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[57} ABSTRACT

A semiconductor device includes a piece of semiconductor
material exhibiting transferred electron effects between three
sets of conduction band valleys, which sets consist of a set of
lowest energy, a set of highest energy and a set of intermediate
energy, and in which the set of lowest energy has an energy
density of states smaller than that of either of the other two
sets and in which the rate at which electrons are scattered
between the set of lowest energy and the set of intermediate
energy is less than both the rate at which electrons are scat-
tered between the set of lowest energy and the set of highest
energy and the rate at which electrons are scattered between
the set of intermediate energy and the set of highest energy,
and means for applying voltages across the piece of semicon-
ductor material, whereby electron transfer occurs between the
different sets of valleys. Also included in the device are means
for controlling the current flowing such that it is free of dipole
domains. The semiconductor material may be either InPAs,_
(1 = x = 0.75) or IngGa,_,Sb(0.05 < y = 0.30).

8 Claims, 16 Drawing Figures
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THREE VALLEY TRANSFERRED ELECTRON
OSCILLATOR

The present invention relates to semiconductor devices.

In recent years there has been increasing interest in
semiconductor devices which make use of transferred elec-
tron effects in high electric fields. These effects result from the
transfer by scattering of electrons to conduction band valleys
with higher energies than the valley (or valleys) chiefly occu-
pied in lower fields. When the higher energy valleys have a
larger energy density of states than the lower valley(s), it can
happen than the electron drift velocity falls with electric field
over much of the range of the field where transfer takes place.
The electrons consequently exhibit a negative differential con-
ductivity which can be usefully exploited in various devices,
notably in microwave oscillators. .

Gallium arsenide is an example of a material showing such
an effect; the negative differential conductivity begins at a
field of about 3 kV per cm. Gallium arsenide of N-type con-
ductivity is widely used in microwave oscillators which make
use of this negative differential conductivity. It is generally re-
garded as being the optimum material. In many oscillators, a
high electric field region, called a domain, travels periodically
through the gallium arsenide from the cathode (negative elec-
trode) to the anode (positive electrode) at a speed close to 1 X
107 cm/sec. The. performance of the oscillator is dictated by
the existence of the domain. A strong tendency for domains to
form is an inherent property of gallium arsenide. Con-
sequently achieving modes of operation where domain forma-
tion is wholly or partially suppressed is difficult, although
possible. This difficulty is often a disadvantage since the oscil-
lator efficiency of domain modes is usually low.

It has long been appreciated that the band structure of the
semiconductor and the scattering processes acting on the elec-
trons determine the fundamental behavior of the electrons
and ultimately the modes of operation of devices, their effi-
ciency and their frequency limitations. It is clearly desirable to
select for transferred electron devices a semiconductor whose
fundamental parameters yield the most beneficial transferred
electron properties. Three desirable properties are (1) a large
“peak to valley ratio” (i.e., the ratio of the highest electron
velocity attained to the lowest velocity reached at higher
fields) to increase the maximum device efficiency, (2) both
peak and valley velocities should be reasonably large so that
operating frequencies are not unduly limited and (3) the in-
herent tendency for domain formation should be weak to per-
mit flexibility of modes of operation of devices.

- In gallium arsenide two sets of conduction band valleys are
effective in determining the transferred electron properties.
The present invention is based on the new realization that
device performance can in certain respects be made superior
by using a semiconductor in which transfer occurs between
three sets of valleys.

According to the present invention there is provided a
semiconductor device including a piece of semiconductor
material exhibiting transferred electron effects between three
sets of conduction band valleys, which sets consist of a set of
lowest energy, a set of highest energy and a set of intermediate
energy, and in which the set of lowest energy has an energy
density of states smaller than that of either of the other two
sets and in which the rate at which electrons are scattered
between the set of lowest energy and the set of intermediate
energy is less than both the rate at which electrons are scat-
tered between the set of lowest energy and the set of highest
energy and the rate at which electrons are scattered between
the set of intermediate energy and the set of highest energy, an
anode on the piece of semiconductor material, a cathode on
the piece of semiconductor material, means for applying

“between the anode and the cathode voltages such that elec-
tron transfer occurs between the set of lowest energy and the
set of highest energy and between the set of highest energy
and the set of intermediate energy and means for controlling
the current flowing between the cathode and the anode so that
the current is free of dipole domains. Examples of semicon-
ductor materials with suitable band structures and scattering

[9,]

10

15

20

25

30

35

40

45

50

55

60

65

70

75

2

rates between sets of valleys are indium phosphide, alloys of
indium phosphide and indium arsenide with more than 75
molecular per cent indium phosphide and alloys of gallium an-
timonide and indium antimonide with between 5 and 30
molecular per cent indium antimonide.:

According to an aspect of the present invention there is pro-
vided a semiconductor device including a piece of N-type indi-
um-phosphide, a first electrode attached to the piece of indi-
um phosphide, a second electrode attached to the piece of in-
dium phosphide and allowing a substantially greater current
density in the piece of indium phosphide in the region of the
second electrode than in the region of the first electrode and
means for biasing the first electrode negatively with respect to
the second electrode whereby electron transfer occurs
between the different sets of valleys.

A substantially greater current density may be allowed by
making the second electrode smaller than the first electrode,
by introducing a doping inhomogeneity in the region of the
first electrode or by tapering the piece of indiurn phosphide in
that reglon

By a “set of valleys” is meant all of those valleys of equal
energy which appear at equivalent points on the same Bril-
louin Zone.

Embodiments of the present invention will be described by
way of example with reference to the accompanymg drawings
in which:

FIG. 1 is a graph of electron drift veloclty plotted agamst
electric field strength for three typical semiconductor materi-
als.

- FIG. 2 is a schematic diagram of the band structure of a
semiconductor material. .

FIGS. 3, 4 and § are calculated graphs of electron drift
velocity plotted against applied electric field strength for InP,
InAs, ,P, . and In,_,Ga, 4Sb respectively FIG. 6 is a circuit
diagram of a circuit used to record current oscxllatlons in
semiconductor materials. -

FIG. 7 is a graph of current plotted against tlme and is ob-
tained using InP in the circuit of FIG. 6.

FIG. 8 is a graph of current plotted’ against time showmg
schematically the type of oscxllatlons obtained using GaAs in
the circuit of FIG. 6.

FIGS. 9 to 15 are dlagrams illustrating semiconductor
device fabrication for operating in given modes.

FIG. 16 is a diagram of a cross-section through the axis of a
microwave device embodying the present invention. )

FIG. 1 is a graph of electron drift velocity plotted against
electric field strength for three typical semiconductor materi-
als. The graph shows qualitatively the characteristics usually
obtained with two and three level or set systems. As electric
field strength is increased below threshold each of the materi-
als follows Ohm’s law. (i.e., with electron drift velocity pro-
portional to applied field strength). At a threshold electric
field region the characteristics of the materials follow separate
paths. A first curve A is formed with a rather gentle drop in
drift velocity after the threshold, the drop becoming gentler
until the curve becomes flat at higher electric field strengths.
A second curve B is formed with a steeper drop in drift
velocity after the threshold and the curve B becomes gradually
gentler until it becomes flat. A curve C drops rather steeply
after the threshold and forms a distinct valley after which the
drift velocity increases again for increasing electric fields.
Curve A illustrates a two level or set system and is representa-
tive of gallium arsenide. Curve B refers to a similar system but
the electron scattering rate between the two sets of valleys is
lower. Reducing the scattering increases the. transfer to the
higher energy valleys but the velocity of electrons in the lower
valley increases to a larger value in high fields. Although the
negative differential conductivity is greater the ratio of max-
imum velocity to minimum velocity at higher fields (the peak
to valley ratio) is little different from that of curve A. The
reduced scattering has the additional disadvantage of per-
mitting electrons in the lower valley to attain much higher
energies, which means that avalanche breakdown of the
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material can occur at lower fields. Curve C refers to a three
level or set system with one low mass (i.e., low energy density
of states) valley set as in the case of curve A but with two high
mass sets of valleys at two different higher energies relative to
the energy of the low mass valley. The scattering between the
low mass valley and the lower energy high mass valley(s) is
low, but between the other pairs of valleys it is high. In this
system the transfer to the upper valleys is even greater than for
the weakly coupled two level system, and in addition the
strong scattering to the highest energy valleys holds down the
electron velocity within the lowest valley and inhibits
avalanché breakdown.

- There are two other aspects of the three level system. The
rise of velocity with field above the minimum value is usually
greater than that usually attained in two level systems; this
limits the maximurn electric fields which can occur and there-
fore reduces the tendency for device destruction to occur.
Also, the weak scattering between the lowest and intermediate
energy valleys inhibits the growth of short wavelength fluctua-
tions of electron density. Therefore, the natural tendency for
domain formation is lower than normally occurs for two level
systemis. :

For each of InP and the alloys spec1ﬁed above as having the
appropriate structure, the lowest energy valley is centered on
the I point of the Brillouin zone, the set of intermediate ener-
gy valleys consists of a valley at each of the four equivalent L
points and the set of highest energy valleys consists of a valley
at each of the three equivalent X points.

FIG. 2 shows qualitatively part of the band structure of a
material illustrative of one of the materials described above,
namely InP. The energy of the X minima (or valleys) is higher
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than the energy of the L minima, and the energy of the T

minimum is lowest of all. The I" minimum is narrower than the
L or X minima reflecting its lower energy density of states.

FIGS. 3, 4 and § are calculated graphs of electron drift

velocity against applied electric field strength for InP, InAs,,
2Py s, and Iny ,Ga, 4Sb respectively. It is apparent that a band
structure of the type shown in FIG. 2 leads to a velocity-field
strength relationship of a similar form for each of these
materials which is the form of the curve Cin FIG. 1.
- The existence of negative resistance in-indium phosphide
has been recognized for some time, but it has not been previ-
ously suspected that the behavior of InP devices is different in
character from that of GaAs devices. In an early publication
on oscillations observed in InP-and GaAs devices oscillations
were reported for only one InP sample. For this sample the
oscillations were :very weak, which observation would lead
those skilled in-the art to-abandon InP as a suitable material
for transferred electron devices because the actual device per-
formance would seem much inferior to that of GaAs. Since
this publication no reports have in fact appeared on trans-
ferred electron’ devices fabricated from InP although very
large numbers of reports of GaAs devices have appeared.

Itis apparent from the early publication that electrical insta-
bilities above a threshold voltage are possible in indium phos-
phide but it is not apparent that any type of operation other
than Gunn effect (dipole domain).operation is possible in this
materijal. Recently, we have conducted experiments using in-
dium phosphide samples, and these help to confirm the theory
that the behavior of indium phosphide devices is inherently
different in character from gallium arsenide devices under
equivalent conditions. This means that simple steps can be
taken to produce non-domain mode operation in indium phos-
phide (see below). Gunn effect (domain mode) operation
would continue to occur if such steps alone are taken with gal-
lium arsenide.

FIG. 6 is a schematic circuit diagram of a circuit which was
used to record current oscillations across a piece of indium
phosphide. The same circuit may be used to test pieces of any
other semiconductor material, such as GaAs or InP,As,._, and
In,Ga,_Sb (where x and y are in the ranges 1 > x = 0.75 and
0.30 > y.> 0.05 respectively).
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A square voltage pulse V, is applied from.a conventional
source (not shown) across a series combination of a sample S
of the semiconductor material and a resistor R. The resistor R
has a resistance of magnitude much smaller than that of the
sample S. The output voltage V,, which indicates oscillations,
is taken across the resistor R and is displayed on an oscxl-
loscope (not shown).

FIG. 7 is a graph of current against time and is an oscnl-
loscope trace which was obtained using an InP sample in the
circuit of FIG. 6 It represents current obtained as a function of
time with a piece of N-type InP of thickness 170 um and
equilibrium carrier density of § X 10'%cm™2 for an applied volt-
age of 150 volts. The current oscillates nearly sinusoidally
with a frequency of 4 GHz, and the oscillations grow to a
steady amplitude in a time of about 4 X 107° sec. If a GaAs
sample with the same thickness and equilibrium carrier densi-
ty were used the current would oscillate with a frequency of
about 0.5 GHz and the waveform would consist of isolated
spikes as indicated by the graph of FIG. 8. The spikes coincide
with domains reaching the anode (posmve terminal of the
sample S).

The appearance of the trace shown in FlG 7 indicates that
the domain mode which is a characteristic of GaAs samples is
not present: i

With devices fabricated from InP or from the specified al-
loys, both dipole domain mode  operation and operation
without dipole domains can, however, be readily obtained.
This may be contrasted with the case of GaAs where operation
without domains is very difficult to realize. Consequently the
device fabrication needs to be performed in consideration of
the operation mode required, i.e., either dlpole domain or
non-dipole domain.

It is believed that in indium phosphxde and the two spec1ﬁed
alloys there is a natural tendency for instabilities to propagate
from the cathode to the anode in the form of an electron accu-
mulation layer rather than as a dipole domain. This “accumu-
lation layer” mode is obtained even when there are small fluc-.
tuations of doping concentration ‘within the semiconductor:
By contrast, small doping fluctuations in gallium arsenide
readily initiate dipole domains.

Non-domain mode operation is more suited to oscillator
devices than domain mode operation is because the oscillator
efficiency can be greater in the non-domain mode. Domain
mode ~operation in a semiconductor transferred electron
device occurs when the electrodes of the device are formed in
a way that produces a much greater ‘current density in the
cathode region than in the anode region.

" Non-domain mode operation can easily be produced in indi-
um phosphide and the specified alloys (InP,As,_;,1 > x =
0.75 and lny Ga,,Sb,0.30 = y = 0.05) by simply arrangmg
the reverse, i.e., a greater current density in the anode region
than in the cathode region. Such an operation mode is also
possible with electrode regions of approximately similar cur-
rent density, but argangement in the form described (i.c., cur-
rent density in the cathode region greater than in the anode re-
gion) shows a greater tendency of non-domain mode opera-
tion. :

FIG. 9 is a cross-sectional diagram of one form of semicon-
ductor devices. A piece 1 of N-type semiconductor material
(indium phosphide orIn P; As,_, 1 > x = 0.75 or In, Ga,-,S
b0.05-< y < 0.30) has a metallic contact 2 and a metallic
contact 4 alloyed thereto. A metal block 3 to which the con-
tact 4 is also alloyed serves as a mechanical substrate, as a heat
sink for the device and as an external electrical contact. The
alloying processes are carried out by melting the metals of the
contacts 4, 2 in contact with the semiconductor and the metal
of the block 3 respectively. (The metals of the contacts 2, 4
may be initially deposited by vacuum evaporation). The con-
tact 4 may be of the same material as or of different material
from that of the contact 2. Likewise, the contact 2 may be of
the same material as or different material from that of -the
block 4. Suitable metallic materials for the contacts 2, 4 and
the block 3 are tin and alloys of tin and indium. (The latter is
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more suitable in the case of indium phosphide). These materi-
als form N* regions between the contacts 2, 4 and the piece 1
of semiconductor material. Voltages may be applied across
the piece 1 of semiconductor material by means of a conven-
tional D.C. voltage source V.

The transverse dimensions of the contacts 2, 4 w1th respect
to each other and to the thickness of the piece 1 of semicon-
ductor material are important. The transverse dimensions of
the contact 2 and the contact 4 may be made large compared
with the thickness of the piece 1 of the semiconductor materi-
al in which case the electrical current density through the
semiconductor in the region of the contact 2 is little different
from that in the region of the contact 4. This leads to an inhibi-
tion of domain formation.

Alternatively, the transverse dimensions of the contact 2
and the contact 4 may be made comparable-to or less than the
thickness of the piece 1 of semiconductor material. There are
three possible structures in this form. The first is with the con-
tact 2 and the contact 4 of the same lateral dimensions. This
produces equivalent current densities in the regions of the
piece 1 of semiconductor near the contacts 2 and 4 respective-
ly. Equal current densities tend to inhibit domain formation.
The second structure is with one contact (say the contact 4) of
lateral dimensions less than those of the other contact (say the
contact 2) and the smaller one made positive with respect to
the larger one. This gives a smaller current density in the re-
gion of the anode than the region of the cathode. This struc-
ture then has the form suitable for the inhibition of domain
formation. The third structure is with one contact (say the
contact 4) of lateral dimensions again less than those of the
other (say the contact 2), but with the voltage source V ar-
ranged to make the smaller contact (the contact 4) the
cathode. This structure enhances domain formation. Suitable
contact dimensions in both of these second and third struc-
tures would be a smaller contact (the contact 4) having one
third the perimeter of the larger contact (the contact 4). (For
example, circular contacts may be used having diameters in
the ratio 1:3). ’

An alternative method of producing a high current density
(high electric field) near one of the contacts 2 and 4 is to in-
troduce a doping inhomogeneity such as by using tin with a
small percentage of zinc as the contact material (and alloying
in the same manner as above). The zinc produces a small re-
gion of P-type material. If the contact 4 is formed in this way
and the source V is arranged to bias it negatively then domain
formation may be enhanced in the region thereof. Likewise,
domain formation is inhibited if the contact 4 so formed is al-
ternatively made an anode. )

FIG. 10 is a cross-sectional diagram of a device which is a
modification of the device of FIG. 10. FIG. 11 is a part plan
view of the device. The contact 4 is here in the shape of a grid.
Other patterns may be used such as a series of separate dots.
Patterns may be deposited by the standard technique of
evaporation through a mask. The advantage of depositing the

" contact 4 as a pattern is that the lateral dimensions can be
kept small giving the above mentioned properties of high cur-
rent density and high electric field strength in that region
while the surface area can be kept large permitting greater
operating powers to be used (because contact heating and
_subsequent breakdown is not such a problem with larger con-
tact areas).

FIG. 12 is a cross-sectional diagram of another semiconduc-
tor device. This arrangement is particularly useful when a thin
semiconductor operating layer is required. A thin layer § of
appropriate semiconductor material (InP As, . 1= x =0.75
or In,Ga,_,Sb (0.30 = y = 0.05) is grown epitaxially (in a
standard manner) on a highly conducting substrate 6. The
substrate 6 acts as a heat sink and as an electrical contact. A
contact 7 is made on the other side of the layer 5. The contact
7 may be either metal deposited by the standard techniques of
vacuum evaporation and alloying or it may be an epitaxially
deposited layer of highly conducting semiconductor material.
A suitable metal is tin and a suitable semiconductor is the

6
same material as that of the layer 5 but doped N-type. A volt-
age from a conventional source V may be applied between the
substrate 6 and the contact 7, The contact 7 is made with
lateral dimensions small with respect to the thickness of the
layer 5 and the lateral dimensions of the contact 6 and so ex-

v hibits the high current density property described above (i.e.,
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it forms domains when the source V is arranged to bias it nega-
tively and alternatively inhibits domain formation when the
source V is arranged to bias it positively).

FIG. 13 is a cross-sectional diagram of another semiconduc-
tor device. This is in the transverse form as opposed to the lon-
gitudinal form of the previous devices: A contact 8 and a con-
tact 9 may be made by metal to a layer 10 of semiconductor
material deposited epitaxially on an insulating substrate 11 (in
a standard manner). The substrate 11 acts as a heat sink. If the
layer 10 consists of InAs,_,P.(1 = x = 0.75) then a suitable
substrate material is chromium .doped indium phosphide
(which is essentially insulating). The contacts 8, 9 which are
formed in the same manner as those described with reference
to FIG. 9 are of unequal transverse dimensions ( perimeters in
the ratio of 1:3). Voltages may be applied between the con-
tacts 8, 9 by means of a source V. This produces a higher cur-
rent density in the region of the smaller one, the contact 8,
than in the region of the larger one, the contact 9. If the source
V is-arranged to make the contact 8 negative then domains
tend to form. If the source V is arranged to make the contact 8
positive then domain formation is inhibited. Alternatively, or
in addition, high electric fields (high current densities) may be
obtained in the region of the contact 8 by producing a small P-
type inhomogeneity region therem in the same manner as with
the device of FIG. 9.

FIG. 13 is a cross-sectional diagram of and FIG. 14 is a part
plan view of a device which is a modification of the device of
FIG. 13. The contact 9 is formed by evaporation through a
suitable mask in a standard manner to surround the contact so
that the latter is effectively a small contact. If the source V'is
arranged to make the contact 8 negative then domains tend to
form in the region thereof. If the source V is alternatively ar-
ranged to make the contact 8 posmve then domain formation
is inhibited.

FIG.16isa cross-secnonal diagram of a devxce embodying
the present invention for generating microwave power.

A microwave cavity 12 is in the form of a coaxial cylinder
and consists of two separated portions 13 and 14. The portion
13 consists of an outer hollow cylindrical region 13a with an
integral circular ceiling region 13c and an inner region 135 on
the axis of the cylinder formed integrally with and protruding
from the ceiling region 13c. The region 134 of the portion 13
is separated from the portion 14 by a ring 15. The region 13b
of the portion 13 is separated from the portion 14 by a piece
18 of semiconductor material which may be indium phosphide
orInP, As,_; orIn, Ga,.,Sb (1> x= 0.75,0.30 = y = 0.05).
The piece 18 is in the same form as the device of FIG. 9, i.e., it
has contacts of unequal dimensions (not shown)-and a longitu-
dinal structure. (In this case the block 3 of FIG. 9 is not
needed because the cavity 13 acts as an external electrical
contact and heat sink.) The ring 15 is insulating at D.C. but its
impedance is negligible at microwave frequencies. Voltages
may be applied between the portion 13 and the portion 14 of
the cavity 12 by means of a conventional voltage source 20.
The voltage appears across the piece 18 of semiconductor.
When the voltage is large enough to bias the piece 18 of
semiconductor in its region of instability the current in the
piece 18 of semiconductor oscillates at a frequency at which
the cavity 12 is resonant. The dimensions of the cavity 12 are
chosen to give the required frequency of operation.
Microwave power is coupled from the cavity 12 by means of a
coupling loop 19.

In addition to the electrode structures bemg critical in the
inhibition of dipole domain formation the length and purity of
the piece of semiconductor material also need to be taken into
consideration. .
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If the active length of the piece of semiconductor material
taken is below a critical length in the order of about 500um
then nonedomain mode operation occurs (if steps described in
this specification are taken for enhancing non-domain opera-
tion). If, however, the active length is greater than that critical

. length then domain mode operation occurs despite the steps
which are taken (unless these are very extreme).

The materials which have been specified as being suitable
for use in the present invention are all prepared by standard
techniques. However, it is necessary to observe that the total
number of impurities contained in the semiconductor material
is not greater than 10" per cubic cm. and preferably less than
10" per cubic cm. otherwise operation produces weak results
(possibly incoherent domains) or none at all at high 1mpunty

" levels. To ensure that the desired purity is obtained it is neces-
sary to choose in each respective case one of the conventional
methods known for producing semlconductor materials of the
desired purity.

Compositions of mdlum phosphide arsemde throughout the
specified range may be obtained by any one of several

~methods conventionally used for preparing the alloy, includ-
‘ing solution growth or vapor or liquid epitaxy.

For example, an InAs substrate may be used at a tempera-
ture above 600° C. The appropriate alloy may be grown by
vapor epitaxy from HCI passed over indium and a mixture of
AsH, 'and ‘PH, gases containing the appropriate molecular
fraction of PH;. (0 to 25 percent InP in InP-InAs corresponds
to the range of arsine-phosphine mixtures containing below
approximately 40 percent phosphine.)

.- Compositions of indium gallium antimonide throughout the
specnﬁed range may be obtained by the known method of
reacting the constituent elements together in the required pro-
portions and refining the resultant structure by the known
techmques of “zone leveling.”

“'Crude indium - phosphide can be prepared by reacting
phosphorous vapor with liquid indium at an elevated tempera-
ture. Indium phosphide of sufficient quality for fabricating
devices may be made from crude indium phosphide by heating
it to a temperature slightly greater than its melting point of
1,060° C. and bringing a seed crystal, which is usually indium
phosphide, into contact with the melt and then withdrawing
the crystal slowly. The attachment for supporting the seed
crystal conducts away heat and more indium phosphide grows
on the seed crystal. At the melting point of indium phosphide,
the vapor pressure of phosphorus in equilibrium with the indi-
um phosphide is about 20 atmospheres. Therefore a suitable
technique, such as the liquid encapsulation technique, must be
employed for maintaining the system at a pressure greater
than this pressure. Alternatively epitaxial methods may be
used to grow high quality layers of indium phosphide on sub-
strate materials. One possible technique is to pass a gas mix-
ture containing phosphorus and chlorides of indium in an ex-
cess of hydrogen over single crystal substrates at an elevated
temperature of about 650° C. A suitable way for obtaining a
correct gas mixture is to pass phosphorus trichloride vapor in
an excess of hydrogen over liquid indium at an elevated tem-
perature of about 750° C. The initial chemical reactions form
indium phosphide dissolved in the indium, but when the solu-
tion is saturated the gas mixture passing over the solution con-
tains the required amounts of phosphorus, chlorides of indium

- and hydrogen. Possible seed crystals are indium phosphide, in-
dium arsenide or gallium arsenide. Control of the electron
concentration in the layer can be achieved by adding suitable
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volatile materials to the gas stream. An example is hydrogen
sulphide which adds sulphur to the layer. Sulphur is a donor
impurity which increases the electron concentration. A dif-
ferent epitaxial method is to tip a saturated solution of indium
phosphide in indium over a seed crystal of indium phosphide
at an elevated temperature of about 650° C. The system is al-
lowed to cool to a slightly lower temperature, such as 620° C.
During the cooling a layer of indium phosphide grows on the
seed crystal. The excess solution may then be tipped away

from the seed crystal.
Control over the electron concentranon may be achleved

by incorporating in the semiconductor in each case a con-
trolled amount of N-type impurity such as tin.

We claim:

1. A semiconductor device mcludmg a piece of semicon-
ductor material exhibiting transferred ‘electron effects
between three sets of conduction band valleys, which sets con-
sist of a set of lowest energy, a set of highest energy and a set
of intermediate energy, and in which the set of lowest energy
has an energy density of states smaller than that of either of
the other two sets and in which the rate at which electrons are
scattered between the set of lowest energy and the set of inter-
mediate energy is less than both the rate at which electrons are
scattered between the set of lowest energy and the set of
highest energy and the rate at which electrons are scattered
between the set of intermediate energy and the set of highest ‘
energy, said material chosen from the group consisting of
InP As,. where x is within the limits 1.00>x % 0.75, the
upper limit being exclusive and the lower limit being inclusive
and In,Ga, -, Sb where y is within the inclusive limits 0.05 = y =
0.30, an anode on the piece of semiconductor material, a
cathode on the piece of semiconductor material, means for
applying between the cathode and the anode voltages such
that electron transfer occurs between the set of lowest energy
and the set of highest energy and between the set of highest
energy and the set of intermediate energy and means for con-
trolling the current flowing between the cathode and the
anode such that the current is free.of dipole domains.

2. A semiconductor material as claimed in claim 1 and
wherein the means for controlling the current flowing between
the cathode and the anode includes means for providing a cur-
rent density in the region of the anode greater than or similar
to the current density in the region of the cathode.

3. A semiconductor device as claimed in claim 2 and
wherein the area of contact between the anode and the piece
of semiconductor material is smaller than the area of contact
between the cathode and the piece of semiconductor material.

4. A semiconductor device as claimed in claim 2 and
wherein the anode contains a region of doped semiconductor
material and wherein the doping is such that it is mhomogene-
ously distributed.

5. A semiconductor device as claimed in claim 2 and
wherein the piece of semiconductor material is wedge shaped,
the apex of the wedge being near the anode.

6. A semiconductor device as claimed in claim 1 and
wherein the piece of semiconductor material contains less

-than 10" impurities per cubic centimeter.

7. A semiconductor device as claimed .in cla:m 1 and’
wherein the distance between the anode ‘and the cathode is.
less than approximately SO0 microns.

8. A semiconductor device as claimed in claim 6 and
wherein the distance between the anode and the cathode is
less than approximately 500 microns.

* * * * *
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