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Abgtract : The current-voltage( I-V) characteristics of cBN crystal sandwiched between two metallic electrodes are
measured and found to be nonlinear. Over 20 samples are measured at room temperature with various electrodes,
and the resulting curves are all similar in shape. When a voltage of about 560V is applied to the cBN crystal ,the
emitted light is visible to the naked eye in a dark room. We explain these phenomena by the space charge limited
current and the electronic transition between the X andl valleys of the conduction band.
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1 Introduction

Ever snce Wonterf™ first syntheszed semi-
conducting cubic boron nitride (cBN) at high pres
sures (HP) and high temperatures (HT) ,itsprop-
erties and applications have been studied extensve-
ly. Compared to diamond,cBN crystal has better
heat red stance ,oxidizable resstance ,chemical sta
bility ,and semiconducting characteristics. It can be
made into both p-type and ntype semiconductors
when doped with suitable impurities’” ,and it has
the widest energy gap (about 6. 3eV) of all  and

- materials. The indirect transtion in cBN
crystal isfrom thel" point of the valence band to
the X point of the conduction band®*. Therefore,
cBN crystal has wide applications in high-frequen-
cy ,high-temperature ,and high-power electronic de-
vices.

Because of the limitations on synthes s condi-
tions,each synthetic cBN crystal is dightly differ-
ent from all others. The biggest one is no more
than 3mm'® . Only a few experiments have been
done to clarify the fundamental electrical character-
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isticsof cBN polycrystalline'® .

In 2002 , Takashi et al.'™ measured the impu-
rity level of nonintentionally doped cBN crystal by
Hall measurements with Eis = 0. 47eV. Wentorf re-
ported that oxygen is the responsble impurity' .
Takashi et al.obtained colorless crystalsfrom non-
intentionally doped n-type amber crystals. The ox-
ygen concentration in the colorless crystals is less
than that in the nonintentionally doped n-type am-
ber crystals.

In this paper,we report the current-voltage
(1-Vv) relationship in nonintentionally doped cBN
crystal and the observation for thefirst time of the
electroluminescence of cBN crystal. We explain
these phenomena by the space charge limited cur-
rent (SCL C) and the electronic trandstion between
the X andl" valleys of the conduction band.

2 Experiment

2.1 9Yynthesis of cBN wafer

Nonintentionally doped cBN crystal ,which is
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an ntype amber crystal ,is transformed from hexar
gonal boron nitride (rBN) under HP and HT u-
sing nitride as a catalyst'® . This may be a result of
the responshble oxygen impurity, since it is ex-
tremely difficult to exclude oxygen from the reac
tion mixtures. The cBN crystal has a high red stivi-
ty in the range from 10° to 10°Q - cm at room tem-
perature!”’ . Most synthetic cBN crystals have anir-
regular octahedron structure; however ,this struc-
tureisinconvenient for the measurement of electri-
cal characteristics,s0 we obtained cBN wafers with
several hundreds of microns in sze usng a cubic
anvil high-pressure apparatus. The sample shown
inthe top left of Fig.1,whose opposite planes are
parallel and approximately equal ,was used in our
experiment.

Fig.1 Microscope photograph of ¢cBN sample The
cBN in top left corner was used in our experiment. S =
0 1427mm? ,L =0. 06mm

2.2 Measurement of |-V reationships and light
emission of the cBN wafer

At room temperature,over 20 cBN crystals
were measured using various electrodes, such as
platinum wire, copper board, aluminum board,
wolfram ,and I TO. The shapes of the I-V curves
for various cBN crystals are smilar ,as shown in
Fig. 2 (triangles) . Each synthesized ¢cBN crystal is
different ,30 their measured values are dightly dif-
ferent. For the same cBN crystal ,the measured val-
ues are approximately equal and independent of the
electrodes.

The light emitted from the cBN crystal isvis-
ble to the naked eye in a dark room when the volt-
age applied to the cBN crystal is about 560V . At
the voltage at which the emisson begins,the light
is s0 weak that we cannot characterizeit. The light
intensity increases as the voltage increases. A pho-
tograph of the light emisson of cBN crystal is
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Fig.2 Current versus applied voltage of ¢cBN crystal

shownin Fig. 3.

Fg.3 Photograph of the eectroluminescence of cBN
crystal

3 Resultsand discussion

The I-V curve at room temperature is shown
in Fig.2 (triangles) . The nonintentionally doped n-
cBN crystal hasa nonlinear I-V curve. Thisisin a
greement with the space charge limited current
(SCLC) theory of Lampert and Mark'® . SCL C was
proposed for an ideal dielectric. For a semiconduc-
tor with a certain conducting ability ,its dielectric
relaxation time is longer than its trandt time o
long asit has a high enough resistance. In this case
the SCL C theory is valid™*!. The current density
J in the material can then be divided into the ohmic
and space charge limited regimes, which are ex-
pressed by
J = n@V/L (1)
Js = Bee Vi L?® (2)

wheref =
n+ n

tration ,and n is the concentration of the electrons
occupying the traps. For cBN crystal § is not deter-
mined because the trap concentration is not
known. S and L are the area and thickness of the

, n is the injected carrier concen-
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cBN crystal ,respectively ,m is the thermal equilib-
rium carrier concentration £ is the dielectric per-
mittivity €0 is the permittivity of free space ,andMn
is the electron mobility. The solid curve along the
triangles in Fig. 2 represents the best fit of the da-
tato Eq. (3) between 0 and 530V ,and its equation
is
_ $e QS
I = ‘LSOV + 8L° \%
1589 x10°V +55x10%Vv? (3
The two contributions to the measured current on
the right-hand side of Eq. (3) are ohmic and
SCLC.
According to the ohmic term in Eq. (3) ,the
conductivity of cBN is

0=68x10%Q*'. cm* (4)
The dielectric relaxation time is then
rd:%l=92x10’6s (5)

In our experiment,when the voltage applied to
the cBN crystal is 5V ,the current is measured and
the field inside the crystal is assumed to be uni-
form,so the transit time of an electron is
:U_L_nV/L =36x10"'s (6)
wherep, =20cm?®/ (V - s)® . As soon as the cur-
rent through the cBN is detected,the SCL C eff ect
plays a role in the cBN crystal.

The carrier concentration at room tempera-
ture estimated from the ohmic term in Eq. (3) is
10"cm ™ ®. For other measured samples,the carrier
concentration is on the same order,which is less
than that (10%cm™®) in Ref.[5].1n Ref.[5],the
cBN crystal was synthesized with the temperature
gradient method with a solvent of lithium boron
nitride (LisBN2) at HP and HT. According to the
experimental results,there are fewer impurities in
the cBN crystal synthesized by us than in Ref.[5]
due to the different synthesis conditions.

At thermal equilibrium, the carrier concen-
tration for the intrinsic transitions in the cBN
crystal is

T

no = (NecNv)"?exp(- Eo/2kT) (7)

Nc¢, Nv,and E; are known'*®
ture, no was estimated to be

no = 5 65 x 10 *cm™® (8)

Even at T=1000K, no equals 1 64 x10°cm °.

. At room tempera-

This indicates that the electrons are not produced
by the intrinsic transition, but by ionized impuri-
tiesin the cBN crystal.

As shown in Fig. 2,the I-V curve becomes
steep and does not fit Eq. (3) above 530V. At
about 560V ,weak emission from the cBN is visible
in a dark room.

In 1999, Zhao et al. discussed the intervalley
distribution in ZnS-type thin film electrolumines
cent devices'™ . We think the electronic transition
between the two valleys of the conduction band
leads to these phenomena we have observed in the
cBN crystal.

When the voltage applied to the cBN crystal
is about 560V ,some electrons produced by ionized
impurities and injected electrons are transmitted
between the X and [ valleys of the conduction
band. According to the energy-band structure'®***
(Fig.4) ,when the electronsin the X valley obtain
adequate energy from the electric field, the elec
trons tranger from the heavy-mass ,low-mobhility X
valley to the light-mass, high-mobility I valley.
The energy in the X valley is about 3eV less than
that in thel' valley ,but the electronsin thel val-
ley have a tendency to returnto the X valley. In the
radiative transtion produced by these electrons,the
energy is liberated by means of photons, 0 the
cBN crystal luminesces. The light intensity increa
ses as the voltage increases.

?
I'-valley
X-valley
\ 4
E
Y EI_ L
Ey
0
<100>X N L<111>

Fig.4 Scheme of the energy band of cBN crystal At
300K:E= 6.1 6 .3eV,E=85 10eV, E >12eV

According to the energy-band structure of the
cBN crystal (Fig. 4) ,when the electrons transer
between the X and I' valleys of the conduction
band ,the wavelength of the emitted light should be
about 400nm,which is in the blueviolet range.
This agrees with our experimental observations.
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4 Conclusion

We measured the current-voltage(1-V) curves
of cBN crystal sandwiched between two metallic e
lectrodes. The curves are nonlinear. The SCLC
playsaroleinthe cBN crystal. The carrier concen-
tration of the cBN crystal used here is calculated.
The light emisson from the cBN crystal becomes
vigble to the naked eye when the voltage applied to
the cBN crystal reaches about 560V. The electrons
in the cBN crystal produce a radiative transition,
leading to the luminescence of the crystal. The ex-
perimental observations are well in accord with our
theoretical analyss.

Ref erences

Wentorf J R F. Cubic form of boron nitride.J Chem Phys,
1957 ,26(4) :956

[1]

[ 2] Taniguchi T,Watanabe K, Koizumi S,et a. Ultraviolet light
emisson from self-organized p-n domains in cubic boron ni-
tride bulk sngle crystals grown under high pressure. Appl
Phys Lett ,2002 ,81(22) :4145

[ 3] Rodriguez Hermandez P, ConzalesDiaz M ,Munoz A. Hec

1,2 1
(1
(2
(3
n
20 cBN ,
cBN
on ) ;
PACC: 7360P; 7340R
: 0472%. 4 A

* ( 160176009 ,60476027)
t . Email :jiagang @lu. edu. cn
2005-07-24 ,2006-01-13

(

[4]

[5]

[6]

[71]

(8l

[9]
[10]
[11]

[12]

[13]

tronic and structural properties of cubic BN and BP. Phys
Rev,1995 ,B51(20) :14705

Ferhat M ,Zaoui A ,Certier M ,et a. Hectronic structure of
BN ,BP and Bas. Physica B ,1998 ,252 :229

Taniguchi T, Tergl T, Koizumi S, et a. Appearance of n-
type semiconducting properties of cBN single crystals grown
at high pressure.Jpn J Appl Phys,2002 ,41(2A) :109
Taniguchi T ,TanakaJ,Mishima O ,et a. High pressure syn-
thes s of semiconducting Be-doped polycrystalline cubic boron
nitride and its electrical properties. Appl Phys Lett ,1992,62
(6) :576

Wentorf J R F. Preparation of semiconduction cubic boron ni-
tride.J Chem Phys,1962 ,36(8) :1990

Zhang Teichen,Wang Mingguang, Guo Welli ,et a. Study on
syntheszing flaky cBN crystals and its conduction property.
Chinese Journal of High Pressure Physics,1998 ,12(3) :168
Lampert M A, Mark P. Current injection in solids. New
York : Academic press,1970

Ye Liangxiu. Semiconductor physics. Beijing: Higher Educa
tion Publishing House ,1983

Lampert M A. Smplified theory of space-chargelimited cur-
rent in an insulator with traps. Phys Rev ,1956 ,103(6) :1648
Yang Shuren, Yin Jingzhi ,trandate. Properties of advanced
semiconductor materias. Beijing : Publishing House of Chemi-
cal Industry ,Publishing Center of Material Science and Engi-
neering ,2003

Zhao Hui, Wang Yongsheng, Xu Zheng, et a. Intervalley
distribution of eectronsin thin film eectroluminescent de-
vices. Chinese Journal of Semiconductors,1999 ,20(8) :702

1 1 3
, 130012)
157012)
, 130012)
(cBN) , )
560V ,
02534177 (2006) 04-0609-04
:20010580)
© 2006



