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emitter Into the base have energy substantially great- er than the thermal
energy of the ambient electrons Field of the Invention
In the base. These "hot" electrons ideally traverse the base without
undergoing significant scattering. if the This application pertains to the
field of active   5   base/collector barrier Is caused to be lower than the
semiconductor devices. In particular, it pertains to  hot electron energy
then some of the hot electrons transistors in which a substantial fraction
of the cur-  can cross the barrier, be transmitted through the de- rent is
carried by hot electrons, Including ballistic  pletion region of the
collector, and enter the sea of electrons.
conduction electrons In the collector. 10      As will be  readily
understood by those skilled in Background of the Invention
the art, various difficulties have to be overcome be- fore a device of this
type can function as a practical It has been known for some time that a hot
elec  HET. Among these difficulties is quantum mechanical tron transistor,
especially a ballistic transistor, could  reflection of the hot electrons
by the base/collector potentially be operated at frequencies In excess of
15  barrier, and space charge limited current. Probably those achievable
with conventional (diffusive) tran-  the greatest obstacle, however, Is the
difficulty of sistors. See, for Instance, T. E. Bell, IEEE Spectrum,
achieving substantially complete hot electron trans- February 1986, pp.
36-38. Various types of hot elec-  port through the base, and, desirably,
also through tron transistors (HET) have been proposed. This ap-  the
depletion region of the collector. Means for ach- plication is concerned
with one particular class of  20  loving further improvements In HET
characteristics HETs, namely, compound semiconductor HETs. For a     would
be of considerable significance. brief review, see L. F. Eastman, ibid, pp.
42-45. Essentially all the prior art work on compound   Definitions
semiconductorHETs has been concerned with GaAs- based devices, and recently
ballistic transport has   25  Electron transport In a crystal is herein
defined to indeed been observed in GaAs-based research de-      be
"ballistic" If, In addition to Its possible interaction vices. A. F. J.
Levi et al, Physical Review Letters, Vol.  with an accelerating electric
field, the electron Inter- 55(19), pp.2071-2073; M. Heiblum et al, Physical
Re-  acts substantially only with the static part of the lattice view
Letters, Vol. 55(20), pp. 2200-2203 and M. l. Na-  potential. Electron
transport thus may be ballistic than etal, IEEE Spectrum, February 1986,
pp. 45-47.  30  even through the electrons undergo some small angle The
ballistic transport was observed in devices  scattering and/or small energy
change. having geometries that are thought to hold promise      A
conduction electron herein Is considered to be for implementation as a
practical HET. The first type,  a "hot" electron in a given semiconductor
region If Its frequently referred to as a planar doped barrier tran-
energy E Is substantially greater than EF, the Fermi sistor (PDBT, see for
instance, J. R Hayes et al, Elec-  35   energy In the region.
Typically,[err] where tronic Letters, Vol. 20(21), pp. 851-852) or "camel"
ka is the Boltzmann constant, and T Is the absolute transistor, J. M.
Shannon, IEEE Proceedings, Vol.   temperature of the lattice. 128(9), pp.
134-140 (1981)) uses thermionic injection   A "hot electron" transistor
(HET) is a transistor and comprises emitter, base, and collector, with an
whose operative characteristics are in substantial appropriately shaped
potential barrier between emit-  4o   part determined by the transport of
hot electrons ter and base, and a second barrier between base and  through
the transit region of the transistor, with mini- collector. The second
type, which Is referred to as a  mal scattering of the hot electrons in the
transit re- tunneling hot electron transfer amplifier (THETA, see  gion.
for instance, M. Heiblum, Solid State Electronics, Vol.  The "transit
region" of a HET herein Is that portion 24, pp. 343-366) differs from the
first type In having   45   of the HET through which substantial hot
electron tunnel Injection Into the base. See also EP-A-0 067  transport
takes place, oris intended to take place. For 276, which discloses a
transistor that uses tunnel in-  instance, in a PDBT, camel transistor, or
THETA de- jection into an upper energy valley in the base. Both  vice, the
transit region consists of the base and the of the above types are
unipolar; however, bipolar    collector depletion region. In order to have
the possi- HETs have also been proposed In GaAs/AIGaAs.    50
bllityofsignificanthotelectron transport In aHET, the The flow of electrons
from emitter to base is con-  width of the transit region has to be less
than the trolled In both types by varying the emitter/base bar-  mean-free
path of the hot electrons in the material. rier potential bymeans of an
applied voltage[err] Sim-   The "ambient" charge carriers are those charge
ilarly, the flow of electrons from the base to the col-  carriers
(electrons or holes) that are essentially In lector can be controlled by
means of an externally ap-  55  thermal equilibrium with the lattice. For
Instance, in plied voltage [err] between base and collector. Under  bipolar
HETs the ambient charge carriers in the base normal operating conditions,
[err] reverse biases the  typically are holes. base/collector junction.
Electrons injected from the 2  



3                   EP 0 299 686 B1                     4 Summary of the
Invention                             band structure Is conventional and
well known to those skilled in the art), and the hot electrons are in- With
the invention as set out in the claims it is  jected into these direct
[err]states. possible to provide
Furthermore, the materials are most advanta- compound semiconductor HETs
having sub-   5   geously chosen such that the hot electron velocity
stantial current gain (e.g., [err] > 10) at room tempera-  component normal
to the base/collector interface ture.
does not undergo substantial change upon crossing HETs of interest herein
generally have geome-    of that interface. This requires that the normal
com- tries similar to those of prior art HETs. They comprise  ponent of
[err] be substantially continuous (prefer- an electron emission region (the
first region), an elec-  10  ably changing by no more than about20%)
acrossthe tron collection region (the third region), and a second
base/collector interface. In this expression [err] is the region that is
intermediate the first and third regions  average energy of the hot
electrons, k is the electron and forms interfaces therewith. The first
region com-  wave vector, and [err] signifies the partial derivative. The
prises an emitter layer, and the second region com-  condition ensures that
quantum mechanical reflec- prises a base layer, with typically the emitter
layer  15  tion and resonances due to the presence of the Inter- contacting
the base layer and forming the emitter/ba-  face are minimized. In order
for more than about 90% se interface therewith. The base layer is typically
also  of the hot electrons to be transmitted In the forward in contact with
third region material and forms the  direction through the interface, the
velocity compo- base/collector interface therewith. The first, second  nent
normal to the interface (for electrons of energy and third regions each
generally consist of one or  20   [err] should typically change by at most
about 11% more layers of compound semiconductor material,      upon
crossing of the interface, and in preferred em- with the composition of the
base layer differing at  bodiments of the Invention this condition will be
met. least from that of the emitter layer. In some cases  AlSb and InAs are
exemplary emitter layer and base (e.g., in some bipolar HETs) the second
region mate-  layer materials that can advantageously be used in a rial may
be basically the same as the third region ma-  25   HET according to the
invention. terial, with the second and third region materials con-  There
are other means that can optionally be em- taining different dopants and/or
differing in dopant  ployed to improve the characteristics of a HET. For
In- concentration.                                       stance, ensuring
quantization of the occupied ambi- HETs of interest herein also comprise
means for  ent conduction electron states In the base layer re- making
electrical contact with the first, second and   30  suits In constraints on
scattering and thus increases third regions, respectively, and means for
injecting  the probability that a hot electron can traverse the hot
electrons from the first Into the second region. At  transit region
ballistically. Such quantization results If least a substantial fraction
(advantageously > 90%) of  at least one dimension of the base layer is very
small, the injected hot electrons transit the second region  typically of
the order of 10 nm. Avery "thin base layer without substantial energy loss
and cross the   35  that results In formation of a substantially 2-dimen-
base/collector interface. The injected hot electrons  sional electron gas
In the base layer Introduces con- have average energy [err] and their
average velocity  straints on scattering, but a base layer that Is not only
may be different in the different regions. Further-  thin but also narrow
(and thus Is substantially 1-di- more, with the injected hot electrons is
associated a  mensional) typically constrains scattering even fur- crystal
momentum vector [err] having a component [err]   40  ther. Quantization of
the ambient charge carriers in perpendicular to, and a component [err]
parallel to, the  the base layer also increases the effective bandgap
emitter/base interface.                              and thereby reduces
the probability of interband scat- I have discovered that the
characteristics of a  tering. HET can strongly depend on the materials used
to        Incorporation of these and other features (to be construct the
device. For instance, the emitter layer  45   discussed below) Into a HET
can result in a device and the base layer advantageously consist of materi-
having substantially Improved performance, as com- als which have band
structuressuch that the hot elec-  pared to prior art devices. In
particular, devices ac- trons injected into the base layer have
trajectories  cording to the invention can have room temperature that are
substantially normal to the emitter/base inter-  [err] for a bias (err)
greater than about 1 volt. face, typically such that [err]is less than
about 0.2.  50  More particularly, HETs according to the Inven- This
condition helps to ensure that a relatively large  tion are disclosed in
the appended claims. fraction of the injected electrons can transit the
base layer without undergoing substantial scattering. This  Brief
Description of the Drawings condition can typically be met If the
emitterlayercom- prises an indirect, wide bandgap material such as AIS-  55
FIG. 1 schematically depicts a device according bAs, the base layer
comprises material (exemplarily     to the Invention; InAs) that has a
conduction band centered on the [err]-     FIG. 2 shows schematically some
features of the point in k-space (the terminology used to describe the
conduction band structure of a device according 



3    5                   EP 0 299 686 B1                 6 to the
Invention;                               these empty states are wave
vectors [err] that have FIG. 3 schematically shows portions of the ener-
components [err]that are substantially equal to the gy level diagrams of
three materials useful in the  corresponding wave vector component of the
elec- practice of the invention; and                 trons of energy [err]
In the emitter layer. FIG. 4 gives room temperature current gain   5
The above Is schematically illustrated in FIGS. 3a curves measured on an
exemplary device ac-      and 3b, which show relevant portions of the band
di- cording to the Invention.                       agrams of exemplary
emitter and base layer materi- als, respectively. As can be seen from FIG.
3a, elec- Detailed Description of Some Preferred
tronsofenergycloseto [err]have In this emittermaterial Embodiments
10  (exemplarily A1Sb) wave vectors close to the X-point In the Brillouin
zone and thus, in a <100> oriented de- FIG. 1 schematically depicts a HET
10 according  vice, there are electrons occupying X-point minima to the
invention, wherein 11, 12 and 13 are the first,  with small [err] and other
X-point minima second, and third regions, respectively, and 14, 15,  with
large [err], where a Is the lattice constant and 16 are means for making
electrical contact to the   16  of the emitter layer material). Similarly,
FIG. 3b first, second, and third regions, respectively, It will be  shows
that electrons of energy close to E, have In this appreciated that In many
cases the first and third re-  base layer material (exemplarily InAs) wave
vectors gions can be identified with emitter and collector re-  close to
the r-point. This exemplary combination of spectively, and typically each
comprise more than  emitter layer and base layer materials permits rela-
one layer, and that the second region comprises the   20  tively efficient
injection of hotelectrons (of energy ap- base layer. Portion 17 of the
third region is a collector  proximately equal to [err] from the emitter
layer Into the depletion  region.  Exemplarily,  11  comprises    base
layer. In particular, the efficiently Injected elec- [err]12 consists
substantially of InAs, and  trons are from the X-point minima with small
[err] 17 and 13 comprise GaSb. Exemplarily, the base lay-  which go into
the small [err] -like states in the base er is about 10 nm thick.
25  layer material. Electrons from the other X-point mini- FIG. 2 shows
schematically the conduction band  ma cannot be efficiently injected
because no empty of a double heterojunction HET according to the In-
states with large [err] are available in the base layer vention under bias,
with numerals 20,21, and 22 re-  material. Thus the injected electrons have
only small ferring to the first region, the base, and the third re-
velocity components parallel to the emitter/base in- gion, respectively.
The arrow Indicates the direc-  30  terface, resulting In increased
probability that the hot tion of flow of hot electrons, [err] and [err],
are the  electrons can traverse the transit region ballistically.
emitter/base and base/collector energy barriers, re-   A practical HET not
only requires efficient injec- spectively (associated with the emitter/base
and   tion of the hot electrons into the base but also sub- base/collector
interfaces, respectively), [err] is the  stantially complete transmission
of the hot electrons quantum-mechanical confinement energy (due to the   35
over the base/collector potential barrier. The probabil- 2-dimensional
nature of the electron gas In 21), and  Ity that an electron is reflected
at the base/collector [err] is the Fermi energy in the second region. For
the  Interface decreases as the change of electron veloc- above referred to
exemplary combination of materi-  ity upon entering the collector region
decreases. als, [err] can be about 1.3 eV, and [err] about 0.8 eV.  Since
the velocity Is proportional to [err], this sug- Typically [err] for a room
temperature HET.   40  gests that advantageously the materials are selected
Currently preferred embodiments use thermionic  such that [err] where the
partial deriv- emission to Inject hot electrons of average energy [err]
atives are to be taken at the average energy of the hot from the emitter
layer into the base layer. Space  electrons, and subscripts 2 and 3 refer
to the materi- charging effects In the two barriers can be substan-  als on
either side of the base/collector interface. tially avoided If the barrier
regions are doped to a do-  45  An approximate alternative expression of
the ve- pant density p > [err], where e is the electron charge,  locity
matching condition, derived from effective is the current density, and v is
the average electron  mass theory and Introduced for illustrative purposes
velocity in the respective barrier. Reverse current  only, is [err] where
[err] and [err] are the flow from the base to the emitter layer can be
mini-  effective electron masses In the base and collector mized by
choosing [err] to be substantially greater  50   material, respectively.
Thus, by careful choice of [err] than the ambient thermal energy [err] Is
the Boltz-   base and collector materials (including the pos- mann
constant, and T Is the absolute temperature).  sible use of an
appropriately designed superlattice in The Injection of hot electrons Into
the base Is In  the collector depleton region), quantum reflections general
most efficient if both energy and momentum  from [err] can be minimized.
Typically, such matching parallel to the emitter/base interface are
conserved    is possible for a relatively small range of electron en- Thus
the emitter layer and base layer are advanta-  ergles (exemplarily about
0.5 eV). Thus, it Is advan- 



geously chosen such that there are in the base layer  tageous to choose the
emitter material and [err] such empty states at energy [err] and that
associated with 4    7                   EP 0 299 686 B1
8 that the injected electrons have a relatively small en-  the effective
heavy hole mass [err] be much greater ergy spread.
than [err] the effective electron mass, since this also Furthermore, high
transmission through the gives rise to kinematic constrains on scattering.
For base/collector Interface typically requires that the
thiseffecttobesignifiantitistypicallydesirablethat electron wave function
in the collector be similar in   5   [err] perpendicular to the
base/collector inter- character to that in the base (e.g., both be s-like
for electrons of energy [err]. For instance the choice of  face.
Exemplarily, this condition can be met by use of InAs  base and GaSb as
collector material makes  a strained base layer. possible satifaction of
both of the above matching      Itwill be obvious to those skilled in the
art that all conditions, as is illustrated by FIGS. 3b and 3c, in   10
three regions of an inventive device will consist of sin- which the latter
shows the relevant portion of the  gle crystal material, and that the base
layer Is epitax- band diagram of an exemplary collector material (ex-  ial
with the adjoining materials. Such structures can emplarily GaSb). At
energy [err] the electrons in both  be grown by known techniques, e.g., by
molecular the base and the collector material are near the r-  beam
epitaxy. point in k-space and thus have s-like wavefunctions,   15
structure a variety of other combinations of materials and the slope of the
conduction bands at El are similar in the two materials.
can be used In HETs according to the Inventin. Ex- There are further means
that may optionally be  emplary is a bipolar HET comprising an [err] used
to Improve the operating characteristics of a  emitter, a [err] base, and
an InP collector. HET accordingto the invention. Forinstance,I have   20
Example l: On a (001)-oriented Te-doped (err) GaSb single crystal substrate
was grown by MBE the found that In a device having dimensions such that
following heteroepitaxial structure: a 800 nm thick the base region
comprises quantized electron states  [err] there exist kinematical
constraints (due principally to   n Te-doped ([err]) GaSb bufferlayer,
followed by energy and momentum conservation) that reduce the  a 350 nm
thick Te-doped [err] GaSb layer, the probability of electron-scattering
below that in the   25  later to become the collector depletin region. This
bulk. Thus it is advantageous to reduce at least one  was followed by a 10
nmthick modulation-doped InAs dimension of the base region (typically Its
thickness)  layer (to become the base layer), and a 150 nm thick such that
the ambient charge carriers in the base be-  Te-doped [err]This in layer
(the latter to have in the manner of a quasi 2-dimensional charge  become
the emitter layer). This In turn was followed have        by deposition of
a 50 nm  thick [err] Te-doped carrier gas. Typically, this requires that
the thickness  30  [err] layer and of a 300 nm thick Is less than about 50
nm, preferably less than about  [err]GaSb layer. After patterning the
heterostructure 20 nm. Further reduction in the effective dimension-
(substantially In the manner shown in FIG. 1) by stan- ality of the ambient
charge carrier gas can further re-  dard lithography and etching
techniques, evaporated duce the scattering probability. For Instance,
applica-  AuGeNi alloy contacts were made to the buffer layer, tion of a
magnetic field normal to the base layer can   35  the base layer, and the
uppermost layer, followed by result in a reduction of hot electron
scattering by a Asrapid annealing to form ohmic contacts. Standard
substantial amount, exemplarily a factor of 2-1 0. As  tests showed that
the structure operated as a HET, will be appreciated by those skilled in
the art, such a  with room  temperture magnetic field can impose lateral
confinement on the  with room temperature[err] charge carrier motion,
resulting In an effectively 0-di-  40    mplified by the data presented in
FIG. 4. mensional charge carrier gas. An effectively I -dimen-  Example If:
A heteroepitaxial structure Is grown sional charge carrier gas can be
produced by means  substantially as described In Example I, except that of
a    thin and narrow (eg., < 50 nm) strip of bass layer  the substrate Is
Sn-doped [err] InP, the buffer layer Is material
[err] Sn-doped [err]nP, the layer corresponding It has  also been found
that electron scattering   45  to the collector depletion region Is 500 nm
thick Sn- probabilites frequently depend strongly on the final  doped
[err]InP, the layer corresponding to the state into which the electron is
scattered. For in-  base layer Is a 20 nm  thick Be-doped  [err] stance,in
InAs scattering of <100> directed hot ele-  ([err]As layer. This layer is
fol- trons into L-minima is typically less likely than into X-  lowed by a
150 nm  thick Sn-doped   type minima. Therefore, the injection energy [err]
Is advan-  50   [err]layer, and this is followed 



tageously chosen to be less than the energy associ-  bya 300nmthick [err]
layer.Afterpattern- ated with the X-minima. On the other hand, it is not
ing and contacting substantially as in Example I, stan- essential that
[err] is also less than the energy associ-  dard tests show that the
heterostructure performs as ated with the L-minima. This discovery
obviously re-  a HET, with room temperature [err]> 1000 for V,, 2 1 suits
in greater design freedom, while maintaining low    5   volt5 scattering of
the hot electrons.                       Example III: Aunipolar HET is
produced substan- In HETs with two classes of mobile charge carri-   tially
as described In Example i, except that the 400 ers (e.g., bipolar HETs) it
Is frequently desirable that  nm thick collector depletion region consits
of a su- 5    9                   EP 0 299 686 B1                     10
perlattice (6 nm thick GaSb layers alternating with 1.5   nent [ERR] being
substantially conserved during nm thick [err] layers), the base layer is 6
nm        injection, wherein the first and second region of InAs, and the
emitter layer is 150 nm of               materials are such that the said
empty elec- [err] The heterostructure functions as a         tron states In
the second region material are HET, with room temperature [err]
substantially greater   5   near to said [err]-minimum and the hot
electrons than 10 for [err] 1 volt. The presence of the super-     are
injected into said empty states, the hot lattice results In improved
transmission of the hot       electrons injected into the second region
hav- electrons through the base/emitter interface, due to     Ing In said
second region a momentum such improved velocity matching.
that the absolute value of [err]is  less than Example IV: A bipolar HET is
produced substan-  10    0.2, and wherein the second and third materi-
tially as described In Example 11, except that the base   als are such that
said velocity component nor- layer has composition [err]. The resulting
mal to the second/third region Interface un- strained base layer leads to
decreased scattering of     dergoes at most 20% change upon crossing of the
hot electrons in the base layer. The heterostruc-    said second/third
region Interface. ture is found to function as a HET, with room temper-  15
ature [err] substantially greater than 10 for [err] 1 volt.  2. The
transistor of claim 1, wherein the third region comprises a superlattice,
whereby substantial matching of the velocity component normal to the Claims
second/third region Interface In the part of the 20     third region
adjacent to said Interface to that In 1. A hot electron transistor
comprising:              the second region is achieved. a) a first region
forming an electron emission region (11), a second region (12) forming a
3. The transistor of any of claims 1-2, wherein the base region and a third
region (13) forming an  first and third region materials are doped materi-
electron collection region, said second region   25  als of a first
conductivity type, and the second re- being Intermediate the first and
third regions  gion material Is a doped material of a second con- and
forming Interfaces and being epitaxial       ductivity type different from
the first conductivity therewith, the first, second and third regions
type, and wherein the first, second and third re- each consisting of
compound semiconductor       gion materials are chosen such that the second
material, the first region material comprising   30  region material is
strained whereby scattering of indirect, wide bandgap semiconductor materi-
the hot electrons in the second region Is reduced. al having an energy
minimum in the conduc- tion band at an energy [err], the second region  4.
The transistor of any of claims 1-3, comprising material being a direct
bandgap semiconduc-      ambient charge carriers In the second region, tor
material having an energy minimum in the   35  wherein the thickness of the
second region is less conduction band at the r point in k-space at    than
50 nm, said ambient charge carriers behav- an energy which Is less than
[err] the second re-  ing substantially In the mannerof a 2-dimensional
gion material further differing from the first re-  charge carrier gas,
whereby scattering of the hot gion material at least at the first/second
re-   electrons in the second region is reduced. gion interface and having
empty electron   40 states at said energy [err], the first/second re-  5.
The transistor of any of claims 1-4, wherein the gion Interface being
normal to a lattice direc-  first/second region interface Is normal to a
<001> tion associated with a point In the Brillouln   lattice direction,
associated with the second re- zone, said point corresponding to one of
said    gion material are local X-minima In the conduc- energy minima in
the conduction band of said  45  tion band, with an energy being associated
with first material;                                 said X-minima, and
[err] is selected to be less than b) means (14,15,16) making electrical
contact   said energy associated with said X-minima. with the first, second
and third regions, re- 



spectively; and                              6. The transistor of any of
claims 1-5, wherein the c) means (11,12,14,15) for injecting hot elec-  50
first/second region Interface is normal to a (001> trons of average energy
[err] from the first Into  lattice direction, and said energy minima
associ- the second region, associated with the hot       ated with the
first region material are X-minima. electrons being a momentum vector [err]
having components [err] and [err] that are, respectively,  7. The
transistor of claim 1, wherein the first, sec- perpendicular and parallel
to the first/second   55  ond, and third regions comprise material of com-
region interface, and a velocity component       position [err] and GaSb,
respec- normal to the second/third region interface,    tively,  or  of
composition  [err] both energy and parallel momentum compo-        [err]
respectively. 6    * C   L   M   S 9                    EP0299686B1
10 perlattice (6 nm thick GaSb layers alternating with 1.5     nent [err]
being substantially conserved during nm thick [err] layers), the base layer
is 6 nm      injection, wherein the first and second region of InAs, and
the emitter layer Is 150 nm  of                materials are such that the
said empty elec- [err] The heterostructure functions as a           tron
states in the second region material are HET, with room temperature [err]
substantially greater   5      near to said [err]-minimum and the hot
electrons than 10 for [err] volt. The presence of the super-         are
injected Into said empty states, the hot lattice results in improved
transmission of the hot         electrons Injected into the second region
hay- electrons through the base/emitter Interface, due to        Ing in
said second region a momentum such improved velocity matching.
that the absolute value of [err], is less than Example IV: A bipolar HET is
produced substan-   10      0.2, and wherein the second and third materi-
tially as described in Example II, except that the base     als are such
that said velocity component nor- layer has composition [err]. The
resulting          mal to the second/third region Interface un- strained
base layer leads to decreased scattering of        dergoes at most 20%
change upon crossing of the hot electrons in the base layer. The
heterostruc-       said second/third region Interface. ture is found to
function as a HET, with room temper-  15 ature [err] substantially greater
than 10 for [err]1 volt  2. The transistor of claim 1, wherein the third
region comprises a superlattice, whereby substantial matching of the
velocity component normal to the Claims
second/third region interface In the part of the 20      third region
adjacent to said interface to that in 1. A hot electron transistor
comprising:                 the second region Is achieved. a) a first
region forming an electron emission region (11), a second region (12)
forming a    3. The transistor of any of claims 1-2, wherein the base
region and a third region (13) forming an    first and third region
materials are doped materi- electron collection region, said second region
25  als of a first conductivity type, and the second re- being intermediate
the first and third regions     gion material is a doped material of a
second con- and forming interfaces and being epitaxial         ductivity
type different from the first conductivity therewith, the first, second and
third regions    type, and wherein the first, second and third re- each
consisting of compound semiconductor          gion materials are chosen
such that the second material, the first region material comprising   30
region material is strained whereby scattering of indirect, wide bandgap
semiconductor materi-        the hot electrons in the second region Is
reduced. al having an energy minimum in the conduc- tion band at an energy
[err] the second region   4. The transistor of any of claims 1-3,
comprising material being a direct bandgap semiconduc-        ambient
charge carriers in the second region, tor material having an energy minimum
in the   35  wherein the thickness of the second region Is less conduction
band at the r point In k-space at       than 50 nm, said ambient charge
carriers behav- an energy which Is less than [err], the second re-    ing
substantially In the manner of a 2-dimensional gion
materialfurtherdiffering from thefirstre-     charge carrier gas, whereby
scattering of the hot gion material at least at the first/second re-
electrons in the second region Is reduced. gion interface and having empty
electron   40 states at said energy [err] the first/second re-  5. The
transistor of any of claims 1-4, wherein the gion interface being normal to
a lattice direc-    first/second region interface is normal to a <001> tion
associated with a point In the Brillouin     lattice direction, associated
with the second re- zone, said point corresponding to one of said      gion
material are local X-minima in the conduc- energy minima in the conduction
band of said   45  tion band, with an energy being associated with 



first material;                                    said X-minima, and [err]
is selected to be less than b) means (14,15,16) making electrical contact
said energy associated with said X-minima. with the first, second and third
regions, re- spectively; and                                6. The
transistor of any of claims 1-5, wherein the c) means (11,12,14,15) for
injecting hot elec-   50  first/second region Interface is normal to a
<001> trons of average energy [err] from the first Into    lattice
direction, and said energy minima associ- the second region, associated
with the hot         ated with the first region material are X-minima.
electrons being a momentum vector [err] having components [err] and [err]
that are, respectively,  7. The transistor of claim 1, wherein the first,
sec- perpendicular and parallel to the first/second   55  ond, and third
regions comprise material of com- region Interface, and a velocity
component         position [err] respec- normal to the second/third region
interface,       tively,  or  of  composition [err] both energy and
parallel momentum compo-           [err] respectively. 6    11
EP 0 299 686B1                 12           C   L  M   S 8. The transistor
of any of claims 1-7 wherein the       und zwelten Zone derart beschaffen
sind, dag transistor has a room temperature current gain       die besagten
Elektronenleerzustande in dem [err] at a collector/emitter bIas voltage
[err] volt.  Materal derzwelten Zone In derNahe des be- sagten r-Minimums
liegen und die heilen 9. The transistor of claim 4, wherein the second re-
s  Elektronen in besagte Leerzustande injkzbert gion has a width less than
50 nm, whereby a one      werden, wobel die In die zwelte Zone injizier-
dimensional charge carrier gas is produced in the    ten heiBen Elektronen
in besagtbrzweiter Zo- second region.
ne elnen derartigen Impuls aufwelsen dal3 der Betrag von kldlql unter 0,2
Ilegt, und wobel 10        die zwelten und dritten Materialien derart be-
Patentanspriche                                          schaffen sind, dai
die zu der Grenzflache zwischen derersten und zweiten Zone normal 1. Eh
Helielektronentransistor, der-umfal~t:             stehende
Geschwindigkeltskomponente sich a) elne elne Elektronenemisslonszone (11)
belm Oberqueren der besagten Grenzflache bildende erste Zone, lne elne
Basizone bil-  i5  zwischen der zwelten und dritten Zone hoch- dende zwelte
Zone (12) und elne ehne Elektro-      stens um 20% verandert
noneinsammiungazone bildende dritte Zone (13), wobei besagte zweite Zone
zwlschen     2. Transistor nach Anspruch 1, wobel die dritte Zone der
ersten und dritten Zone liegt und Grenz-    ein Obergitter urnfalt, wodurch
eine wesentliche flichen bildet und epitaxial dazu iliegt, die er-  20
Anpassung der zu der Grenzflache zwlschen der ste, zwelte und dritte Zone
jeweils ausVerbin-  zweiten und dritten Zone normalen Geschwindig-
dungshalbleitermaterial besteht, das Material   keitskomponente an
dlejenige In der zwelten Zo- der ersten Zone Halbleitermaterial mit
indirek-  ne erzielt wird, in dem Tell der drittbn Zone, die tem gronem
Bandabstand umfa~t, das eln          der besagten Grenzflache benachbart
Ist. Energieminimum in dem Leitungsband bei ei-  25 nerEnergie El aufwelst,
das Material derzwei-  3. Transistor nach einem derAnspruche 1-2, wobel ten
Zone ein Halbleltermaterlal mit direktem    die Materiallen der ersten und
dritten Zone dotler- Bandabstand Ist, das ein EnergleminImum in     te
Materiallen eines ersten Leitfahigkeitstyps dem Leitungsband an dem r-Punkt
Im k-           sind, und daS des Material der zwelten Zone aln Raum bei
elner Energle aufweist, die unter El  30  vom ersten Leitflhigkeltstyp
unterschiedlicher Iegt, das Material der zwelten Zone sich wel-   zweiter
Leltfihigkeltstyp Ist, und wobel die Mate- terhin von dem Material der
ersten Zone zu-     riallen der ersten, zweiten und dritten Zone derart
mindest an der GrenzfIlache zwischen der er-    gewahit sind, dal3 das
Material der zweiten Zone sten und zweitn Zone unterscheidet und
verspannt ist, wodurch die Streuung der helfen Elektronenleerzustande bei
besagter Energie  35  Elektronen In der zwelten Zone reduziert wird. El
hat, die Grenzflache zwischen der ersten und zweltbn Zone normal staht zu
alner Git-  4. Transistor nach elnem der Ansprflche 1-3, der terrichtung,
die einem Punkt in der Brillouhn-  Umgebungsladungstrager In der zwelten
Zone Zone zugeordnet Ist, wobei besagter Punkt el-   umfalt, wobel die
Stirke der zweiten Zone unter nem der besagtbn Energieminima in dem Lei-
40  50 nm legt, wobel besagtb Umgebungsladungs- tungsband des besagten
ersten Materials        trager sich Im wesentlichen wie emn zweldimensi-
entspricht;                                     onales
Ladungstragergasverhalten, wodurch die b) Mittel (14, 15, 18), die die
ersten, zweiten  Streuung der heioen Elektronen In der zwelten 



bzw. dritten Zonen elektrisch kontaktieren;     Zone reduziert wird. und
45 c) Mittel (11, 12, 14, 15) zum Injizieren halBer  5  Transistor nach
elnern der AnsprOche 1-4, wobel Elektronen der mittleren Energie El von der
die Grenzfliche zwischen der ersten und zweiten ersten in die zwelte Zone,
wobei den heillen    Zone zu elner <001> Gitterrichtung normal stsht,
Elektronen zugeordnet sind: ah Impulsvektor     daB lokale X-Minima in dem
Leitungsband dem k, mit Komponenten k%,1 und k1,2, die senkrecht  so
Material der zweiten Zone zugeordnet sind, wo- bzw. parallel zu
derGrenzflfiche zwIschen der   bel eine Energle den bosagtbn X-Minima zuge-
ersten und zwelten Zone verlaufen, und elne     ordnet ist, und daB E1
derart ausgewihit 1st, dalI Geschwindigkeitskomponente die normal zu
sle geringer Ist, als die besagtb Energie, die den der Grenzfiache zwischen
der ersten und         besagten X-Minima zugeordnet 1st. zwelten Zone
steht, wobei sowohl die Energie  cs als auch die parallele Impulskomponente
k,2  6. Transistor nach einem derAnsprfche 1-5, wobel wahrend der Injektlon
im wesentlichen erhal-    die Grenzflache zwischen der ersten und zweiten
ten blelben, wobei die Materiallen der erstan   Zone zu elner <001>
Giterrichtung normal steht, 7    13                 EP 0 299 686 B1
14 und dal besagte Energie-Minima, die dem Mate-        des 6lectrons
chauds d'energie moyenne El rial der ersten Zone zugeordnet sind, X-Minima
de la premiere dans la deuxibme r6gion, aux sind.
6lectrons chauds 6tant associe un vecteur d'ondes iq ayant des composantes
kI, et kqg 7. TrannistornachAnspruch 1, wobel die ersten, zwei-   5  qul
sont, respectivement, perpendiculaire et ten und dritten Zonen Material der
Zusammenset-      parallele A l'interface entre la premiere et la
zungAiSbOzba8p, InAsbzw. GaSboderderZusam-           deuxilme rtglons et
une rdgions et une mensetzung AMASo%,Sbo0s, Ino oGa0o4As bzw.
composante de vitesse normale a lInterface InP umfassen.
entre la deuxieme et la trolsleme r~glons, 10        l'6nergie et la
composantb de vecteurd'ondes 8. Transistor nach einom der AnmprLche 1-7,
wobel       parallle k12 etant toutes deux conserv6es der Transistor bel
Raumtemperatur esne Strom-        sensiblement pendant I'Injectlon, dans
lequel verstirkung BP10 bel siner KollektorlEmitter-       les matleres de
la premlere et de Ia deuxieme Vorspannung V,>1 Volt aufwelst.
reglons sont telles quo lesdits 6tats 6lectronl- 15        ques vides dans
la matiere de la deuxilme re- 9. Transistor nach Anspruch 4, wobel die
zweite Zo-     gion sont proches dudit minimum r et quo les no eine Breite
von weniger als 50 nm hat, wo-        6lectrons chauds sont injectes dans
lesdits durch In der zweitn Zone ein elndimensionales       Mtats vides,
les electrons chauds Injectes Ladungstragergas erzeugt vArd.
dans la deuxilme rdgion ayant dans ladito 20        deuxilme r6gion un
vecteur d'ondes tel que la valeur absolue de k 2K  est inferieure A 0,2,
Revendicatlons                                          et dans loqusl lea
deuxilme et trolsieme ma- tieres sont telles quo ladito composantb de vi-
1. Transistor A electrons chauds comprenant             tesse normale A
lintbrface de la deuxieme et a) une premiere r6gion formant une r6glon   25
de la troisIbme r6glons subit au plus une mo- d'emission d'6eectrons (11),
une deuxibme re-     dification de 20% on traversantl'lntsrface en- gion
(12) formant une region de base et une       tre la deuxieme et la
trolsisme r6glons. troisieme r6gion (13) formant une region de collecto
d'electrons, ladite deuxiome regions  2. Transistor sulvant la
revendication 1, dans lequel otant situ6e entre la premibre et la troisilme
30  la trolslame r6gion comprend un superreseau, region, et formant des
interfaces et etant epi-  une adaptation sensible do la composante de vi-
taxioes avec elles, la premlore, deuxibme et   tease normalse A I'interface
entre la deuxibme et troisilme rigions etant constituees chacune    la
trolsieme rgions dans la partle de la troisieme d'une matibre de
somniconducteur composo,      region adjacoento A ladite Interface otant
reails~e la matiere de la premibre region comprenant  35  avec celle de la
deuxibme region. une matiere semi-conductrice A large bands interdite
indirecte ayant un minimum d'ener-  3. TransIstor suivant la revendication
I ou 2, dans gie dans la bande de conduction A une ener-    lequel lee
matibres de la premibre et de la troisiW- gie El, la matibre de la deuxibme
region etant  me regions sont des matibres dopees d'un pre- une matiere
semi-conductrice A bands inter-  40  mler type de conductivit6, et la
matlbre de la dite directs ayant un minimum d'energle dans   deuxibme
reglon eat une matilre dopes d'un se- 



Ia bands de conduction au point r dans l'es-   cond type de conductivith
different du premier pace des nombres d'ondes A une energie qui     type de
conductivitA, et dans loquel les matibres est inferieure A El, la matibre
de la deuxibme  de la premibre, de la deuxibme et de la trolsibme reglon
etant, en outre, differente de la-matib-  45  regbons sont choisles telles
quo la matibre de la re de Is premiere reglon au mons A I'interface
deuxibme region solt sous contraintb, ce qul re- entre la premibre et la
deuxibme r64gons et    duit la disperslon des electrons chauds dans la
ayant des etats tlectroniques vides A ladite   deuxilme reglon. energle El,
l'interface entre la premibre et la deuxilme regions etant normale A une
direc-  co  4. Transistor sulvant l une quelconque des revendi- tion de
reseau associee a un point dans la     cations I a 3, comprenant des
porteurs de charge zone de Brillouin, ledit point correspondant A  ambiants
dans la deuxibme rgion, dans loquel un desdits minima d'energie dans la
bands de   l'epaisseur de la deuxilme regbon est inferieure a conduction de
ladite premibre matifre;         50 nm, lesdits porteurs de charge amblants
so b) des moyens (14,15, 16) assurantle contact  55  comportant
sensiblement A lafacon d'un gaz por- eloctronique avc la premlere, la
deuxibme at   tour de charge bidimensionnel, ce qui fait quo la la
troisibme reglons respecthvement, et        dispersion des electrons chauds
dans la deuxib- c) des moyens (11, 12, 14, 15) pour Injector   me reglon
eat reduite. 8    15                  EP 0 299 686 B1                16
C   L     M  S 5. Transistor suivant l'une quelconque des revendi- cations
I A 4, dans Isquel iinterface entre la pre- mibre et la deuxibme r6gions
est normale A une X     direction de r6seau <001>, des minima X Iocaux dans
la bande de conduction 6tant associ6s A la   5 matibre de la deuxibme
regbon, une energie etant assoclde auxdits minima X, et El est choisle
Infe- rieure A ladite energie associee audit minima X 6. Transistor suivant
l'une quelconque des revendi-  10 cations I A 5, dans Isquel llntbrface
entre ia pro- mibre et la deuxibme reglons est normale a une direction de
r6seau <001>, et lesdits minima d'energie associes A la matiere de la
premibre r6- gion sont des minima X.                    *5 7.
Transistorsuivant la revendication 1, dens Isquel la premibre, la deuxibme
et la troisibme rbgions comprennent une matibre de composition
AiSO,,29As98, InAs et GaSb, respectivement, ou   20 de composition
AiAsoM"Sbo,,, Inow.Gao,47As et InP, respectivement 8. Transistor suivant l
une quelconque des revendi- cations I A 7, dans lequel le transistor a un
gain  25 de courant A A temperature ambiante supbrieur a 10 a une tension
de polarieation collecteur/Amet- teur V, superieure A I volt. 9. Transistor
sulvant la revendlcation 4, dens lequel  30 la deuxime regbon a une
epaisseur Inferieure A 50 nm, cs qul faitqu'un gaz porteurde charge unl-
dimensionnel est produit dans la deuxibme rA- glon. 35 40 45 50 55 9    


