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ABSTRACT: Cubic and hexagonal boron nitride (cBN and
hBN) heterojunctions to n-type Si are fabricated under low-
energy ion bombardment by inductively coupled plasma-
enhanced chemical vapor deposition using the chemistry of
fluorine. The sp*bonded BN/Si heterojunction shows no
rectification, while the cBN/sp’BN/Si heterojunction has
rectification properties analogue to typical p—n junction
diodes despite a large thickness (~130 nm) of the sp’BN
interlayer. The current—voltage characteristics at temperatures
up to 573 K are governed by thermal excitation of carriers, and
mostly described with the ideal diode equation and the
Frenkel—Poole emission model at low and high bias voltages,

conduction band vacuum 1072
107 F
4 b
10 Ersimen
< 10 E
= 6 |
= 10
2 107 F
E S 107 \'_
= 9 L u
£ 10 n-ShBN/ s
1.12eV 10710 Fp-cBN o
! 10_11 1 L L L L L
alence bam:d 3 2 A1 0o 1 2 3
n-Si  thick hBN p-cBN Voltage (V)

respectively. The rectification in the cBN/sp”BN/Si heterojunction is caused by a bias-dependent change in the barrier height for
holes arising from stronger p-type conduction in the cBN layer and enhanced with the thick sp’BN interlayer for impeding the
reverse current flow at defect levels mainly associated with grain boundaries.
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1. INTRODUCTION

Cubic boron nitride (cBN) has the largest band gap energy of
625 eV' among the covalently bonded materials and is
promising for development of high-power, high-voltage, and
high-temperature electronic devices. Among the potential
advantages of ¢cBN over diamond is that ¢cBN is resistant to
oxidation at temperatures up to ~1000 °C and, thus, suitable
for the semiconductor that is operable at high temperatures
even in air. Besides, c-BN can be doped easier as n-type as well
as p-type superior to diamond. An excellent characteristic of the
p—n homojunction diode using a ¢BN bulk single crystal,
synthesized at a high pressure and a high temperature, has been
demonstrated by Mishima et al.” For large-area and low-cost
electronics, cBN should be used in the form of films.

Several groups have reported electrical transport properties
of ¢BN films with or without addition of dopants.*~” However,
there are only a few reports on electronic devices using cBN
films dissimilar to other wide-gap semiconductor films for two
main reasons. First, vapor-phase deposition of ¢cBN films at low
pressures usually requires impingement of high-energy ions on
the growing surfaces, more than 50 eV depending upon the
deposition techniques.®” The resulting films are essentially low
qualities, i.e., nanometer-sized grains, high density of structural
defects, high compressive stress, and low adhesion to the
substrate. This suggests that the potential outstanding proper-
ties of cBN are not available. Second, the growth of a ¢cBN layer
on foreign substrates usually follows an initial sp>-bonded
hexagonal BN (hBN) layer, consisting typically of turbostratic
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(tBN) and amorphous (aBN) phases, and the cBN overlayer is
not always phase-pure. Although widely diverging resistivities
have been reported for cBN films, the disordered sp’BN phase
has a higher resistivity by at least two orders of magnitude than
the cBN phase.'”'" This suggests that the carrier transport is
strongly affected by the sp’BN layer. Nose et al. reported clear
rectification in nanocrystalline p-type ¢BN/sp’BN/n-type Si
heterojunctions only when the sp’BN layer thinner than 40 nm
was used.'>"?

The introduction of the chemistry of fluorine into the
chemical vapor deposition (CVD) process in a plasma jet by
the work of Matsumoto and Zhang enabled one to produce
high-quality ¢BN films with micrometer-sized grains and low
compressive stress.'*'® But the high-pressure (6.7 kPa) and
high-temperature (~1000 °C) conditions may provide only
limited applicability for electronic devices. In the previous work,
we demonstrated a way to deposit cBN films under low-energy
ion bombardment (<50 €V) by low-pressure inductively
coupled plasma (ICP)-enhanced CVD using the chemistry of
fluorine.'® The threshold ion energy and deposition temper-
ature for ¢BN film deposition were reduced to a few
electronvolts and ~730 °C, respectively. The resulting film
consisted of micrometer-sized grains with a crystallographic
morphology and an in-depth cBN fraction up to 70 vol %."~"”
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The low stress enables one to deposit thick films even on WC-
C0.”® The role of fluorine has been argued as (i) preferential
etching of sp’BN phases leaving rigid ¢cBN phase and (ii)
stabilization of the growing c¢BN surfaces in the form of sp’
bonding.m The residual fluorine atoms are dominantly bonded
on the top surface of the film and, hence, little affect the bulk
transport properties. It is of great value to apply those high-
crystallinity ¢BN films to electronic devices.

In the present work, spZBN and cBN/ spZBN films are
deposited on n-type Si under low-energy ion bombardment by
ICP-CVD using the chemistry of fluorine. Undoped ¢BN films
intrinsically exhibit p-type conduction, which has been ascribed
to the nitrogen vacancy,” and thus, heterostructure p—n diodes
can be prepared as in refs 12 and 13. Interestingly, high
rectification is observed with a large thickness (~130 nm) of
the sp’BN interlayer. We try to explain the rectifying behavior
in p-type BN/n-type Si heterojunctions by introducing a
concept of defect levels characteristic of microcrystalline films.

2. EXPERIMENTAL SECTION

2.1. Deposition. BN films were deposited in the high-density
source region of an ICP with a three-turn helical copper antenna
wound around a water-cooled silica glass tube of 50 mm in inside
diameter and 350 mm in length. Inside the silica tube, a sintered BN
tube 45 mm in inside diameter was suspended to suppress both
impurities from the silica tube and capacitive coupling between the coil
and plasma. Prior to deposition, 11 X 11 X 0.5 mm> n-type Si(100)
substrates (~0.01 Q™' cm™' at room temperature) were cleaned
ultrasonically in ethanol, dipped in a HF solution, and rinsed in
ethanol. The substrate was then loaded on a molybdenum holder and
covered with a sintered BN frame cover. The actual coating area was
about 10 mm in diameter. A mixture of He, N,, H,, and 10 vol % BF;
diluted in He at flow rates of 80, 10, 10, and 18 sccm, respectively, was
used. The radio-frequency plasma power at 13.56 MHz and total
pressure were kept at 1 kW and 40 Pa. The substrate was heated by
plasma without a heater and its temperature was measured to be 1000
+ 20 K with an infrared pyrometer. The electron density near the
substrate measured with a Langmuir probe was around 3 X 10" cm™.
A positive direct-current bias (V,) was applied to the substrate in
reference to the grounded stainless steel chamber. The mean ion-
impact energy was controlled by the sheath potential (V,,4,), which is
defined by a difference between the plasma potential and the substrate
bias V.. The value of V.. measured with an emissive probe
decreased from 45 V to a few volts or less with increasing V, from 0 to
+100 V due to an upward shift of the plasma potential.'®*"** An
sp”BN layer was formed for V.4, above ~40 V, while a ¢cBN layer was
formed on an initial sp?BN layer for Vi, below ~40 v.1e

2.2. Characterization. For structural characterization of BN films,
Fourier transform infrared spectroscopy (FTIR, Perkin Elmer
Spectrum 100) and glancing-angle x-ray diffraction (XRD, Rigaku
RINT-2000) were used. For electrical characterization of BN/Si
heterojunctions in a diode configuration, four-point Ni dot electrodes
with 1.5 mm-diameter were fabricated on the films by magnetron
sputtering. Al was deposited on the back of the Si substrates by
vacuum evaporation, and it was connected to a copper plate extraction
electrode with silver paste. The samples were annealed at 573 K in
vacuum (107* Pa), and then current-voltage (I—V) measurements
were done with a current/voltage source (Keithley 2400) for the
measurement temperature (Ty) from room temperature (298 K) up
to 573 K in vacuum (107* Pa).

3. RESULTS AND DISCUSSION

3.1. FTIR Spectra of BN Films. FTIR absorption spectra of
the sp’BN (sample A) and cBN/sp’BN (sample B) films
measured in transmittance mode are shown in Figure 1. The
deposition condition and film thickness of samples A and B are
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Figure 1. FTIR absorption spectra of samples A and B measured in
transmittance mode.

listed in Table 1. Sample A was deposited with V¢ = 45V,
while sample B was deposited by switching V.., from 45 to 25

Table 1. Deposition Time and Film Thickness of Samples A
and B

time (min) thickness (nm)“

V.,=0V V,=+30V sp’BN cBN

sample A 20 0 320 0
sample B 10 15 130 50

“The uncertainty arising from the in-plane nonuniformity is estimated
within +15 nm.

V to control the thickness of the sp’BN interlayer. In Figure 1,
the absorption peaks at around 780 and 1380 cm™' are
attributed to the in-plane transverse optical (TO) mode of
sp”BN and a mixture of the in-plane TO and two-phonon out-
of-plane modes of sp’BN, respectively. The absorption peak at
around 1080 cm ™! is attributed to the restrahlen band of cBN,
which appears only in sample B. The film thickness for each
phase is estimated from the values of absorbance of ¢cBN and
sp”BN by using the IR absorption coefficients of ¢BN (17 000
em™) and sp?BN (22 000 cm™) for our films.** The full width
at half maximum (fwhm) of the sp’BN peak at around 780
cm™" is 52 and 58 cm™ for samples A and B, respectively. The
same tendency is also observable from the sp’BN peak at
around 1380 cm ™. This indicates slightly higher crystallinity of
the sp’BN phase in sample A. The apparent crystal size
calculated from XRD patterns was a few nanometers, and
around S nm for sp’BN and cBN phases, respectively. The
small apparent crystal size is due to a high density of structural
defects."”

3.2. Electrical Characterization of BN/Si Heterojunc-
tions. The I-V characteristics of samples A and B for the
variation of T are shown in Figure 2a and b. Sample A shows
no rectification such that the reverse current lies in the same
order of magnitude as the forward current at any Ty. This is in
agreement with ref 12, but different from ref 24 which showed
clear rectification at room temperature. Since the carrier
mobility and concentration in the sp’BN layer are fundamen-
tally low, the I-V characteristic resembles that of a metal—
insulator—metal system, where the current behavior is limited
by the leakage current flow. Sample B shows clear rectification
at low Ty The rectification ratio at 298 K is 1 X 10° at +3 V,
which is higher than 4 X 10* at +3 V reported previously.'>"?
With an increase in Ty, the reverse current increases largely
from 6.1 X 1077 A cm™2 (298 K) to 1.1x107™" A cm™ (573 K)
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Figure 2. I-V characteristics of samples A (a) and B (b) for the
variation of Ty (inset) Schematics of the electrode configuration.

at —3 V due mainly to increasing thermal activation of intrinsic
carriers in the Si substrate, while the forward current increases
by six times only. Consequently, the rectification ratio decreases
down to the order of unity at 573 K. A faint rectification at Ty,
above 473 K would be due to the Schottky barrier presumably
at the electrode/film contact. Further study of other several
samples revealed that the smaller thickness of the sp”BN layer
tended to increase the reverse current and thereby decrease the
rectification ratio.

The Shockley diode equation gives the I-V characteristic of
an ideal p—n junction diode:*’

I= Is{exp[q(V - IRS)/nikBTM] -1} (1)

where I is the reverse saturation current, R, is the series
resistance, q is the elementary electric charge, and #; is the
ideality factor. At low bias voltages where R; can be assumed
equal to zero, n; is determined from the slope of the linear
region in a plot of I/{1 — exp(—qV/kgTy)} versus V. Figure 3
shows the plots of I/{1 — exp(—qV/ksTy)} at 298 K against
forward bias voltage V. The plots of both the forward and
reverse currents for sample A produce straight lines with an
identical slope corresponding to n; = 7.6 below 0.4 V. The plot
of the forward current for sample B produces a straight line
corresponding to n; = 2.4 below 0.8 V, while that of the reverse
current is not in a straight line due partly to the low signal-to-
noise ratio. High values of n; are generally attributed to interface
states and resistance, series resistance, and barrier inhomoge-
neity, etc. The lower value of n; for sample B than that for
sample A is attributed to the smaller thickness of the sp’BN
layer which acts as the depletion layer. A thinner depletion layer
allows sharper rise in current when applying the same bias
voltage.
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Figure 3. Plots of I/{1 — exp(—qV/kgTy)} at Ty = 298 K as a
function of V for the forward (+) and reverse (—) currents of samples

A and B.

Figure 4 shows the plots of I,/ Ty against reciprocal Ty, the
so-called Richardson plots, where I, is the extrapolated
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Figure 4. Plots of I,/ Ty as a function of reciprocal Ty for samples A
and B.

intercept at 0 V, based on the thermionic emission theory.
The linearity indicates that the forward current injection barrier
is independent of Ty and, hence, defect-dominated. The linear
fit to the data results in the interface barrier potential ®ppyy =
0.59 eV for sample A and @y yyy = 0.55 eV for sample B. Thus,
the values of @y for samples A and B are almost identical
and fundamentally low. In disordered interfaces, an I-V barrier
@y 1y corresponds to a lower barrier height through which the
forward current passes. The low current injection barriers
obtained above are principally associated with current paths via
various defect states at the disordered interfaces between the Si
substrate and sp’BN layer.

The Arrhenius plots of the forward and reverse currents at
each bias voltage against reciprocal Ty produced straight lines
with different slopes, depending on the bias voltage. The
linearity suggests that the carrier transport is apparently limited
by thermal excitation of carriers. The apparent activation
energy derived from the linear fit to the plots is shown as a
function of bias voltage in Figure S. For sample A, the
activation energy at reverse bias is slightly higher than that at
forward bias, but the value remains in a narrow range of 0.30—
0.40 eV. For sample B, it is clearly seen that the activation
energy is constantly around 0.60—0.65 eV at reverse bias and,
then, decreases drastically down to around 0.08 eV by switching
the bias voltage to forward. The variation of activation energy
confirms that the barrier height for carriers depends more upon
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Figure S. Apparent activation energy for conduction as a function of
bias voltage for the forward (+) and reverse (—) currents of samples A
and B.

the polarity of the voltage and less upon the magnitude of the
voltage itself, similar to typical p—n junction diodes.

The current flow in our samples is apparently bulk-limited,
not electrode-limited, as the forward and reverse currents
tended to vary with the in-depth ¢BN fraction and the film
thickness. The plots of the forward and reverse current
densities (J) at 298 K divided by the electric field (E) versus

10°°
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200
E"2 [(Vem™)""2]

300 400

Figure 6. Plots of J/E at Ty; = 298 K as a function of E'/2, as the test
for bulk-limited Frenkel—Poole emission, for the forward (+) and
reverse (—) currents of samples A and B. The solid, dotted, and
broken lines are the theoretical slopes for € = S, 7, and 16, respectively,
derived from eq 2.

E"? are shown in Figure 6, as the test for bulk-limited Frenkel—
Poole emission:**?’

J « E exp[—q(¢, — /qE/mee, ) /kyTyy] @)

where ¢y is the trap potential (barrier height), &, is the
permittivity of free space, and ¢ is the dielectric constant of the
material. The value of E was calculated here assuming that the
bias voltage was applied solely to the resistive sp’BN layer.
Frenkel—Poole emission generally refers to field-enhanced
thermal excitation of trapped electrons into the conduction
band and is often observed in disordered materials with a high
density of localized states at the Fermi level and in the band
tails. In Figure 6, the plots of the forward and reverse currents
for sample A produce straight lines with an identical slope
nearly over the whole E range. The plots of the forward and
reverse currents for sample B produce straight lines only at high
E above ~80—90 kV cm ™', where the two slopes approach the
same as those for sample A. This indicates that at high E, the
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forward and reverse currents for sample B are governed by
Frenkel—Poole emission in the sp’BN layer. The trap potential
¢ derived from the extrapolated intercept at 0 V of the slope is
~0.4 eV for sample A, and ~0.3 eV (forward) and ~0.6 eV
(reverse) for sample B. The dielectric constant ¢ derived from
the slopes at high E is around 16, which is higher than the static
value of approximately S and 7, typical of single crystal hBN
and cBN, respectively.”®* This is unreasonable as the high-
frequency value (e.g., ~4.5 for single crystal cBN>") appropriate
for the Frenkel—Poole model is usually lower than the static
one. This contradiction would perhaps be explained by the
anomalous Frenkel—Poole effect, which introduces a factor of 2
in the exponent of eq 2 and reduces the dielectric constant to a
quarter of the measured one (for our case, ~4), with the
assumption of shallow neutral traps and deep donor levels.*
However, further study of other several samples revealed that
the Frenkel-Poole mechanism is not always applicable for
reverse currents in cBN/ sszN/ Si heterojunctions because of
variation of the slope with deposition conditions.

3.3. Origin of Rectification in ¢BN/sp?’BN/Si Hetero-
junctions. The predicted band diagram of the cBN/sp”BN/Si
heterojunction in thermal equilibrium is depicted in Figure 7.

conduction band
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Figure 7. Predicted energy-band diagram of the cBN/sp’BN/Si
heterojunction in thermal equilibrium. E, is the band gap, and g, is the
electron affinity.

Band gaps of 5.97°" and 6.25 eV" are adopted for sp’BN and
BN, respectively. The electron affinity of ~0.3 eV for sp’BN
and cBN is based on our ultraviolet photoemission measure-
ment,'®'® while that of 4.05 eV for Si is taken from ref 25. The
position of the Fermi level for ¢BN is lower than that for
sp°BN, and the depletion layer spreads dominantly in sp’BN
because of the low carrier concentration in sp’BN compared to
both ¢BN and Si. AEyg is a difference in the valence band
maximum between sp’BN and ¢BN arising from a difference in
the position of the Fermi level. At forward bias, AEyy is
reduced down to negative by biasing, and then, the major
carriers (holes) in ¢cBN are drifted along the applied field and
injected into the Si. At reverse bias, AEyp is increased by
biasing, so that the holes in cBN are no longer injected into the
Si due to the increasing barrier height. This is shown by the
clear rectification in Figure 2b and the bias-dependent
activation energy in Figure S, basically consistent with the
previous work.”” However, the behavior of reverse current
cannot be explained adequately only by the change in AEys.
In microcrystalline films, various structural defects in grain
boundaries including dangling bonds and distorted arrange-
ment of atoms can introduce a number of defect levels into the
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band gap most likely near the Fermi level and thereby generate
major and minority carriers and trap sites. The number density
of such defect levels in disordered sp’BN may be higher than
that in crystalline cBN. However, sp”BN is more resistive than
BN because of the lower mobility in disordered sp’BN
network. At reverse bias, the minority carriers (electrons) in the
BN can be transported along localized states at the defect levels,
perhaps by Frenkel-Poole emission or some thermally-
activated process and injected into the conduction band of
the Si, thus increasing the reverse leakage current. For sample
A, both the forward and reverse currents are governed by
defect-induced conduction, that is, the leakage current flow. For
sample B, the reverse current is limited to be low enough due to
a low electron concentration in ¢BN and has a tendency to
increase by a decrease in thickness of the sp”BN layer, which
serves as the resistive medium and impedes the reverse current
flow, consistent with our observed results.

It is remarkable that high rectification was obtained with the
sp’BN layer about 130 nm thick, which is much larger than
below 40 nm reported previously.'>'> This could be due to a
fundamental difference in the ion impact energy for film
deposition. The low ion energy in our method results in less
dense films as indicated by about two-thirds of the IR
absorption coefficients for sp’BN and c¢BN phases compared
to those with the high ion energy.”® It would allow easier
transport of carriers via defect levels. In fact, the resistivity of
our sp’BN films is lower by at least two orders of magnitude
than that with the high ion energy.13 On the other hand, the
behavior of reverse current was better described with defect
levels mainly associated with grain boundaries. A thicker spBN
interlayer is expected to enhance rectification by decreasing the
reverse current, as long as the forward current is kept high.
Higher rectification should be achieved by optimizing both
forward and reverse current flows in the sp’BN layer.

5. CONCLUSIONS

Electrical transport properties of polycrystalline BN/Si p—n
heterojunctions fabricated by ICP-CVD using the chemistry of
fluorine have been examined at temperatures up to 573 K. No
rectification was observed with the sp?BN layer only, while a
rectification ratio of the order of 10° was achieved at room
temperature with the cBN/thick sp’BN double layer. For both
the sp’BN/Si and ¢BN/sp’BN/Si heterojuctions, the temper-
ature-dependent I—V characteristics suggested that thermal
excitation dominates the carrier transport process on the basis
of the ideal diode equation and Frenkel—Poole emission model
at low and high bias voltages, respectively. The potential barrier
height for holes arising from higher p-type conduction in the
cBN layer was responsible for rectification in the cBN/ sszN/
Si heterojunction. Moreover, the behavior of reverse leakage
current was explained in terms of the transport of minority
carriers at defect levels in the resistive sp”BN interlayer.
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