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The current voltage characteristics and the dependence of the transverse electric field on
applied voltage is studied experimentally and theoretically for n-Si at 27K for the cur-
rent close to the (111)-direction. A solution in form of a loop is split off from the
solution with nearly equal carrier population in all three valleys and corresponds to
predominant population of only one valley. The solutions corresponding to predo-
minant population of either one of the three valleys may coexist in the sample in the
form of layers parallel to the current. A transverse magnetic induction B may change
the size of the layers and by appropriate B it is possible to induce either one of these
three layers or any combination of them into the sample.

1. Introduction

When the intervalley scattering time of the electrons
in a many valley semiconductor rapidly decreases
with increasing carrier heating by an applied electric
field, a multivalued electron distribution (MED)
among the equivalent valleys can become realized as
proposed in [1, 2]. The theoretical prediction of
MED was experimentally proved for the case of two
equivalent valleys in Si, which are symmetrically ori-
entated with respect to the (110) plane [3-5] for cur-
rent directions from {110} up to nearly {111>. Un-
der the condition of MED two different distributions
of electrons between these two valleys are possible:
The first valley is predominantly populated and the
second one is almost empty, or the second valley is
predominantly populated at the expense of the first
one. Equal population of these two valleys, however,
is unstable when MED can be realized. The two
possible redistributions of the electrons coexist and
spontaneously two layers arise in the sample with
the interlayer wall parallel to the current. According
to the different redistributions of electrons in both
layers two different transverse fields result. For sym-
metrical conditions with regard to the side surfaces
the interlayer wall is usually located in the middle of
the sample and shifts under the influence of a small
transverse magnetic induction to one of the side sur-
faces. The shift of the interlayer wall and current sa-

turation, which arises on account of negative differ-
ential conductivity (ndc) as a result of the transverse
electric fields [1], were observed experimentally [3-
5].

In [6] and [7] special attention was drawn to the
current directions in the neighbourhood of {111}. In
contrast to the two-valley case firstly there are now
three pairs of equivalent valleys (furtheron described
as three valleys) and consequently three possible re-
distributions with predominant population of either
one of these three valleys. Further the theoretical
considerations show that for MED and for the cho-
sen parameters characterising the intervalley scatter-
ing one of the stable solutions is given by equal pop-
ulation of these three valleys and the other stable
solutions by predominant population of either one
of these three valleys represented by parts of loops
isolated from the solution with equal population of
the valleys. These loops increase, when the interval-
ley scattering probability of the electrons on impuri-
ties decreases.

For certain boundary conditions on the side sur-
faces, however, the stable solution of equal popula-
tion of the valleys is not realised, but the transition
into the part of the isolated loops which belongs to
the strongest repopulation into one of the valleys be-
comes possible. In [8] the results of an experimental
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observation of MED of this type were published.
Detailed theoretical as well as experimental investi-
gations of this problem have been performed since
then and their results are presented in Sects. 2 and 3.

2. Experimental Results

The measurements were performed in accordance
with {4, 8]. The samples of Si highly purified with
respect to the residual acceptor concentration were
cut from the (110) plane and the current contacts
and the side probes were alloyed to the sample as
shown in Fig. 1. The samples were immersed in li-
quid neon.

On account of the small declination of the current
direction from {111} (see Fig.1) one of the valleys
(called the third furtheron) is distinguished with
respect to both the others. Figure 2 shows the de-
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Fig. 1. Orientation of the sample and position of the probes. A
projection of the equienergetic surfaces of the valleys on the z=0
plane is indicated
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pendence of the transverse voltage drop AU, ; de-
vided by the distance of the probes d; ; measured
along the y- and z-directions as a function of aver-
age longitudinal electric field E= U/l with U equal
to the applied voltage and ! being the sample length.
In the absence of a magnetic induction (as shown in
[81) due to the small deviation of the current direc-
tion from (111> the predominant population of val-
ley 1 or 2 (see Fig. 1) is possible. Because these val-
leys are located with their rotation axis under an
angle with respect to the axes y and z on account of
the conductivity anisotropy both field components
E, and E, arise in the sample. Therefore there are
voltage drops between the probes on the pair of
(110) surfaces (4U,_,) and between the probes on
the other pair of side surfaces (AU,, ;). As the in-
terlayer wall is shifted towards one of the (110) the
opposite E -components connected with one and the
other of the valley populations do not compensate
each other. The region of applied electric fields, for
which the transverse fields appear, is strongly pro-
nounced and related to the loop character of the so-
lutions as discussed in the next section. In order to
check the proposed nature of the effect experimen-
tally weak magnetic inductions are applied parallel
to the z- as well as y-axes of the sample.

A magnetic induction applied in the (110) plane per-
pendicular to the current direction (i.e. along the y-
axis) plays the same role as previously in the two-
valley case [2-5]: besides the Hall effect the main
effects is the shift of the interlayer wall towards one
or the other surface perpendicular to the z-axis. For
B=+0.0186T shown in Fig. 2 the interlayer wall is
already shifted to one or the other surface, respec-
tively, and therefore the curve 2 and 3 for
AUy /d. _ are only opposite in sign, but else equal
for both polarities of B. It is to be seen that the
region of applied electric fields for the steep rise of

a) © " b) g e
e - 40F § 030-0‘%‘ . \i
T G 43 2F r ! N
s il VA TR g 20F o R
= 201 X/" 0/ o Tk xoxy Dm Z L w/oog/ %6\0‘0_0704,70.
© Fooo 4 5 < L om0 (e T XK Xm = Km e K m XX
PR e o o0 on0nt0-cra-0 0 L
© =ty / IS
= }> ‘”\:‘Qv A 20 [ /‘}‘ QD/OO‘D‘O T -
o -20f ' o R A | .
o [ 1\ /'/ g Y MR N g Fig. 2a apd b Transverse vpl}age drops
< a0l \ i N Empp g between indicated probes divided by the
Pt gt = -20}k “x, \V‘v P DA distance betwcen these probes as a
- e o~ | x‘ié ‘\3\ ¥ e function of averaged applied electric field
& | 2 2 ok kA, s E for a magnetic induction B along the
2 E a0l /&;8;%3‘;\*7:;%‘\‘& ; iy - X , y-axis (a) and along the z-axis (b): B
= O p x o o .
=T S /A U S 60k S =0(1), 0.0186 T (2), —0.0186(3). 0.037(4).
5 ol st | | rogesdfia < L —003TT ()
< 40 60 80 100 120 140 40 60 80 100 120 140
E (V/iem) E (vicm)



M. Asche etal.: Si Near to the {111)-Direction

the transverse electric field E_ is enlargened with
growing magnetic induction in contrast to the two-
valley case and reflects the enlargement of the loops
with B, but this behaviour will not be discussed in
detail for this orientation.

With regard to E,=4U,, ,,/d,, ;, the polarity of
B plays no role, of course, and the magnitude of B
changes only the region of applied eclectric fields for
which the transverse fields appear according to the
already mentioned effect of B on E,.

The orientation of B along the z-axis is more in-
teresting since the situation significantly changes in
comparison to the two-valley case. For the polarity
of B, which turns the electric field towards (110} the
situation is similar to that described above, i.e. the
region of E for which MED is realized, increases
with B (curve 4 in Fig. 2b). However, for that po-
larity, which turns the electric field towards {111>
the predominant population of the third valleys be-
comes realized. This time there appears a layer ac-
cording to the solution for the predominant popula-
tion of the third valley besides both the others. Tt is
characterized by another E, with regard to sign as
well as value than in ‘the preceeding case and the
lack of E_, because the rotation axis of the third val-
ley lies in the x — y-plane (see projections of the val-
leys indicated in Fig.1). This situation is clearly
exhibited by the curves 5 in Fig. 2b, which demon-
strate a high field component in the y-direction
AU, (4/d, ¢, as the layer with prevailing popula-
tion of the third valley extends almost through the
whole sample, but almost no voltage difference
along the (110> direction. The magnetic induction
necessary to turn the electric field strength from the
applied direction to (111> and further depends on
the value of the heating field, obviously a weaker B
is sufficient for lower values of E than for higher
ones as to be seen from curves 3 and 5 in Fig. 2b.
In order to demonstrate the value of the magnetic
induction which is necessary to switch the multi-
valued states, the dependence of AU, _ j/d,‘fj as func-
tions of B is shown in Fig. 3 for several values of the
averaged applied field strength E for the case of B
parallel to the z-axis (i.e. along (110)). While below
a critical value for E, for which the steep rise of
transverse fields is realized (Fig.2b), only an or-
dinary Hall effect is observed as shown by curve 1 in
Fig. 3, the behaviour of E (B) and E_(B) described
above is obvious for electric field strengths within a
certain region and is characterized by the steep
“switching” branch for small inductions, as exhi-
bited by curve2 in Fig.3 for E=85V/cm. For ap-
plied electric fields above a second critical value, for
which MED vanishes, the switching effect cannot be
observed anymore, and it remains only an anom-

267

50
L A‘A/o/
A7 4
201 e
a0 )
28 3/ oF,
~ ﬁ ’/
or Aﬁ 250
L1 A'Ag/
o L7
_ X -
(; -20r ,}S 3
o A
|- jol —_— !
= O/x’: A " - 60
= - i
(‘\l =40+ O/i l'l P ”'__Ao ('?
~ 47 2 $-o77x il
2 L S ©
o F 4 A 4 J 140
A / H ©
-60 + ()2 £ 142 x 3 O/4 B Dm
S N 3
F e a ! o - 20
S
-80+ ! {9/ -
5 ey ! L !
-0.04 0 0.04

Fig. 3. Transverse voltage drops between indicated probes divided
by the distance between these probes as functions of a magnetic
induction parallel to the z-axis with average applied electric field
E as a parameter: E=43V/cm (1), 85(2), 114(3), 148 V/cm (4)

alous Hall effect due to the strong redistributions
among the valleys but without the layered structure
of MED (curve4 in Fig. 3).

On account of the anisotropy of the conductivity the
appearance of transverse fields is accompanied by
nde [1, 6], which in long time measurements leads
to a region of applied electric fields with current sa-
turation as observed earlier [3-8]. At E=E, the stat-
ic high field domain due to ndc is nucleated at one
contact and extends further into the sample with
growing E. When the static high field domain ex-
tends through the whole sample (E=E,) the current
density begins to rise slowly with further growing E,
as long as the applied electric field strength is still
smaller than the upper critical value E, for MED,
i.e. for the disappearance of the transverse electric
fields. For E=E, the current steeply rises up to val-
ues, which correspond to the absence of MED, as to
be estimated by extrapolation of the curve from the
region E<E,.

For the magnetic induction along the y-axis the sa-
turation current decreases with growing B and a
small linear dependence on B arises, i.e. as expected
the depence of the current voitage characteristics
on B is the same as [or the two-valley situation con-
sidered earlier [3, 4] and will not be described in
detail therefore.

For the magnetic induction parallel to {110 for the
polarity, which favours the MED between the first
and second valley, E, is shifted to lower values in
accordance with the appearance of the transverse
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fields (curves 4 in Fig. 2b) and the value of the satu-
ration current diminishes (curve 2 in Fig. 4). How-
ever, for that polarity, which leads to MED between
the third valley and one of the other valleys, the cur-
rent density increases for small B and the saturation
character vanishes already for B of about 10~ 2T.
This situation is depicted by curve 3 in Fig. 4. When
B grows further the current density decreases and
again a plateau develops. For B=0.037T (i.e. twice
the value of curve 3) the current exhibits as well pro-
nounced saturation region below the value of the sa-
turation current for B=0.

3. Numerical Calculations and Discussions
of the Results

To calculate the intervalley repopulation of electrons,
the transverse electric fields, and the current voltage
characteristics, the transport equation was solved by
Monte Carlo simulations as in [4, 97 in the presence
of an eclectric field E and a transverse magnetic in-
duction B. We use the Herring-Vogt transformation,
which reduces the ellipsoidal equienergetic surfaces
of the valleys o to spheres:

m\ L2 m\12
w_ ("M @ (M 1
P12 (m) P1,25 P3 (mz) 25 (1)
mAL/2 L2
V@ — (;) vV, ,, V®= (J) Vs,
1.2 m 1,2 3 m 3
m=(mm)"">. @)

Here p® and V@ are the transformed wave vector
and velocity in the reference frame centered at the
bottom of the valley with axis 3 along the longitu-
dinal axis, m, and m, being the longitudinal and
transverse components of the effective mass tensor,
of course. Applying this transformation to E and B,
the effective electric field E® and magnetic induction
B™ in the valley o read:

m\L2 mAL2
= () e m=(5) R )
m " m
B(1,)2:WB1,2’ Bg)z—Bs. (4)
t 1 4

The transformation preserves the orthogonality of
the electric field and magnetic induction (E™ x B®
=E xB), and for isotropic scattering E® and B@®
characterise the transport properties of the electrons
in valley « [4]. The transport equation in each val-
ley was solved and the dependence of the mean ve-
locity V™ and of the intervalley out-scattering time
on phonons ¥ on E® were obtained. The results
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Fig. 4. Current density j versus average applied electric field E for
B=0(1), and B//z (2, 3), B=0.0186 T (2), B= —0.0186 T (3).
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Fig. 5a and b. The components of the effective drift velocity in a
valley V{® (solid curve) (a) and V(¥ (dashed curve) (a) and the re-
ciprocal intervalley scattering time on the f,+ f5-phonons (solid
curve) and on the f,-phonons (dashed curve) (b) versus clicctive
electric field strength E*=E™ in a valley «. With the cffective
magnetic induction B as a parameter: B®=0(1), 0.0075T (2),
0.015(3), 0.03 (4), 0.08 (5), 0.18(6), 0.38 T (7)

are presented in Fig. 5. The two components of the
velocity 17‘}"” along E® and V! along E™ x B are
shown separately. The intervalley-out-scattering
times t\* are presented for interaction with low en-
ergy phonons (hw, =18 meV) described as ¢{¥ and
with high energy phonons (hw,,=47meV and
ho, =59 meV) described as 7§, with the electron
phonon coupling constants according to [4, 91.

For B®z0.06T the values of V{” and ' de-
crease with increasing magnetic induction. It is to be
noticed that with increasing B'” the effective electric
field E™ increase, too, as they include the applied
electric field as well as all the components arising in
the sample. For very high values of E® the ¢!~ 1(B)



M. Asche etal.: Si Near to the (111)-Direction

and V(®(B) tend to the curves for B=0. For
B®<0.06T - the region of interest for the compari-
son with experimental data - for V| and t{¥~" their
values at B=0 can be used. On the other hand V*
is proportional to B® in this region of magnetic in-
duction and depends linearly on E@® for
E®<20V/em with V@/E®@B®=8x10°cm?/VsT
and is independent from E® for E®225V/cm with
V#/B®=12x107 cm/sT. For high magnetic induc-
tions the behaviour of V® is more complicated
exhibiting maxima, not shown here, as for the exper-
imentally envolved values of B the linear approxi-
mation is valid.

For the current voltage characteristics the mean drift
velocity V;, was calculated as a function of applied
electric field E,. The results are shown in Fig. 6a.
Curve D represents the drift velocity for equal popu-
lation of the valleys. The predominant population of
one of the three valleys leads for the current directed
exactly along (111> to the threefold degenerated so-
lution C in the form of an isolated loop. Only the
lower part of the loop, which corresponds to the
strongest repopulation of electrons and the largest
transverse fields consequently (see Fig. 6¢) is stable.
Here and furtheron the stable solutions are depicted
by solid lines and the unstable ones by broken lines.
The stability of the solutions was verified as in [1,
27. Solutions in the form of isolated loops are ob-
tained, if the intervalley scattering probability 5! of
the electrons on ionised impurities is small in com-
parison to that on phonons. Our calculations show
that isolated loops exist if 151 <5x107s7 1 As al-
ready stated in [6] a good agreement between en-
umerated and experimentally determined curves is
achieved for 107 Sty ' <108 s~ 1, Therefore further-
on theoretical results are demonstrated for
7, '=107s7". — For a small deviation of the current
from <111) by ¢@=1° towards {110} the threefold
degenerated loop C is splitted into a twofold dege-
nerated loop B, which corresponds to a predominant
population of the valleys 1 or 2, and a loop A4 for a
repopulation of the electrons into the valley 3. Only
for a small region of ¢ solution 4 can be realized,
with increasing ¢ the loop A is quickly narrowed
and vanishes while the loop B increases with grow-
ing ¢ until it merges into curve D and a behaviour
with negative differential conductivity (ndc) as for
the (110> direction results [7].

Fig. 6b, ¢ depicts the influence of a magnetic induc-
tion along (110) for that polarity of the magnetic
induction which turns the resulting electric field
towards <{001>. The solutions of the types B and 4
are presented separately in Fig. 6b and 6c¢ for sake
of clearity. The twofold degenerated loops B corre-
sponding to the redistribution into valley 1 or 2 nar-
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Fig. 6 a—e. Drift velocity V), averaged over the valleys as a function
of applied electric field strength E.: a, b and ¢ for a homogeneous
distribution of the electric field strength, d for an inhomogencous
distribution, and dependence of the ratio of the transverse electric
field strength to the applied one 3, =E /E,, §,=E_/E_ versus E_.
The magnetic induction is directed along the z axis: B=0(1),
0.005T (2), 0.01(3), 0.015(4), 0.02T (5)

row with increasing magnetic induction and vanish
for Bx~0.018 T, while the loop A corresponding to
the redistribution into valley 3 blows up and merges
into curve D. For magnetic inductions above 0.02T
only a monovalued behaviour remains in accordance
with the effect that the electric field was already tur-
ned away from (111> towards {001}.

For the other polarity of the magnetic induction the
A loop vanishes quickly, while the B loops are wi-
dened until they merge with curve D. With further
growing magnetic induction there remains MED be-
tween the valleys 1 and 2, but not with loop charac-
ter, and we do not present these results here. The
transverse electric fields corresponding to Fig. 6b—c
are depicted in Fig. 6e. If the field distribution is a
priori assumed to be homogeneous with respect to y
and the influence of the valley 3 proposed to be neg-
legible then with respect to the discussion of E, the
two-valley model of [2, 7, §33] is realized. For small
intervalley scattering velocities at least on one of the
(110) surface a solution E,=0 cannot be realized in
the region E,<E<E,, but only the upper branch of
loops B corresponding to a population valley 2 with
3,=E_/E >0 or the lower branch of loops B for the
population of valley 1 with 9,<0 are stable so-
lutions. The sample is split up into two layers paral-
lel to (110) according to both the stable solutions
with a steep interlayer wall between them or when
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.the wall is shifted towards one of the (110) surfaces a
monolayered structure with predominant population
of one of the valleys and consequently a voltage
drop across the sample corresponding to either
9.>0 or <0 become realized.

The application of a magnetic induction along
(110%, which favours the redistribution of carriers
into valley 3, leads to a simultancous increase of the
A loop and a narrowing of the B-loops for the trans-
verse fields. Therefore for not too high magnetic in-
ductions there results a stratification of the sample
into two layers, one with electrons according to the
B-solution, the other with a carrier redistribution
into valley 3 according to the A-solution. The region
of electric fields, for which B-loops can be realized,
diminishes with increasing magnetic induction and
vanishes, and there remains only the transverse field
component E_ corresponding to the anisotropy of
the conductivity of valley 3.

The presence of the loops in V,(E) and the tran-
sitions from and to the solution with nearly equal
population of the valleys at the field strengths E,
and E,, respectively (Fig.6d) are mirrored in the
current voltage characteristics of Fig. 4. Theoreti-
cally two different saturation currents can be re-
alized as shown by lines F and G in Fig. 6d [4].
Such saturation currents may be depicted on each
loop in Fig. 6a-c, of course. In the experiment type
G is realized, because the current saturation begins
just only a little below that value of the electric field
E, for which the switching behaviour for the trans-
verse voltage drop by a magnetic induction is al-
ready observed between the probes near to that elec-
trode, at which the static high field domain is built
up.

The calculated influence of the magnetic induction
represented in Fig. 6 describes the experimental ef-
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fects in a satisfying way. The current voltage charac-
teristics in the saturation region as well as the be-
haviour of the transverse field are mirrored correctly
by the theoretically obtained loops.
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