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The Herring-Vogt transformation is ordinarily used in many-valley semiconductors to
reduce the ellipsoidal surfaces of constant energy in each valley « to spheres. As a
result effective electric and magnetic fields, E* and H* respectively, are introduced in each
valley «. For E* LH* these two fields are the only parameters nceded to describe the
properties of the electrons in the valley « for isotropic scattering. For that reason and to
simplify the Monte Carlo calculations previous authors have mostly introduced the
equivalent isotropic acoustic phonon scattering (APS). The present Monte Carlo calcu-
lations are performed for #-Si at 27 K. It is shown that the electronic properties in

" valley « (the mean velocity v¥, the mean energy 7, the intervalley scattering time 1. etc.)

depend on the orientation of the E¥ and H* to the principal axes of the valley «, if the
APS anisotropy is taken into account. In particularly, t may changes by one order of
magnitude under the rotation of vectors E* or H*. But the dependence of t on & is
almost universal function, which depends only on the scalar H*. For a f[ixed & the
heating of the high energy electrons increases and t decrcases considerably as H*
increases. The negative differential conductivity of N-type for H=0 and S-type [or a
strong magnetic field are more pronounced for current along [100] axis if the APS
anisotropy is taken into account.

1. Introduction

Hot electron phenomena in Si have been extensively
studied [1, 2]. Recently increasing interest has becn
paid to high electric field transport because device
miniaturization has led to the necessity of consider-
ing electron heating in most semiconducting devices
[3-6]. To understand the properties of semiconduct-
ing samples and devices it is necessary to solve non-
linear transport equation [1-6]. The Monte Carlo
technique is one of the most frequently used methods
[7-10] for the solution of the Boltzmann transport
equation. This method is now well developed and it
is succesfully used for some special orientation of the
current j relative to crystallographic axes in many-
valley semiconductors for the case when the mag-
netic field H is zero {8, 10, 11].
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The situation changes drastically il H is present. An
additional difficulty is caused not by the magnetic
field itself, but by the Hall component [1, 2] of the
electric field E,, which arises in the sample. An
additional Sasaki-Shibuya component E, also arises
in the many-valley semiconductor due to the in-
tervalley redistribution of the electrons [1, 2]. These
two components are really impossible to separate
due to their mutual influence, but it is important
that they together form the transverse (to the cur-
rent) electric field component E,. The calculation of
the galvanomagnetic properties of the many-valley
semiconductors in the heating electric field is rather
complicated because the total electric field, E, (which
includes the applied component £, us well as trans-
verse component E) is in the result for the electron
heating. It means that for a semiconductor with 2
valleys the distribution functions corresponding to
different valleys and the transverse field E, should be
obtained self-consistently, i.e. by solving a system of



A+ 1 equations (4 transport equations and the con-
dition that the transverse current vanishes). The sim-
plest situation with the given E:Ep. (£,=0), is nor-
mally investigated for many valley semiconductors
[9-11] to avoid the self-consistency of the problem.
Such a method with given E=E, may be used at
low temperature in #-Si only for j/(100). For j/(111)
and j#{110) thc cqual population of the equivalent
valleys 13 unstable and new stable states with pre-
ferential population of one of the valley and with the
transverse field arise [12, 13] in a certain range of
the applied field E .

There is another possibility to simplify the problem
[13, 14]. In »-Si and other materials with ellipsoidal
surfaces of constant energy the Herring-Vogt trans-
formation [15] 1s usually used to transform these
surfaces into spherical ones. After this transfor-
mation, all valleys become spherical, but instead of
one E and one H there arise 4 effective fields E* and
4 effective fields H*, because the transformation is
applied in each valley to E and H [1, 2, 9, 10, 13,
14] (These effective fields are introduced further by
(7)). The transport equation in a separate valley may
be solved and dependences of the distribution func-
tion and all parameters (such as mean velocity v¥,
mean energy &, intervalley relaxation time 7 and so
on) on E* and H* in the valley may be found. The
transverse component E, may be computed for any
orientation of the current relative to the crystallog-
raphic axes taking into account the normal phenom-
enological equation that the transverse current van-
ishes and calculated dependences of ¥¥, and ¢ on E*
and H* in a separate valley. This procedure is sim-
ple enough. It is described in detail in many publi-
cations (see e.g. [1, 2, 12-14]) and it will be briefly
discussed in Appendix.

It 1s necessary to stress that after Herring-Vogt
transformation the acoustic phonon scattering (APS)
remains anisotropic and it is replaced by the equiva-
lent isotropic APS [9, 10, 12, 13} Such a replace-
ment is justifiable in the case of the quasi-isotropic
electron distribution function (EDF). At low temper-
ature the EDF is essentially anisotropic [12, 147 and
this approach fails. The anisotropy of the APS for n-
Si was taken into account e.g. in the paper [11] for
calculation of the current voltage characteristics for
current along {111) and (100) directions at 7240 K,
H=0. We performed the calculations for T=27K
when in addition to that considered in paper [11],
scattering on low energy g, phonon (hw, =12 mcV)
is important {16, 9, 127 and APS itscll has morc
influence on the electron distribution function and
all characteristics of n-Si).

We apply the Monte Carlo method to n-Si bearing
in mind two main goals. First of all we want to
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ivestigate the role of the anisotropy of the APS in
the previously not considered case, when the (trans-
verse to the current) magnetic field H is present.
Sccondly we want to present the distribution func-
tion, ¥*, £ and 7 as a function of the cffective electric,
E* and magnetic, H* fields in a separate valley.
These dependences may be used for calculations of
the intervalley redistribution. transverse electric field,
current and so on [1, 2, 12-147] (an example is given
in the Appendix).

2. Definition of the Physical Model

Here we apply the Monte Carlo simulation to n-Si
at 27 K. This temperature is chosen for the following
reasons: APS determines the electron mobility over
a wide range of the electric field E; it is the tempera-
ture of liquid neon, which is often used for hot
electron experiments; calculations with equivalent
APS at 27K have already been performed [12-14]
and it gives us an opportunity to investigate the
influence of APS anisotropy.

The transition probability per unit time of an elec-
tron going from a state with momentum p to a state
p’ in the same valley many-valley semiconductor is
given [15, 177 by the expression

PET(I’: p)=nq * BN 7 +%i%)/V
-o(e(p) —e(p) L huy rq ) (1)
F,=(Z,+E, cos0)* {u,p),

Fp=E2cos?sin?0/(urp)

u

where L and T denote the interaction with longitu-
dinal and transverse acoustic phonon modes. Here
P~ -refers to absorption and P™ to emission. p is the
density of the crystal, V' its volume, u; , the longitu-
dinal and transverse sound velocities.

q7 = +(p—p)/h (2)

is the wave vector of the absorbed or emitted acous-
tic phonon. Also

Ny p=[explhu, 74 p/(kT))—1]7" (3)

is the number of phonons, =, and E, are two com-
ponents of the deformation potential tensor {15, 17],
f) is the angle between g% and the longitudinal axis
of the valley considered, k is the Boltzmann’s con-
stant, and T is the temperature.

In the Monte Carlo calculation one must integrate
over all possible final states {8, 10] to find the prob-
ability W,%, of scattering from the state p to all
others. To perform this integration it is convenient
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to integrate over q° and to use polar coordinates
with the polar axis along the principal axis of the
valley:

- | SR -
Wp=—— {sin0d0 | d¢ [(g")*dq™ P (p,p).
o 2n)7 G o 0
After integration over ¢ © we have

1 27
Wyip=m/h* | d(cost) [ dolqf 1)
1 0
N(gi)+3+3
1 —Bcos?0

'FL,T

where f=1—-m,/m,,
P 2muy p [( 22 ‘)i
“T Th(l—Beos? ) L\muf 1
m, cosz cosf+m, sinasinf cos¢
T 1 —1
m, (1 —fcos?a)?

©)

is the wave vector of the phonon involved in scatter-
ing an electron of energy &, « is the angle between p
and the longitudinal axis of the valley considered,
and 6 and ¢ are directional angles of the vector
q; ;- Here 1/m; and 1/m, are the longitudinal and
transverse components of the inverse effective mass
tensor.

It easy to see that the W7, depend not only on the
energy of the electrons ¢ but also on the angle «
between p and the longitudinal axis. Even with an
isotropic approximation for crystal property, when
Z,=0 and only longitudinal acoustic phonon modes
are important (W, =0), the dependence of W," on «
remains as in (4, 5) and it arises from the J-function
in (1). This dependence was previously also neglected
by introduction of the equivalent isotropic APS [9,
10, 12]. It is necessary to stress that APS is inelastic
here.

For the calculations we chose u;=9.1-10° cm/s, uy
=538-10°cm/s, p=2.33 gm/cm?, m, =0.9163m,, m,
=0.1905m,, [9, 17-19], where m, is the free electron
mass, There is a range of values of Z, and Z, in the
literature [18] and we chose Z,=9.1¢eV, 5,=2¢eV
because these are the most frequently cited values
[18] and also because they give the same low elec-
tric field limit for the mobility as in paper [9, 12,
13] with equivalent isotropic APS.

Figure 1 shows the dependence of W,", on the elec-
tron energy & W, is presented for a=0 and o=90°,
but W, and W' only for a=90° because the «
dependences of these three scattering probabilities
are weak. In the Monte Carjo simulation the « de-
pendence of the W, and W, are not taken into
account because control computations with the
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Fig. 1. Energy dependence of the probability of the total electron
scattering rate W, and of the partial probabilities due to emis-

tot

sion W~ and adsorption W+ of longitudinal W,* and transverse
Wi acoustic phonons and g- and f-intervalley phonons ij

W, (@) and W,'(2) show negligible deviation from
the chosen approach. (The dependences of W,™ and
W;™ on « are not essential, not only because they are
small, but also because these three probabilities
themselves are small in comparison with W~
(Fig. 1)). The « dependence of W;~ is taken in ac-
count. For all W7, the anisotropy of APS taken
into account when the angles § and ¢ are deter-
mined on the basis of the integrand in equation (4)
by the ordinary rejection technique [8-10, 13]. For
example random 6 and ¢ are generated and g ; is
calculated as unphysical, if g/ <0, and a new set of
0 and ¢ are generated until g7 .>0. Then a new
random number r is generated. The ¢ ; is accepted
only if for the considered ¢ and « the product of r
and the maximum value of integrand in (4) is smal-
ler than the value of the integrand for this ¢ ;. The
g7 ¢ is rejected in the opposite case and the pro-
cedure is repeated from the very beginning, ie. a
new set of 6 and ¢ is generated. After the wave
vector qf ; of the phonon involved on the process
(5) is found, the final state momentum p’ is calculat-
ed from (2). It is necessary to note that for a high
electron energy the energy hu; ;g r of the emmited
acoustic phonons is not small in comparison with
kT, but may even be considerably larger than kT
(huy rqi ¢ is of the order of (mu} pe)f), ie. APS
became essentially inelastic for a high electron en-
ergy.

In addition to APS we take into account the emis-
sion of g,- and g,-phonons with energies hw,,
=12meV and hw,,=62meV, and of f,-, f,- and f;-
phonons - hw, =18 meV, hw, =47TmeV, ho,,
=59 meV. The absorption of g,- and f,-phonons is



also included, but the probability of absorption of
high energy /- and g-phonons is cxponentially small
at this temperature. The energy dependence of the
probabilities WJ. W, Vl/}f, W, ,, arc shown in
Fig. 1. (It is necessary to stress that an clectron may
scatter into one of the four valleys on the other
(100> axes and this is taken into account by the
factor 4 in the Wf‘ W, ;. in Fig. 1). The coupling
constants for these five phonons were chosen to be
0.65-10%eV/em, 7.5-10%¢eV/em, 0.0474-10% ¢V /cm,
43-10%eV/cm and 2-10% eV/em respectively. These
constants were discussed in detail in papers [9, 12,
13, 16]. We just note here that the forbidden low
energy g,- and f,-phonons are included in calcu-
Jations with small probabilities compared with the
three allowed high energy phonons. The f,-
scattering has no influence at all on the distribution
function due to small probability and it is included
in the calculation only to obtain the correct in-
tervalley scattering time [12, 13] at weak electric
field, where scattering by f,- and f,-phonons is ex-
ponentially small. Scattering by f;- and g,-phonons,
forbidden by the selection rules must be anisotropic
[13, 20]. Here it is taken as isotropic, not only be-
cause it was done so in previous publications |9, 10,
12-14, 161, but also because the momentum scatter-
ing is controlled in the main by APS up to &
=47 meV (see in Fig. 1 the probability of total scat-
tering W, which represents the sum over all the
scattering mechanisms that have been considered).
The electron was assumed to be in the same valley
after f-scattering and it provides the opportunity to
perform independent calculations in each valley of
n-Si. To control the possible error we carried out
calculations with an electric field of up to 500 V/em
including all valleys of n-Si. The result, however, was
the same reflecting the fact that f,-scattering has no
influence on the distribution function. The f,- and
fy-phonon scatter the electron into the valley of
interest at the energy & which is small in compari-
son with hw ,, both after scattering through another
valley and in the adopted procedure, where the elec-
tron remains in the same valley. The g-scattering is
effectively an intravalley scattering, because two val-
leys in the same axis (100> are not distinguished
and all quantites remain the same in both valleys.
The calculations are performed in the presence of an
electric field E and a transverse magnetic field H.
We use the Herring-Vogt transformation [10, 15].
which reduces the ellipsoidal cquiencrgetic surfaces
to spheres

£ i VE
iy =(m/m,)* “Prye

1

pE=(m/m,) P, m :(m[zml)é} (6)
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Here p* is the transformed wave vector in the frame
centered at the bottom of the valley » with the -
axis along the longitudinal axis. After applying this
transformation to E and H. the effective clectric ficld
E¥ and magnetic field H* in valley « are introduced:
E¥ =(mm)*-E

X

E¥=(m'm)*E.

Xy

HY = H,  m(mm)',  Hf=Hnm/m,. (7)

The transformation (7) preserves the orthogonality
of the electric and magnetic fields (E*H*=EH) and
for isotropic scattering the fields £* and H* charac-
terize all propertics of the electrons in valley o [12-
14]. Here for anisotropic APS the depcndence on
the orientation of £* and H* relative to the longitu-
dinal axis of valley o remains essential.

After the transformations (6, 7) the equation of mo-
tion of an electron with the isotropic effective mass
[21] m was used in the Monte Carlo calculations.
The nonparabolicity is not taken into account, be-
cause it has an influence on ¢(p) relation and on
probabilities of scattering ounly for the energies larger
than 0.1 eV [10].

3. Results and Discussion

For cach effective field E* and H* in the valley
considered we calculated:

I. the EDF f(e,cost);.¢,), where 0, and ¢, are the
polar and azimuthal angles of the spherical coor-
dinate system; .

2. the reciprocal intervalley relaxation time 77" re-
presenting the transfer of an electron from the valley
under consideration to four other valleys. on dif-
ferent (100> axes due to interaction with f;-phonons
(t7') and with f, + f;-phonons (13 1);

1

5

3

the mean energy of the electrons ¢;

4. the two components of the mean velocity ¥* of
the electrons, namely, the components ¢ along the
effective electric field E* and #* in the direction E*
x H* (7% 1s really the current density calculated for
one clectron in the valley under consideration). The
Herring-Vogt transformation for the velocity in the
o-valley has the form

¥

X

v =(m, /m)t-o_. (%

p=mymyE-e v

In all cases considered the ¥v* component along H*
is zero. The electric field £* is in the range 10 V/em
to 3-10° V/em. For H=0 we performed calculations
for smaller clectric fields to see if the Boltzmann's
equilibrium EDF is obtained. In this case the rate of
absorption and emission of the g,- as well as f)
phonons were equal and also the low electric field
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mobility pu=1.1-10° cm?*/V-s coincides with pre-
vious calculations [12, 13]. with cxperiment [22]
and is close to the simple estimation on the basis of
expression pu=e{ty/m, where the average scatiering
time {1> was obtained from the simulations.

If H is directed along {100}, then for two valleys
this direction coincides with the longitudinal axis
and H*‘“zl-im/m,, but for the other four valleys
H*P'=Hmj(m m)*. These two effective magnctic
fields differ by the factor (m,/m,)* =2.19. This factor
is chosen to determine the interval between four
values of H* namely the calculations are performed
for H*=0.27T, 0.6, 1.31, and 2.87 T. It is necessary
however to distinguish between the cases when H is
parallel and perpendicular to the longitudinal axis of
the valley considered because of scattering anisotro-
py.

We first deal with the case of H parallel to trans-
verse axis with the electric field rotated in the per-
pendicular planc between the longitudinal axis (f
=() and another transverse axis (§=90°) of the val-
ley. In the figures presented here the dashed curves
show the results for f=0 the dot-dashed curves
=90° and for comparison the solid curves show the
results for the case of isotropic APS (as in previous
publications [9, 12-147). We also performed calcu-
lations for f=15° 30°, 45° and 60°, where § is the
angle between E and the longitudinal axis of the
valley. Results for f=60° and even for f=45° are
close to those f=90° This is because m,»m, and
the angle ff* between the effective field E* and the
longitudinal axis given by

cos fi* = cos Bm,/(m - (1 —cos® B(1 —m,/m,))*)]

is larger than the angle f. So that E*; which really
determines the direction of the electron accelaration,
is almost normal to longitudinal axis. For f=30°
the results are generally very close to solid lines,
and, naturally, the results for = 15° are between the
dashed and the solid lines.

We must stress that for =0, 90° a component ¥
perpendicular to E* appears even for H =0, caused
by the scattering anisotropy. This component is
most essential in a weak electric field, when APS is
the only mechanism, and decreases when E* in-
creases. For example, for f=60° 45° and 30° the
ratio Uf,/v% decrease from 0.13, 0.20 and 0.26 at weak
E* to 0.1, 0.14 and 0.20, respectively at 300 V/cm.
Figure 2 shows the dependence of 7 and v} on E¥
and Fig. 3 the dependence of ¢ on E*. Anisotropy of
v* and g, i.e. the dependence of these values on the
direction of E*, arises when the APS anisotropy is
taken into account. T for =90° and =0 differ by
a factor 1.6 for H-—O and 2.2 in the magnetic
ficlds.

fo(t")—z f(p

Ll b sl
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G

Fig. 2. Dependences of % and ™ vs E* for H parallel to the
transverse axis of the \dllgy considered. For H¥=0(1). 0.27(2).

0.6(3), 1.3(4). and 2.87T(5) in n-Si at 27 K for different angle, f.
between electric field £ and longitudinal axis of the valley. —- —f
=90° — — — =0, — calculations using equivalent isotropic
APS, - dependence of F(Ef) for H*=0.6T, f=90° (for this

line the abscissa is E% and the ordmdte is &%)

E*(V/cm)

Fig. 3. Dependence of # vs E* for the same cases as in Fig. 2

The increase n £ and v} (Fig 2, 3) is contro]l d
mainly by APS (here v¥ is proportional [1, 2, 10] to
(E*)*) up to 200 V/em at H=0. The increase in Z is
considerably slower from 200V/em up to
1,000 V/cm, because the emmision of the high energy

f,- and then g,- and f;-phonons becomes important

in the electron energy relaxation. At a still larger E*
the increase of ¢ with E* becames stronger, because
in high electric field even high energy phonon emis-
sion loses its importance.

This can be seen from Fig. 4, which shows the iso-
tropic part of the EDF

*) (e~ Z e —ep4)s 9)

p*

normalized to one clectron, iLe.

_30 &) fo(eyde=1. (10)

0

25 [ (p*
p*
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Fig. 4. Isotropic part of the EDF vs & H=0, E*-0(l), E*
=10V/em(2), 60(3), 2006(4), 3,000V/em(5); H*=06T, E*
E¥=100V/em(6), 400V/jem (7). — —-— f=90°, — —— f=0,
calculations using equivalent APS

Here
g(a)zZZé(g—sp*)$(2m3s)%/(n2fz3) (11)

is the density of electron states at e.

At weak E* (for H=0 this is E*<0.5V/em) f,(e)
coincides (curve 1) with the equilibrium one: f,(¢)
= Cexp(~—¢/kT), where C is the normalization con-
stant, which satisfies the equation (10). When E¥*
increases, the main effect is on the low energy part
of fo(e) (curve 2) and at higher energy f,(¢) has ap-
proximatly the same slope as at E*—0. The EDF
fole) have the pecularity that for e>hw ,, the slope is
larger than in the equilibrium case {curve 3) up to
~200 V/cm. It means that the characteristic “tem-
perature” of the electrons in this energy range is less
[13] than 7, because the EDF here is determined
mainly by the emission of high energy f,-phonons
and

_dinfyle) 1 !
de  eE*1(e)” kT’

(12)

where 1(g)=v(g)/W,(¢) is the mean free path of
electron with energy &. Of course, for still larger energies
the equilibrium slope 1/kT will be achived, when the
number of electrons coming to a given energy due to
phonon absorption will be more than the number
arriving due to accelaration in the electric field
(12).

For high E*, f,(e) decreases slowly up to high en-
ergies (curve 5: for this curve use the upper energy
scale).

Let us now discuss the dependences in a magnetic
field. Al H* considered here are classically strong
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for weak E*. In our notation a strong magnetic {icld
means ©F >, and weak #f<vf. This definition is
normally used for estimation on average, but really
it 1$ necessary to take into consideration the cnergy
dependence of the scattering probability. If

AAAAAA <1 (13)

the magnetic field H* is weak for electrons with
energy ¢ In our case (Fig. 1) W_{¢) increases onc
order of magnitude up to hw,, then additionally
half an order up to hw,, and one order more up to ¢
=75meV. For H*=287T, 13, 0.6 and 0.27T the
inequality (13) holds for energies £¢>52 meV, 48, 35
and 8 meV, respectively (the temperature T =27 K
corresponds to 2.32 meV). It means that for high
energy electron the magnetic fields are weak even at
weak E*. When E* increases, the number of high
energy electrons increases and for each H* it is
possible to reach E* when H* become weak for
most electrons and o¥ <.

From Fig. 2 it is possible to see that at weak E* 7%
decrease like 1/H* and 7% like 1/H*?, as it must be
in the strong magnetic field region [1, 23]. Secondly,
v% in the weak E* region do not depend on the
direction of E*, while 7 depends on it essentially. It
is connected with the fact that in a strong H* the
Boltzmann equation can be solved by iteration on
1/H. In the zeroth oder approximation the collision
term is neglected and the equation has the simple
form

.

__ ol ©
E*+— (v x H) 8—,p—ﬂ‘.f"(l)*):() (14)

where ¢ is speed of light.
If the f(p*) is written as

T @)= fole)+ £1(0%) (15)

where f,(e) is the isotropic (9) term and f,(p*) is the
anisotropic term [14], without any assumption
about the form of f,(p) one can easily obtain from

(14)
o PHEFxHYC y00)
fi(p*)= — e 2

After substitution of (15), (16) in (14) the terms pro-
portional to (H*)° vanish and the term ~ 1/H* must
be inciuded in the first order approximation, where
scattering is taken into account. To determine the
current, it is not necessary to solve the equation for

(16)

Jo(e) because from (15), (16), (10) one has

_ o CE¥* x HF
v*.—_22*v*f(p*)5— e )
P

(17
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Le. ¥ is directed along the vector {(E* x H*) (that is
why it coincides with #¥) and it is proportional to
E* and to 1/H* This is the nondissipative com-
ponent of the current (E*-v¥=0) and it does not
depend on the scattering. The dissipative current (v)
is obtained in the first order approximation in 1/H*
and in contrast to (17) it is ~ 1/H*2

The linear dependence of © on E* holds in the
range U7 > v}, and here 7 superline function of E*.
In the vicinity of #¥=7}, v¥ reaches its maximal
value then decreases with increasing E* and &} be-
comes a sublinear function of E*. In the last region
of E* the magnetic field is effectively small
(T < 7h).

The dependence of € on E* is more abrupt in stron-
ger magnetic field (Fig. 3) and the difference between
EDF for =0 and =90 in the magnetic field is
also larger (curve 6, 7 in Fig. 4) than for H=0.
There is one more peculiarity in the dependence of
£ on E* For H=0 the solid curve is considerably
closer to the dot-dashed curve for =90 than the
dashed one, but in the strong magnetic field region,
at least for weak heating E*, where & only slightly
exceeds 3 kT, it is closer to dashed curve for f=0.

In the range of high E*, where H* become effec-
tively small, v} and £ tend to the corresponding
curves for H=0 (Fig. 2, 3). Because the influence of
H* on the electron properties decreases when E*
increases.

The quantities 7* and ¢ on Figs. 2 and 3 are plotted
against the field E*, which includes, of course, both
components of the E*: the applied (parallel to the
current) component E¥ and the Hall (perpendicular
to the current) one. It easy to calculate the com-
ponent Ef:

Et=E*/(1+(5%/5%)%) (18)

and present the dependences of 7* =(}?+0%%)* and
g on E¥. The first dependence is the current-voltage
characteristic of a one valley semiconductor and the
second is the dependence of the mean energy on the
applied electric field. Of course for H=0 these de-
pendences coincide with *(EY) and g(E*) for each of
the three cases presented in Figs. 2 and 3. It is
necessary to stress that v*(E*) is the current voltage
characteristics of one valley. It has nothing in com-
mon with the current voltage characteristic of n-Si
because the last case requeres taking into account
contribution from all valleys. This contribution is
proportional to the product of ¥* and 7, because the
partial concentration of the electrons in a valley is
proportional to intervalley scattering time, 7, in this
valley (see Appendix).

In the case of effective APS, the dependence of v*
on Ef for all H* considered is very close to the solid

line I in Fig. 2 for H=0, because the differene is
only duc to magnetoresistance, which is small. (For
E—0, when the APS predominate, the magnetoresis-
tance is <129%. It decreases when E* increases
[1, 2]. But the accuracy of the Monte Carlo method
here 1s of the order of 10%, becausc this method
convergences only slowly [7, 10], and increasing ac-
curacy requires a large increases of computer
time).

When APS anisotropy is taken into account, the
dependences of #%, and & on E¥ for cach magnetic
field tends to the corresponding dependences for H
=0 in a high electric field, where H* becomes weak.
For H*=027T this realised at E}>500 V/cm, for
H*=0.6T at E¥*>1,000 V/cm. For weak E¥, where
H* is strong, this is reversed. The curves for §=90°
tend to the f=0° H=0 and curves for f=0° to
=90° for H=0, as is shown by the dotted curve for
H*=0.6T, and f=90° in Fig. 2. The lines for f=0
and =90 intersect each other at E’ﬁ:lOO V/em,
300 and 1,000 V/ecm for H*=027T, 0.6 and 1.31 T,
respectively. The dependence of &(E¥) is analogous
to the discussed dependence of v*(E¥), and the dot-
ted curve is shown also in Fig. 3 for the same H*
and f as in Fig. 2. The only difference is that, due to
the intersection of the curves for f=0 and f=90,
they are not so different as in the case of zero
magnetic field. As a whole those lines are slightly
moved to higher Ej (only in the strong magnetic
field region of Ef), when H* increases, i.e. the mag-
netic field cools the electrons on average.

The intersections of the lines 7*(E}) and &(E}) for
=0 and =90 are connected with the fact that in
the strong magnetic field region (07 >}) the elec-
trons are accelerated mainly in the direction (E*
x H*) perpendicular to E*. Electrons, which are
moving along the longitudinal axis have a larger
probability of APS (Fig. 1). It means that in the
strong H* the current is directed along longitudinal
axis when f=90° and it corresponds to the case f
=0 at H=0.

This is possible to see from Fig. 5, which shows the
energy dependence of the anisotropy of the EDF. To
calculate it, each energy interval was divided uni-
formly into 10 intervals for cosf, and into 10 in-
tervals for ¢, (8, and ¢, are polar and azimutal
angles of the momentum p¥).

For H=0 and =0 the EDF is independent on ¢,
and depends on 6, only. For H=0 and f=90° the
dependence of the EDF on 6, is shown on Fig. 5
and it is slightly stronger than for =0, because in
the last case the electron is accelerated by E* along
the longitudinal axis, where the scattering probabili-
ty is larger (Fig. 1) and the electrons are cooler
(Fig. 3). It E*—0, the EDF is isotropic and the frac-
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Fig. 5. Energy dependence of the fraction 4 of the clectrons,
which are in the solid angle 36° with the polar axes, when it

directed along E* (——), opposite to E* (—. —-—) and along
the direction E* x H* (— — —). =90, £* and H* arc the same as
in Fig. 4

tion of the electrons A which lie in the solid angle
~36° f(ie. the electrons with @, satisfying
2<cos0, =1 and with only possible ¢,) is {5. When
E* increases the EDF is elongated in the direction
of E* If we choose the polar axis along the direc-
tion E* then for E*=10V/eom A=0.16 and it
changes only weakly in the energy range up to
20meV. For E*=60V/cm, 200 and 3,000 V/em 4
increase when ¢ increase and for the high E* almost
all electrons of the high energy tail of the EDF are
in the narrow solid angle along E*. The number of
electrons with the momentum p* opposite to E*, of
course, decrease, when the encrgy increases, as is
shown by the dot-dashed curve in Fig. 5 (this curve
represents A4-10, because A abruptly tends to
ZET0).

For f=90° there is also small anisotropy in ¢,. Due
to anisotropy of APS the cross section of the ED¥
by the plane perpendicular to E* is an ellipse with
the smaller axis along the longitudinal axis of the
valley, e.g. for E¥*=60V/cm for energies ¢<20 meV
anisotropy in ¢, is about 25 9,-30%.

If H =0 the situation is more complicated. The EDF
is of course, isotropic for E¥*—0. In the high E*
region, where the influence of the magnetic field is
weak (% <D}), the EDF is elongated along E* as in
the case of H=0 and the only difference is the
anisotropy in ¢,, Le. the electrons have progressed
in the direction E* x H*. In the strong magnetic ficld
region {i.e. in the range of encrgy, where the op-
posite to inequality (13) holds) the EDF is clongated
in the direction E* x H* [see (15, 16)] as it shown by
the dashed curves 6 and 7 in Fig. 5. The clectrons
progress from the E*¥ x H* to the E* direction when
energy increases as is shown by the solid curves 6
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Fig. 6a and b. The dependences of 77! and 17! on E* (a) and on

& (by for the samc cases as in Fig. 2

and 7 ie. each cnergy range in the magnetic field
has its own preferential direction of the elongation
of the EDF.

Figure 6a shows the ficld dependence of the inter-
valley relaxation time describing interaction of elec-
trons with f,-phonons (17"} and f,+ fy-phonons
(t;1. The ;7' has the low electric field limit
~56-10°s7" and it increases when E* increascs.
The rate of increase of 77! is sufficiently high and
also the anisotropy of t;' is considerably larger
than 7;'. The ;! for f=0 and p=90° differs by an
order of magnitude and this is the reason the APS
anisotropy must take into account to obtain the
correct intervalley relaxation time.

The dotted curve in Fig. 6a show the dependence of
77" and ;' on E} as in Fig 2 for f=90° and H*
=0.6T. In the low electric field region t5! and 77*
are larger than 77 ' and 17" for H=0. This is caused
by the different influence of the magnetic field on
clectrons with different energies as discussed
above.

In the strong H* the total clectric field E* is consid-
erably larger than E¥. Figure 7 shows the depen-
dence of the tangent of the angle between E* and

the current (tgfi, =0r* %) on LY. When EY increases,

tg 3, decreascs, The larger H* is the morc abruptly
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Fig. 7. Dependence of the tangent of the angle between the clec-
tric field and the current tgfi, = * on the component of the
electric field parallel to the current E‘;

tg 8, decreases. The diflerence between E* and Eff
also decreases, as E¥ increases and at high Ej
tg 5,—0 and E“—»E‘.. The dependence of tgf, on
the direction of Ef is very large for small Ef.

The mean velocity ©* and mean energy & arc de-
termined by the electrons from the energy range in
the vicinity of & where the strong H* reduces the
effect of the total electric field E* The intervalley
scattering time is determined by high energy elec-
trons. These electrons are effected by the total elec-
tric field E* because for them H* is weak [see (13)].
Therefore for a given E}f we have approximately thc
same ©* and % for H*#O but larger 77! and 73" as
for H=0. This is also seen from Fig.-3] For f=90°,
H=06T the electric field E*=100V/cm corrc-
sponds to E¥~55V/cm [see (18) and Fig. 7]. In the
low energy range the EDF has a larger slope than
for E¥*=00 V/em, H=0, but at high energy the slope
is smaller. The same holds for fy(s) for =0, H
=0.6 T and E¥*=400V/cm. This E* corresponds to
E*¥~200V/cm and the slope of Inf(e) is smaller in
the high energy region than for the case E*
=200 V/cm, H=0. The smaller slope means that
clectrons are heated more in this energy range.
From Figs. 3 and 6a it is also possible to see that in
the magnetic field the declination of 7' from low
electric field limit takes place in smaller E* than the
declination of # from 1.5kT. For ;' this is seen
even more strongly, and it is due to the weakening
of H* with increasing e.

Figure 6b shows the dependence of 77" and 137
7 t7! and 73" increase when H* increases. For tj
this effect is not so large as for t;' because hw,,
<hw,, and influence of the magnetic field is consid-
crably smaller for F”‘II(U/ than for sxhw, (13).
Only small changes in 77! are observed for H* from
027T to 287T because for energies c=hw, the
magnetic field H*>04T is strong. On the other

1 —1

on
1

9

hand 73! increases more than onc order of magni-
tude when H* increases up to 1.37T. From H*
=13T to H*=2.87 there are only small changes in
75 L

The mean encrgy of electrons is an appropriate pa-
rameter to estimate the intervalley relaxation time
because for the given H* the dependence of 73" and
77! on & change inessentially if f8 vares from 0° to
90° and they are very close to 73! and 7' of the
equivalent isotropic APS approximation. Therefore
there is only a solid line for the equivalent isotropic
APS in Fig. 6b, for each H*. The divergences are
occur only in two cases. The case H=0, [=90°
coincides with the equivalent isotropic APS, but for
B=0° the result may be presented for 7, ' as a shift
of line 1 in the range of smaller ¢ on kT/’S. Another
very small divergence is in 77’ for f=0 and f=90°
for £>9 kT, but this range is not at all important
because then 7' is more than two orders of magni-
tude greater than t7' and the intervalley scattering
time is completely defmed by 75!

77! can be considered as a parameter characterising
the heating of electrons in the high energy tail of the
EDF. The larger 75 ' is the more electrons are in the
range ¢>hw ,,. The dependences of 77" and 73 stoni
in Fig. 6b demonstrate that for the same & the num-
ber of electrons in the high energy tail of the distri-
bution function increase considerably as H* in-
creases.

Let us discuss now the case when H is directed
along the longitudinal axis of the valley. For the
case considered here (E LH) the electric field may
only be in the plane perpendicular to this direction,
i.e. it is necessary to analyse only the orientation of
E with f=90°, _

In the region of high E* where H* becomes effec-
tively small (Eq. (13)), the results coincide with the
ones presented in Figs. 2-6 for f=90. In the range
of strong H* the dependence 7F(E*) is the same as
in Fig. 2 because U™ does not depend on the scatter-
ing and on the orientation of the vector E* x H*
with respect to the principal axes of the valley (17).
vF(E*) and Z(E¥) in this region coincide mth the
case =0 for H parallel to the transverse axis of the
valley. When E* increases U§(E*) and &(E*) go from
the dashed curves to the dot dashed curves in Fig. 2
and 3 respectively. These transitions from one curve
to another lie in the range of E* where the tran-
sition from strong to weak magnetic field occurs for
ex~E

The results for weak electric field are casy to under-
stand if onc uses the momentum relaxation time
tensor approximation [15]. In the quasiisotropic ap-
proximation for the EDF one has for the mobility



tensor component u? in the principal axes of the
valley o the expression [1, 15, 237:

(—(fo /08)de 1‘“)
TNH3, m*l—l—Hzr mity

#m_ /72 T Fg )T I’VL
T3 1+ete Pm

(19)

Here H,, H, and 7,, 1, are longitudinal and trans-
verse components of H and the momentum relax-
ation time tensor respectively. In the strong mag-
netic field region unity is small in comparison with
the second term in the denominator of (19). There-
fore we obtain the same % for both cases, when we
calculate 7§ along the longitudinal axis (f=0) for H
=H, and along transverse axis (3=90°) for H=H,:

2CZE*—{OO £8(e) (—afg(g)> da}m. (20)
&

3e*H*? T,

The dependences t7'(E*) and 5 !'(E*) also change
from the dashed curves to the dot-dashed curves in
the range of E* where H* is effectively intermediate.
The dependences t7'(2) and ;%) for this orien-
tation of H are the same as for the previously con-
sidered case of H along the transverse axis of the
valley (Fig. 6b), ie. €is a good parameter to charac-
terise 7 for only orientation of E* and H*.

In conclusion it is necessary to stress that in many-
valley semiconductors the most interesting phenome-
na involve the intervalley redistribution of electrons
[L, 2, 9, 10, 12]. In the present calculation it is
shown that the intervalley scattering time changes
by an order of magnitude under the rotation of E*
or H* from longitudinal to transverse axes of the
valley. Therefore the intervalley redistribution of the
electrons differs considerably when APS anisotropy
taken into account compared to case when equiva-
lent isotropic APS is introduced.
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Appendix

We given here an exampie of how to use the plots
presented in this paper to derive the current-voltage
and other characteristics of n-Si.

The electron concentration n, in the valley o may be
calculated from the simple equation [1, 2]

A
”a:”%/ Y 1, a=14,
=1

where 7, is the intervalley scattering time in the
valley o. All characteristics of the many-valley semi-

(A1)
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conductor arc the sums over the valleys, e the
mean drift velocity, v,, the mean cnergy, &, (and so
on) are:

A
ZV /Zr =Y L1, |
a=1

are the mean velocity and mean
energy in the valley o 1, v,, z, depend only on the
effective electric, E¥, and magnetic, H¥, fields in a
valley «. Equation {7) define E¥ and H* in terms of
the total clectric E and magnetic H fields. H is the
external field and E must be calculated subjected to
the condition that the component j, of the current j
transverse to the longitudinal axis of the sample
vanishes.

where v, and Z,

Je=en-v, =0 (A3)

Let us consider case of a sample cut so that the
current j is along [100] (x-axis) and the transversc
magnetic field is along [001] (z-axis). Due to the
symmetry, the total electric field E has two com-
ponents:

E_ =Ecosy (the applied component E ) and

E, =Esiny (the transverse component, due to the
magnetic field and intervalley redistribution), where
v is the angle between j and E.

From Egq. (7) for the non zero components of the
effective fields E¥ and H¥ we have

= E(m/m,)* cos;

E¥ =FE(m/m)*siny;  H¥ =Hm/mm,)*

E* ,=E(m/m)* cosy;

E¥,=E(m/m)*siny; HY,=Hm/(mm,)*

E¥* ;=E(m/m,)* cosy;
E¥ ,=E(m/m)*siny; H¥,=Hm/m,. (A4
Here the pair of valleys on [100], [010] and [001]
axes are denoted as a valley number 1, 2 and 3,
respectively. The angle v is zero if H=0. The effec-
tive fields and currents in each valley coincide with
x-axis. Equation (A3) is satisfied automatically. The
total field E coincides with the applied ficid E,. The
E, is defined in each valley [sec (A4)] for a glven
E,. The drift velocity is simply calculated by sum-
matlon in (A2), taking into account the dependernces
of v, and 1, on E, shown in Fig. 2 and 6a. The
result is shown in Fig. 8 for two different cases when
APS is treated as anisotropic scattering (solid curve)
and as effective isotropic scattering (dot-dashed
curve). The current-voltage characteristics (j=enuv,)
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Fig. 8. Dependence of the drift velocity, ,, (or current density per
electron, jlen=1r,) on the applied electric field, E . in n-Si at 27K
for jf[100] and H;[001]: L.2—H=0. 3—-H=0775T, 4-H
=1.7T. | —calculation using equivalent isotropic APS and 2—4-
ansisotropic APS

has N-type negative differential conductivity (N
—ndc), which has previously been studied theoreti-
cally and experimentally (see e.g. [24, 11]). If the
anisotropy of APS is taken into account, the ab-
solute value of the N —ndc is larger and current is
smaller in a high electric field, when the electrons
are in the cold valley where the APS is larger.

The problem is not really more complicated in the
presence of a magnetic field. The only difference is
that both components (v and ¢¥) of the mean veloc-
ity in each valley are present in (A2) and the de-
pendences of ¥* and t, on E, must be taken from
Fig. 2 and 6a for the appropriate H¥.

The value of the total electric field E is taken as
given. y is adjusted until Eq. (A3) is satisfied. (The
vector v [Eq. (A2)] rotates when y changes). The
effective fields E, are defined at each step. The trans-
verse (E,=E-siny) and applied (E,=E-cosy) com-
ponents of the electric field, the drift velocity r, (and
so on) are also defined, when the correct angle 7 s
found.

Current-voltage characteristics are shown in Fig. 8
for two values of the magnetic field (H=0.775T and
H=17T). These display S—ndc. In a strong mag-
netic field E is close to the y-axis (y is close to n,2).
The hottest valley is the first one, where H¥ is small
but E¥ is large [see (A4)]. Due to repopulation of
electrons in two cold valleys, the ratio E/E_ in-
creases faster than E, when E increascs. That is why
E, decreases when E increascs in a certain region of
E. More detailed discussion of S —ndc¢ and the cx-
perimental results can be found in {14, 23, 24]. The
magnetoresistance in a small magnetic field and the
range of electric field with § —nd¢ increase, but the
absolute value of the ndc¢ decrcases when the anisot-
ropy of the APS is taken into account as in Fig. 8.

The dependence of € on E | is also N-type for H=0
and S-type in strong magnetic ficld.

Additional intervalley scattering at an impurity is
ordinarily taken into account at [ow tempcratures
[12-14]. Its probability, 75!, is taken as ficld-inde-
pendent. The current-voitage characteristics have
well developed N- and S—ndc¢ for 75! in the range
107-10%s~'. We choose 15'=10%s"" in Fig. 8, as
has previously been done for the effective isotropic
APS [12-14].
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Fig. 1. Activation energies for impurity hopping conduction in
Ge:Sb. The dashed line for €3 is a least squares fit to the low Ny,

data®. The solid line for ep is obtained from Eq. 5.
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Fig. 2. Schematic representation of politon formation. The
circles denote donor impurities. (a) Before the DT hops (b) The
hop of the Dt is accompanied by the creation of a DD
resulting in a politon comprised of the D™ and D*D™ with lower
energy than the bare DY,
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ABSTRACT

The decrease of the current due to freezing
out of the carriers cauged by the electric
field is predicted. The phenomena under coo-
ling of the carriers by the electric field in
many-valley semiconductor 1s alsc discussed.

1e INTRODUCTION. WHAT IS THE COOLING?

We are dealing with doped germanium-like semiconduc-
tors. The probability of the emission ©f the optical pho-
non W (&> hw ) is much greater than the probability of
any other scatterlng process W (&> hw ) if the energy £ of
a charge carrier exceedg the energy hw of this phonon.
The low %temperature case (kT <& heo ) is trea’ced only. The
mean energy of the carriers g increases up to the electric
field EéEC only, as shown by curve 1 in Fig.1., The emls-
sion of optical phonon becomes essential for EVE_ (e.g.
E,=4.4 V/em for Nin1012 on™> and E =15.7 V/cm for Nl._TOM
gm_B in p~Ge at 4 K)o Therefore the carriers flow from
high-energy to low energy region. They remain in this re-
gion due to the intensive elastic impurity scattering. As
for E>E, {curve 1
in Fig.1). This cooling effect was predicted theoretically
[1]and observed experimentally [2].

a result, & decreases with increasing E

The cooling take place

;;« .
’,f



