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Hot Carrier Concentration in n-Type Germanium—a Suggested Experiment
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The anisotropy character of the microwave conductivity of a many-valley semiconductor in the presence
of a high dc field is discussed. The propagation of microwave signals through this anisotropic medium is
brieQy studied and a microwave experiment is suggested for determining the elements of the conductivity
tensor. It is shown that an analysis of the da.ta obtainable from the experiment would enable one to find
out whether the (100) valleys in n-type germanium are populated under hot-electron conditions. It is also
shown that if the (100) valleys are found to be insignificantly populated, one may 'determine the anisotropy
factor E and the carrier population in the diferent (111)valleys from these data.

1. INTRODUCTION

HE experimental hot-electron characteristics of
e-type germanium below the saturation region are

explained qualitatively by the assumptions of intra-
valley acoustic and optical-phonon scattering. ' ' A quan-
titative agreement between theory and experiment may
also be obtained' ' below the saturation region when the
effect of intervalley phonon scattering in causing a
repopulation of carriers in the different (111)valleys is
taken into account. The characteristics in the saturation
region are not, however, understood' even when the
scattering to the equivalent valleys is taken into ac-
count. It has been suggested' that in this region transi-
tion of carriers occurs to the (100) minima. Evidences
have been put forward~ from the data on optical and
pressure experiments in support of this suggestion. It
has, however, been pointed out by Schweitzer and
Seeger' that the characteristics in the saturation region
do not show any perceptible eBect of this repopulation.
The role of intervalley scattering may be clariGed if the
carrier populations in the di8erent valleys, especially in
the (100) valleys, can be determined experimentally.

Methods for the determination of carrier population
from analysis of the conductivity characteristics have
been outlined by Paige' and Nathan. "The carrier con-
centration has been evaluated by Paige for the electric
Geld applied in the L1/V2 1/V2 V3j direction by using
Koenig's" experimental data on the longitudinal con-
ductivity and the anisotropy a,ngle. The carrier dis-
tribution has been assumed to be Maxwellian and the
temperature in the three hot valleys identical. Strictly
speaking, this assumption is not justified since the

' J.Yamashita and K. Inoue, J.Phys. Chem. Solids 12, 1 (1959).' E. M. Conwell, J. Phys. Chem. Solids 8, 234 (1959).' H. G. Reik and H. Risken, Phys. Rev. 126, 1737 (1962).
4W. Sasaki, M. Shibuya, and K. Mizuguchi, J. Phys. Soc.

Japan 13, 456 (1958).' R. Barrie and R. R. Burgess, Can. J.Phys. 40, 1056 {1962).' E. G. S. Paige, Progr. Semicond. 8, 200 {1964).' N. I. Meyer and M. H. Jorgensen, J. Phys. Chem. Solids 26,
823 (1965).

D. Schweitzer and K. Seeger, Z. Physik. 183, 207 (1965).' E. G. S. Paige, Proc. Phys. Soc. (London) A75, 174 (1960).' M. I. Nathan, Phys. Rev. 130, 2201 (1963)."S. H. Koenig, Proc. Phys. Soc. (London) 73, 959 (1959).
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eBective Gelds in the three valleys are not equal. A
theoretical relation between mobility and electron tem-
perature and an empirical relation between intervalley
relaxation time and electron temperature have also been
assumed. The concentrations given by this method are
therefore correct only if, the above assumptions are
valid. In addition, an indication of.the population in the
(100) minima cannot be obtained by this method be-
cause only two independent sets of data are used in the
analysis.

In the method of Nathan" the carrier concentrations
are obtained from a phenomenological analysis of the
conductivity data for the (100) and (111)directions. The
mobility at any effective Geld is obtained from the
conductivity data for (100) directions, for which all the
valleys are equally populated and the conductivity data
are explained by one relaxation time. The carrier con-
centrations for the (111) direction of the applied field
are then chosen so that the experimental data may be
Gtted by using the values of mobility for diGerent
effective Gelds in the diferent valleys, calculated from
the conductivity for (100) direction of the Geld. These
carrier concentrations are then used to calculate the
intervalley scattering rate at any e6ective Geld and
enable one to calculate the carrier populations for other
directions of applied Geld. Since three independent sets
of data are analyzed in this method, in principle, it
should be possible to detect population in the (100)
valleys through in,volved calculations. However, the
accuracy of the method is limited by the amount of
anisotropy in the conductivity. The data for the tem-
perature of 77'K indicate signiGcant repopulation, but
at 298'K no repopulation is indicated. Hence, for small
anisotropy as at room temperature, the effect of non-
equivalent intervalley scattering would be very diTicult
to assess.

Microwave methods for the determination of the
conductivity of semiconductors provide a powerful tool
for obtaining the values of the components of the
conductivity tensor, and may provide data for the
resolution of the discrepancies, discussed above, in the
roles attributed to intervalley scattering. It is the
purpose of this paper to discuss the possibilities of a
68i



682 B. R. NAG AND S. GUHA

TABLE I. Components of the conductivity tensor for various field directions.

Direc-
tions of
the co-

ordinate
axes'

L001)
y L010) ( e nr /m) (1+0.2128&)
s L100)

{enr/ns, ) (1+0.2128qb) (Atr /m, ) (1+4) e'nr/me

0'p

L110) (e'/m. )(eprp(1 0746.)
y L001) +n,r, (292))
z Lif0)

D10) (e'/m, )(mpr p(2 5346.+0 4082.yp)
L112) +n,r, (1.46))

s $111)

(2e'/m, ) t.n sr0
+n.r, (1+0.5425',))

(e'/m, )Lnpr@(2.5346+0.6930/0)
+n,r, (1.46))

(e /m, )L2.92npr p(1+y0)
+10746n.,r, (1+y.))

(e /mq) $2.92n@r0

+10746n.,r.)

(0 /m, )(3 9186np.r0 X (1+pp) (e'/m, )$3 9186.nprp

+1.46n, r, (1+4,)) +1.46n, r )

The high dc field is assumed to be applied in the z direction.

microwave method in determining whether scattering to
(100)minima occurs in the saturation region and also in
the determination of carrier concentrations in the (111)
valleys below the saturation region with an accuracy
better than what has been possible from an analysis of
the dc data.

2. MICROWAVE CONDUCTIVITY UNDER
HOT-ELECTRON CONDITIONS

Let us assume that the high dc field Fp is applied in
the s direction and the microwave Geld, applied along
any arbitrary angle to the dc field, has the components
F, F„,F, along the directions of the three coordinate
axes. We shall assume that intervalley energy relaxation
is negligible so that the heating of the carriers in any
valley is determined by the e6ective field F,« in the
valley. The effective held F,« is given by (F n, F)'is,
where I, is the normalized reciprocal effective-mass
tensor' in the valley and I' is the total electric field

applied. The effective field in the presence of a micro-
wave signal is given by

where

o.,=—Q(n.r.)pn... 1+y.
mp Olzzil&xgz-

2+yze

Olzz2lo'yye-

(n.r.)0F0.
(n.r.)p r)F

The subscript 0 in n, v-, or its derivative is used to indi-
cate the value in the absence of the microwave field. It
should be noted that the above expression for e.r, is
obtained when it is assumed that the product of the
microwave frequency co and the internal-energy re-
laxation time' ' 7, is small for each valley. In the
general case, however, there would appear a multiplying
factor of the form 1/(1+i ppr) The comp. onents of the
microwave conductivity tensor in the presence of a high
dc Geld are hence given by

&uzi Fc 0'yze Fy Fz
F « —Fp(rr )«0 1+ —+ —+—. (1)

qzz. Fo ~zz. Fo Fp

In the above expression, the second-order terms in-

volving the squares or the products of the microwave
Geld components have been neglected. Since the carrier
concentration n, and the relaxation time 7., for each
valley is determined by its temperature and hence by
-the effective field in the valley, the product n.7..in the
presence of the microwave Geld may be written as"

/n„, F, n„„F„F,)
n0rlt («Sr')0 1+$8~ + +

~ y (2)
~rrzze Fp &zss F0 Fp~—

~ E. Erlbach, Phys. Rev. 132, 1976 (1963).

mp

2e +xze+yz21
~g„=o„.= P(n, r.)prrg—„. 1+y,

mp &zzil&xy77-

g2

o „,=o,„= Q(n.r—.)prrs, ~ (1+y.),
mp

g2

a„=o „=—Q (n,r,)pa„„(1+y„).
mp

'3 A. F. Gibson, J. W. Granville, and E. G. S. Paige, J. Phys.
Chem. Solids 19, 198 (1961).

"M. W. Gunn, J. Electron. Control 16, 481 (1964).
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FIG. j.. Experimental arrangement
for the determination of the compo-
nents of the conductivity tensor. (a)
Microwave Geld perpendicular to the
dc Geld. (b) Microwave Geld in the
same direction as dc Geld.

(a) (b)

3. MICROWAVE PROPAGATION IN A

SEMICONDUCTOR HAVING CON-
DUCTIVITY ANISOTROPY

A linearly polarized microwave signal having the
electric vector along the dc fieM will propagate as a
linearly polarized wave and the medium will present a
conductivity 0.„.However, if the microwave electric
Geld be in the plane perpendicular to the dc Geld, its
propagation characteristic may be complicated. For a
medium having the conductivity given by Eq. (10),
Maxwell's equation for a linearly polarized wave

propagating in the z direction may be written as

82E,/Bss=is&IA(icos+ o„)E,+ioAIA(o, „)E„, (11)

rpER/Bs =ZGAIA(ORz)Ez+2(dil(2MR+0'RR)ER ) (12)

where e and p are the permittivity and permeability of
the medium. If the signal propagates in the medium

with a propagation constant F, then I' is given by

( A021A s+N—0IAo „rn) ( A—
GRIA s+i

—Ado„„r2)—
—(i~~)'~.202.=o (13)

Thus, I' has the solutions

rs=-', (r„s+r„„s)+-,'$(r..s—r„„s)2+4r.„sr„,s)'», (14)

where

Also,

rzz = AO PS+ZAO+0'zz p
2— 2

rEV — Ao ps+2AoiAoso ~

E v =koPO' v,2

Fv* =~&0'v2

(15)

(16)

(1&)

(1S)

,L-:(r.'-r, .')
2

~r{(r 2 r 2)2+4r 2r 2)1/2j

In the particular case, when the dc field is along one of
the directions of symmetry, i.e., along (100), (110), or

(111)directions,

0'gz= 0'zs= Ovz= 0'zv= 0

If the microwave field be in the plane perpendicular to
the dc Geld, the microwave conductivity tensor will be
given by

(10)

Thus in the general case, only plane waves with the tip
of the electric vector describing a tilted ellipsoid may
propagate in the. medium. The focus of the electric
vector. is different for the two senses of rotation.

It is evident that a linearly polarized wave would

propagate in this medium without any change of
polarization when 1' v= Fv =0. In this case, F'=F,' or
Fvv'. This means that the x component of the electric
vector propagates with the propagation constant F„
and the y component with the propagation constant
I'». In general, if the conductivity of the sample is large
enough to affect the phase constant, for nonequal values
of 0, and'0» the x and y components of the signal will
suffer dBerent phase shift and attenuation in propa-
gating through the semiconductor and the emerging
wave will be elliptically polarized. If on, the other hand,
the conductivity is small the attenuation of the two
signals will be different and the emerging wave will be
linearly polarized but the direction of the electric Geld

of the emerging wave will be rotated with respect to
that of the incident wave. It is also evident that
linearly polarized waves having the electric Geld in the
x or y directions will propagate, respectively, with the
propagation constants I', and P».

4. THE MICROWAVE CONDUCTIVITY OF n-TYPE
GERMANIUM WHEN ONLY THE (111)

VALLEYS ARE POPULATED

The mass factors for the dj'Lfferent valleys when the dc
Geld is applied in the directions of symmetry have
been given by Das and Nag. "Table I has been pre-
pared, using these data and gives the conductivity
components for these directions of the dc Geld. In all
these cases r „=Ov =0. The subscripts c and h are used
to indicate, respectively, the values for cold and hot
valleys. m, is the conductivity effective mass. In
evaluating the different. components of conductivity
tensor given in Table I, it has been assumed that the
value of the anisotropy factor E is 20. From Table I it
may be observed that for L100) direction of the dc
Geld, r,=o», but for the other two directions, all the
conductivity components are unequal.

A. EXPERIMEETAL ARRAEGEMEET

A suitable experimental arrangement for obtaining
the conductivity components is shown in Fig. i. The

"P. Das and 3. R. Nag, Proc. Phys. Soc. (London) 82, 923
(1963).
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sample is prepared in rectangular shape with a length
greater than the broad dimension of the waveguide. For
obtaining 0, and cr», it is inserted in a rectangular
guide through nonradiating slots in the narrow sides
(shown in the figure) so that the plane of the sample is
perpendicular to the axis of the waveguide LFig. 1(a)].
The sample is so cut that the length and the breadth of
the sample coincide, respectively, with one set of s and x
directions of Table I.The faces and sides of the sample
are to be insulated from the guide wa1ls.

A microwave signal is made incident on the sample
and pulsed dc 6elds are applied along the length of the
sample. The microwave signal would propagate as a
linearly polarized wave and the attenuation and phase
shift suffered by the signal may be measured by the
conventional techniques. These data would give F„and
hence 0, . The conductivity along the y direction may
be obtained from a similar experiment with the sample
so mounted that its length and bread. th coincide, re-

spectively, with the s and y directions of Table I.
The conductivity along the 2 directions may be ob-

tained by mounting the sample through nonradiating
slots in the broad dimension of the waveguide so that
the plane of the sample is parallel to the direction of
propagation &Fig. 1(b)].The sample is cut so that the
length of the sample is identical to 2 direction of Table I.
The measured attenuation and phase shift would give
0„.a.o may be obtained from the dc data, if one end of
the sample is made thick enough to eliminate injection

effects.

t

-a. ANALYSIS OP THE EXPERIMENTAL DATA

Assuming that the population of the carriers is con-
fined only to the (111)valleys, carrier concentration in
:the diGerent valleys may be obtained from an analysis
of the experimental data for the dc 6eld applied along
the three syxronetry directions of the crystal. For
electric field in the $100]direction, the value of r for any
applied field. may be obtained from the values of 00. If
the microwave frequency is high enough to make
P/(1+~v, ) much too small, the values of 0„,o», and
O„are expected to be identical to 0-0 which then provide
three extra sets of data and may be used to improve the
accuracy in determining the value of v. If on the other
hand the microwave frequency is such that the contribu-
tion of qh is not negligible, r may be obtained from the
values of 0 „0», or a„using the following relation
which is derived from the expression for these quantities
given in Table I.

SSc 1
P —I/a,. ~ . .P (1—as)/as' ~ . g,

—g y g 20
Ne'0. .

where

In this case also, there are available three sets of extra
independent data giving the value of ~.

In the experiment with the dc field along the L111]or
L110]direction, there are four independent sets of data
available which may be used to obtain the values of the
unknowns ni,ri„ l,r„weri, gi„, and N,rg, . ri, and r, may
be obtained from an analysis of the (100) data following
the method of Nathan" and concentration in the difer-
ent valleys may hence be obtained. It may be noted
that the values of the conductivity components used for
this analysis correspond, to identical experimental con-
ditions and hence the difference between the con-
ductivities wouM be very sensitive to carrier repopula-
tion. OD the other hand, in the dc experiments for the
same applied 6eld in the two directions, the eHective
6elds in the valleys are altered and hence v ~ and v, are
changed, which in eGect makes the data insensitive to
carrier repopulation.

It is also of interest to note that if the contribution of
P, to o» for the L110)experiment is negligible (this may
occur when there is insignificant carrier repopulation,
since the effective fields in the.cold valleys are small),
there are three sets of independent data available for
determining eqv~ and e,7,. -Hence if one treats the
anisotropy factor EC as an unknowg, quantity, its value
may be obtained from an analysis of these data and this
would provide an experimental method for obtaining E
under hot electron conditions. The value of E thus
obtained is independent of the (100) data and hence of
any assumption about v g and ~,.

. In the above discussion, it has been assumed that the
population of the valleys is confined to the {111)valleys
and, as a result the values of v obtained from the
analysis of the four sets of (100) experimental data
discussed. earlier, are expected to be identical. However,
if the (100) valleys are also populated, the following
terms will be added to the values of 0, r», r„, and 00
given in Table I:
o„=(e'/m, ) (0.912m ),'r g'+0.760,'r, '),
0„„=(e'/m. )(0.912ni, 'r i,'10.766.'r, '),
o„=(e'/m, )$0 76ni, 'ri, '(1+. yi, ')+e,'r, '(1+y,')],
o 0

——(e'/m, )(0 76m i,'r i,'+n.,'r.'),

where the primes refer to the values in the (100) valleys.
On considering Eq. (21), it is evident that if the (100)

valleys are populated, the values of 7 obtained from the
(100) experiments would not be equaL Also, the follow-

ing relation will not be satis6ed:

0„=n»= o 0+0.2128(o„—00) . (22)

The inequality in r or a deviation from Eq. (22), if
observed, would serve as a. definite evidence of the
population in the (100) valleys at high electric fields.
Unfortunately, however, the effect of this population is
of such form that the exact values of the carrier popula-
tion in the (100) valleys can not be obtained from the
experimental data.
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7. CONCLUSION

A microwave experiment has been suggested for
obtaining the components of the conductivity tensor
under hot electron conditions in n-type germanium. It is
found that it would be possible to determine the carrier
repopulation with good accuracy and also to obtain a
de6nite indication about the population, of the (100)
valleys from a theoretical analysis of the obtainable

data. In regions where the (100) valleys are not popu-
tated, the available data may be used for determining
the. anisotropy factor (E) under hot electron condi-
tions.
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Four-probe electrical-conductivity measurements have been made on a series of General Electric alumi-
num-doped and nominally boron-doped synthetic semiconducting diamonds in the temperature range
223 to 323'K, and the results compared with those obtained from a natural semiconducting diamond (type
IIb). These results, together with those obtained from optical-absorption, recombination-radiation, and
chemical-impurity measurements on the same set of specimens, show that the same acceptor center, namely
aluminum, is responsible for the semiconducting properties of both natural diamond and synthetic semi-
conducting diamond presently available. The large range of activation energies reported by other workers
is considered to be due to the onset of impurity conduction at progressively higher temperatures with in-
creasing concentrations of neutral acceptor centers.

INTRODUCTION
'

j~LECTRICAL —transport, ' ' optical-absorption, r

~ and extrinsic recombination-radiation measure-
ments' on natural semiconducting diamonds (type IIb)
have shown that the semiconducting properties can
be explained in terms of one definite invariant acceptor
center with an activation energy of 0.37 ev. This
acceptor center has been identified with substitutional
trivalent aluminum by comparing acceptor concentra-
tions derived from Hall data with aluminum concen-
trations measured by neutron-activation analysis. ' The
analysis of the Ha11-e6ect data indicates partial compen-
sation of the acceptor concentration by deep-lying
donors, with compensation ratios varying typically be-
tween 0.03 and 0.3.' The donor center is thought to be

' I. G. Austin and R. Wolfe, Proc. Phys. Soc. (London) B69, 329
(1956).

'

' P. T. Wedepohl, Proc. Phys. Soc. (London) B70, 177 (1957).
s R. T. Bate and R. K. Willardson, Proc. Phys. Soc. (London)

74, 363 (1959).' P.J.Kemmey and E.W. J.Mitchell, Proc. Roy. Soc. (London)
A263, 420 (1961).' G. R. Leef, D. C. Seeley, and H. Q. Nordlin, 6nal report of
work performed at the International Telephone and Telegraph
Laboratories under U. S. Air Force Contract No. AF19 (628)-225,
1964 (unpublished).' P. J. Dean, E. C. Lightowlers, and D. R. Wight, Phys. Rev.
140, A352 (1965).

r S. D. Smith and W. Taylor, Proc. Phys. Soc. (London) 79,
1142 (1962).

nitrogen at isolated substitutional sites with a donor
binding energy of ~4 eV.

The extrinsic features in the recombination-radiation
spectra of natural semiconducting diamonds have been
associated with the decay of excitons bound to the
neutral acceptor center. ' The recombination-radiation
spectra obtained from both aluminum-doped and nomi-
nally boron-doped semiconducting synthetic diamonds'
.are virtually identical with those obtained from natural
semiconducting diamond, except that the intensity of
the extrinsic features relative to the intrinsic features is
much stronger in the synthetic specimens. ' These re-
sults suggest that the same acceptor center, namely
aluminum, is responsible for the semiconducting prop-
erties of both natural and synthetic diamonds presently
available, independent of the nominal dopant in the
latter. Recombination-radiation measurements on more
recent batches of semiconducting synthetic diamond, '
including nominally undoped, boron-doped, and alumi-
num-doped specimens prepared using various catalysts,
confirm this general picture. "Infrared-absorption meas-
urements have also been made on a selection of alumi-
num-doped and nominally boron-doped synthetic dia-
monds. "The features in the line spectra associated with

' P. J. Dean, Phys. Rev. 139, A588 (1965).' Manufactured by General Electric, Schenectady, New York.
+ D. R. Wight (unpublished).
"A. T. Collins, P. J. Dean, E. C. Lightowlers, and +, P,

Sherman, Phys. Rev. 140, A1272 (1965).


