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ON THE THEORY OF THE SWITCHING EFFECT
IN CRYSTALS

CUBOMIR HRIVNAK*, Bratislava

The temperature and compensation dependences of the critical electric
field at which the switching effect in some partly compensated crystalline
semiconductors ocours is found on the basis of the model in which the screen.-
ing of ionized donors and delocalization of electrons by an applied electric
field play an important role. A rough criterium is found which enables to es-
tablish whether the proposed mechanism can occur at a lower electric field
than that due to the impact ionization. According to this criterium the
proposed model is realistic for crystals with suf ficiently low carrier mobilities
this, however, was not yet experimentally confirmed.

I. INTRODUCTION

In many smiconductors and dielectrics distinguished by a small electric
conductivity at low electric fields the transition to the high conductivity state
can be observed at some critical field £,. We shall not consider here various
structures with a hight resistivity basis, where the metioned trasnsition can
be due to the injection of the carriers from contacts, nor shall various thermal
instabilities leading to the switching effect be considered. These causes can be
excluded by a properly chosen experiment. Thus we restrict our considerations
only to electronic bulk effects in crystals. Then the transition commected
with the rapid increase of the concentration of conduction electrons is usually
interpreted as an impurity breakdown caused by the impact ionization of
impurities by electrons with a sufficiently high energy gained from the electric
field. This impurity breakdown can be observed at temperatures 7' << &/kp,
where & is the ionization energy of the impurity and kg is the Boltzmann
constant. According to Sclar and Burstein [1], the critical field E: for the
impact ionization of shallow donor levels is approximately given by the
formula

w [ 2 \12

B~ — 5 (1)
p \ kgT
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of the oz.@.mo& m.mE E} in germanium at low temperatures, and also by Oliver
[3], who mvestigated the electrical properties of GaAs at low temperatures

and high electric fields. Although the simple formula (1) can give only the.

rough estimation of the critical field it can serve us as g guide for the inter-

later &.mo in ohter crystals like GaAs [5], CdS [6], CdSe [7.

The Eﬁ@me ionization alone is not sufficient for the occurrence of the S-type
.osmgoemzmgo. The condition must also be fulfilled that the initial rapid
Eouam..mm of the concentration of conduction electrons will continue even if wrm
electrical field is lowered. According to formula (1) this is possible at a constant
temperature if with the increasing number of the conduction electrons their

. M.Aoﬂ it is evident that the impact ionization together with the screening
!nituence of the conduction electrons can explain the switching effect in some

m:o.ﬁ.ﬂmu mechanism ﬁrmz the impact lonization, i. e. on the screening of im-
Wﬁ.gmm by a.vm conduction electrons and the direct release of localized electrons
y the applied electric field. We shall consider a semiconductor of the n-type
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of the switching effect in some crystals due to the sereening of donors by the
conduction electrons and to their ionization by the applied electric field. In
this paper we deal with an elaboration of the model proposed in {9] to such
a form that it enables to gain the temperature and compensation dependences
of the critical field at which the transition from a low to a high conductivity
state starts in partly compensated samiconductors with shallow donor levels.
We give also a rough criterium which enables to decide whether or not
the proposed mechanism in the given crystal is more probable that the impact
lonization. We point out briefly the influence of the magnetic field on the
value of the critical electric field. Finally we discuss the possibility of the genera-
lization of the model for the case of various donor-like impurities present in the
crystal. Although our model has a common idea with that of Sandomirsky
et al. [8], our approach and the solved problems are quite different from those

in the above mentioned paper.

II. THE DEPENDENCE OF THE IONIZATION FIELD ON THE SCREENING
PARAMETER .

We shall suppose that the potential energy of an electron in the field of the
singly charged donor screened by the conduction electrons is of the form
. .
V(r) = — ———exp (—axr), (2)
drer
where ¢ is the static dielectric constant of the crystal and x is the screening
parameter. The ground-state energy of an electron with potential energy (2)
can be approximately expressed (see Appendix) by the relation

—eéfeo = (1 — xag) exp (—xaq), (3)
where & = ¢2/8z € ap is the magnitude of the binding energy for x = 0, and

@ = 47 € h2/m*e? i the radius of the first Bohr orbit in the crystal.
If a uniform electric field  is applied in the z-direction, the potential energy

in the z-direction is given by

2
U(z) = — ‘ —exp (—xz) — ezk. (4)
dm ez

The maximum of this function is at the point zg, which can be found from the

condition dU/dz = 0. Denoting U(z) = — W, and zofap = lo, the equations
K 16 exp (—xaglo)
= (»aolo + 1), (8)
E, &
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with By = ¢/8age, and

W 2exp (—xaolo)

o o

(xaolo + 2), (6)

hold.
If the electric field is so strong, ¥ = E,, that — Wieg = —¢feg, 1. e. if

2 exp Alxaem&
P (*aolo + 2) = (1 — %) XP (—xay), (7)

.armn the A.&moawo: can no longer be localized accordint to the classical picture
in the z-direction, as it is also seen from Fig. 1.

3 taa .m0 .mmua
= Tvamg £ 4 3
g o M. | Fig. 1. Hrm effect of the screening and of
-3 £, 0727 the app,ied electric field on the potential
2.2 =08 W 0 energy of an electron in the vieinity of the
9 singly charged donor. The horizontal lines
» correspond to the ground-state energy of
T ——— | Iocalized electron at zero electric field.

ﬁﬁ applied uniform electrie field was discussed in detail by Dow and Red-
field [10] in connection with the ionization of an exciton by the electric field
In our case, due to the screening, the problem is Emggumaom:% more com :..
cated especially if we realize that the screening parameter is also field Mo-

termine & for avrious values of xayg. m:vwﬂazﬁsm {o together with the cor-
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Table 1

Qg 0.00 0.10 0.15 0.20 0.25 0.30 0.35

E[Eq 1.0000 0.9585 0.9146 0.8612 0.8014 0.7376 0.6713

*ag 0.40 0.42 0.44 0.46 0.48 0.50 0.52

E B, 0.6045 0.5777 0.5510 0.5248 0.4984 0.4727 0.4473

xag 0.54 0.56 0.58 0.60 0.62 0.64 0.66

E B, 0.4220 0.3972 0.3731 0.3490 0.3256 0.3027 0.2803
xag 0.70 .75 0.80 0.85 0.90° 0.95 1.00

BBy 0.2370 0.1884 0.1397 0.0993 0.0588 0.0255 0.0000

III. THE TEMPERATURE AND COMPENSATION DEPENDENCES
OF THE CRITICAL FIELD

We shall use the Debye-Hiickel expression for the sreening parametr, i. e.

en
B e, (8)
€ km%
where # is the concentration of the conduction electrons, which in a general
case depends on temperature and, due to the Poole-Frenkel effect, alto on
the electric field strength E. Taking into account the screening of the trapping
centres according to (2) with the Debye-Hiickel screening parameter (8),
Berezin et al. [1 1] have found for the field dependence of the concentration
of the conduction electrons due to the Poole-Frenkel effect an expression

. which we shall use in the form

na} E [ p\lz,
i) =—(= (9)
T, @o 47

(rad)1/2 In

where b = /2T, and ng is the concentration of conduction electrons at the
zero electric field. In the case of partly compensated semiconductors with N D
donors and N4 acceptors in a unit volume, when for the compensation ratio

K = N,4/Np the inequality

1
K> ———— (22b)~3/2 exp (—2b , 10)
> SN pad (27D) p (—2b) (
holds, we can use for ng the relation (see e. g. [12])
g 17K (27b)~312 exp (—20) au)
No@y = 0 )2 exp (— .
T uk ?
From (8) it follows
x2a2
3 0
nag = 12
0 160 (12)
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Substituting (11) and (12) into (9) we get

e 1 , K

= #ao{l + ~——1In [x%a} ———— (27h)1i2]) 1

g ol gy bt oy (13)
If we m.:_uwaazem into (13) for a given xap the corresponding value of E/E,
according to Tab. 1, wé get the dependence of E./Ey on K and b. The plot of
Be|Eq versus 1/b ~ T vor various K is shown in Fig. 2.

.
<
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Fig. 2. The computed temperature 1/b ~ T

depencences of the critical electric field

5 . ; o1 E. for various compensation ratios K (the
95 /o — 10 numbers on the right-hand side).

According to (13) E./Ey as function of b reaches a maximum

E, 1 1
— = xag —], 14
@o max %@5 A v
where
2e (1—-K)2
by = —_— e=27183....
w(xap)* - K2

For strongly compensated semiconductors (K > 0.84) the critical electric
field increases with increasing temperature in the ragne b > 1. However, the
largar the value of the compensation ratio is, the smaller is the possible change
of the electron concentration due to the ionization of donors. Therefore the
case where b, > 1 is more interesting. Then for temperatures 7' > T, =
= ¢€0/2kpb,, the critical field decreases with increasing temperatures and this
decrease is more rapid the lower the compensation ratio is, (however, we must
remember the condition (10) for K ). For temperatures 7' < 7',, with decreasing
temperature E /K, decreases to the value E./Ey = xaq = 0.488, which cor-
nmm.@OBmm to T'=0 independently from K. Therefore for an approximative
estimation of the critical field we can use the simple formula

Bernv — — . (15)

If we compare this formula with the approximate formula for the critical
field in the case of impact ionization given in the introduction, we get the
following criterium regarding the mobility of the conduction electrons, which
must be fulfilled in order that the proposed mechanism nay oceur at a lower
electric field than the impact ionizations:

4¢3 g \172

&———=} . 16
# 7€ ey \ 2kpT L8}

For example with & = 0.16 eV, e=10 €0, w=258 X 103ms™1, 7' = 77 °K,
this condition gives 4 < 500 cm?/Vs, and with the same values, but with 7' —
= 4.2 °K, we get u < 2000 cm?¥/Vs.

The compensation is in favour of our model since it causes the lowering of
the ionization energy of donors and at the same time reduces the electron
mobility at low temperatures when the scattering on the ionized donors is
dominant. If we take into account this lowering of the donor ionization
energy, then it is necessary to substitute & in the above relations by

m.a = g — (N py)l3, (17)

where N p, is the concentration of ionized donors (at very low temperatures
and low electric field Np; = N4). Formula (17) has been recently cnofirmed
experimentally by Woodburg and Aven [13] for the II—VI compounds,
which perhaps may be suitable for the experimentai verification of formula (13).
The magnetic field can influence the value of B, given by (45) only through
the dependence of the donor ionization energy on the magnetic field B. The
plot of ey(B)/eg versus hwe/2e according to Larsen’s [14] results is in Fig. 3,
where the dashed line corresponds to the case where only the rise of the hottom
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Fig. 3. The magnetic field dependence of the donor ionization energy. o, = eB/m*.
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of the conduction band by k2 is considered. This gives a good approximation
for ha/26y < 0.2 (for gy = 0.01 eV, m* = 0.1 m, the linear approximation is
good up to B = 3.6 T). Therefore in a not too hight magnetic field we can
mmwmwN_E@g the magnetic field dependence of the critical electric field by the
relation

eh 2
2m¥eg B s
independently of the orientation of the magnetic field.
Hr.m concentration n. which corresponds to the field E. is given by the relation
(12), if we use again the xaq corresponding to E/Ey according to Tab. 1. Since
for xap = 1, B, = 0, there holds

Be(B) = Bo(0) [ 1 +-

1
16ab

The electric field causes the decrease of the concentration of the conduction

m_ma.auo.smu which is necessary in order that electrons may no more he trapped
by ionized donors. There holds

e(Be)ne(0) = x2a?. (20)

From this relation the dependence of ne(E,)/n(0) on Eo[E,y follows, which is
plotted in Fig. 4.

——

aine(0) = (19)
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Fig. 4, The dependence of (%a0)2 =
no(Ec)[ne(0) on E.(E,.

1V. THE SWITCHING EFFECT

Suppose that
1 - K

§w§aA@av << EWZbAw E Nr\v < .F@ﬁ!r‘ " AM~V
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The last inequality, agNp < 473, is the condition under which the Mott {15]
transition at the zero electric field cannot yet occur. When the appllied electric
field reaches the value K. at a given b, the concentration of the conduction
electrons will change from the value n,(E,) to the value N o{l — K) because
the already ionized donors will not be able to trap the conduction electrons
again. The plots of ajn.(Ec) versus 1/b for the various compensation ratios.
are shown in Fig. 5. The horizontal lines correspond to the particular values

Fig. 5. The plot of n.a3 versus 1/b for various K. The horizontal lines correspond to parti-
cular values of (1 — K)/64, which is the upper limit for Npad(1 — K).

of (1 — K)/64. From Fig. 5 it can be seen that the higher the value of 1/b is,
(i.e. the higher the temperature is) and the larger the compensation ratio is
the lower is the possible change of the concentration of the conduction electrons.
With the increasing concentration of the conduction electrons their screening
effect rises, i. e. the donor level approaches the conduction band and in accor-
dance with Fig. 4 the value of the critical field B, decreases. Therefore after
the switch-on to the state with a higher electron concentration, say n,, this
state can remain until the electric field is lowered below the value E, < E,
corresponding to n, according to the relation (20). This is the reason why the
current-voltage characteristic can be of the S-type.

The proposed model can be generalized for cases of various donor-like
impurities. Assume that various donors with ionization enegies & << &2 < &3,
with the corresponding Bohr radii a; > as > a3 and with concentrations
Np1 << Np2 << Nps are present in the crystal. For the illustration that such
an assumption is reasonable we give in Table 2 the values of the ionization
energies of various donors in germanium together with the corresponding
Bohr radii and computed as well as experimentally determined values of
donor concentrations at which the Mott transition occurs.
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Table 2

Host  Donor eoleV] aolA] Nelom-3) Hefora-=7y
caleul. empi
. pir.
© ..w—u %%%&@a 46.4 0.9 x 1017 0.95 x 1017
s O‘n:wo 37.5 L3 x 1017 25 x 1017
L 0127 353 14 x 1017 3.5 x 1017

N, is the concentration of donors at which the Mot transition oceurs

All the values in Tab. 2 are taken from the paper by

Bergren [16]. In Fi
@mnw are the computed dependences of neon E, at 4.2 g (16]. In ig. 6

°K from various donors

value of n.a, equal approximately to 0.0003 and since ay = 4.64 X 107 cm

th i =
€ concentration %, == 8 x 1015 em=3, To this value of 7. there corresponds

Npy+ Npa+ Npg =N,

1 2 Eq 3 Eca 4 Ecy
mnﬁ_Ou Ve w_

Fig. 6. The computed dependences of n, on £,

for variozs donors i {
a . S 1n germani ] K
nd the cascade mechanism of the increase 2 s ot 2R,

of the conduection electrons concentration.

MMMMMMMBWMO mmm. 6 B, =22 x 108 V/em. At this field strength the electron
ration increases from n, to N n (1 — K). If this latest value is equal
Mw larger S»m:. @r.m concentration s which is necessary for all the donors of
ﬁw MMM@MM@UMO HMMEmQMm& the field E,;, then the concentration will continue
b - ¢ value Npi(l — K) .;T Npe. If this value is equal or larger
o Ne3(He1), the .m_mo?o: concentration can reach the value Np1+ Np -
5|_r<& B.H.M Ny. H.Em Eoormimg. a.m: work for an arbitrary number of donor
m.. € magnitutde of the critical field F,; is determined by the first partl
occupied level below the conduction band and the change of awo oo:om..:ow@ﬂow
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of the cond uction electrons dependes on the total number of the uncompensated
donors. This cascade increase of the electron concentration can by responsible
for the changes of the electric conductivity of several orders, which is observed
in some semiconductors.

We illustrated our considerations on germanium at 4.2 °K, because we
could use the known necessary data and we can compare our conelusions with
experiments on the low temperature breakdown which had been done on this
material. Bannaja et al. [17] investigated the threshold field in rather pure

n-germanium with a total concentration of impurities Ny + Np — 1013 emm—3

as a function of the compensation ratio at 4.2 °K. In their experiments Z,
varied from 3 V/em at K = 0.1 up to 22 V/em at X = 0.96. Such pure material
is distinguished by a high electron mobility at 4.2 °K so that the impact
ionization can occur at threshold fields in the mentioned range. On the other
hand Zabrodskij et al. [18] investigated the impurity breakdown on heavily
doped and compensated germanium with a total concentration of impurities
~101% cm~3 and for the threshold field at 4.2°K they have found the value
~450 V/em. This value is already comparable with the value following from
our model especially if we take into account the lowering of the ionization
energy of shallow levels from which the process can start due to the compen-
sation, as it was mentioned in connection with the relation (17).

V. CONCLUSIONS

The main result of this paper is the relation (13) for the temperature and
compensation dependences of the critical electric field at which the transition
to a higher conductivity state should occur in a partly compensated crystalline
semiconductor with shallow donor levels and low electron mobility at sufficient
low temperatures. This formula has been derived for the n-type semiconductor
with discrete donor levels separated from the conduction band. On principle
the basic ideas of the model are applicable also to the p-type semiconductors,
which perhaps may be more suitable for the experimental verification of the
model since as a rule the holes have a much lower mobility than the electrons.
However, the computation of the acceptor levels is usually not so simple as
in the case of donors because the valence bands have more complicated struc-
tures than the conduction bands. Hence for the p-type semiconductors prob-
ably some modification of formula (13) would be necessary.

Although the results of this paper are not yet experimentally verified the
criberium (17) is given which can help in the choice of crystals in which the
proposed mechanism of the switching effect should occur at a lower electric
field than the impact ionization.
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APPENDIX

.Hrm.mg&&:@mn equation for stationary states of an electron with the
potential energy (2) is not analytically solvable. Therefore approximating
and numerical methods were used [19—22] to find the energy levels of the-

m* 2
= (r2 | rip2) exp (~—xr
2 dner P v (4
and using the quantum condition
mhm
o ¢ = 2nhn, (A2)
we gét for the ground state energy (r = 0, n = 1)
P
&= — I — —
P ( %) eXp (—xry), (A3)
where 7y is determined by the equation
% = 70(1 4 xro) exp (—ar). (A4)
Table A1
1/xaq —efeo(3) ey
0 1.0000 0
Nmo 0.9801 e..mew
wo 0.9606 0.9608
: 0 0.9036 0.9036
0 0.8143 0.8141
7 0.7429 0.7424
5 0.6550 0.6536
4 0.5841 0.5818
m 0.4777 0.4737
0.3033 0.2962
1.4 0.1399 0.1351
S 00000 0.20057
e - i L

Using the approximation ro = ag we get from (A3) the relation (3). How good
the formula (3) is can be appreciated by comparison of the values computed
according to (3) with accurate numerical solutions of the corresponding
Schrédinger equation for 1s states for various values of 1/xaq obtained by

Rogers et al. [22] (see Table Al).
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