
第 27卷　第 4期
2006年 4月

半　导　体　学　报
C HIN ES E J OU RNAL O F S EMICOND U C TO RS

Vol. 27　No. 4
Apr. ,2006

3 Project supp orted by t he National Natural Science Foundation of China (Nos . 60176009 ,60476027) a nd t he Science a nd Technology Bureau

Foundation of J ilin Province (No. 20010580)

­Corresp onding aut hor . Email :jiaga ng @jlu. edu. cn

　Received 24 J uly 2005 , revised ma nuscrip t received 13 J a nuary 2006 c○2006 Chinese Institute of Elect ronics

Nonlinear Current2Voltage Characteristics and Electroluminescence
of cBN Crystal 3

Dou Qingping1 ,2 , Chen Zhanguo1 , J ia Gang1 ,­ , Ma Haitao1 , Cao Kun1 , and Zhang Tiechen3

(1 S tate Key L aboratory of I ntegrated O ptoelect ronics , Col lege of Elect ronic Science and Engineering ,

J i lin Universit y , Changchun　130012 , China)

(2 M udanj iang N ormal I nstit ute , M udanj iang　157012 , China)

(3 S tate Key L aboratory of S uperhard M aterials , J i lin Universi t y , Changchun　130012 , China)

Abstract : The cur rent2voltage ( I2V) characte ristics of cBN crystal sandwiched between two metallic elect rodes are

measured and f ound t o be nonlinear . Over 20 samples are measured at room temp erature wit h various elect rodes ,

and t he resulting curves are all similar in shap e . When a voltage of about 560V is applied t o t he cBN crystal , t he

emit ted light is visible to t he naked eye in a dark room. We explain t hese p henomena by t he sp ace charge limited

cur rent and t he elect ronic t ransition between t he X andΓvalleys of t he conduction band.
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1　Introduction

Ever since Wonterf [1 ] fir st synt hesized semi2
conducting cubic boron nit ride (cBN) at high pres2
sures ( HP) and high temperat ures ( H T) ,it s p rop2
erties and applications have been st udied extensive2
ly. Compared to diamond , cBN crystal has bet ter
heat resistance ,oxidizable resistance ,chemical sta2
bility ,and semiconducting characteristics. It can be
made into bot h p2type and n2type semiconductors
when doped with suitable imp urities[2 ] , and it has
t he widest energy gap (about 613eV) of all Ⅳand
Ⅲ2Ⅴ materials. The indirect t ransition in cBN

crystal is f rom t heΓ point of t he valence band to
t he X point of t he conduction band[3 ,4 ] . Therefore ,
cBN crystal has wide applications in high2f requen2
cy ,high2temperat ure ,and high2power elect ronic de2
vices.

Because of the limitations on synt hesis condi2
tions ,each synthetic cBN crystal is slightly differ2
ent f rom all ot hers. The biggest one is no more
t han 3mm[5 ] . Only a few experiment s have been
done to clarify t he f undamental elect rical character2

istics of cBN polycrystalline[ 6 ] .
In 2002 , Takashi et al . [ 5 ] measured t he imp u2

rity level of nonintentionally doped cBN crystal by
Hall measurement s wit h Ed = 0147eV. Wentorf re2
ported t hat oxygen is t he responsible imp urity[7 ] .
Takashi et al . obtained colorless crystals f rom non2
intentionally doped n2type amber crystals. The ox2
ygen concent ration in t he colorless crystals is less
t han t hat in the nonintentionally doped n2type am2
ber crystals.

In t his paper , we report t he current2voltage
( I2V ) relationship in nonintentionally doped cBN
crystal and t he observation for the first time of t he
elect roluminescence of cBN crystal . We explain
t hese p henomena by t he space charge limited cur2
rent ( SCL C) and t he elect ronic t ransition between
t he X andΓvalleys of t he conduction band.

2　Experiment

2. 1　Synthesis of cBN wafer

Nonintentionally doped cBN crystal , which is
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an n2type amber crystal ,is t ransformed f rom hexa2
gonal boron nit ride ( h2BN) under HP and H T u2
sing nit ride as a catalyst [ 8 ] . This may be a result of
t he responsible oxygen imp urity , since it is ex2
t remely difficult to exclude oxygen f rom t he reac2
tion mixt ures. The cBN crystal has a high resistivi2
ty in the range f rom 105 to 109Ω·cm at room tem2
perat ure[ 7 ] . Most synt hetic cBN crystals have an ir2
regular octahedron st ruct ure ; however , t his st ruc2
t ure is inconvenient for t he measurement of elect ri2
cal characteristics ,so we obtained cBN wafers wit h
several hundreds of microns in size using a cubic
anvil high2pressure apparatus. The sample shown
in t he top lef t 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 =

011427mm2 ,L = 0106mm

2. 2 　Measurement of I2V relationships and light
emission of the cBN wafer

　　At room temperature , over 20 cBN crystals

were measured using various elect rodes , such as
platinum wire , copper board , aluminum board ,
wolf ram ,and ITO. The shapes of t he I2V curves
for various cBN crystals are similar , as shown in
Fig. 2 ( t riangles) . Each synthesized cBN crystal is
different ,so t heir measured values are slightly dif2
ferent . For t he same cBN crystal ,t he measured val2
ues are approximately equal and independent of the
elect rodes.

The light emit ted f rom t he cBN crystal is visi2
ble to t he naked eye in a dark room when t he volt2
age applied to t he cBN crystal is about 560V. At
t he voltage at which t he emission begins ,t he light
is so weak t hat we cannot characterize it . The light
intensity increases as the voltage increases. A p ho2
tograp h of t he light emission of cBN crystal is

Fig. 2　Current versus applied voltage of cBN crystal

shown in Fig. 3.

Fig. 3 　Photograph of the elect roluminescence of cBN

crystal

3　Results and discussion

The I2V curve at room temperat ure is shown
in Fig. 2 (t riangles) . The nonintentionally doped n2
cBN crystal has a nonlinear I2V curve. This is in a2
greement wit h t he space charge limited current
(SCL C) t heory of Lampert and Mark[ 9 ] . SCL C was
proposed for an ideal dielect ric. For a semiconduc2
tor with a certain conducting ability , it s dielect ric
relaxation time is longer t han it s t ransit time so
long as it has a high enough resistance. In t his case
t he SCL C theory is valid[10 ,11 ] . The current density
J in the material can t hen be divided into t he ohmic
and space charge limited regimes , which are ex2
pressed by[ 9 ]

JΩ = n0 qμV/ L (1)

J S = 9θεε0μV2 / L 3 (2)

whereθ=
n

n + n t
, n is t he injected carrier concen2

t ration ,and nt is t he concent ration of t he elect rons
occupying t he t rap s. For cBN crystal ,θis not deter2
mined because t he t rap concent ration is not
known. S and L are t he area and t hickness of t he
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cBN crystal ,respectively , n0 is t he t hermal equilib2
rium carrier concent ration ,ε is t he dielect ric per2
mittivity ,ε0 is t he permit tivity of f ree space ,andμn

is t he elect ron mobilit y. The solid curve along t he

t ria ngles i n Fig. 2 rep rese nts t he best f it of t he da2
t a t o Eq . (3) betwee n 0 a nd 530V ,a nd its equation

is

I =
S
L
σV +

9θεε0μn S
8 L 3 V2 　　　　　　

= 11589 ×10 - 8 V + 515 ×10 - 12 V2 (3)

The tw o cont ributions t o t he measure d cur re nt on

t he right2ha nd side of Eq. ( 3 ) a re oh mic a nd

SCL C.

Accordi ng t o t he oh mic te rm in Eq . ( 3) , t he

conductivit y of cB N is

σ= 618 ×10 - 8Ω- 1 ·cm - 1 (4)

The dielect ric relaxa tion ti me is t he n

τd =
εε0

σ = 912 ×10 - 6 s (5)

In our exp e ri me nt , w he n t he voltage app lie d t o

t he cB N crystal is 5V , t he cur re nt is measured a nd

t he f ield i nside t he crystal is assumed t o be uni2
f orm ,so t he t ra nsit ti me of a n elect ron is

T =
L
μn V/ L

= 316 ×10 - 7 s (6)

w hereμn = 20c m2 / ( V ·s) [ 5 ] . As soon as t he cur2
re nt t h rough t he cB N is detected , t he SCL C eff ect

p lays a role in t he cB N crystal .

The ca r rie r conce nt ration at room te mp era2
t ure estimate d f rom t he oh mic te r m i n Eq. (3) is

1010 cm - 3 . For ot he r measure d sa mples , t he ca r rie r

conce nt ration is on t he sa me orde r , w hic h is less

t ha n t hat (1012 cm - 3 ) i n Ref . [ 5 ] . I n Ref . [ 5 ] , t he

cBN crystal was synt hesized wit h t he te mp e rat ure

gra die nt met hod wit h a solve nt of lit hium boron

nit ride (L i3 BN2 ) at H P a nd H T. Accordi ng t o t he

exp e ri me ntal results , t he re a re f ewe r i mp urities i n

t he cB N crystal synt hesize d by us t ha n i n Ref . [ 5 ]

due t o t he dif f e re nt synt hesis conditions .

At t he rmal equilibrium , t he ca r rie r conce n2
t ra tion f or t he i nt ri nsic t ra nsitions i n t he cB N

crystal is

n0 = ( Nc Nv ) 1/ 2 exp ( - Eg / 2 k T) (7)

Nc , Nv , a nd Eg a re know n [ 12 ] . At room te mp era2
t ure , n0 was esti mated t o be

n0 = 5165 ×10 - 34 c m - 3 (8)

　　Even at T = 1000 K, n0 equals 1164×106 cm - 3 .

This i ndicates t hat t he elect rons a re not p roduced

by t he i nt ri nsic t ra nsition , but by ionized i mp uri2
t ies i n t he cBN crystal .

As show n i n Fig. 2 , t he I2V curve becomes

steep a nd does not f it Eq . ( 3 ) a bove 530V . At

a bout 560V ,wea k e mission f rom t he cB N is visible

i n a da r k room .

In 1999 , Zha o et al . discussed t he inte rvalley

dist ribution i n ZnS2t yp e t hi n f il m elect rolumi nes2
ce nt devices [ 13 ] . We t hi nk t he elect ronic t ra nsition

betwee n t he two valleys of t he conduction ba nd

lea ds t o t hese p he nome na we have obse rved i n t he

cBN crystal .

W he n t he voltage app lie d t o t he cBN crystal

is a bout 560V ,some elect rons p roduce d by ionized

i mp urities a nd i njecte d elect rons a re t ra nsmit ted

betwee n t he X a nd Γ valleys of t he conduction
band. According to t he energy2band st ruct ure[3 ,4 ,12 ]

( Fig. 4) ,when t he elect rons in t he X valley obtain
adequate energy f rom the elect ric field , t he elec2
t rons t ransfer f rom t he heavy2mass ,low2mobility X

valley to t he light2mass , high2mobility Γ valley.
The energy in t he X valley is about 3eV less than
t hat in t heΓvalley ,but t he elect rons in t heΓ val2
ley have a tendency to ret urn to t he X valley. In t he
radiative t ransition p roduced by these elect rons ,t he
energy is liberated by means of p hotons , so t he
cBN crystal luminesces. The light intensity increa2
ses as t he voltage increases.

Fig. 4 　Scheme of the energy band of cBN crystal At

300 K: Eg≈611～613eV , EΓ≈815～10eV , EL > 12eV

According to the energy2band st ruct ure of t he
cBN crystal ( Fig. 4) , when t he elect rons t ransfer
between t he X and Γ valleys of t he conduction
band ,t he wavelengt h of t he emit ted light should be
about 400nm , which is in t he blue2violet range.
This agrees with our experimental observations.
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4　Conclusion

We measured t he current2voltage ( I2V ) curves
of cBN crystal sandwiched between two metallic e2
lect rodes. The curves are nonlinear . The SCL C
plays a role in t he cBN crystal . The carrier concen2
t ration of the cBN crystal used here is calculated.
The light emission f rom t he cBN crystal becomes
visible to t he naked eye when the voltage applied to
t he cBN crystal reaches about 560V. The elect rons
in t he cBN crystal p roduce a radiative t ransition ,
leading to t he luminescence of t he crystal . The ex2
perimental observations are well in accord wit h our
t heoretical analysis.
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立方氮化硼晶体的非线性伏安特性及电致发光 3
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摘要 : 测量了夹在两个金属电极间的非故意掺杂的 n型立方氮化硼 (cBN)晶体的伏安特性 ,它们为非线性曲线.使
用不同的电极测量了 20多个 cBN晶体的伏安特性 ,曲线的形状非常相似.在样品两端的电压值大约为 560V 时 ,

cBN晶体发生电致发光现象.利用空间电荷限制电流和能谷间的电子跃迁解释了上述实验现象.
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