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Z-elanent’sM echanisn and |-V Character istic Smulation
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Abstract On the basis of confimation of the basic p* -v-n" diode structure of Z-elenent,we
start w ith analyzing the charge trangportation theory. A ccording to the action of background and
injected carrier in the different operating regions and by olving the basic device equation set by
numerical smulation, a conclusion can be dravn that 1V characteristic curve of Z-element
show s itself the S-shaped negative resistance and gpproaches the existing expermental results
A nd the device performance is rather sensitive to the related technological param etersand mate-
rial paraneters The achievement in the area of studying Z-elament indicates that Z-elament is
expected to havew ide progects for goplication in the sensor’s fields, such as the temperature-
sensitive, light-sensitive and m agnet-sensitive senors

EEACC: 2560, 0290
1 Introduction

Z Sensitive elenent can be used to not only detect the temperature, intensity of mag-
netic field, ultraviolet ray intensity directly, but also measure the related physical parane-
ters indirectly according to the variationsof magnetic field Esecially, the output of digital
pulse signal with large anplitude of Z-element,w ithout using the amplifier or A /© con-
verter, and its connectionw ith the digital instrument directly can both smplify the epplied
circuit greatly. Since itwasmade known to theworld in 1990, its potential superiority has
attracted the electronics experts all over theworld to pay their attentions to it"* °. W e can
say that the electronic products composed of Z-eleanent, such asvarious digital sensors and
industrial transducers etc , are expected to havew ide use in gpplied electronic technology.

How ever, fav detailed reportson the subject of Z-elenent can be found in the litera-
ture Even itsworking mechanisn ramainsto be lved W hy a Z-elanent,merely a gecial
p-n junction has such unusual functions? In thispaper,wew ill smulate its IV characteris-
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tic curve and try to find the relation betw een the key parametersof Z-elenent and its de-
vice characteristics W e hope it could make sense for the future research and developm ent
in this field

2 Structure and mechan isn

2 1 Structure of Z-elanent

The substrate used to fabricate Z-eleanent is n-type bi-polished silicon of 500um’s
thick w ith high-resistivity. A p” -n junction was formed after diffusing A | into Si sub-
strate A t the temperature of 900+ Q 5 |, gold, copper, or platinum w as penetratingly dif-
fused into thew afer. Then thew afer w as thinned to 300um’s thick. A n ohmic contact w as
done after N iw as evaporated on both front and rear surfacesof thew afer. T hen dicing into
the gppropriate size, ranging from typical 2x 2nm to maximum 2x 15mm, and packing, a
Z-elament w as finally completed

W hen the donor concentration of n-type silicon is 10 10®an” °or o, w ith the con-
centration of gold being 1 1x 10“an” °, owing to the action of compensation, the Femi
level Er of silicon isQ 53¢V below the bottom of conduction band,w hile the acceptor level
of gold is Q 54eV/ , 0 the amost half in acceptor levels is enpty. Providing the concentra
tion of gold is & 7x 10an” °, nearly thew hole acceptor levels can be filled up. So, a con-
clusion is drav n that negative resistance can be produced only in high-compensation sili-
con-material

W hen gold diffused into n-typed silicon, a compensated high-resistivity samiconductor
is foomed Only a Ni layer is mpossible to form an -
excellent ohm ic contact w ith Si substrate A n* -region = -:
is necessary for an injection of carrier not being Ilm ited
by the electrode Therefore, Z-elanent is a p* -vn’
diode with gold-doping for compensation (shown in
Fig 1). The length of v-region isabout 200 500um,w hich isfar longer than the diffusion
lengthsof electron or hole in silicon, 0 it isa long p* -vn" diode
2 2 Processof charge tran sportation

The foiw ard characteristic 1V curve indicates that Z-
element is S-shaped negative resistance device (see Fig 2).
Concerning the v-region, low concentration of doping makes
it to be of high resistivity, w hile w ith the compensation of
high-concentration of A u doping, the resistivity would en-
hance further, at the sane time introducing a large number
of deep-level trapsor combination centresw hich can cut the ~
lifetime T of free carrier. W hen T is shorter than the dielec- Figure 2 1+ characteristic of
tric relaxation time, the relaxation statewould come into be- Z-element
ing at a certain period during the operating time of the device On a high level of injection,

Figure 1 Structure of Z-elament
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g ace charge conduction appears, forming the ace charge limited (SCL) current Long v
region ensures the combination centre to give full play during thew hole journey of charge
trangportation M oreover, this is a double-injection device, i e ,when increasing the for-
w ard bias, the electronsw ill be injected from the cathode, w hile holes from anode T here-
fore,w e have to consider not only the influence of gpace charge and carrier cgpture on con-
ductance, but also the restriction to the current of the gpace chargew ith double-polarities
and the recombination action caused by double-injection Themechanisn is rather compli-
cated, 20 is the analysis and smulation of the device

How ever, the physical mechanisn of Z-eleanent obeys the essential principles and reg-
ulations of charge trangortation in samiconductor, such asprinciple of continuity of elec-
tric current, Poisson equation (neglect of localized state charge distribution) and charge
conjugation conservation etc!’’. Generally gpeaking, the electricity current passing through
the Z-elanent is consisted of background carrier current and gace charge limited current,
w hich do different contribution at different bias range So,w e adopt the smulative method
to 0lve the three setsof essential equation From the results,w e can see the characteristics
of teminal current and voltage,w hich is tallied w ith the real situation
1) Ohmic current region

If the positive bias is low ,most of the holes injected from p* area are captured by A u
deep levels =0 that the current through the Z-elanent ismainly themal excited electron
current (background current). The relation between | andV is linear as follow s

J1= gnotE = gnouV /d, (1)

Here no is the concentration of themmal-excited free electrons, un is the electron mobility,V
ispositive voltage and d is the length of v-region
2) Space charge lmited current region

W ith the increasing of positive bias, the concentration of electronsor holes injected be-
comes far higher than that of the themal-excited free carriers A s the electrons or holes
becom ing the main contributor of current, pace charge limited current isfomed At the
beginning, since most of the holes injected are still captured by A u deep levels and only a
fev holes are engaged in conducting current, accompanying the recombination of electrons
or holes injected and the anission of holes having been captured by A u traps, the current,
w hich ismainly electron current, drifted off the linear relation in ohmic region and present-
ed a sguare-lawv relation betw een the current and bias as follow ing

Jo= quappoV 2/ d?, T= (1+ Cn/Cp)/(CN 7). (12)

Here Tis lifetime of carrier,Cn and Cy are the capturing rate of electrons and holes repec-
tively,N + is the density of trgpsor centres, all of above have direct relationship with the
concentration and distribution of A u

W ith the positive bias going on increasing, to some critical voltage, at w hich the tran-
sit-time of carriers across v region approaches its lifetime, nagative resistance energes be-
cause of the capture and migration of carriers Easy as it seansfor N i-electrode to form an
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ohmic contactw ith n" -layer, the perfect ohm ic contact does not exist at all, because the dif-
ference betw een parts of crystalline plane,w hich is uneven and incomplete in microcosn,
leads to the uneven betw een electrode and crystalline plane In fact,w hen the intensity of
electric field is strong enough, the injection of carrier from electrode to thematerial is like
the filanent injection At the sane time, current filanents begin to act the conductive
mechanisn, and become more ranarkable alongside the electrical field grow ing stronger.
Till the lifetime of electrons equals to that of holes, the electronic current transfers into
gace charge limited current w ith two kindsof carriers

Js= 9/8€(un+ )V 72/d7 (3
Here € is the dielectric constant of silicon

W ith further increasing of positive bias, the electrons and holes injected reaching a

higher level, at w hich the rate of injection is higher than recombination rate, and the cur-
rent is similar to the double-injection of insulator, including two kindsof gace charge |im-
ited carriers The relation betw een current and voltage is cubicity

Ja= (125/18) unpp v °/d° (4)
A coording to the above-mentioned 1V characteristic expressions (1) to (4) ,we can do its
IV characteristic smulation analysis

3 Simulation analysisand proving of Z-elenent’s |-V character istics

In order to smplify the calculation and analysis during our follow ing smulation,w e
firstly do nomalized treatment on current and voltage
Vo= d%N T/un, (5)
Jo= [& (CN 1)?]/un (6)
A nd the value of each parameter is as follow ed:
g= 1 6x 10 “C; & 11 9x 8 854x 10 “F/am; d= 10" am;
pn= 750an?/V - 9); pp= 350an?/(V - 9);N 1= N au= 10°an” °
From (1) to (4),wecan get an |-V characteristic (shown in Fig 3) of Z-elanent after sim-
ulation The figure proves that S-shaped negative resistance can be obtained by w ay of seg-
mented smulation A nd the shapeof the IV curvew ill change a lot if choosing differnt pa-
rameters
Figure 3(a) and 3(b) are regectively 1V curvesw ith different valuesof Cp/Cn The
bigger the Cy/Cn is, the broader the negative resistance region is (with the increasing of
threshold voltageV « at the same time); w hereas, the more narrow the region of negative
resistance This is because the threshold voltages V « of negative resistance region and
break voltageVwm have the follow ing relation:

V= (Cp/Co)Vm
So the range of negative resistance region is
AV =Vu- Vu= (Co/Cn- 1V, (8)
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(a) x1000 (b) x1000

(c) x1000 (d) x1000

Figure 3 Smulated |V Characteristic of Z-Element

W hen Cp= Cn, the negative resistance region disgppears Since Cp, Cn are concerning
w ith not only the concentration of mpurity w ith deep levels and the position of the levels,
but also with the perfectness of material (including the number of defects and
dislocations) closely. It isnecessary to control them strictly during the production process

It is alo found that according to the theoretical analysis, at the point of break volt-
age, the value Js isfar snaller than valueJ 4, i e , the relation betw een current and voltage
after negative-resistance region jumps to cubicity instead of square lav. No Js’'s value is
show n in the Figure 3, asmight have something to dow ith the choosing of material param-
eters

Changing some key parameters, the characteristics of device varies obviously (see
Table 1),w hich proves that Z-elenent isa kind of processing sensitive device T herefore, if
adjusting the electric and geometric param eters by w ay of processing control,w e can obtain
all kindsof sensorsmeeting the different requireanentson characteristics

Figure 4 gives the experimental results, in which (a), (b) are regectively the IV

Figure 4 Expermental IV curve of Z-elanent
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Conclusion is reached after comparing Figure 2, 3 and 4 that the smulative 1V curve
for Z-element’ s coincides qualitatively w ith the experimental resultspublished by Zotov as
w ell as approaches the testing resultsof ssmpleprovided by Harbin Novic Company. O bvi-
ously, the smulation results by theoretical analysis can reflect the physical essence of Z-el-
ement very well

Table 1 Influence of different key parameter on character istics of Z-elenents

arachteristics - 2
m VA vm A/ Jo/(A- an” ?) V oA/ AN

100 25 10 Q 067 8 15
d/um 200 100 40 Q 135 32 60
300 225 90 Q 202 72 135
101 25 10 Q 067 8 15
N T1/am" 3 5x 101 125 5 Q 017 4 75
2x 10% 5 2 Q 003 16 3
Cn= 8x 10" °an3/s
25 10 Q 067 8 15
Cp= 2% 10 8am3/s
Cn= 3% 10" 8am3/s
375 375 Q 948 30 337 5

Cp= 3% 10" “an3/s

A coording to the test on the tanperature-sensitive, light-sensitive and m agnetic-sensi-
tive performances of Z-elanent, after analyzing the operating mechanisn, the prospect of a
vast range of applicationsof Z-elanent can be seen in various fields, such as in data acquisi-
tion and monition of temperature, light or magnetic field and their digital processing etc

4 Conclusion

1) Z-element isa gecial diodew ith longp” -v-n" structure, being as S-shaped of nega-
tive resistance device

2) The mpurity in Z-elenent such asA u etc w ith deep level, playsaprincipal role in
foming the negative resistance

3) The high sensitivity of Z-elenent to the related param etersof m aterial and key pro-
cessing detem ines thew ide and potential application

4) The IV characteristic curvew e obtained approaches the existing resultsof experi-
ment
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