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We have measured the microwave conductivity of n-type germanium with N~-Nz - 10
cm ~ during impact ionization at 4.2'K, by means of a cavity perturbation method which
requires no knowledge of the electronic spatial distribution. Values of the electronic
temperature derived from the microwave conductivity are compared with theoretical
predictions and Hall mobility data at higher temperatures.

We present a measurement of the complex mi-
crowave eonduetivity of n-type germanium at
4.2'K during impact ionization of neutral impuri-
ties (arsenic, ND in the range 10" cm '), using
a dielectric cavity perturbation method. The
cavity, containing dielectric of relative permit-
tivity K-9, is rectangular and operates at a cen-
tral frequency Fp =4065 MHz in the TEpy, IQode.
The germanium rod is introduced as shown in

Fig. 1. The measurements can be performed
either with stable de current across the sample,
with the dc electric field parallel to the rf elec-
tric field, or with short pulses to check whether
or not heating occurs. rf measurements are
made at a very low power level to avoid nonlin-
ear effects. The apparatus is immersed in liq-
uid helium and is protected from light. Varia-
tions of the resonant frequency E, and the quality
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FIG. 1. Resonance-frequency shifts versus the current in the samples, and schematic drawing of the apparatus.
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Table I. Derivation of electronic temPerature P/kP from the theoretical value of vp and the energy-balance equa-
tion (3). The difference between p and pp is close to the experimental uncertainty.

Sample
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factor Q are measured by two precision wave-
meters incurring a frequency error of less than
100 kHz. These variations are given by the usu-
al perturbation calculation,

~p/Ep = —y Im8/2,

h(1/Q) =y Re&,

where ReO and ImO are the real and imaginary
parts of the microwave conductivity, and y is a
shape factor depending on the dielectric con-
stants involved and proportional to ~', x being
the plasma radius. Equations (1) are valid if the

TEpyy mode is weakly perturbed in the plasma,
i.e., if the penetration depth of rf waves is much
larger than 2r. Such a condition provides a limit
of current far above our range of measurements.
We notice that even with no current in the sam-
ple the TEpyy mode is perturbed, for the dielec-
tric constant of germanium is different from that
of the cavity. This fact does not change the valid-
ity of (1), considering only the second of two suc-
cessive perturbations of the initially dielectric-
filled cavity. The variations ~p and Epb, (1/Q)
measured with samples cut in two differently
doped ingots (see Table I for impurity concen-
trations) are shown in Figs. 1 and 2.

Samples are referred to as 1(a), l(b), 2(a),

and 2(b), the number indicating the ingot and the
letter the type of contact: (a), 3/o As- or Sb-
doped lead-tin solder; (b), electroless plated
nickel. Contact (a) provides the best results,
i.e., quite linear variation of Epb. (1/Q) and ~p
with I, but does not give reliable microwave data
below a certain critical current I, . Below I, we
observe a low-frequency instability related to a
5% negative drop of the voltage at the onset of
breakdown; this drop cannot be significantly at-
tributed to an intrinsic process such as in Meln-
gailis and Milnes. ' We do not understand clearly
the (b) data and attribute the dispersion to the
weakness of contact (b) at 4.2'K. We shall dis-
cuss hereafter the results obtained with contact
(a) and I&I, .

In order to interpret the results obtained for
the shape-independent quantity Z = ~p /Epb (1/Q),
we derive the microwave conductivity from the
usual method of calculation, ' neglecting the ion-
ization collisions which are supposed to be far
less frequent than other scattering processes
such as acoustic-phonon and ionized-impurity
scattering. In the steady state, the mobility p,

and mean energy e are given by

jl = gT&/m p
—qTpT /m p(Tp+T ), (2)

gpE = (5e)p/Tp= s/Tp& (3)
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FIG. 2. Relative Q variations versus the current in the samples. I~ refers to the current below which instability

occurs in the ease (a), and no correct microwave measurement can be performed.
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2Z = 2dd, /E, h(1 /Q) = +7,-2N(e)/tuT, (5)

As we ignore a priori the value of N(e) [+1 if pho-
non scattering predominates, -1.5 for ionized
impurities, and, estimating roughly M Ty72 10
from Eq. (3)], we drop the second term in the
second member of (5); thus, experimental values
of Z give g =qT, /m, . In order to relate the mea-
sured mobility to the electronic temperature e/
k, from Eq. (3), it is necessary to assume some
theoretical dependence of T~ or 7, on e. Neglect-
ing the heating of phonons by hot electrons, '
which occurs in the avalanche saturation regime,
we use the zero-point approximation" to obtain

v~(e) =4.6x10 '(e/k, ) ". Then Eq. (3) leads to
values of e/k, listed in Table I.

To verify the consistency of the results we
compare our experimental value of p. with p, ~
= qT~/m, calculated from e/ko deduced above;
one can see in Table I that p. ~ is close to p, , from
which one infers that phonon scattering is pre-
dominant. From the Brooks-Herring formula,
with the assumption of singly ionized sites 2N„
in number, we obtain the theoretical partial mo-
bility related to ionized-impurity scattering, p, ;
=qT;/m, =200 m' V ' sec ' with e/k, =100 I and

N~ ——10"cm ', in good agreement with p, ;» p, ~.
We note that at T =10 K the low-field mobility is

where T~ and T, are momentum relaxation times
related to acoustic-phonon and ionized-impurity
scattering, m, is the mobility effective mass
(m, =0.12m,), and (5c)~ is the mean energy loss
of electrons during collisions with phonons. We
moreover assume that (5c)~=(2m*a)'~'s, where
m* is the density-of-states effective mass (m*
=0.25m, ) and s the velocity of sound in germani-
um. Thus, in our frequency range, the complex
conductivity 0 is given by

cr =o,[1.5+iv T;N(e)]/

[N(e)+(1+iud, )(1.5+i&us, )], (4)

where o, is the steady-state conductivity and N(e)
= (T; -1 5T~).j(T~+ T;); v~ varies as c ' "when

k,T &0.1e (T is the lattice temperature), and T,.
varies as e". We have neglected, in deriving
(4), the modulation of the electron density n by
the rf field. This latter approximation is valid,
for the values of Eo considered, when the impur-
ity concentration is less than 10" cm ' as we
verified following theoretical and experimental
studies. "Assuming that v, »v, and (vT,)'»1,
Eqs. (1) and (4) lead to

somewhat lower than for hot electrons at 4.2'K;
we controlled this in our auxiliary experiment
[low-field dc Hall measurements as a function of
T to obtain N„as in Ref. 5: p(e/k, =10'K) =7 m'

V ' sec ']. We state also the deduced values
of r, (e) in Table I; as far as we are aware, no
direct measurement of v, (e) has been given.

To check the consistency of e'v, T, » ~
2N ~, we

have to calculate ~'T,T, with our deduced values
of e; we see that the error is significant only for
sample 2 (25%). For this sample, the electronic
temperature is probably lower than the 210'K es-
timated; we could calculate e/k, from the entire
Eq. (5), neglecting the T; effect, but there is
another source of error we have up to now ne-
glected: neutral-impurity scattering. With 5
X10"As donors, the partial mobility relative to
this scattering is 60 m' V ' sec ' only, which
contributes to modify Eq. (5) in altering N(e),
and correction is quite ambiguous.

Qne can compare the mobilities obtained with
Koenig's data' between 7 and O'K; at least for
sample 1, we obtain here similar values for
p(E): The mobility of hot electronics is indepen-
dent of 1' when e &10koT and the agreement is
good. Unfortunately we were not able to compare
these results with prebreakdown Hall data at
4.2 K, as noise appeared in the Hall voltage be-
low 1' = 7 K and remained up to saturation. We
relate this transverse noise to former experi-
ments' subject to the hypothesis of a great non-
uniformity of the electronic spatial distribution,
even though our samples are moderately compen-
sated. This fact induced us to consider the more
suitable microwave experiment presented here.
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