitude

decrease in resistivity was observed. Hall effect measure-

ments revealed a hole concentration of 3� 1019 cm�3 and

mobility of 27 cm2/V�s. The activation energy of Be ions was

estimated to be 0.21 eV.

In contrast to p-type doping, there have been even less

studies on n-type doping of hBN films. It was reported that

carbon incorporation could induce n-type conduction of BN

films in mixed cubic and hexagonal phases.20 An obvious

reduction of the resistivity of C-doped BN films was

observed. However, the n-type conduction was only verified

by Seebeck effect, and other characteristics such as carbon

donor level, electron concentration, and mobility were not

addressed. Very recently, n-type doping of hBN was studied

by in situ Si doping.21 Silane was employed as Si source dur-

ing MOCVD of hBN films. It is interesting to note that the n-

type conduction could only be determined at temperatures

higher than 800 K. A deep donor energy level of 1.19 eV

induced by Si doping was illustrated, which led to high resist-

ance of the films at room temperature. In this paper, hBN thin

films were synthesized on silicon and quartz substrates by r.f.

(13.6 MHz) magnetron sputtering (r.f. MS); and ion implanta-

tion was employed to dope Si in hBN films with a set of ion

energies and ion doses. Hall effect measurements were car-

ried out to study the electronic and transport properties of Si-

doped hBN films. It was shown that Si implantation intro-

duced two shallow donor levels in the band gap of hBN,

being completely different from that of in situ doped hBN

films by MOCVD.21 Theoretical calculation by density

a)Author to whom correspondence should be addressed. Electronic mail:

apwjzh@cityu.edu.hk

0003-6951/2014/105(1)/012104/4/$30.00 VC 2014 AIP Publishing LLC105, 012104-1

APPLIED PHYSICS LETTERS 105, 012104 (2014)

http://dx.doi.org/10.1063/1.4887007
http://dx.doi.org/10.1063/1.4887007
http://dx.doi.org/10.1063/1.4887007
mailto:apwjzh@cityu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4887007&domain=pdf&date_stamp=2014-07-08


functional theory (DFT) was also performed to simulate the

band structure of Si-doped hBN, and the results were com-

pared with experimental observations.

The hBN thin films were deposited on quartz and Si

(100) substrates by r.f. MS, and the experimental details have

been reported in our previous work.18 The implantations were

carried out at room temperature by a high-power ion implan-

ter. Si ions were selected by a magnetic mass analyzer, and

then accelerated to form an ion beam with desired energy.

The ion beam was scanned over the hBN surface to get an

even distribution of Si implantation. The implanted area was

confined to 1� 1 cm2 by placing an aluminum mask on the

sample. The setting of implantation parameters was guided by

the simulation with a Monte Carlo program, TRIM.22,23 As

reference, hBN films deposited at the same conditions were

implanted with argon ions under the identical conditions as

those for Si implantation. Rapid thermal annealing (RTA) of

the implanted films was performed at 1370 K for 1 min in the

ambient of ultra-pure nitrogen (99.999%) at atmospheric

pressure.

Hexagonal BN thin films with a thickness of about 1 lm

grown on quartz substrates were used for Si ion implantation.

The films have smooth surfaces and uniform thickness over

the substrates (scanning electron microscopic image not shown

here). Fig. 1 shows the cross-sectional bright-field transmission

electron microscopic (TEM, JEOL JEM 2100F) image of an

hBN film, which reveals its polycrystalline nature. A represen-

tative high-resolution TEM (HRTEM) image in the lower inset

of Fig. 1 further verifies that the hBN grains are randomly ori-

ented and their (0001) basal planes are curved. The hBN grain

size is in the range from tens nm to over one hundred nm.

Amorphous components can also be identified. The Raman

spectrum of the hBN film is presented in the upper inset of

Fig. 1. A strong peak at about 1372 cm�1, which is assigned to

hBN E2g mode, was observed. The full width at half maximum

(FWHM) of the peak is about 35 cm�1, which is larger than

that of HPHT hBN single crystals (�10 cm�1)2 but much

smaller than that of amorphous BN (over 200 cm�1).24,25 The

Raman observations are in consistence with the polycrystalline

nature of hBN film as shown by the TEM images.

In order to get a platform distribution of Si atoms in hBN,

a programmed implantation process using three sequential ion

energies of 20, 30, and 60 keV was designed by TRIM. The

corresponding ion doses matched in each energy amounted to

the total doses of 1014, 5� 1014, and 2.5� 1015 cm�2 to study

the concentration dependence. The Si depth profiles of the

hBN films implanted with ion doses of 5� 1014 and 2.5

� 1015 cm�2 were detected by time-of-flight secondary ion

mass spectrometry (TOF-SIMS, Physical Electronics TRIFT

III). For the dose of 5� 1014 cm�2 (spectrum not shown

here), the silicon signals were close to the detection limit of

the TOF-SIMS system and were very noisy. Nevertheless, an

important observation was the absence of a peaked Si distribu-

tion along the depth direction, which suggests a strong diffu-

sion process of Si atoms during implantation, most probably

at the boundaries of hBN grains. In contrast, as the ion dose

increased to 2.5� 1015 cm�2, a broad Si distribution with a

peak concentration of about 8.9 � 1019 cm�3 around 220 nm

in depth was revealed, as shown in Fig. 2; the TRIM simula-

tion was also plotted as a reference. In this case, both grain

boundary diffusion and radiation enhanced diffusion of Si

atoms may take effects because of the increased vacancies

formed in the implantation process. However, with the

increase of ion dose, the Si concentration at grain boundaries

may saturate, and then an increased fraction of implanted Si

ions could stop in the bulk of hBN grains and accumulate

there because these Si atoms have less diffusion capability as

compared with those at grain boundaries. The competitive dif-

fusion and incorporation processes result in a peaked distribu-

tion as shown in Fig. 2 which is largely deviated from TRIM

simulation.26 Such deviation is commonly observed in ion im-

plantation in polycrystalline targets.27–29

Following the Si ion implantation, RTA was performed

to activate the Si ions implanted. Raman measurements (not

shown here) did not reveal any obvious change in the posi-

tion, intensity, and FWHM of the E2g mode after ion implan-

tation and RTA, suggesting that the phase composition and

crystallinity of the hBN films maintained during these treat-

ments. The depth profile of Si after RTA treatment was also

measured, as plotted in Fig. 2. Only slight distribution varia-

tion was observed as compared with that before annealing,

which indicates a limited diffusion of Si atoms during the

short annealing process. The resistances of the samples were

FIG. 1. Cross-sectional TEM bright-field image of an hBN film. The upper

inset shows Raman spectrum of the hBN film; and the HRTEM image in the

lower inset illustrates the random orientation and curved lattices of hBN

grains.

FIG. 2. The TRIM simulation and SIMS depth profiles of Si atoms in the

hBN thin film implanted with ion dose of 2.5� 1015 cm�2 before and after

annealing.
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evaluated by using two-probe method at room temperature.

Two parallel silver paste electrodes (1� 5 mm2) were painted

with an interval of 0.5 mm on film surface; and the quite

good linear I-V dependences indicated Ohmic contact

between silver electrode and hBN. For the films implanted

with ion doses ranging from 1014 to 5� 1014 cm�2, no

obvious variation in resistance was observed after implanta-

tion and RTA. Significantly, for the sample implanted with

an ion dose of 2.5� 1015 cm�2, the resistance slightly

reduced from �1011 X to �1010 X after implantation, and

drastically reduced to about 104 X after RTA. As a compari-

son, hBN regions which were not exposed to ion implantation

(blocked area by mask) but subjected to the same RTA proce-

dure did not show such variation in resistance. Moreover, a

resistance reduction by only 1 order of magnitude was

observed in the Ar-implanted reference films after implanta-

tion and RTA, which clarified that the resistance reduction

was indeed induced by Si implantation and ruled out the con-

tribution of defect formation during ion implantation.

The electrical and transport properties of the hBN films

with an ion dose of 2.5� 1015 cm�2 were further character-

ized by Hall effect measurements using Van der Pauw geome-

try at room temperature under magnet fields from 0.2 to 1 T

with a step of 0.2 T. The measurements under different mag-

netic fields all confirmed the n-type conduction and coher-

ently revealed an electron density of about 2.0� 1019 cm�3

and an electron mobility of 0.6 cm2/V�s. It is noteworthy that

a low resistivity (q) of 0.5 X cm was achieved in Si-

implanted hBN films at room temperature. As compared with

previous Hall effect study on in situ Si-doped hBN films by

MOCVD, our samples show a much smaller electron mobility

(0.6 cm2/V�s at room temperature vs 48 cm2/V�s at 850 K).21

The deterioration of electron mobility was considered to be

due to the lower crystallinity (polycrystalline vs epitaxial) of

our films with respect to that synthesized by MOCVD.

However, our films show much higher electron density

(�2.0� 1019 cm�3 at room temperature vs 1.0� 1016 cm�3 at

850 K) and thus the capability to be tuned to a lower resistiv-

ity (0.5 X cm at room temperature vs 12 X�cm at 850 K),

which suggest the application potentials of our samples in

practical electronic devices.

In order to evaluate the donor levels, the temperature-

dependent resistivity of Si-implanted hBN film (ion dose of

2.5� 1015 cm�2) was measured by Hall effect measurements

at a wide temperature range from 50 K to 800 K with a mag-

net field of 1 T, as shown in Fig. 3(a). The resistivity kept

decreasing with the increase of temperature; and a sharp

decrease of resistivity as the temperature increased from

50 K to 100 K indicated that the dopants had a very shallow

energy level with respect to the conduction band bottom and

could be activated even at very low temperatures. The acti-

vation energy of Si dopants was calculated from the slope of

the Arrhenius plot (ln (q) vs 1000/T) shown in Fig. 3(b).

Clearly, there are two distinct linear regions in the plot,

deducing two activation energies, i.e., 15 meV in 50–300 K

and 60 meV in 300–800 K.

The introduction of the shallow donor levels is consid-

ered to be possibly due to the substitution of B atoms by

implanted Si in hBN lattice. The speculation agrees with the

theoretical computation of Si-doping in hBN (Ref. 30) and

cubic BN (Ref. 31) that substituting B with Si is energeti-

cally more favorable than substituting N atoms in BN lattice.

However, for substitutional Si, a deep and localized impurity

level (�1.19 eV) was suggested by Oba et al. based on

hybrid Hatree-Fock DFT calculations using a 288-atom

cell.32 In order to understand our experiments, we performed

DFT calculations of electronic structures of undoped and Si-

doped hBN with optimized parameters according to our

experiments. The calculations were based on an hBN mono-

layer model containing 1000 atoms; and the Si-doped hBN

was modeled by replacing the central B atom by a Si atom,

amounting to 1 at. % doping concentration which is close to

our experiments. The norm-conserving pseudopotentials

were employed to represent the atomic core and double f
plus polarization basis sets to expand valence states of elec-

trons. The local-density approximation (LDA) was used for

the exchange and correlation function. The plane wave cut-

off of the Hamiltonian and electronic densities were set to be

120 Ry and the k-point grid was 1� 11� 11, and the k-point

we chose in density of states (DOS) calculation was

5� 5� 5. The geometries of hBN were optimized, without

cell constraint, until the residual force on each atom was

smaller than 0.02 eV/Å. To evaluate the delocalization of im-

purity states, the atoms in each of the coordinational shells

surrounding the impurity site were allowed to adjust their

eigenstates and corresponding charge distributions.

Band structures near C-point of Brillouin zone of intrin-

sic hBN and Si-doped hBN are presented in Figs. 4(a) and

4(b), respectively. The predicted direct band gap of 4.5 eV is

much smaller than the experimental value of �6.0 eV; such

underestimation has, however, been commonly observed in

LDA.33 In the Si-doped hBN, the Fermi energy upshifted by

0.71 eV as compared with intrinsic hBN, resulting in an n-

type semiconducting behavior. Two shallow isolated states

at about 121 meV and 177 meV were introduced by Si dop-

ing, as denoted by the green lines in the band gap in Fig.

4(b). The corresponding DOS of intrinsic hBN and the pro-

jected DOS (PDOS) of Si-doped hBN are illustrated in Figs.

4(c) and 4(d), respectively. It can be seen that the substitu-

tional Si mainly contributes to the states at �177 meV, and

the states at �121 meV are resulted from the charge distribu-

tion variation of neighboring B and N atoms. The theoretical

calculations agree pretty well with the experimental observa-

tions that two shallow levels are induced by Si doping.

However, Si incorporated in grain boundaries and the Si-

vacancy complexes formed during ion implantation and

FIG. 3. (a) The temperature-dependent resistivity of Si-implanted hBN films

measured at temperature range from 50 to 800 K. (b) ln (q) vs 1000/T for the

Si-implanted hBN. Two activation energies of 15 meV and 60 meV were

obtained from two linear regions.
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RTA processes may also play roles in the room-temperature

n-type conductivity of hBN films. In particular, in our

experiments, a large amount of vacancies are created during

ion implantation at high dose. The formation of impurity-

vacancy complexes has been theoretically demonstrated to

introduce extra energy levels in the semiconductor band

gaps.32,34–36

In summary, polycrystalline hBN films with uniform

thickness were synthesized on quartz and silicon substrates

by r.f. magnetron sputtering. The resistance of hBN films

depended strongly on the dosage of implanted Si, and n-type

hBN thin films with low resistivity of 0.5 X cm at room tem-

perature were achieved by Si ion implantation with an ion

dose of 2.5� 1015 cm�2 and sequential RTA treatment. Hall

effect measurements revealed a corresponding electron con-

centration of 2.0� 1019 cm�3 and mobility of 0.6 cm2/V s at

room temperature. Two shallow impurity levels at about

15 meV and 60 meV below the conduction band bottom were

observed experimentally in Si-doped hBN films, which coin-

cide well with the DFT calculations. Si incorporated in grain

boundaries and the Si-vacancy complex formed during ion

implantation and RTA processes may also play roles. The

achievement of n-type conductivity of hBN may explore its

new applications in high-temperature high-power electronic

and optoelectronic devices.
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