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The behavxour of static hlgh field domains in 8i is mveshgated When there is nde 1eahzed for
the (100) crystaliographic orientation at temperatures below 50 X. If the paraamc capamtles do
‘not influence tlie measurements there are three groups of sa,mplea according’to the boundary
conditions. In dumb-bell shaped samples where the contact region plays no role at all, the static
high ficld domains are nucleated at the anode independently on the polarity of the voltage applied
and in accordance with the theory présented. In samples cut in the form of parallelepipeds the
behaviour is explained by a u**-n"n* structure of the §b doped Au contacts alloyed to Si, leading
to a zone with high field strength always near the cathode if both contacts are equal. If there is
an inhomogeneity near one side of the dumb-bell or parallelepiped shaped samples the domain is
created always at that end. In'each case the region of the static high field domain increases with
grawing voltage applied until it occupies the whole sample. The mean field strength within the
domain amounts to 140 to 200 V/em varying for different samples a,nd tempemtures, but the ﬁeld

. strength outside the domain remams at 30 to 45 Viem. SRR

. Heeaenonano nouenenne CTATHYECKHK JIOMEHOB cmxbxmro nous B n-Si npi 'reMnepa-
Type Huke 50 K, worga B (100) KpHCTANAOrpaduuecKoM HaHpaBJIeHHK peanvayercs
Onc. Ecau HAPRIUTHLE €MEOCTH He. HCHaMAIoT  usMepeHuRt, To Bee. oﬁpaauu MOHO
paaneauTh Ha Tpy rpynne. ‘B o6pasuax rantenesaguoll dopMu, Koiga NPUKOHTAKTARE
-0BacTi He HIPAKT PN, CTATHYECKHE TOMEHH 3APOHKAITCA HA AHONE HEIABUCHMO OT
- ROAAPHOCTU HAUPHKEHHA Ha obpasne B coriacuw c tedpuedt. — B aﬁpasuax B (Impue

~-fapadaetIanea NOMEHEL 3aponaoTed Ha uamzxe, eean- of6a KOHTAKTE onuxafwnii

" ‘Takoe nopegense obacHserca n**-n"n* CTPYKFypPOll HpuMeHABmerdes Au(Sb) Bitias-
HOro KoHTakta., — Eean 8 ofpa:uax Tolii n xpyroll dops pGuiam dyHoro H3 Kouues
‘cymetmye'r HeOKllOpDﬂllQCTh TO JHOMEH 3.spod{nae1m BCEra Ha 3T0M HoHtie neaaancnuo
_OT HoAAPHOCTH HaRpmwenun:. — C pocToM aﬂekrpmecxoro HOJIH KoMen paclupHeticH,
‘BANOANAA Bee NPOCTPARCTRO obpasnua. Cpelliee aTeKTplMeckoe no.ne B jloMeHe cocrammer
: ,npmuepﬂo 140 o 200 V/cm, sue nomena 30 110 45 V/cm ‘ ‘

1. Iutrodueﬁon

As shown in [1, 2] for short-time measurements the eurrent—-voltage chamcbemsucs
of n-Si exhibit & range of negative differential conductivity (Fig: 1) for- the curtent

- directed alcmg {1005 and tempemture& below 50 K. In the stationary state onh: the .

“other hand a saturated current behaviour is observed (3, ‘4], often accompanied by

* current oscillations [4, 51. As ig well known [{y, 7} seturated current hohaviour instead -
‘of ndé is reslized if High field domains are developed in the sample Some aspectsof .
the behavmur of such domams are represented in thls paper B et

Y = ER Experimental Atrangements aml Iiesnlts

Tha current-—valtage chamcterlstws and the spatxal dxstnbutmn of the' potentlal o .
Y4 were investigated for P-doped Si with. resistivities at room temper&ture Jistween 10° -
and 100 Qcm The samples were cut; along 4 100} elther in the iorm oi paraile‘ieplpéds
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" alinost ohmic behaviour of the ourrent-voltage characteristios is observed

324 L. ¥. KugreNok, E. A. Movenax, O. G. 8srBEY, V. V. MrTiy, and M. ASCHE
? N : Fig. 1. N-type cu:rexit—voltdge characteristics, the possible
BEA \—/ _ satutation currents i in dependence on tlie boundary con-
il : : 1.5 . ditions are shown by dashed lines - S
R R o S et L

or dumb-bells. The mean field strength — up to 200 Vjem 2 was roduced by rectan-
gular voltage pulses of some s duration and precaution was t’aEeh to diniinish the
‘gamsitic capacities connected with the leads in the eryogenic system. The contacts
o the samples were alloyed from Bb-doped Au as ususily for investigdtions of hot.
egeci'éxfons in 8i. The measurements were performed iii bhe temperatilie region 27 to
Fig. 2 to 4 demoustrate the current-voltage characteristics showirig a region of

sattrated current behaviour typical for temperatures below 45 K as kinown froifi [8, 41,

- while for temperatiites above 80 K neither ndo not saturated currerit-behaviour was -

observed. In all samples including those with well expressed currené caeillatians?) the

. measurements of the field distribution exhibited & region of erlargened field strength
@ static high field doniain. . S TR CET L  T R

For not too low temperatures the samples cut in the form of a parallelepiped can
be divided into two graups with tegard to the localization of the nucleation of the.
domain. In one group the domains are always created near the cathode and therefore
& ehange of the polarity of the voltage applied is accompanied by a change of the
eurrent electrode near which the doain is built up (Fig. 2). These samples will be

denoted as cathode~cathode type. In the other group the domain is created at one

_and the same place near one of the cutrrent contacts not depending on the E_gflaﬁtybjf
* the voltage applied — eathode-anode type {¥ig. 3). Furtheron it should be lce
_thdt the regian of the high field domain increases with growing voltage applied. By

[ o noticed
the way it is to be mentioned that if the domain oéeupies the whole sample again an
: d. The field

y
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Flg 3 C’urrcnt -voliage characteristics and the distribution of field strength for the cathode-—anode
. type for o360 == 50 em, T = 38 5K ‘

Flg 4. Cuxrent~voltuge characteristics and the distribution of field strength for the a.no&e—amode
type behaviour of dumb-bell shaped samples for gapox = 50 Qem, T' = 34.2 K. With regard to
U”/l,q and U;s/lis the values of the ordinate have to be dmumshed 10 tlmes .

strength within the static domain amounts ot 140 to ZOOV el varying. for different
samples and temperatures, but the field. strbngth outsxde Lhe domain remams ab
30 to 45 V/em.
The dumb-hell shaptd samples2) can be divided into two groups, too. In the first
one — similar to the second group of parallelepipeds — the domain is built up near one
of the ends of the slender midsection of the sample not depending on the polarity of
the voltage applied — cathode-anode type. For the other group the domain always
appears at the positive end of the slender midsection (Fig. 4) in contrast to satigb
in she form of parallelepipeds. These samples are denoted as anode-anode type. The
field strengehs inside and outside the domain agree well for differently shaped samples -
At low temperatures (below 30K) when the resistance of the samples becoites
e : ~ high in éontrast to the measurements in the temperature region described above the
s restilts are nifluenced by the not fully (only partially) compensated capacities as a
‘detatled analysis demonstrated. Under this condition the domain always appears at
“that end of the saniple which was connected to the generator indepeudent of the .
-polarity of the pulse. In order to explain this effect in Fig. 5 the capacitances consisting
of parasitic and partxally compensating contributions are shown schematically. As
a matter of fact it has to be taken into account that a precise compensation of the
pamsme capautleq is not possible becanse of the nonuniform and time depending

’

N

Fxg 6. bxmphhed pqunmlent scheme for & megsurement of the voltage dwtnbu
: tion by an ohmic prabe “2”. R, and R; denoting the resistance of the sampls
and a resistor for the determnmtlon of the- current density, respectively. C; and
%, Teprosent the capacities playing the dominating role at low temperatures

s “) 'I‘he field strength in the mnsswe enda was ulways smaller than E, (I‘lg 1)
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resistances of parts 1 to 2and 2 to 3, respectively. Therefore during the nonstationary
state the voltage drop along 1 to 2 and 2 to 3, respectively, differs from the value
undm stationary conditions. If the time constant of the cirenit By,(Ry + Ry) () +
CHiE,, + By -+ Ry is Jonger than the time necessary to build up the-domain, the
dmnam appears at the electrode with the larger field strength.?) The domain built
up favours the mhomogeneoub distribution of field strength and consequently no
other domain originates in the remaining part of the sample. At low tcmperature
therefure the ratio of !, and C, determines the electrode at whl('h the domam is built
up as could be verified expermu,ntally -
~Besides in the region of saturated current behaviour the duratmn of the current
pulse was longer than that of the voltage pulse applied without & noticeable change
of the rectangular pulse form. This can be explained by the discharge of €} and C
leading to a current in the circuit equal to the eurrent through the crystal during the
pulse until the voltage drop on the crystal became smaller than the value correspond-
ing to the field strength E! or E% depending on the stationary characteristic realized.

he ¥
=
Lo

3. Theory and Discussion o! the Resulis

A uniform distribution of the field ahcngth is not stable under the condltlon of
nde {6, 7], inhomogeneous distributions and eurrent-voltage characteristics connected
with themn have to be concerned. . ,

As in the samples investigated according to Fig. 2 to 4 the Maxwellian relaxation
time is smaller than the intervalley scattering time of electrons, the Poisson equation
solved usually is to be replaced by the condition of quasi-neutrality, and the non-
uniform distribution is to be obtained by the condition of continuity of the current
" densities of the various vnlleys iy Thu system of equations to he solved has the follow-
ing form:

1. . n, n on ) -
—divi, = ¥ ( AL _,ﬂ) B . :
€ B+a\Ta Tﬂ ot o
Y n, = An,
x== . . -

7, denoting the time of intervalley b(‘&tt@[‘ll]g of electrons of the a-th valley, )t equals
the number of valleys regarded, and 2, = n; for i = 0.

It is assumed that tlle total eleutmn density does not dcpend on the coordmate
with exception of narrow regions near the contacts, which are regarded by the Lound-
ary conditions. As the current flows along (100> — chosen as x-coordinate — there
are one pair of valleys with small moblhty (index 1) and two pairs of valleys with
high mokility (index 2). In the y- and z-directions the distribution is homogeneous
and stable and the problem is a one-dimensional therefore. As the intervalley scatter-
ing times depend on £ much stronger than () and D@ do and as the nde is realized
. at not. too high heating field strengths the diffusion coefficients and mobilities can be
represented by their thermal equilibrium values. Therefore, only 7, and n, are func-
tions of £ and.z (9], and the common bXpl‘CbSlOll for the current density can be used

in the form

~

- s g == eutﬂ(‘d'; + nm) SR @

%) When the lattice temperature is raised the resistivity of the samples decreases and therefore

the time constant of the cu'cult is d:mmlshed and daes not miluence the a.ppua.l&nce of tlle dommn. o

[N . N ] .
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Because the total ourrent density ¢ = Y 7., does not depend on the coordinate, t

. a=1 ; S
“from (1) and (2) an equation for the redistribution of carriers hetween the two groups
of valleys f = (n, — 7,)/(Any) can be obtained: ' N i

5 (path — 7h(1) —ro§§=-1:(i—‘§)i._ . @

- p denoting of/6y with 1§ — /L, I3 = ([D® + (1 — 1) D], and 7 = tufe = 0), .
further g(f) = (1 — ab)/(1 — bf), end h(f) = (@ — L — by with L

I CE RO TR R
“Tpm g —nom M YT peypoa-nt o, -
. S . i‘to D(Z) + (A"‘ 1) .D(l) __. (l - 1) 1” +‘v1 ) " . ' Tl ""'12 o ¢ ’
Y iienotmg edn L DO L (I —1) D@~ To Tty rend f = m o
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Equation (3) was analyzed irrthe p, f phase plane and because of y 3> 1 the solution
is presented in the form of domains and domain walls [9]. When ) <7 < 1% the
equation of the uniform problem ' ' I

has three solutions f; with-f, < f, < f;- The phase trajectories are determined by the

boundary conditions on the surfaces = +I, which are given by equations o the -
type p* = p*(f*), and p~ = p~(f~), respectively. The crossing points of these ¢urves
-and the phase trajectories determipe the values of f* and f~ at the surfaces & = }1.
i.e. those of the trajectories which begin at f = f~ and end at f = f*. In this way the

analysis is performed taking f~ and f* as given values in the region of the contaets, B
If theé redistribution of carriers f* at the cathode (v = +-I) is smaller'than /, for all
values i} < 7 < i the domain is originated at the anode and the saturation current
1, approximates 1. This case is realized for non-rectifying contacts. If the redistribu-
tion of carriers at the cathode is bigger than f; the domain is built up at the cathode
and i approximates .. Such a situation is realized for rectifying contacts. However,
“if f, < f* </, the situation is more complicated. For fixed voltage static domains
cannot be realized [9]. Analyzing the time-dependent equations a stationarily moving

“~domain is obtained as a solution, leading to current oscillations. e

Comparing these results and the experimental data it is easy to see that the nuclea-
tion of static domains at the anode of the dumb-bell shaped samples agrees with the
theory as there are no doubts about the surface conditions applied on the theoretical | -

1

pide and realized in the experiments. =~~~ . . T fy s
In order to explain the data for the nucleation of the domain near the cathode :

(Fig. 2) qualitatively it is necessary to diseuss the structure of the contacts alloyed

to Si by Sb-doped Au. Comparing the diffusion coefficients of Au and 8b in 8i (Dius

8.4 X 10%cm?/s and Dg, = 2 X 10~ cm?/s [10]) and their solubilities at the

~ alloying temperature of about 700 °C (Sgy =7 X 10" em™® and Sgp-being 3 to % g

. orders of magnitude higher) it can be estimated that the contacts haye & n**-n-n*

% structure, n** denoting the degenerated region on aceount of 8b, n denoting a high

" resistivity region obtained by compensation of Sb and P by Au-diffusion, and n* © .

‘characterizing the doping of the volume of the sample. Under these assumptions, if
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- the parameters n at both contacts are almost the same the domain is nucieated at the |
cathode for both polarities of the voltage applied. 1f the values for n differ at both :
contacts the domain is created in that n-region with the higher resistivity and changes i

. from cathode to anode when the polarity is altered in dependence on the difference
of the Au concentration on both ends of the sample. .
By the way the distribution of the field strength in the ohmic region is not always i
strictly the same when the polarity is changed, i.e. the curves Uplly and Uglly, are i
" interchanged (Fig. 2). This fact demonstrates a small voltage drop near the cathode

" ‘showinig the assumption of a n**-n-n* type contact to be realistic. It is to be mention-

ed that such a type of contact was regarded in [11]. 1

A more detailed comparison of theoretical and experimental data is difficult because
of the micro-inhomogeneity of the crystal, demonstrated by the high percentage of
samples in which the domain is built up at one and the same end of the sample in-
dependent of polarity and by the circumstance that the growth of the domains with :

_increasing field strength does not coincide quansitatively for both polantics (Fig. 2 to i
4). Besides, because of the small differences between i and 4} in n-Si in the region of
temperatures investigated it is impossible to decide to which of these values i, cor-
responds. .
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