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A new method is described that combines the Shockley—~Haynes experiment with the time-
of-flight technique. This technique allows absolute measurement of the velocity-field charac-
teristic in materials too impure to be measured by the latter method. Measurements have
been made with this technique on Ge, InSb, and Si, but only the Ge measurements will be re-
ported here. It is demonstrated that negative differential mobility (NDM) occurs in the elec-
tron velocity characteristic for the {100} direction, at a temperature as high as 200°K, At
77°K, the NDM is as large as 275 cem?/V sec. By applying uniaxial pressure, it is possible
to enhance the NDM. A value of 1000 ecm?/V sec is obtained at 110°K, for a pressure of
9 kbar, with electron motion in the [112] direction, and pressure applied along the [111] direc~-

tion.

1. INTRODUCTION

The time-of-flight technique, first introduced by
Spear! to measure carrier mobilities in Se, has
since been successfully used to measure high-field
properties of some other materials. Using this
technique, Ruch and Kino? have measured the elec-
tron velocity, diffusion, and trapping coefficient of
electrons in GaAs as a function of the electronic
field. Several other authors®-® have employed the
technique to measure the transport properties of
electrons and holes in silicon and in CdTe.® Chang
and Ruch?® have applied the method to the measure-
ment of the electron velocity in Ge at low tempera-
ture.

Typically, this method uses a fully depleted back-
biased p*vn* structure, and carriers are created
by very-fast-electron-beam injection. From the
current duration, the electron (or hole) velocity
can be determined, and the diffusion coefficient
and trapping time can also be derived from the
waveshape. (The sample length w is known. )

Meaningful measurements require a substantially
uniform field in the depleted v region. The dif-
ference in field between the anode and cathode, due
to space charge in the region, is given by AE
= Nyew/€, where N, is the net donor density, e
the electron charge, and € the dielectric constant.
For maximum field uniformity, both N; and w
should be as small as possible to make AE small
compared with the applied fields. N, is limited by
purity of the available materials, and w cannot he
made arbitrarily small, since this reduces the
pulse duration and reduces the measurement accu-
racy by decreasing the ratio of the pulse length to
the rise time. A reasonable minimum for w is
about 300 pm.

The present minimum donor concentration oh-
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tainable with Ge is of the order of 3x10*/cm?;
therefore, with w=300 um and N, as above we find
that AE=1000 V/cm. Thus, the time-of-flight
method is only marginally useful for Ge, especially
with uniaxial applied pressure, since the field in-
homogeneity is about as large as the threshold field
for negative differential mobility (NDM). In addi-
tion, as very few other semiconductors can be ob-
tained in such a pure condition, the applicability

of the method is severely limited.

In this paper we describe a modification of the
time-of-flight experiment, which uses the principle
of minority-carrier injection, as in the Shockley-
Haynes experiment.* By using the electron-beam-
injection technique, the time of measurement is de-
creased by almost three orders of magnitude; thus
the method is far more versatile. In the classical
Shockley~Haynes technique, an extrinsic semicon-
ductor with Ohmic contacts at each end is used.

A drift field is applied between these contacts. Mi-
nority carriers are injected through a separate
emitting electrode at a time # into the semiconduc-
tor. They move under the influence of the drift
field, and at time ¢, their arrival at a separate col-
lector electrode is observed. From the distance
between the emitter and collector and the time
lapse £, - #, the velocity of the minority carriers
is obtained. In its classical configuration, this
method is awkward to apply at high fields because
of the large bias voltage required, and the pickup
problems due to the use of a pulsed voltage supplied,
and to the small time delays involved; at least one
high-field adaption has been used in the past.?

In the experiment to be described in this paper,

a sample of p-type material is used. An electron
pulse is injected in the diode by passing a pulsed
electron beam through a thin »* contact, much as
in the original time-of-flight method. No separate
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collector is used, but the same contact to which the
drift pulse is applied is used to detect the induced-
current pulse. An excess current is produced from
the carriers created by the electron bombardment,
and the duration of this current is again taken as
the transit time. As the samples are now extrinsic,
rather than semi-insulating, there is not a severe
restriction on the donor density, and so a wide
range of materials can be measured by this tech-
nique. In contrast to the original time-of-flight
method, there is also a large Ohmic current passed
through the sample when the drift field is applied.
It is therefore necessary to provide suitable filter-
ing to separate the current induced by the electron
beam from the bias current. Suitable circuits for
this purpose have been devised to separate out in-
jected signals corresponding to a few millivolts am-
plitude from the drift pulse, corresponding to volt-
ages of the order of several hundred volts.

With this technique, easily detectable signals
can be obtained at injection levels such that the
ambipolar correction required is still well within
the experimental limit., Even in a material like
InSh, which exhibits pronounced ambipolar effects,
it turns out that the correction is not unreasonable
(10-15%). Only the results obtained in Ge will be
described here, The results obtained in InSb are
described in the following paper. '3

II. QUALITATIVE ANALYSIS

Consider the device shown in Fig. 1. Neglecting
diffusion, the conduction current density in equilib-
ium is
(1)

Here v, and v, are the electron and hole drift veloc-
ities and n, and p, are the electron and hole con-
centrations (usually pg> ny). When an excess of
electrons and holes, Axn and Ap, respectively, are
introduced, there will be a change in the field in
the region where the excess carriers are present,
so that the velocities of the carriers will bechanged
by Av, and Ay, respectively. The current density
is therefore

Jo=—engv, +epgty .

j==elng+An) (v, +Av,) +e(py+Ap) (v, + Av,).

To first order, the current density through the
sample is

@)

j=jo+elpoAv, = ngAv,) +e(Ap v, —Anv,)

The total current density i= €(8E/8¢) +j must be
uniform through the sample, since from Maxwell’s
equations, in one-dimensional form,
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— (e =—= +j)=0 .

ox (‘ Y, ”)
Integrating over the length of the sample, we ob-
tain the result
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—enOL Avndx+ef (Apv, - bnw,)dx . (3)
0

The second integral on the right-hand side of Eq.
(3) can be written as

L] 9 v
epof —éﬂ—Adepr%J' AEdx |
0 0

and similarly for the term involving v,. If we as-
sume that the voltage across the device remains
constant, then each of the first three integrals

are zero. Taking An=Ap, we find that only the
last term in Eq. (3) gives a contribution, so that
by putting I'= I+ Al where [ is the conduction cur~
rent through the sample, and putting AQ=[§ eAp dx,
we find that

AI=AQ(v, —v,)/w .
As v, and v, are of opposite sign, it follows that
lar] =2 (v,| + v, )/w , (4)

where AQ is the excess charge introduced per cm?,
It is seen that there exists a contribution both from
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FIG. 1. Schematic illustration of the combined

Shockley—Haynes and time-of-flight methods: (a) typical
sample configuration; (b) excess carrier distributions;
(c) space-charge distribution; (d) electric field variation.
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the holes and the electrons and that the basic for-
mula for the induced current is the same as that
for the semiinsulating material. The velocity with
which the electrons move is of course determined
by the local field they experience, as in indicated
in Fig. 1(d). This is seen to be somewhat less
than the average applied field because of the in-
creased carrier density. The electric field and
hence the velocity of the excess electrons is de-
pendent upon the concentration of the injected mi-
nority carriers. The solution to this problem has,
in general, been derived by Herring, ** but we will
follow an approach first given by Van Roosbroek,
and commonly called the ambipolar solution

The derivation is carried out in the Appendix.
A wave equation is derived for Az, the excess mi-
nority carrier concentration. One finds an ambipo-
lar group velocity

Z’m*‘é’"paE vf’”aE> P3E *"E) ¢

(5)

and an ambipolar diffusion coefficient given by

oo B/ b i)
Dam“('D"f’ oE TDe" 5 P3E T"eE/ -
(6)
Substitution of -, E and 4, E for v, and v, at low
fields reduces the above quantities to the more fa-
miliar expressions

_ p—-n
Ham ™ /0, + /ity @
and
___b+n
Do = p/D,+n/D, (8)

A similar expression has been derived by Kino, 16

on the basis of a carrier-wave approach; the re-
striction Ax=Ap is not required in his treatment,
but it follows from his derivation that the result
is a very accurate approximation provide it is as-
sumed that Ax <% and Ap < p. Equation (5) can
also be derived by using a carrier-wave analysis
with Fourier-transform techniques. As the re-
sults obtained are based on a small-signal theory,
An must be small compared to », which provides
certain restrictions on such experiments.

The difference between the true drift velocity of
the electrons (the minority carriers) and the am-~
bipolar velocity is

9 d 9
v (5 o) / (o 5 5)

©)
It will be noted that the ambipolar velocity can be
smaller than, equal to, or larger than the true elec-
tron drift velocity, depending on whether the dif-
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ferential electron mobility is positive, zero, or
negative. This occurs because the actual field
that the excess carriers see is always smaller than
the average field. To see the magnitude of these
effects, consider that a 10-mV signal is desired at
the sampling oscilloscope at 1500 V/cm for a sam-
ple of Ge 0.6 mm long, oriented along the [100]
direction. The electron and hole velocities v, and
v, at room temperature are 4.0 x10% and - 2, 2x108
cm/sec, respectively, and the differential mobil-
ities are 1750 and - 1650 cm?/V sec, respectively.
The effective load resistor is of the order of 33 Q;
and therefore a 300-uA excess current is required.
The excess carrier concentration taking into ac-
count the sample dimensions is roughly 4x 101
electrons/cm®, For 15-0 cm material, p=2.1
x10*/cm® %=2.7%x10'%/cm® and hence, from Eq.
(14), v, — vy, =6x%10* cm/sec. The ambipolar ve-
locity is roughly 1.5% smaller than the true drift
velocity. This correction is well within the experi-
mental accuracy. Since the electron and hole ve-
locities are usually known to some degree, the al-
lowable signal can be estimated, and it is therefore
possible to keep the correction small, by keeping
the injection level and the observed signal small.

For this method to be accurate, it is important
that a uniform field can be obtained throughout the
p-type sample. This requires that the hole velocity
characteristic does not show a pronounced satura-
tion effect or NDM; otherwise there may be excess
hole charge and the field may become nonuniform.
For the maximum fields that have been used and
(about 10 kV/cm) the typical sample dimensions
(0.6~1 mm) and doping densities used, it would
also seem that the space-charge injected current
is still small compared to the Ohmic current. }?
Probing of the samples confirmed these results,
and indicated uniform fields.

Because of the nature of the experiment, there
is increased electron-hole scattering, which has
a first-order effect on the mobility of the electrons

at least at low temperatures and low electric fields.
Paige18 has experimentally demonstrated that this

type of scattering can be quite important at tem-
peratures of 77 °K or below for low fields, and

his results are in good agreement with a theory of
McLean and Paige!® on electron-hole scattering at
zero fields. A theoretical analysis of the electron-
hole scattering cross section at high fields does
not yet exist, and is not an easy problem. We have
not made any corrections to our data to take this
effect into account, This would appear to be rea-
sonable when it is considered that the electron-
hole scattering, which is of a Coulomb nature,
varies at 1/4%,, where v, is the thermal velocity
of the carrier. Therefore when electron heating
takes place, the scattering becomes negligible.
Our experimental observations are also in good
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agreement, as far as the magnitude of the velocity

is concerned, with those of Chang and Ruch, 10 who
used the time-of-flight technique in a semiinsulat-
ing material where electron-hole scattering is vir-
tually inexistent.

The method described here may be compared to
that used in the Shockley-Haynes experiment. Our
technique uses no collector or emitter and has a
geometrically well-defined path length for the elec-
trons, the surface recombination is negligible, and
materials that have a much shorter lifetime and
trapping time can be used. Typically, the transit
time is more than three orders of magnitude small-
er than in the classical configuration, there are
few pickup problems, and it is capable of measuring
the velocity at much higher fields. On the other
hand, it does require very good Ohmic contacts,
which are also very thin (<1 um). These are not
always easy to make by conventional means, al-
though the advent of ion implantation should con-
siderably ease this difficulty. Diffusion measure-
ments are much harder to make with this new tech-
nique than with the Shockley-Haynes technique.
Experimentally it is observed that the fall time of
the signal is very sensitive to the amount of injec-
tion, more than can be accounted for by ambipolar
effects, This is probably due to the fact that the
minority carriers arriving at the anode are re-
ceived at a contact that is mainly constructed to
inject holes.?® These difficulties coupled with the
possibility of electron-hole scattering lead us to
conclude that, when possible, the time-of-flight
method used with the semiinsulating material should
be preferred to this technique, althcugh with many
materials it is not possible to do this.

III. EXPERIMENTAL SETUP AND SAMPLE PREPARATION

The experimental setup consists of an electron
gun and deflection system, a vacuum system, a
bias and filter arrangement, and a sampling oscil-
loscope. The sample is biased and simultaneously
bombarded by high-energy electrons (10~12 kV)
from a cathode-ray gun., The eleciron beam is
swept laterally across the sample aperture at very
high speed by applying a fast ramp voltage to a
pair of deflection plates. These high-energy elec-
trons come into equilibrium with the lattice and
create electron-hole pairs in the process. Typi-
cally, the energy required to create an electron-
hole pair by this process is 2.9 eV in Ge, 2 and
penetration depth is of the order of 1 ym, The
multiplication process occurs very fast (in a time
smaller than 100 psec) and this time lapse is insig~
nificant in our measurement. The excess current
is filtered out from the bias voltage and is dis-
played on a sampling oscilloscope (HP 185B).

Because of the use of an electron beam, the sam-
ple must be placed in vacuum. External cooling
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baths are provided to bring the sample to the de-
sired temperature. By the use of a Vacion pump
and a getter pump, a pressure of 1X 10"® Torr was
routinely achieved in the system. It was found
that operation at these pressures significantly im-
proved the lifetime of the oxide-coated cathode.
Since the vacuum is broken every time a new sam-
ple is loaded, the cathode is somewhat contaminated
by exposure to air. These effects were minimized
by letting the system up to an over pressure of ni-
trogen, and by keeping the 6.3-V filament of the
cathode heated with about 2 V. This way it was
found that the system could be opened well over

30 times before cathode failure.

A cathode-ray tube from an HP 195 oscilloscope
was used as an electron gun, and a 210-V 12-nsec-
rise-time pulse from an HP 214 pulse generator
was applied to the first set of deflection plates.

A lateral-beam velocity of 5.15x10° cm/sec was
obtained giving an injection time of 195 psec across
a 1-mm aperture. The rise time of the pulse ap-
plied to the deflection pulse was decreased by a
factor of 4 from that obtained directly with the use
of of an HP 214 pulser, by using a snap varactor.
With this technique it was possible to obtain an ef-
fective electron injection time of about 50 psec.

The deflection pulse is triggered by the bias
generator which supplies the drift field across the
sample. Repetition rates from 20 to 60 cycles/sec
were used, depending upon the amount of bias volt-
age applied and the resistivity of the samples. Be-
cause of the low repetition rate and because the
samples are rather thin and flat, and in immediate
contact with metal in the back and the front, the
temperature rise is not a severe problem.

The major experimental difficulty that arises
with this technique is the separation between the
large bias voltage, which can be as much as 800
V, and the induced signals which are of the order
of 10 to 20 mV. Since the sampling oscilloscope
can only tolerate a few volts, a filter must be de-
signed so as to reduce the bias voltage to a tran-
sient of a few volts at the scope, while not disturb-
ing the desired signal. Various schemes were
tried; however, by far the best results were ob-
tained with the system illustrated in Fig. 2. The
filter consists in essence of two coaxial shorted
lines and a coaxial capacitor. The length of the
lines is variable, and their length is chosen such
that the round-trip time of a signal on the line is
slightly in excess of the duration of the excess cur-
rent that is created by the electron bombardment.
Thus for the induced pulse, these lines present an
impedance of 50 ©. The line in front of the filter
serves to delay the reflection that occurs at the
first shorted line. The second line is terminated
by a 10-Q load to increase the decay of the bias
transients., The equivalent circuit at low frequen-
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c DC BLOCK UNIT -
SAMPLE "' 50 @ LINE (o /-IOOOpF
— ‘Dl " T 7 SAMPLING SCOPE
TRON L& " ~ INPUT FIG. 2. Filter and bi
ELECTRON i} - v . 2. Filter and bias
INJECTION - > 4 SAMPLING schematic. At high bias voltages,
S0aZR 2 1. OF SCOPE all cable lengths are reduced to
CABLE OUTPUT 6 ft. Various values of C; are
BIAS GENERATOR chosen depending on the sample
VELONEX , |12 ft. OF CABLE resistivity.
RERES
P Q| (Ry)

cies is illustrated in Fig. 3(a) and is in effect a
high-pass filter. At low frequencies the shorted
lines merely act as small inductances. For short
time intervals, shorter than the round-trip time

of an electromagnetic signal on the shorted lines,

a different equivalent circuit applies, as illustrated
in Fig. 3(b). The excess current is represented by
a current generator and is loaded by the sample
and the line. R, is to be considered the dynamic
resistance of the sample at the time when the in-
jection occurs and at high fields is typically 4-5
times higher than at low fields. A voltage pulse of
magnitude

R./(Rg + Zy)AI

is sent down the 50-% line. Since at the end of the
line the impedance is roughly 25 Q, the reflection
coefficient is

T=(Z, - Z))/(Z, + Zg)=— 5 . (10)
The observed voltage on the scope is
AV=%[R,/(Rs+ Zy)] AI . (11)
R, 508 SAMPLE Cc,
SCOPE INPUT
BIAS
GENERATOR
R2
(a)
Cz
SAMRPSLE 3 Ar 500 508
(b)
FIG. 3. (a) Equivalent circuit at low frequency. (b)

Equivalent circuit for disturbances shorter than the
round-trip time on the shorted lines,

LU BT

Due to the capacitance C,, there will of course be
a slight drop in voltage with time, but the resul-
tant time constant is of the order of 75 nsec, and
the voltage drop is small since the pulse duration
is 10~-15 nsec at most. A typical signal observed
on the sampling scope is illustrated in Fig. 4.
The transit time is taken to be the pulse width at
half-height.

The samples were all made from high-purity
p-type germanium, with resistivities of 15 and 25
© cm at room temperature. Appropriately oriented
crystals were lapped and etched to the desired
thickness. Contacts were made to the samples
by diffusing 0.5-0.7 um of Ga or In in a closed
evacuated quartz tube, After diffusion, 500 A of
In is evaporated on one side, and about 7000 A on
the other sides. As In does not wet the surface
of Ge it is important to keep the alloying tempera-
ture close to the eutectic temperature of In-Ge
(156 °C) since otherwise balling up of the indium
tends to occur. The samples are then cut on the
wire saw to dimensions of roughly 1.5X%1,.5%X0.7
mm for the samples without pressure and 1xX1X1
mm for those used in pressure experiments. The
broad sample faces were then covered with Mylar

"-—-—-—-

Nyt

FIG. 4., Typical retrieved excess current pulse. The
velocity is determined from the half-height pulse width,
Horizontal scale: 2 nsec/cm; vertical scale: 10 mV/cm,
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tape and the sides reetched in CP, and H,0, to im-
prove the breakdown voltage. Samples made this
way could withstand fields up to about 20 kV/cm
without injection. For the pressure experiments,
the [111] faces are lapped flat and parallel to a
very high degree; since no etching could be per-
formed after the polishing operation, surface
breakdown would usually occur at 8-9 kV/cm.
Orientation of the pressure samples was correct
within 2 °.

Pressure was applied to the samples by means
of the spring mechanism illustrated in Fig. 5.
This design has the advantage that it can be fitted
to the end of a 50~ line, without introducing a
major disturbance, and yet has good thermal con-
ductivity at low temperatures. Its dimensions had
to be small to fit the vacuum chamber (1.2 in.
diamXx0, 5 in.), but it could deliver up to 200 kg of
force without exceeding the elastic limit. The
sample is placed between highly polished sapphire
jaws, and pressure is applied by means of a screw.
The transverse deflection is measured and provides
an indication of the applied pressure. Accuracy of
the pressure reading was within 2 kg, With care-
ful mounting and polishing of the germanium crys-
tals it was possible to obtain pressures of the order
of 10 kbar without fracture. This is about a factor
of 2-3 lower than can be achieved in the usual uni-

(b)

T CROSS CONTRACTION

(LoP):(2-5)Er
y

(a) Photograph of the pressure mechanism.
(b) Basic spring mechanism.

FIG. 5.
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axial pressure devices, which are, however, sev-
eral orders of magnitude larger in volume. Since
the diameter of the spring is measured at room
temperature, there will be a slight increase in
pressure when the temperature is decreased. At
110 °K and 9 kbar, this correction is of the order
of 5%. Due to the radiation from the walls, and the
fairly long thermal path, the sample would not
reach the temperature of the external cooling path.
With liquid nitrogen, the equilibrium temperature
was 110 °K, and with dry ice and alcohol it was
226 °K.

IV. EXPERIMENTAL RESULTS IN UNSTRESSED Ge

High-purity p-type samples of 15~ and 25- cm
resistivity were used. Although no difference was
found in the high-field properties of these materi-
als, the low-field mobility (at 100 V/cm) was found
to be different and in agreement with what would be
expected from ambipolar theory. In the 15-Q cm
material (p=2.1x10%/cm? z=2,7x10'%/cm?) the
measured transit-time mobility was found to be
3900 cm?/V sec, and for the 25-Q cm material,
3420 cm?/Vsec (p=12x10%/cm3, n=4.8x10'%/
cm®). The calculated mobilities are, respectively,
3850 and 3500 cm/V sec. The results of the mea-
surements at room temperature for various crys-
tallographic directions are illustrated in Fig. 6.
The results illustrated are the average of four
samples, two of each resistivity with corrections
made for ambipolar effects. The [112] direction
has also been measured, but is not indicated; the
measured values are slightly lower than those for
the [110] direction,

It is seen that substantial anisotropy is present
at high fields. The saturation velocity in the [100]
direction exceeds that in the [111] direction by as
much as 20%. The anisotropy is caused by the
many-valley band structure of Ge; a large electric
field causes differential heating and repopulation of
the various [111] valleys, and this in turn causes
the field and the current to be noncollinear, a phe-
nomenon known as the Sasaki®® effect. However,
in the symmetry directions of the crystal, j and E
must still be aligned (the [110] direction presents
a peculiar situation, however, since the field di-
rection is threefold degenerate®). In Ge, with the
main valleys in the [111] direction, the current
should be largest in the [100] direction where all
valleys are symmetric with respect to the current
direction, and minimum in the [111] direction.

One would expect that the anisotropy should even-
tually decrease at very high fields since the elec-
tron temperature in all valleys is high enough so
that sufficient backscattering occurs to equalize the
population in all valleys. The qualitative aspects
of this theory have been borne out in experiments.
Early measurements by Nathan® and Barrie and
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A:DATA POINTS FROM SMITH
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FIG. 6. Measured electron velocity vs field in the
[100], [110], and [111] directions taken at T=300 °K.

Burgess? did not show appreciable anisotropy at
room temperature. More recent microwave mea-
surements by Dienys and Pozehla® indicate that the
conductivity in the [100] direction exceeds the con-
ductivity in the [111] direction at fields of about 3
kV/cm by about 15%. This anisotropy is also
borne out by the more recent measurements of
Smith®’; some data points from Smith are indicated
in Fig. 6. However, in contrast to his measure-
ment, we do observe a complete saturation of the
electron velocity characteristic in the [100] direc-
tion for fields from 5-10 kV/cm. Almost complete
saturation is obtained for the [110] direction and a
positive differential mobility of the order of 50 cm/
V sec is maintained at the highest field in the [111]
direction. The measured anisotropy is of the order
of 20% in the region 3—-4 kV/cm.

The experimental results at 200 °K are given in
Fig. 7. The anisotropy is seen to be substantially
enhanced and reaches values of the order of 30%.

In the [111] and [112] directions, a slight positive
mobility exists, whereas in the [110] direction com-
plete saturation occurs. We have also observed

for the first time that NDM occurs in the [100] di-
rection at 200 °K. An early calculation by Fawcett
and Paige® for the [100] direction gives an NDM at
150 °K of 100 cm?/V sec, with a threshold of about
5kV/cm. Our experimentally observed values are
80 cm?/V sec and 6 kV/cm at 200 °K.

The data taken at 80 °K are given in Fig. 8. The
velocity difference at high tields between the [100]
and [111] directions is now approximately 50% at
fields of the order of 2 kV/cm. Rather pronounced
NDM (275 cm?/V sec) is observed in the [100] di-
rection, a very slight NDM (40-59 cm?/V sec)exists
in the [110] direction, and almost complete satura-
tion exists for the [112] and [111] directions. The
time-of-flight measurements of Chang and Ruch®®
in comparison do not demonstrate such a large
NDM; for the [100] direction, they quote a value of
80 cm?/V sec extending in a region from 2.2 to
4,3 kV/cm. However, as already pointed out, be-
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100>

V(108 cm/sec )

E(kV/cm)

FIG. 7. Electron velocity vs field in the [100], [110],
[112], and [111] directions at T'=200°K.

cause the field in the purest material obtainable is
nonuniform, the time-of-flight technique is not an
optimum one for germanium, As far as the magni-
tude of the velocities is concerned, the agreement
of both methods is rather good, at least in the [100]
and [110] directions. The maximum velocities in
the [100] and [110] directions obtained by Chang?®
are 1.18%x10" and 1.15x107 cm/sec vs 1.12X 107 and
1.10x 107 cm/sec observed with our technique.
Both measurements have in common that they
yield velocities that are 20% lower than those that
are measured by microwave or very fast measure-
ments of conduction current. They are in better
agreement with earlier reported saturation values,
but still incapable of detecting NDM.

Quite good agreement, but probably fortuitous,
can be obtained with the calculations of Fawcett
and Paige® for the [100] direction already discussed
if a scale factor of 0.76 is applied to their calcu-
lations. The latter is introduced to make the cal-
culated saturation velocity at room-temperature
velocity agree with the observed value. In a latter
and more rigorous calculation, 3 they used the
Monte Carlo technique, so that no assumptions con-
cerning the distribution function have to be made.

or-

V(108cm/sec)
L
T

E (kV/cm)

FIG. 8. Electron velocity vs field in the [100], [110],
[112], and [111] directions at T'=80 °K.
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This model gives saturation at 150 °K and a smaller
NDM of 160cm%V sec at 77 °K. Although the model
should be more accurate, the discrepancy at 300 °K
between the calculated saturation velocity of 8x 108
cm/sec in the [100] direction and the observed ve-
locity of 6.1x10% cm/sec is still substantial, In

a more recent and as yet unpublished calculation, 3!
they have obtained a better fit between the Monte
Carlo method and the room-temperature saturation
velocity. The modification was done to bring the
model in better agreement with recent observations
from small-field hydrostatic-pressure measure-
ments. As a general result, the maximum ve-
locities are lowered, and the NDM is increased

and continues to exist even at 150 °K. In addition,
Baynham, 32 using microwave-absorption techniques,
has observed an NDM as large as 300 cm?/V sec

in the [100] direction. Thus it now seems possible
that the NDM may have been previously underes-
timated.

Since the discovery of microwave oscillations at
77 °K in Ge by McGroddy and Nathan, 3% various
other mechanisms in addition to interband transfer
effects have been suggested, such as nonparabolicity
of the [111] band at high energies, scattering to
impurity states connected with the [100] minimum,
and the fact that equipartition is not completely
valid for the acoustic phonons involved in the scat-
tering of high-energy electrons. However, most of
these mechanisms only begin to have considerable
effect at energies where transfer is already impor-
tant, and usually give only very weak NDM. In
view of our results, the intervalley transfer would
seem to be the main factor. The NDM in the [110]
direction is found to be much less than the NDM in
the [100] direction, as predicted from intervalley
transfer.

V. EXPERIMENTAL RESULTS IN STRESSED Ge

All measurements, with the samples under uni-
axial pressure, were taken with pressure applied

‘_\Q!—%Omv
F

<100)>
MINIMA

2l0mV <- -
- i =
<D m=i3m, <11T>
rn=l.3m1 m=6.4my
Qi s UU
MI m I
NMANGS — 7.8mV (COMMON SHIFT)
75mV
<> VALLEY
m=mt
0 kbar 10 kbar
F1G. 9. Energy-minima separation as a function of

uniaxial pressure in the [111] direction. The equivalent
masses are for current in the [112] direction.

A, NEUKERMANS AND G. S.

(BN

KINO

V(108cm/sec)

E (kV/cm)

FIG. 10, Velocity-field characteristic as a function
of pressure at 300 °K, The current is in the [112] direc-
tion and the uniaxial pressure in the [111] direction.

in the [111] direction and electron motion in the
[112] direction. p-type germanium itself can ex-
hibit instabilities at low temperature, because of
hole-transfer effects, with the pressure and applied
electric field collinear in the [111] direction, 3

No effects of NDM or very pronounced saturation
of the hole characteristic were observed in the ex-
perimental configuration where the pressure and
field are perpendicular. The potential was, there-
fore, assumed to be uniform, but the probe tests
could not be performed in this arrangement. The
presence of uniaxial pressure in the [111] direction
removes the degeneracy of the four [111] valleys,
whereas the [100] set remains degenerate. The
splitting to be expected for this configuration is as
illustrated in Fig. 9. The [111] valley is lowered
by about 100 mV for a pressure of 10 kbar with
respect to the three other valleys. These remain
degenerate, as is required by symmetry. It is seen
that the ratio of the conduction masses is such that
negative differential conductivity can occur, as was
first demonstrated by Smith.3® The splitting be-
tween the valleys is given by 6E =4 =, pS,,, whereas
the common shift is given by —p(Sy; + Sp5) X (2,
+%%,). Here =, and =, are the deformation po-
tentials (- 7.1 and 15.8 eV, respectively) and Sy,
Sy, and Sy, are the elastic-compliance coefficients
(51;=9.51x10"" ecm?/kg, Spp=-2.59%10"7 cm®/kg,
Sus=1.457%x10% cm?/kg).

The data taken at 300 °K for various pressures
are illustrated in Fig. 10. The curves drawn are
again the average for four samples, two with a
room-temperature resistivity of 25 € cm and two
of 15 @ cm. Up to 4 kbar no NDM is present, but
the velocity at a given field is increased. With
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increasing pressure, NDM sets in and the velocity 77°K
keeps increasing. At 9 kbar, the NDM is about 27°K
140 cm?/V sec, and the velocity at 1 kV/cm has al-
most been doubled with respect to zero pressure. N T N
The threshold for instability is seen to decrease o 2 4 6 8 10

with pressure. Decreasing the temperature in-
creases these effects as seen in Figs. 11 and 12;
the thresholds are lowered and the NDM increases.
At 9 kbar and 226 and 110 °K, the NDM near the
threshold is, respectively, 250 and 1000 cm?/V sec.
The low-field mobility is, of course, significantly
increased since the effective conductivity mass is
now m;,, for at large pressures only the lower-
mass minimum is substantially populated. The
maximum velocity at 110 °K is 1.25x 10" cm/sec
up 30% from its zero-pressure value. Measured
domain velocities in an n-type material with this
pressure at 77 °K were about 1.4Xx 107 cm/sec.

The threshold for oscillations, as derived by
Smith et al., % are compared with our data in Fig.
13. The agreement is not very good, and larger
thresholds are obtained by our method. However,

12
10+
® 8l _
<L V-E V(I12) DIRECTION,
£ P(111) DIRECTION
@ 6
[}
; b
4}
2+
1 1 Il 1 ] 1 ] 1 1
0 | 2 3 4 5 6 7 8 9 10
E(kv/cm)
FIG. 12, Velocity-field characteristic as a function

of pressure at 110 °K,

PRESSURE (kbar)

FIG. 13. Threshold vs pressure. The current is in
the [112] direction and the uniaxial pressure in the [111]
direction.

thresholds obtained by the observation of domain oscil-
lations usually give values that are too low, due to
local high fields at the contacts. In addition, be-
cause of the nature of the NDM here, it is possible
that a local-strain concentration cancreate a region
where NDM exists, long before the bulk of the
material is sufficiently strained to obtain threshold.
Such phenomena will affect threshold measure-
ments very markedly, but will not affect our re-
sults, since the total transit time is more closely
dependent on the average pressure rather than the
peak pressure.

In general, the threshold dependence does not
agree with the model of Butcher, Fawcett, and
Hilsum? for GaAs, which predicts that a thresh-
old minimum will occur at an energy separation
kT, where T is the lattice temperature. Our data
do not show any threshold minimum at energy separa-
tions several times .7, and the minima from
Smith’s observations also occur at much higher en-
ergies than £T. Smith and McGroddy®” have per-
formed a McCumber —Chynoweth-type calculation®®
and obtained semiquantitative agreement with their
experiments. However, the calculated thresholds
are in most cases markedly higher than the ob-
served ones. A calculation, using the Monte Carlo
method, has not yet been applied to deal with the
effect of pressure. Such a calculation and compar-
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ison with the experimental results could give sub-
stantial insight into the transfer process, since the
energy separations, scattering coefficients, and
effective masses are fairly well known for Ge.
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APPENDIX A: AMBIPOLAR EQUATIONS WITH
FIELD-DEPENDENT MOBILITY

The derivation is similar to the one given by
Van Roosbroel, but the field dependence of the mo-
bility will be taken into account. We will consider
that space charge holds everywhere, hence An=Ap,
The partial derivatives of » or An are then equal
to these for p and Ap. The electron and hole cur-
rent densities are

Jn=—e (nvn

on
-D, ax>
and

9
],,—e(pvp D, 81)) .

From continuity, neglecting recombination, and
trapping, we obtain the result

(A1)

(a2)
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9 _ 1 8j, _ 8 an

ot e dx  ox (nv,, Dn 8x>
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Eliminating the terms in 8 E/8x, and using the rela-
tion 8%/0t=9An/0t, we find that

9An 2 81) g_v_,,_
Y] 35 " B

_9%4n (v Ay 8y
ax \? 3 T g
8%An < 3, 3V,

+ax2 - D, p 8E+D"n*8E

This is seen to be a wave equation for Axn, with an
ambipolar group velocity

_ v _, . 3w o,
Vam*'(”ﬂp s " azs)/( b SE 8E>
(AB)
and an ambipolar diffusion coefficient given by

v d, dv, )
Zn. —p D —n.
*D, m 6E)/( o " oE) *

(A7)
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Absolute measurements of the electron velocity in InSb at low and high fields have been
made, using the combined Shockley—Haynes and time-of-flight technique. Low-field mobilities
of 7x 10° cm/V sec are reported and negative differential mobility is observed at high fields.
By comparing the experimental results with numerical solutions of the ambipolar equations,
it is demonstrated that the ambipolar errors are of the order of 10~15%. The experimental
results are in good agreement with previous low-field measurements and agree over the
whole range with the recent Monte Carlo calculations of Fawcett and Ruch.

I. INTRODUCTION

Drift mobilities of electrons in InSb have in the
past been measured by making use of simultaneous
pulse conductivity and Hall measurements. 1> The
number of carriers is determined from the Hall
measurement, and hence the mobility can be de-
termined from the conduction current. Absolute
measurements like the Shockley—Haynes experi-
ment fail because of the very fast trapping that
takes place.® By making use of an electron-beam-
injection technique, which we have employed pre-
viously to measure electron mobility in p-type
Ge, * we have succeeded in making absolute mea-
surements of the velocity-field characteristics in
InSb. This method combines the Shockley—-Haynes
technique with the time-of-flight method.

Transit times of the electrons in the sample are
of the same order or less than the trapping times,
and therefore the trapping does not limit the mea-
surement as much as in other techniques. Abso-
lute measurements were obtained in high-resistivity
material; in more impure material the trapping is,
however, too pronounced, and excessive injection
of electrons is required to obtain a waveform that
can be used for a measurement. Itisdemonstrated,
however, by solving the nonlinear ambipolar equa-
tions numerically, that in general the ambipolar
correction is substantially smaller than what would
be expected from the linear theory.

Initial experiments were limited to fairly low
fields (100--200 V/cm). The observation of Gunn

oscillations by Smith ef al.® in unstressed InSb,
stimulated interest in the high-field region (E >400
V/cm). The existence of negative differential
mobility (NDM) was confirmed experimentally, as
reported earlier.® For both the high- and low-
fields regions, there exists good agreement be-
tween the Monte Carlo calculations of Fawcett and
Ruch” and our results.

II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION

The basic technique and experimental setup was
essentially the same as for the measurement of
germanium, described in the previous paper. *
High-energy electrons bombard a biased extrinsic
(usually p-type) semiconductor and create a thin
layer of charge which drifts through the semi-~
conductor. This current “pip” associated with the
drifting charge layer is filtered from the equilib-
rium current, and its duration provides a measure
of the transit time of electrons in the sample.

The material used in all experiments was com-
mercially available, high-purity p-type InSb, sup-
plied by Cominco and Monsanto. Samples with re-
sistivities ranging from 5 to 280 £ cm (at 77 °K)
have been used. Since the main problem encountered
in the measurement is the occurrence of very fast
trapping, care has to be taken to remove all dam-
age that can occur during handling of the samples.
InSb in particular is susceptible to damage from
cold working, and therefore only the center parts
of the slices as obtained from the suppliers were
retained, and the rest removed with fine abrasive.
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FIG. 5. (a) Photograph of the pressure mechanism,
(b) Basic spring mechanism.



