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Abstract　O n the basis of confirm ation of the basic p + 2Μ2n - diode structu re of Z2elem en t, w e

start w ith analyzing the charge transpo rta t ion theo ry. A cco rding to the act ion of background and

in jected carrier in the differen t operat ing regions and by so lving the basic device equation set by

num erical sim u lat ion, a conclu sion can be draw n that I 2V characterist ic cu rve of Z2elem en t

show s itself the S2shaped negative resistance and app roaches the ex ist ing experim en tal resu lts.

A nd the device perfo rm ance is rather sensit ive to the rela ted techno logical param eters and m ate2
ria l param eters. T he ach ievem en t in the area of studying Z2elem en t indicates that Z2elem en t is

expected to have w ide p ro spects fo r app licat ion in the senso r’s fields, such as the temperatu re2

sensit ive, ligh t2sensit ive and m agnet2sensit ive senso rs.

EEACC: 2560; 0290

1　 In troduction

Z Sen sit ive elem en t can be u sed to no t on ly detect the tem pera tu re, in ten sity of m ag2
net ic field, u lt ravio let ray in ten sity d irect ly, bu t a lso m easu re the rela ted physica l param e2
ters ind irect ly acco rd ing to the varia t ion s of m agnet ic field. E specia lly, the ou tpu t of d ig ita l

pu lse signa l w ith la rge am p litude of Z2elem en t, w ithou t u sing the am p lif ier o r A öD con2
verter, and its connect ion w ith the d ig ita l in st rum en t d irect ly can bo th sim p lify the app lied

circu it g rea t ly. Since it w as m ade know n to the w o rld in 1990, its po ten t ia l superio rity has

a t t racted the electron ics experts a ll over the w o rld to pay their a t ten t ion s to it [ 1～ 9 ]. W e can

say tha t the electron ic p roducts com po sed of Z2elem en t, such as variou s d ig ita l sen so rs and

indu stria l t ran sducers etc. , a re expected to have w ide u se in app lied electron ic techno logy.

How ever, few deta iled repo rts on the sub ject of Z2elem en t can be found in the litera2
tu re. Even its w o rk ing m echan ism rem ain s to be so lved. W hy a Z2elem en t,m erely a specia l

p 2n junct ion has such unu sual funct ion s? In th is paper,w e w ill sim u la te its I 2V characteris2



t ic cu rve and try to find the rela t ion betw een the key param eters of Z2elem en t and its de2
vice characterist ics. W e hope it cou ld m ake sen se fo r the fu tu re research and developm en t

in th is f ield.

2　Structure and m echan ism

2. 1　Structure of Z-elem en t

T he sub stra te u sed to fab rica te Z2elem en t is n2type b i2po lished silicon of 500Λm ’s

th ick w ith h igh2resist ivity. A p + 2n junct ion w as fo rm ed after d iffu sing A l in to Si sub2
st ra te. A t the tem pera tu re of 900±0. 5℃, go ld, copper, o r p la t inum w as penetra t ing ly d if2
fu sed in to the w afer. T hen the w afer w as th inned to 300Λm ’s th ick. A n ohm ic con tact w as

done after N iw as evapo ra ted on bo th fron t and rear su rfaces of the w afer. T hen dicing in to

the app rop ria te size, rang ing from typ ica l 2×2mm to m ax im um 2×15mm , and pack ing, a

Z2elem en t w as fina lly com p leted.

W hen the dono r concen tra t ion of n2type silicon is 1015～ 1013cm - 3o r so , w ith the con2
cen tra t ion of go ld being 1. 1×1014 cm - 3, ow ing to the act ion of com pen sa t ion, the Ferm i

level E F of silicon is 0. 53eV below the bo t tom of conduct ion band,w h ile the accep to r level

of go ld is 0. 54eV , so the a lm o st ha lf in accep to r levels is em p ty. P rovid ing the concen tra2
t ion of go ld is 6. 7×1013cm - 3, nearly the w ho le accep to r levels can be filled up. So, a con2
clu sion is draw n tha t negat ive resistance can be p roduced on ly in h igh2com pen sa t ion sili2
con2m ateria l.

W hen go ld d iffu sed in to n2typed silicon, a com pen sa ted h igh2resist ivity sem iconducto r

F igu re 1　Structu re of Z2elem en t

is fo rm ed. O n ly a N i layer is im po ssib le to fo rm an

excellen t ohm ic con tact w ith Si sub stra te. A n+ 2reg ion

is necessary fo r an in ject ion of carrier no t being lim ited

by the electrode. T herefo re, Z2elem en t is a p + 2Μ2n+

diode w ith go ld2dop ing fo r com pen sa t ion ( show n in

F ig. 1). T he length of Μ2reg ion is abou t 200～ 500Λm ,w h ich is far longer than the d iffu sion

length s of electron o r ho le in silicon, so it is a long p + 2Μ2n+ diode.

2. 2　Process of charge tran sporta tion

F igu re 2　I 2V characterist ic of

Z2elem en t

T he fo rw ard characterist ic I 2V cu rve ind ica tes tha t Z2
elem en t is S2shaped negat ive resistance device ( see F ig. 2).

Concern ing the Μ2reg ion, low concen tra t ion of dop ing m akes

it to be of h igh resist ivity, w h ile w ith the com pen sa t ion of

h igh2concen tra t ion of A u dop ing, the resist ivity w ou ld en2
hance fu rther, a t the sam e tim e in troducing a large num ber

of deep 2level t rap s o r com b ina t ion cen tres w h ich can cu t the

lifet im e Σ0 of free carrier. W hen Σ0 is sho rter than the d ielec2
t ric relaxa t ion t im e, the relaxa t ion sta te w ou ld com e in to be2
ing a t a certa in period du ring the opera t ing t im e of the device. O n a h igh level of in ject ion,
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space charge conduct ion appears, fo rm ing the space charge lim ited (SCL ) cu rren t. L ong Μ2
reg ion en su res the com b ina t ion cen tre to g ive fu ll p lay du ring the w ho le jou rney of charge

tran spo rta t ion. M o reover, th is is a doub le2in ject ion device, i. e. , w hen increasing the fo r2
w ard b ias, the electron s w ill be in jected from the ca thode, w h ile ho les from anode. T here2
fo re,w e have to con sider no t on ly the influence of space charge and carrier cap tu re on con2
ductance, bu t a lso the rest rict ion to the cu rren t of the space charge w ith doub le2po larit ies

and the recom b ina t ion act ion cau sed by doub le2in ject ion. T he m echan ism is ra ther com p li2
ca ted, so is the analysis and sim u la t ion of the device.

How ever, the physica l m echan ism of Z2elem en t obeys the essen t ia l p rincip les and reg2
u la t ion s of charge tran spo rta t ion in sem iconducto r, such as p rincip le of con t inu ity of elec2
t ric cu rren t, Po isson equat ion (neg lect of loca lized sta te charge d ist ribu t ion ) and charge

con jugat ion con serva t ion etc[ 10 ]. Genera lly speak ing, the electricity cu rren t passing th rough

the Z2elem en t is con sisted of background carrier cu rren t and space charge lim ited cu rren t,

w h ich do differen t con tribu t ion a t d ifferen t b ias range. So ,w e adop t the sim u la t ive m ethod

to so lve the th ree sets of essen t ia l equat ion. F rom the resu lts,w e can see the characterist ics

of term ina l cu rren t and vo ltage,w h ich is ta llied w ith the rea l situa t ion.

1) O hm ic cu rren t reg ion

If the po sit ive b ias is low ,m o st of the ho les in jected from p + area are cap tu red by A u

deep levels so tha t the cu rren t th rough the Z2elem en t is m ain ly therm al excited electron

cu rren t (background cu rren t). T he rela t ion betw een I and V is linear as fo llow s

J 1 = qn0ΛnE = qn0ΛnV öd , (1)

H ere n0 is the concen tra t ion of therm al2excited free electron s, Λn is the electron m ob ility,V

is po sit ive vo ltage and d is the leng th of Μ2reg ion.

2) Space charge lim ited cu rren t reg ion

W ith the increasing of po sit ive b ias, the concen tra t ion of electron s o r ho les in jected be2
com es far h igher than tha t of the therm al2excited free carriers. A s the electron s o r ho les

becom ing the m ain con tribu to r of cu rren t, space charge lim ited cu rren t is fo rm ed. A t the

beginn ing, since m o st of the ho les in jected are st ill cap tu red by A u deep levels and on ly a

few ho les are engaged in conduct ing cu rren t, accom panying the recom b ina t ion of electron s

o r ho les in jected and the em ission of ho les having been cap tu red by A u trap s, the cu rren t,

w h ich is m ain ly electron cu rren t, d rif ted off the linear rela t ion in ohm ic reg ion and p resen t2
ed a square2law rela t ion betw een the cu rren t and b ias as fo llow ing

J 2 = qΛnΛp Σn0V
2öd 3, Σ= (1 + C nöC p ) ö(C nN T ). (12)

H ere Σ is lifet im e of carrier, C n and C p are the cap tu ring ra te of electron s and ho les respec2
t ively, N T is the den sity of t rap s o r cen tres, a ll of above have direct rela t ion sh ip w ith the

concen tra t ion and dist ribu t ion of A u.

W ith the po sit ive b ias go ing on increasing, to som e crit ica l vo ltage, a t w h ich the tran2
sit2t im e of carriers acro ss Μreg ion app roaches its lifet im e, nagat ive resistance em erges be2
cau se of the cap tu re and m igra t ion of carriers. Easy as it seem s fo r N i2electrode to fo rm an
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ohm ic con tact w ith n
+ 2layer, the perfect ohm ic con tact does no t ex ist a t a ll, becau se the d if2

ference betw een parts of crysta lline p lane, w h ich is uneven and incom p lete in m icroco sm ,

leads to the uneven betw een electrode and crysta lline p lane. In fact, w hen the in ten sity of

electric f ield is st rong enough, the in ject ion of carrier from electrode to the m ateria l is like

the filam en t in ject ion. A t the sam e tim e, cu rren t f ilam en ts beg in to act the conduct ive

m echan ism , and becom e m o re rem arkab le a longside the electrica l f ield grow ing stronger.

T ill the lifet im e of electron s equals to tha t of ho les, the electron ic cu rren t t ran sfers in to

space charge lim ited cu rren t w ith tw o k inds of carriers.

J 3 = 9ö8Ε(Λn + Λp )V 2öd 3, (3)

H ere Ε is the d ielectric con stan t of silicon.

W ith fu rther increasing of po sit ive b ias, the electron s and ho les in jected reach ing a

h igher level, a t w h ich the ra te of in ject ion is h igher than recom b ina t ion ra te, and the cu r2
ren t is sim ila r to the doub le2in ject ion of in su la to r, includ ing tw o k inds of space charge lim 2
ited carriers. T he rela t ion betw een cu rren t and vo ltage is cub icity

J 4 = (125ö18) ΕΛnΛp ΣV 3öd 5. (4)

A cco rd ing to the above2m en tioned I 2V characterist ic exp ression s (1) to (4) , w e can do its

I 2V characterist ic sim u la t ion analysis.

3　Sim ula tion ana lysis and prov ing of Z-elem en t’s I -V character ist ics

In o rder to sim p lify the ca lcu la t ion and analysis du ring ou r fo llow ing sim u la t ion, w e

first ly do no rm alized trea tm en t on cu rren t and vo ltage:

V 0 = d 2cnN T öΛn , (5)

J 0 = [Εd (C nN T ) 2 ]öΛn. (6)

A nd the value of each param eter is as fo llow ed:

q= 1. 6×10- 19C; Ε= 11. 9×8. 854×10- 14Föcm ; d = 10- 2cm ;

Λn= 750cm 2ö(V·s) ; Λp = 350cm 2ö(V·s) ; N T = N A u= 1016cm - 3.

F rom (1) to (4) ,w e can get an I 2V characterist ic (show n in F ig. 3) of Z2elem en t after sim 2
u la t ion. T he figu re p roves tha t S2shaped negat ive resistance can be ob ta ined by w ay of seg2
m en ted sim u la t ion. A nd the shape of the I 2V cu rve w ill change a lo t if choo sing differn t pa2
ram eters.

F igu re 3 (a) and 3 (b) are respect ively I 2V cu rves w ith d ifferen t va lues of Cp öC n. T he

b igger the Cp öC n is, the b roader the negat ive resistance reg ion is (w ith the increasing of

th resho ld vo ltage V th a t the sam e tim e) ; w hereas, the m o re narrow the reg ion of negat ive

resistance. T h is is becau se the th resho ld vo ltages V th of negat ive resistance reg ion and

b reak vo ltage V M have the fo llow ing rela t ion:

V th = (Cp öC n)V M

So the range of negat ive resistance reg ion is:

∃V = V th - V M = (Cp öC n - 1)V M , (8)
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F igu re 3　Sim ulated I 2V Characterist ic of Z2E lem en t

　　W hen Cp = C n , the negat ive resistance reg ion disappears. Since Cp , C n are concern ing

w ith no t on ly the concen tra t ion of im pu rity w ith deep levels and the po sit ion of the levels,

bu t a lso w ith the perfectness of m ateria l ( includ ing the num ber of defects and

disloca t ion s) clo sely. It is necessary to con tro l them strict ly du ring the p roduct ion p rocess.

It is a lso found tha t acco rd ing to the theo ret ica l ana lysis, a t the po in t of b reak vo lt2
age, the va lue J 3 is fa r sm aller than value J 4, i. e. , the rela t ion betw een cu rren t and vo ltage

after negat ive2resistance reg ion jum p s to cub icity in stead of square law. N o J 3’s va lue is

show n in the F igu re 3, as m igh t have som eth ing to do w ith the choo sing of m ateria l param 2
eters.

Changing som e key param eters, the characterist ics of device varies obviou sly ( see

T ab le 1) , w h ich p roves tha t Z2elem en t is a k ind of p rocessing sen sit ive device. T herefo re, if

ad ju st ing the electric and geom etric param eters by w ay of p rocessing con tro l,w e can ob ta in

a ll k inds of sen so rs m eet ing the d ifferen t requ irem en ts on characterist ics.

　　F igu re 4 gives the experim en ta l resu lts, in w h ich (a) , (b ) are respect ively the I 2V
cu rve co rresponding w ith the comm on coo rd ina te and logarithm ic coo rd ina tes.

F igu re 4　Experim en tal I2V cu rve of Z2elem en t
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　　Conclu sion is reached after com paring F igu re 2, 3 and 4 tha t the sim u la t ive I 2V cu rve

fo r Z2elem en t’s co incides qualita t ively w ith the experim en ta l resu lts pub lished by Zo tov as

w ell as app roaches the test ing resu lts of sam p le p rovided by H arb in N ovic Com pany. O bvi2
ou sly, the sim u la t ion resu lts by theo ret ica l ana lysis can reflect the physica l essence of Z2el2
em en t very w ell.

Table 1　Inf luence of d ifferen t key param eter on character istics of Z-elem en ts

Charach terist ics
Param eters V thöV V M öV J 0ö(A·cm - 2) V 0öV ∃V öV

100 25 10 0. 067 8 15

d öΛm 200 100 40 0. 135 32 60

300 225 90 0. 202 72 135

1016 25 10 0. 067 8 15

N Töcm - 3 5×1015 12. 5 5 0. 017 4 7. 5

2×1015 5 2 0. 003 1. 6 3

C n= 8×10- 9cm 3ös

Cp= 2×10- 8cm 3ös
25 10 0. 067 8 15

C n= 3×10- 8cm 3ös

Cp= 3×10- 7cm 3ös
375 37. 5 0. 948 30 337. 5

　　A cco rd ing to the test on the tem pera tu re2sen sit ive, ligh t2sen sit ive and m agnet ic2sen si2
t ive perfo rm ances of Z2elem en t, after ana lyzing the opera t ing m echan ism , the p ro spect of a

vast range of app lica t ion s of Z2elem en t can be seen in variou s fields, such as in da ta acqu isi2
t ion and m on it ion of tem pera tu re, ligh t o r m agnet ic field and their d ig ita l p rocessing etc.

4　Conclusion

1) Z2elem en t is a specia l d iode w ith long p + 2Μ2n - st ructu re, being as S2shaped of nega2
t ive resistance device.

2) T he im pu rity in Z2elem en t such as A u etc. w ith deep level, p lays a p rincipa l ro le in

fo rm ing the negat ive resistance.

3) T he h igh sen sit ivity of Z2elem en t to the rela ted param eters of m ateria l and key p ro2
cessing determ ines the w ide and po ten t ia l app lica t ion.

4) T he I 2V characterist ic cu rve w e ob ta ined app roaches the ex ist ing resu lts of experi2
m en t.
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