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Drift Velocity of Electron-Hole Cloud in Ge at High
Electric Field
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The drift velocity of an electron-hole (plasma) cloud in Ge at high electric field was
measured at room and lower temperatures by using microwave transmission technique and
Doppler method. The drift velocity of the plasma cloud in a nearly intrinsic Ge saturated
at a constant value of about 5X10°cm/sec at sufficiently high electric field. In a lower
temperature it begins to saturate at lower electric field. In the high field the build-up of

phonons was also observed.

This saturation phenomena of the drift velocity of a plasma wave is related with the
build-up of phonons caused by the interaction between electrons and holes in high electric

field.

1. Introduction

The drift velocity of electron-hole (plasma) cloud
is determined by the ambipolar drift mobility?, diff-
ering from the drift velocity of an individual carrier.
Especially in high electric field it behaves in remark-
ably different manner from that of the hot carrier.
The drift velocity of a carrier is rather easily obta-
ined by measuring simply the conductivity as a fun-
ction of the electric field strength.?

The authors discussed in detail theoretically and
experimentally the basic principle to detect the motion
of the density cloud by applying microwave techni-
ques.3~® One way using Doppler method to measure
the drift velocity of the density cloud was presented
in a previous paper.®

In this paper is described the application of the
principle for measuring the drift velocity at high
electric field and for detectirg the signal of built-up
phonons. The most important results are that the
drift velocity of the density cloud in nearly intrinsic
Ge, produced by pulsive injection, saturates at a con-
stant value of about 5X10°m/sec at high electric
field, and that phonons are strongly built-up, being
accompanied with the saturation of the drift velocity.

The saturation phencmena are discussed by the
built-up excess phonons due to the increase of elect-
ron-hole interaction,

2. Experimental Procedures

The essential part of the experimental arrange-
ment is shown schematically in Fig. 1. Two tapered
waveguides were closely set in parallel and a semi-
conductor rod was inserted perpendicularly through
small holes to two waveguides. When a cloud of
electron-hole plasma was drifting along the rod, the
microwave powers modulated by the local change in
conductivity of the rod were simultaneously displayed
on a dual beam synchroscope. Therefore the transit
time of injected excess carriers was detected by
measuring the time delay between both signals.
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Fig. 1 Block diagram for the measuremet of drift
velocity by using two tapered waveguides.
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Fig. 2 Method of drift velocity measurement at low
temperature,

For the measurement at a lower temperature the
apparatus must be modified in such a way as shown
in Fig.2. A semiconductor rod was set at the end of
two tapered waveguides and both microwave powers
reflected from the sample were detected through two
Magic-Tee junctions.

Figure. 3 shows the experimental arrangement
using three tapered waveguides to detect the built-up
phonons. For this purpose the sample was fabricated
in such a manner as to accelerate the plasma in one
half of the sample (driving part). Another half (det-
ection part) has no electrode and this half was inse-
rted through the third tapered waveguide. When an
electric field is applied between two contacts of the
driving part, phonons built-up in the driving part
travelled into the detection part and decreased the
mobility thereof.® This change of mcbility was me-
asured by observing microwave signals transmitted
through the third tapered waveguide. In the arrange-
ment of Figure 3, the density wave of electron-hole
pairs travels from the right (positive (earth) elect-
rode) to the left sides (negative one), but the excess
phonons (in the detection part) travel in the opposite
direction.

Specimens were mainly »# and p-type Germanium
of resistivity of about 25()cm at rocm temperature.

The dimension of samples was 25mm in length and
1.2 1.2mm? in cross section. Samples cut along <{III)
direction were lapped mechanically and polished che-
mically with CP-4 etchant. Ohmic contacts to the n-
type sample were alloyed with Pb-109:Sb at 650°C
and an injecting contact of small area was prepared
at a distance about 2mm from one end.In p-type Ge,
ohmic contacts were alloyed with In-5% Ga.
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Fig. 3 Method for detecting signals of built-up
phonons with drift velocity measurement.

3. Experimental Results and Discussions

In Fig.4 is shown the detected signals of micro-
wave transmitted through a sample on a dual beam
synchroscope. The time interval between two signals,
caused by the excess conductivity of injected carriers,
decreased with the increase of terminal voltage. The
drift velocity is calculated by V,=4I/4¢, where 4/ is
the distance between two tapered waveguides and 4¢
is the time interval during which a density cloud
travels the distance 4/. The injected carrier density

Time

Fig. 4 Simultanecous observation of transmitted mic-
rowave signals by using two tapered wave-
guides. The vertical scale is bmV/div. and the
horizontal 2gsec/div.
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Fig. 5 Dependences of drift velocity and total current
on electric field strength, N type 25Qcm Ge,
at 295°K.

was not so large, then the reduction of electric field
strength acting on the density cloud was negligibly
small. In Fig. 5 is shown the drift velocity against
electric field strength for n type Ge at 300°K.

At low electric field the experimental drift velocity
is equal to the ambipolar drift velocity, given by
Va=Ctutts (0.—2,) | 0+t 0 JE=p,E, where p, and
#5 are mobilities of electron and hole, and #, and p,
their densities, respectively. However, the velocity
begins to deviate from the straight line of Vi=p,E
at higher electric field strength, and finally it appro-
aches to a constant value of the order of 10°cm/sec,
which is nearly equal to the sound velocity in Germ-
anium. On the other hand, the total current through
a specimen deviates slightly from the Ohm’s law, but
it does not saturate in our experimental range.

At lower temperatures this behaviour became

remarkable, as shown in Fig.6: the drift velocity
began to saturate at a lower electric field strength.
Since both mobilities 4, and g, at a lower temperature
are large: than those at room temperature, the ambi-
polar mobility becomes larger with decreasing temp-
erature. So, the drift velocity should increase at lower
temperatures, consisting with the experimental res-
ults.
Fig. 7 shows the corresponding total current for the
same sample. This curve resembles the hot carrier
effects in exstrinsic semiconductors observed by many
workers.?
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Fig. 6 Dependence of drift velocity on electric field
strength at various temperatures, N type 25
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Fig. 7 Dependence of total current on electric field
strength at various temperatures, N type 25
Qcm Ge.
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Fig. 8 Dependence of drift velocity on electric field
strength, P type 30Qcm Ge, at 300°K.

As shown in Fig.8 the drift velocity of a p-type
Ge behaves similarly but the deviation from the am-
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bipolar velocity moves to a higher field side, and also
the saturation velocity becomes larger (1.23X10% cm/
sec.).

The above-mentioned results suggest that the
density cloud cf electrons and holes interacts strongly
with phonons. Really, signals of built-up phonons were
detected when the drift velocity began to saturate.

When an electric field was applied between two
contacts of the sample shown in Fig.3, the microwave
powers transmitted through the part free from electric
field (the detection part) were modulated, correspon-
ding to the decrease of conductivity. Surely this
decrease of conductivity does not come from the
reduction of carrier density but from the reduction
of mobility.®

This signal travelled along the axis of the dete-
ction part with a velocity near the sound velocity,
but it needs more careful and precise experiment to
know whether this velocity is exactly equal to the
velocity of a density cloud or not. Excess phonons
built-up in the driving part travelled into the detec-
tion part and reduced the mobility of the reference
position.

At a lower temperature phonons were buit-up in
a lower electric field strength,® in the same fashion
as described on the drift velocity at a lower temper-
ature.

When the specimen was illuminated uniformly
with a white light, the amplitude of signal of built-up
phonons became large, and the drift velocity decreases
with increasing light intensity, as shown in Fig.9. In
this case the ambipolar mobility is given by

La= Lottn (Me—Do) | Lottty Do+ 4D (ptt-pa) Zeppy, (7,
—p,) /o, where 4p is the density of excess electrons
and holes (excess plasma) produced by illumination,
and ¢ is the conductivity under illumination.
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Fig. 9 Dependence of drift velocity on electric field
strength with and without illumination, N type
260 cm Ge, at 290°K.

In Fig. 10 (g,0) is plotted as a function of the
light intensity in terms of 4o¢/0,, where g, and o, are
the ambipolar mobility and conductivity without illu-
mination, This figure indicates that the value of (g,
p,) decreases with the increase of light intensity,
because (#,—p,) is constant.
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Fig. 10 Change of (y,0) with intensity of illuminatiom
(do/a0) .

At room temperature and at low electric fields
the electron-hole seattering is negligibly small in Ge
containing carrier density of about 104cm=3, ® How-
ever, in the presence of high density of electron-hole
pairs (plasmas) the interaction between electrons and
holes increases in proportion to the excess carrier
density. Especially at higher electric field, many pho-
nons may be created through the interaction or the
recombination between electrons and holes.® Thus
built-up excess phonons decrease the mobilities of
individual carriers, g, and g, with increasing electron-
hole pair density. But the saturation of the drift vel-
ocity is not explained by the reduction of mobilities
of electron and holes. Possibly, it is indispensable to
consider the collective motion of the electron-hole
plasma cloud in the field of built-up and travelling
excess phonons. 7®
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