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Using symmetry considerations developed in a previous paper it is shown that, assuming ellipsoidal
parabolic band structure, the populations of the valleys as a function of electric field intensity £ can be
deduced from drift-velocity measurements when £ lies in the (110) plane. This is, as we know, the first
direct determination of the transfer rate r(E) of electrons between valleys, which does not involve any
hypothesis concerning the scattering mechanisms and the coupling constants. r(E) 1s plotted versus E
for different lattice temperatures and impurity concentrations when EH[IOO] and E |[1110]
crystallographic directions. It is shown that the depopulation of the “hot” valleys reaches 50% at

77°K for B

I [100], and is a decreasing function of the lattice temperature and of the impurity

concentration. Ninety percent of the drift-velocity anisotropy is due to intervalley transfer. At very high
electric fields the carriers are again equipartitioned among the valleys. At low temperature the “hot”
valleys become almost empty in a range of electric fields and this produces negative differential

mobility.

I. INTRODUCTION

Experimental evidence of drift-velocity anisot-
ropy in many-valley semiconductors in the hot-
carrier range has been found by many workers.!—*
This anisotropy was found to be partly produced
by intervalley scattering. Very few computations
of intervalley transfer rate have been performed.
Some of them use the assumption of a displaced
Maxwellian distribution function, ®*~® which has
been proved to be a crude approximation, valid
only for a few materials in a narrow range of tem-
peratures and electric fields. Other calculations
deal with a numerical resolution of the Boltzmann
equation using a Monte Carlo technique'®: these
computations require knowledge of the scattering
matrix, which introduces errors since some inter-
actions are often neglected and the coupling con-
stants are not well known.

The purpose of this paper is to determine the
proportion of electrons lying in the valleys of sili-
con, deduced from drift-velocity measurements,
using the crystal symmetries and assuming para-
bolic ellipsoidal valleys, without any hypothesis
concerning the scattering mechanisms. In Sec. II,
theoretical expressions for drift velocity will be
deduced from symmetry considerations. Compari-
son with experimental data will give the populations
of valleys when the electric field lies along a [100]
direction (Sec. III) and along a [110] direction (Sec.
1V) for different temperatures and carrier concen-
trations.

II. DRIFT VELOCITY FOR SEMICONDUCTORS
WITH PARABOLIC ELLIPSOIDAL VALLEYS

A. General features
Symmetry considerations bring important infor-

mation concerning the mobility tensor in the hot-
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electron range. It has been shown! quite generally
that in cubic semiconductors only two components
of the mobility tensor are independent. For semi-
conductors with parabolic ellipsoidal valleys, the
drift velocity ¥(E) is the sum of each valley con-
tribution, that is’

Zn(E),(E) Zn(E i*m;lﬁ’ (1)

where N is the total density of carriers, index i
refers to the valley number {, ¥, (E) is the drift
velocity of the ni(E /N carriers lying in the ith
valley. Illl is the reciprocal effective-mass tensor
and q;(E) a scalar which involves scattering pro-
cesses. q,;(E) may be written

2;(E)=a(E® -}, E}) , (2)

where E is the electric field intensity and E; is

the component of E along the symmetry axis of
valley number ;. Each ellipsoidal valley can be
transformed into a spherical one'!: if the subscript
¢ means any principal direction of the jth valley
along which the effective mass is m,, one gets:

VHE*) = p*(E*?)- B, (3)
where

o= lmg/mo) vy (4)

Ef=(mo/my)/*E, . (5)

my is the electron mass, and p*(E*?) is a scalar.
V¥(E*) can be derived from Eq. (1) using Eqs. (4)

and (5). Identification with Eq. (3) then gives
alB)=aE)=a (D257 (6)
T M
that is
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ai(E)=alno/m NE® = EB)+ mo/m)EF] , (7)

where i, and »; are transverse and longitudinal
effective masses.

It must be noticed that the distribution function
I (K, E) of the carriers in the jth valley depend on
that of the jth valley, through scattering which
may produce intervalley transfer of carriers. How-
ever, the stationary state in a field E is such that
when a carrier jumps from valley ; to valley j,
another carrier jumps from valley j to valley i,
so that the population ni(ﬁ)/N of each valley re-
mains unchanged, neglecting fluctuations. There-
fore, as regards drift velocity, each valley be-
haves as if it were independent from other valleys,
so that the total drift velocity is the sum of the con-
tributions of each valley, and each valley can be
transformed-into a spherical one, which leads to
Egs. (1)-=(7).

Coutrary to what was said in Eq._ (10) of Ref. 1,
; (E) has not the same form as ¢; (E) since it is not
invariant in rotation with r espect to the ;th valley
axis. For example in n-type silicon when E lies
along a [111] direction, all the valleys are equiva-
lent and 5;(E)/N=4, but after a rotation of E with
respect to a {100] direction, the valleys are no
more equivalent so that 5;(E)/N#3.

The symmetry properties of »;(E) in silicon can
be deduced from considerations analogous to those
developed in Ref. 1 and are given in the Appendix.

B. Case of n-type silicon

The mobility tensor in silicon was given in Ref.
1, where Eq. (17) must be slightly modified since
n; (E) has not the same symmetry as q; (E) Hence
the mobility tensor can be expressed using Eqgs.
(16) and (17) of Ref. 1 and Eq. (7) of the present
paper:

"‘Lo‘B(E) = “aa(E)éaB s
(E)= EZ g (E)d] (ng/mNE® = EZ) + mo/m, EF)
Moo NZ myBgg+m (1~ 08,4)
(8)
where 0,4 is the Kronecker symbol, « and B are

components along the crystallographic principal
directions of silicon, and i4(E) is another notation
for ni(E) since in silicon the valleys lie along the
crystallographic principal directions.

When the electric field is applied along a [111]
direction, all the valleys are equivalent,
n(E 1(111))/N=1, and the drift velocity is, follow-
ing Eq. (8),

VE(111) = py, (B)E )
where

Uyg1 (E) =[(1 +20)/3m la[(ng/m,)5(1 + 20)E
and

%] (10)
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x=m,/m, (11)

for n-type silicon, A = 4.81.% Equation (10)
shows that measurement of u;;(E) gives q(E) as
a function of electric field

_ 3m, ( 3m,E >1/2
alE)= 112y Hun m0(1+2>\) : (12)

Iil. ELECTRIC FIELD PARALLEL TO A [100} DIRECTION
A. Populations of the valleys

When

E=(E,0,0) (13)

the valleys are not equivalent. If 749(E) is the
proportion of electrons leaving each valley perpen-
dicular to }73, one gets, if indexes 1, 2,3 refer to
(100), (010), and {001) directions:

n5(E, 0, 0) _ ns(E, 0,0) _1 —7100lE) (14)
N N 6 ’
n1(E, 0, 0) _ 1+ 2’7"100(E)
N 6 ’ (15)
These relations carried in Eq. (8) give
v(E] (100)) = “100(E).ﬁ ’ (16)
where
1
ﬂloo(E) = [[1 + 21’100(1‘3)] ( OE 2)
3m, ny
+2)\[1—1'100(E)]a<1mn-9)xE2):| . (17)
1
Using Eq. (12), Eq. (17) gives

il 25
_(1+2)\)#100(E)}/2{)\“111‘:<1_+3_%_):>1le]
_“”1‘:<1_+3'2'X)1/2Ejl} . .

This shows that the anisotropy observed is due to

the difference between longitudinal and transverse
effective masses, since if x=1 Egs. (17) and (12)
lead to 1yoo(E) = pyy,(E). At low field, Myyy= g

= U Eq. (18) then gives 7,4=0.

The experimental determination of u,y;(E)/u, and
Kioo(E) /1o gives 7,4(E) at every electric field using
Eq. (18). Experiments were performed at differ-
ent temperatures on samples of various carrier
concentration, using Ohmic contacts prepared fol-
lowing a method similar to that described elsewhere
for p-type germanium, * A pulse bridge was used!*
for conductivity measurements with good accuracy.
Figure 1 shows, as an example, mobilities versus
electric field at 77 °K along [111] and [100] direc-



11 HOT-ELECTRON INTERVALLEY TRANSFER IN SILICON

1 o - Bamam T — T T T T
[ .%{%
.\A.}‘ ]
“\ \%‘ ]
[ RN \h\‘\‘ 1
o, Oa
F \n ﬁ\ g
o &,
~o }§
° \ *,
e 1
~ N \
i} RN
v

o
" L o ”" [1 00—_] §S a
: N
. NA‘E\
L ]
1 1 P | 1 n 1 L 11l \
102 103 104

E(W em™

FIG. 1. Relative conductivity vs electric field at 77 °K
for a n-type silicon sample of room-temperature resis-
tivity pgop°x =15 Qcm.

tions for a sample of room-temperature resistivity
Psge=15 cm, Figure 2 shows variations of 7,4(E)
vs E at different temperatures, deduced from drift-
velocity measurements performed by Canali et al.'®
on high-purity samples (psq lying between 30 and
200 k2 cm), E, is the characteristic field defined
as

E. =051/l , (19)

where U, is the Ohmic mobility and v¢4,; the drift
velocity saturation along a [111] direction. E,
values are given in Table I. It can be seen that

the transfer rate increases with increasing electric
field, and reaches a maximum value 7,,, for a field
not very far from E,, At higher electric fields,

the carriers in the longitudinal “cold” valleys be-
come hot enough to be scattered again towards the
“hot” valleys, 7(E) diminishes, and equipartition of
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FIG. 2. Variations of 7y (E) vs E/E, at different tem-~
peratures for n-type silicon high-purity samples, de-
duced from drift-velocity measurements of Canali et al. ,'
m, T=77°K (E,=635 V cm™); 4, T=160°K (E,=2160 V
cm); A, T=300°K (E,=6620 V cm™),
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TABLE I. Values of characteristic field E = v;;/y,
in V em™ for various temperatures and carrier concen-
trations.

77 °K 160 °K 300 °K
High purity
(Canali ef al., Ref. 15) 635 2170 6600
P30 =15 Q@ cm 870 2550
P300=6 Qcm. 1110 3000

the carriers among the valleys occurs again at
very high electric fields,

It can be noticed that 7,,,, increases with decreas-
ing temperature and reaches 0. 54 at 77 °K. Then
the concentration in the longitudinal valleys reaches
twice the Ohmic concentration, Figure 3 shows
7100(E) vs E at 77 °K for different carrier concen-
trations; it can be seen that the transfer rate di-
minishes as the carrier concentration increases,
since carrier-carrier and carrier-impurity scat-
tering enhances equipartition, These results are
summarized in Tables I and II,

It is interesting to study the transfer rate when
negative differential mobility (NDM) occurs. Such
a phenomenon could not have been measured by the
authors with the technique used on doped samples
because it takes place at low temperature and then
the carrier concentration does not remain constant
because of impact ionization of impurities, NDM
in n-type silicon has been observed on lightly doped
samples'®’’” and on high-purity samples. * Figure
4 shows 74o(E) deduced from experimental drift-
velocity curves obtained at 8 °K and recently pub-
lished by Reggiani et al.'® Figure 4 clearly shows
that NDM is due to strong depopulation of the val-
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FIG. 3. Variation of 7y (E) and 7y (E) vs E at 77°K
for n-type silicon samples of various impurity concentra-
tions. 4, #y)(E) for high-purity sample of Canali et al.!®;
0, #109(E) for psepox=15-Q cm sample (E,=870 V cm™);
m, 710 (E) for pypox=6-2 cm sample (E,=1170 V em=!);
A, 741y (E) for p3goox =6-2 cm sample.
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TABLE II. Maximum rate transfer g, for various
temperatures and carrier concentrations, when E [l (100).

77 °K 160 °K 300 °K
High purity
(Canali et al., Ref. 15) 0.54 0.36 0.20
P30p=15 Qcm 0.50 0.29 ces
P390=6 Qcm 0.37 0.28 eee

leys transverse to the electric field. When these
are almost empty (#,,,= 1) the carriers are being
scattered back in these valleys and the drift veloc-
ity along a [100] direction increases again, It
must be noted that 7,,, exceeding 1 is due to im-
precision of numerical values deduced from drift-
velocity curves of Ref. 19. In any case, it can be
easily shown from Eq. (18) that errors of 5% on
drift-velocity measurements bring error of about
10% on 7pay.

B. Anisotropy due to the crystal structure

The drift-velocity anisotropy is due to electron
transfers between valleys as well as to the cubic
symmetry and the difference between m; and ;.

In order to compare the contributions of these
phenomena, let us suppose that there is no electron
transfer that is 7,4o(E)=0. Equation (18) then gives

1 3}/ }
M10o(E) = EPEY “111[(1+2)\) E

+ 2xum{<T%i)”zE}} . (20)

From experimental determination of u,;(E), Eq.
(20) shows the variation of {go(E) vs E which would
take place if no intervalley transfer could occur,
The result is that ;g (E) is then at most only 5%
lower than p,,;(E), which shows by comparison
with experimental variation of L,,(E) that almost
all the anisotropy is due to intervalley transfer,
for example, in Fig. 1 at E=600 Vcm™ one obtains
Hy31=0.6 iy and Hyg0=0.44, If no intervalley
transfer would occur, A,y value would be 0. 58 L,
which shows that 90% of the anisotropy is due to in-
tervalley transfer.

C. Drift-velocity saturation

At very high electric fields
o (E=®) =05y, , (21)

and 7,4(E) = 0 as was noted in Sec., IIIA, Equation
(20) then gives, replacing u,y,(E) by v¢1,,/E,

1/2
Higo(E =) = E’}(%W g (E =) (22)

which shows that v,o(E =) tends towards a satura-
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tion value v,
VUs100~= 0.95 Us111 » (23)

Our experimental results as well as those of Canali
et al.'® gave vyy49= V5111, Which is due to experimen-
tal errors of about 5% at high field, which yields
large errors for 7,,,(E) because the denominator

of Eq. (18) is then small. It can be shown from
Eq. (18) that in the saturation range the uncertainty
on_7,4(E) is

Ary00(E) = 4. 58 141, (E) /14y, (E) . (24)
IV. ELECTRIC FIELD PARALLEL TO A [110] DIRECTION
The statement is the same as in Sec. III, Thus
E=(EN2,ENZ,0) (25)

and, if 7,o(E) is as previously the proportion of
carriers leaving the hot valleys

m(E/N2,E/N2,0)  m(ENZ2,E/NZ,0 1+37,(E)
N - N - 6 ’
(26)

n(E/V2,E/N2,0) 1= 114(E)
N - 6 ’

Equations (25) and (26) substituted into Eq. (8) then
give, taking into account Eq, (10),

;(—E.: 1{110)) = “110(E)-ﬁ s 27

3N 1/2
it 5
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FIG. 4. Variation vs E at 8 °K for n-type silicon high-
purity sample of m, 74 (E): experimental result of Reg-
giani et al.®; A, 7y, (E) deduced from Eq. (18) and ex-
perimgntal drift-velocity measurements of Reggiani
et al.
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It has been noticed by several authors® that the
longitudinal anisotropy is greater in a [100] direc-
tion than in a [110] direction (see also Fig. 1).
However, 7,,0(E) deduced from experimental re-
sults and Eq. (28) shows (see Fig. 3) that interval-
ley transfers are comparable for E lI[lOO] and
Enl110]. At high electric fields, 7,,,(E)=0 and

Uy (E) = 5111 /E, Eq. (28) then gives

Uuo(E" ©) =0, 99 IJ-111(E - ), (29)

This result compared to Eq. (23) as well as Fig,
3 shows that the anisotropy diminution is not due
to difference between intervalley transfers but to
the crystal structure and differences between
and m,. However it must be noted that for a given
depopulation of the hot valleys, the cold valleys
become much more populated when E lies along a
[100] direction than when E lies along a [110] di-
rection,

V. CONCLUSION

The mobility tensor symmetries recently studied
in the hot carrier range for cubic semiconductors!
have been applied in this paper to the case of n-type
silicon with the additional hypothesis of ellipsoidal
parabolic valleys. The populations of the valleys
were deduced from drift-velocity measurements:
this is, as we know, the first direct determination
of the populations which does not involve any hy-
pothesis concerning the scattering mechanisms
and the coupling constants. It has been shown that
intervalley transfer increases with electric field,
reaches a maximum value when E is to the order
of magnitude of E,, and then decreases at higher
field, The maximum depopulation rate #,,, of the
“hot” valleys reaches 50% at 77 °K and 100% at 8 °K
for pure silicon when E lies along a [100] direction
and 7,,, is a decreasing function of lattice tempera-
ture and carrier concentration, This method ap-
plied for E1[100] and E 1 [110] can be used for any
direction of E such as when the conduction involves
two groups of equivalent valleys; this is the case in
n-type silicon for E located in the (110) crystallo-
graphic plane,
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APPENDIX: SYMMETRY RELATIONS FOR n,»(f)

S, being the symmetry with respect to the (001)
plane, and #;(E), 7,(E), 7,(E) the number of car-
riers lying along the (100), (010) and {001) crystal-
lographic directions, one gets

(S B) =n; () ,
where i=1,2,3 and

E:(EI’EbEs) ’

SO-Ez(El’ E,, - Ey);

this shows that #; (E) is an even function of each
component E;. Let S, be the symmetry with re-
spect to the first bisector plane:

(S B) =n,(B) ,

nz(Sbﬁ) = nl(_}i':) y

ns(sbﬁ) = ”3(_E ),
which gives

E,ZE; Sn, zn;

=

E,TE, an g/
Let R be a 327 rotation with respect to a [111] di-
rection, A circular permutation of the E compo-

nents gives a circular permutation on n,, n,, n;.
Finally, if n(E) is a vector defined as

n(E) = (1, (E), n,(E), ny(E)) ;
the above results may be written

N(S,E) = n(E) ,
(S, E) = 5,n(E) ,
n(RE) = R0(E) .
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