
EP 0197 052 B1 Description Background of the invention 1. Field of the
invention 5     The present invention relates to a device structure
suitable for transistors, thyristors, optical emitters, optical detectors,
and other solid state devices. 2. Description of the prior art The speed of
operation and transconductance are two properties of transistors that
device designers 10 seek to increase in order to obtain superior
performance. The present invention is directed to a novel device that
combines aspects and virtues of known bipolar devices (as set out in the
preamble of claim 1) and MOS devices and, among other advantages, has high
current gain and high transconductance coupled with relatively simple
fabrication requirements and low charge storage. EP-A-092 645 discloses a
transistor which comprises an emitter, a collector and an intermediate 15
layer, all of materials having the same conductivity type (e.g. n-type).
The intermediate layer is comparatively lightly doped and forms a
heterojunction with the collector at which the collector has the wider
bandgap. Thus a depletion layer and a potential barrier are formed in the
collector whilst an accumulation layer is formed in intermediate layer. The
potential barrier inhibits the flow of majority carriers (electrons) from
the emitter to the collector. By applying bias voltages to the accumulation
layer via 2o a (n+-type) contact region, the height of the potential
barrier can be controlled. The same type of carrier (electrons) is  the
majority carrier -type throughout the device. Summary of the invention In
the invention as set out in claim 1 the base of what is essentially a
bipolar device is constituted by an 25 inversion layer. Furthermore the
emitter has metallic conductivity (e.g. it is of a metal, a conductive
metal silicide or a degenerate semiconductor). This device is designated
the Bipolar Inversion Channel Metallic Emitter Transistor (BICMET). Other
regions can be added to obtain other devices, including thyristors, optical
emitters, etc. 30 Brief description of the drawings Fig. 1 shows a
cross-section of one embodiment of the BICMET; the regions are not to
scale, with the barrier layer (wider bandgap region) being shown thick for
illustrative purposes. Fig. 2 shows the zero bias (i.e., equilibrium)
energy diagram of a p-channel BICMET. Fig. 3 shows the BICMET in the off
state. 35    Figs. 4 and 5 show the internal current flow patterns in the
BICMET. Fig. 6 shows the terminal current flowing in a BICMET circuit.
Figs. 7 and 8 show an energy diagram and hole concentration with distance
for the semiconductor depletion region under forward bias. Figs. 9 and 10
show a heterojunction, and BICMET, formed with InGaAs. 40     Fig. 11 shows
a n-channel AlGaAs-GaAs BICMET energy diagram. Figs. 12-15 show process
sequences for an AlGaAs-GaAs BICMET. Fig. 16 shows a p-channel SIPOS-Si
BICMET energy diagram. Figs. 17-20 show process sequences for a p-channel
SIPOS-Si BICMET. Figs. 21-25 show device characteristics for p-channel
SIPOS-Si BICMETS. 45     Fig. 26 shows device characteristics for a
n-channel AlGaAs-GaAs BICMET. Fig. 27 shows device characteristics for an
AlGaAs-GaAs BICMET, with a graded collector energy gap. Fig. 28 shows the
effect of collector stretching on a p-channel Si BICMET. Figs. 29-30 show
device characteristics for the p-channel Si BICMET with and without
collector stretching. 50     Fig. 31 shows a diode connected BICMET and
characteristic. Fig. 32 shows a BICMET photodetector cross-section (in Si).
Fig. 33 shows the equivalent circuit for the photodetector connected to an
amplifier. Fig. 34 shows a BICMET optical emitter. Fig. 35 shows electrical
characteristics of a BICMET optical emitter and thyristor. 55     Figs.
36-38 show energy band diagrams for the structure of Fig. 34. Fig. 39 shows
a BICMET thyristor. Physical structure An Illustrative physical structure
of the BICMET is shown in Fig. 1. The following discussion considers a 60
"p-channel" device, wherein a p-type inversion layer is formed at the
interface between n-type materials. An "n-channel" device is analogous,
with the conductivity types being reversed. However, the terms 



"minority carriers" and "majority carriers" are generic to both device
types. Electrons are designated the majority carriers, and holes the
minority carriers, in the p-channel device, since the bulk of the material
is n-type. For consistency, this designation is maintained in the inversion
layer as well, even though It has 65 p-type conductivity. These
designations are of course reversed for the n-channel devices. This
designation 2    EP 0197052 B1 scheme implies that the minority carriers
are of a different conductivity type than the majority carriers in a given
device. The term "bandgap" refers to the difference in energy levels
between the valence band and the conduction band for the material of a
given region of the device. The p-channel BICMET comprises {Fig. 1) an
n-type relatively narrower bandgap material, which is 5 designated the
"collector". In one configuration, referred to as "emitter up", the
collector is formed in a supporting substrate 10, which may be a
semiconductor wafer or an epitaxial layer formed thereon. Contacting a
surface of the narrower bandgap region is an n-type relatively wider
bandgap region 12 (designated by "semi-insulating barrier layer") which is
sufficiently thin to permit thermionic carrier transport through the film,
but sufficiently thick to prevent tunnelling. A metallic layer 14, referred
to as the 10 "emitter", contacts this region, with the wide bandgap region
12 separating the metallic emitter 14 from the collector 10. A metallic
emitter is used because a semi-conductor is not really a very efficient
emitter; it is, in fact, a limited source of carriers and, invariably, its
resistance becomes a dominant factor at high current levels. On the other
hand, a metal, with its almost infinite supply of carriers, its low
resistance, and its inability to store charge, has all the basic features
of the ideal emitter. The problem, of course, is to achieve is a structure
that will incorporate a metal to take advantage of these features. In the
present structure, the metallic layer also serves to create or enhance an
inversion layer thereunder, by means of the field effect between the
metallic layer and the collector. By aligning the edge of the metal layer
to a "source", discussed below, this field effect thus creates or enhances
electrical access to the inversion layer, for control purposes. As
discussed below, the metal layer may be formed in electrically isolated
segments, 20 with a peripheral portion serving to control access to the
inversion layer, and another portion serving as the emitter. These portions
may be overlapped slightly and isolated by a dielectric to ensure a
continuous inversion layer.. In the p-channel BICMET, a p+-well 16,
adjacent to the metallic emitter, provides electrical access to an
inversion layer 18, also referred to as the "inversion channel" herein.
This access well is designated the 25 "channel contact" herein; it is
alternatively referred to as the "source". This is because the channel
contact serves as the source of minority carriers that control the flow of
majority carriers across the inversion layer. An "inversion layer" can also
be referred to as a "two-dimensional gas". although not all two-dimensional
gases exhibit inversion. The p-channel BICMET thus has a two-dimensional
hole gas, and the n-channel BICMET has a two-dimensional electron gas, in
the inversion layer. Note that the term "electrical contact" 30 as used
with regard to the source implies that the inversion layer is supplied with
minority carriers that flow directly from the source, and thereby control
the flow of majority carriers from emitter to collector. This implies that
the control carriers (in the inversion layer) are of opposite conductivity
type to the controlled carriers (flowing from emitter to collector). This
is in contrast, for example, to an enhancement mode field effect transistor
operating in the common gate configuration. In that case, the controlled
carriers flowing 35 from source to drain are identical with the control
carriers flowing from the source (into the inversion channel), and hence
both control and controlled carriers are of the same conductivity type. As
used herein, the term "operating electrical potential" refers to the
application of a voltage between the emitter and collector that tends to
cause majority carriers to flow from emitter to collector. The absence of
any externally applied electrical potentials to the source, emitter, and
collector is referred to as the "quiescent" 40 state herein, and the device
is also referred to then as being in "equilibrium". Energy band diagram The
energy band requirements of the BICMET under equilibrium conditions are
illustrated in the energy diagram of Fig. 2. In the interests of clarity,
we herein also refer to the wider bandgap (thin-film 45 barrier layer 14)
material as a "semi-insulator" and the narrow bandgap material 10 as a
"semiconductor" although neither may necessarily fall within the accepted
definition of these materials-e.g., they could both be semiconductors or
semi-insulators. Furthermore, these terms do not imply resistivity
differences, since either may have a larger resistivity than the other, or
they may have comparable resistivities. In addition, the terms "narrower
bandgap" and "wider bandgap" are defined for material in the vicinity of
the 



so Inversion layer. This is because the bandgaps can be graded in either
region away from the inversion layer, as by a change in crystal composition
or doping levels, as explained further below. For purposes of analysis, the
semiconductor material is assumed to be sufficiently thick that it
accommodates the depletion layer formed at its surface under operating.
bias. On the other hand, the semi-insulator Is assumed to be sufficiently
thin that: (a) the electric fields within it are essentially constant; (b)
that electrons and holes 55 pass through without substantial
scattering-that is, conduction processes are thermionic; and (c)
recombination and space charge effects are negligible. Typical thicknesses
of the semi-insulator range from 7 nm (70 angstroms) to 100 nm (1000
angstroms), and more typically 15 to 40 nm (150 to 400 angstroms). The
symbols utilized herein are defined in the Table, below. Note that * as a
superscript denotes an 60 equilibrium value. 65 3    EP 0197052 B1 List of
symbols A              device area A*             Richardson's constant
(=120 amp [err]/degree K 2) 5                 [err]             capacitance
of the semi-insulating layer d              thickness of the
semi-insulating layer [err]         hole (electron) diffusion constant in
the n-type (p-type) semiconductor region [err]            Fermi level in
n-type semiconductor bulk 10                               energy
difference between Fermi level and --          conduction bend in n-type
semiconductor [err] conduction (valence) band energies in the semiconductor
and in the semi-insulator, respectively 15                [err]        band
gap energies of the semiconductor and semi-insulator, respectively [err]
equilibrium electric field in the semi- insulator (=-V,*/d) semiconductor
dielectric constant 20                                dc current gain of
.the.BICMET. [err]    collector, emitter, source currents, respectively
[err]        hole current flow component from source to collector (density
and total current 25                               respectively) [err]
hole current density and total hole current in the semi-insulator [err]
generation current density and current (respectively) in the collector 30
depletion region [err]      electron current density and total electrical
current in the semi-insulator [err]             emitter current density
[err]  .          collector current density 35                [err]
hole diffusion length in the n-type semiconductor [err]
effective mass of an electron [err]             density of states in the
conduction band of the semi-insulator, or 40
semiconductor (assumed the same for convenience) 



N,            density of states in the valence band of the semi-insulator,
or the semiconductor (assumed the same 45
for convenience) [err]       donor concentration in the semi- conductor and
semi-insulator, respectively [err],            semiconductor intrinsic
carrier 50                                  concentration [err]
voltage band-bending of the semiconductor depletion region [err]
twice the equilibrium Fermi energy in the bulk.semiconductor 55
[err]  electron barrier height at the semiconductor semi-insulator
interface [err]            small barrier for electrons at the metal
semi-insulator interface [err]            energy barrier for holes at the
semi- 60                                 conductor semi-insulator interface
[err]        conduction (valence) band edge discontinuity between
semiconductor and semi-insulating barrier; see Fig. 2 equilibrium surface
potential 65                                  of the semiconductor 4    EP
0197 052 B1 change in surface potential of the ' semiconductor under bias
[err]   voltage drop in the semi-insulator with zero bias applied 5
[err]          surface concentration of holes [err] [err]
bulk concentration of holes in the n-type semiconductor [err]
equilibrium concentration of holes at [err]     the semiconductor surface
10               [err]          hole carrier concentration at the edge of
the depletion region [err]             charge per unit area in the
semiconductor with bias applied -   [err]            charge per unit area
in the semiconductor 15                              with no bias applied q
electronic charge [err]       immobile charge per unit area, and
equilibrium immobile charge per unit area, at the semiconductor' interface
20                 [err]       mobile. charge per unit area and equilibrium
mobile charge per unit area in the semiconductor Qd            depletion
charge per unit area in the semiconductor 25
total stored charge per unit area [err] -                     in the BICMET
under bias [err]         stored mobile charge per unit area (=Q,-Q,*) in
the BICMET under bias 



[err]           common emitter output resistance 30             . [err]  ..
generation lifetime of the semiconductor [err]    saturation velocity
(taken to be =[err] - cm/sec for Si-SIPOS interface or the AlGaAs-GaAs
interface) [err]      thermal velocity of holes, electrons (respectively),
35                               in the semi-insulator [err]       voltage
and equilibrium voltage across the semi-insulating barrier layer -
[err]          V,-V,* Vsc          source-collector voltage 40
VSE            source-emitter voltage VCE           collector-emitter
voltage Xd            collector depletion width [err]             q/kT k
Boltzmann's constant 45                T              absolute temperature
[err]            energy of acceptor level above valence band [err]
position and equilibrium position and equilibrium position Fermi level with
respect to the valence band. 50 The most striking feature of the BICMET is
that the collector depletion region extends substantially to the
semi-insulator interface, typically even without bias; i.e., even in the
quiescent state. The energy level of the conduction band of the
semiconductor is continuously increasing as the surface is approached, and
=     there is an inverted layer at the surface. As used herein, the term
"inversion" refers to a field-induced layer 55  at the surface of the
semiconductor that interfaces with the semi-insulator, which layer is of
opposite conductivity type to that of the bulk of the semiconductor. In a
typical embodiment, the absolute value of the surface potential [err] is
greater than twice the Fermi level [err] of the semiconductor bulk with no
bias voltages applied, resulting in an energy band configuration similar to
an ideal MOS depletion transistor. The formation of the inversion layer is
typically accomplished in part by charge deposition (e.g., ion 60
implantation, molecular beam epitaxy, or other impurity doping methods).
The depth of deposited charge from the interface is typically less than 10
nm (100 angstroms) for the deposited charge density of 10[err]
carriers/cm3. However, greater depths are possible, as long as the
deposition region remains electrically depleted of charge carriers. It can
also be accomplished at least in part by choosing the wide and narrow
bandgap materials to have sufficiently different work functions, that is,
different Fermi levels, so that 65 inversion occurs. (The materials shown
herein have approximately comparable Fermi levels, so that the 5    EP 0
197 052 B1 use of charge deposition is described below). However, the
inversion can also be accomplished totally or in part by short channel
effects or operating bias, discussed further below. The discontinuity
between the valence bands, or between the conduction bands, due to the
difference in the bandgaps of the material on either side of the inversion
layer, provides for confinement of the inversion charge. For this purpose,
the 5 difference in the valence band energies [err] for the p-channel
BICMET, or in the conduction band energies [err] for the n-channel BICMET,
is at least 0.025 electron volts. For example, we estimate that a
difference of 0.05 electron volts provides for retaining about 87 percent
of the inversion charge in the inversion layer. Therefore, the BICMET is
significantly different from the heterojunction transistor, which is simply
a bipolar junction transistor with the base-emitter p-n junction replaced
by a heterojunction (i.e., a junction 10 between two semiconductors having
different bandgap energies). Consequently the heterojunction transistor
typically has the problems associated with the bipolar junction transistor
and, in addition, a severe problem with recombination at the heterojunction
interface due to unavoidable lattice mismatches. The BICMET, on the other
hand, has no base as such, being comprised of two contacting layers of the
same type (e.g., n-type), as opposed to three semiconductor layers in
bipolar junction transistors and 15 heterojunction bipolar junction
transistors. While the inversion layer of the BICMET may be formed by 



counter-doping of a semiconductor (e.g., forming a p-layer in an
n-material), note that the base of a conventional bipolar transistor is
formed to have a quiescent carrier density much greater than the charge
injected by the operating bias. For example, the carrier density in the
base of a bipolar transistor is typically about 1017 to 101 carriers/cm3,
with the injected charge density during operation being typically an order
of 20 magnitude less. In contrast, in the BICMET, the density of carriers
in the inversion layer during operation is typically at least 10 times, and
frequently over 100 times, as great as the quiescent carrier density due to
the deposited charge. For example, the inversion layer extends less than 10
nm (100 angstroms), and typically less than 5 nm (50 angstroms), from the
semiconductor-semi-insulator interface. Hence, an exemplary carrier density
of holes [err] of [err] carriers/cm3 produces a sheet charge density of
only about 3x1012 25 carriers/cm2 in an exemplary 30 angstrom thick
inversion layer. This is substantially less than the density of charge
(holes in the case of the p-channel BICMET) injected from the source into
the inversion layer during operation. Furthermore, the operating bias
potentials increase the level of inversion, which inherently produces a
charge density greater than the background charge. The resulting quiescent
inversion channel is thus supplied with holes from the channel contact when
30 the device is biased. The condition of inversion substantially reduces
recombination and trapping of charge in interface states. A reduction of
recombination and trapping can also be accomplished by other techniques
(e.g., hydrogen annealing in the case of the Si/SIPOS Interface), which may
reduce the amount of inversion necessary for this purpose. The equilibrium
field [err] in the semi-insulator is positive; i.e., the equilibrium
semi-insulator voltage is negative, [err]<0 As noted above, the inversion
channel is formed so 35 as to exist at least in part with no bias voltages
applied. This can be accomplished by depositing charges at the interface,
either in the semiconductor or semi-insulator, or both. Typically,
sufficient charge is deposited so that the Fermi level in the inversion
layer is within 0.2 electron volts of the valence band for the p-channel
BICMET, or within 0.2 electron volts of the conduction band for the
n-channel BICMET; most typically those values are within the range of 0.05
to 0.1 electron volts. 40     The inversion can also be accomplished
totally or in part by the short channel effect. This can be induced by
making the source-collector junction deeper relative to the channel length,
or by making the channel relatively shorter. Then, the depletion regions
due to the source-collector p-n junction can extend substantially to the
limits of the interface between the semi-insulator and the semiconductors.
The electric fields at the depletion region edge can then cause inversion
even in the absence of deposited charge at the 45  interface or operating
electrical potentials. In fact, at channel lengths on the order of 0.1
micrometer, it is expected that no additional doping (i.e., charge
deposition) at the interface is required to achieve inversion. As noted
above, the operating electrical potentials also act to increase the
inversion charge, and it is possible to achieve inversion totally by the
biasing voltage applied to the device. However, this typically results in
an increased turn-on voltage [err] cut-in) that is undesirable in many
cases, but may be 50 acceptable or desirable in other cases. In order to
realize the full potential of the BICMET, the channel contact should
provide good electrical contact to the inversion layer. This is
advantageously obtained by self-alignment of the channel contact to the
emitter. Then, the p+ diffusion of the channel contact electrically
accesses the inversion layer at the semi-insulator-semiconductor interface;
see Fig. 1. It is possible for the metallic emitter to overlap the 55
channel contact to some extent, in order to ensure good electrical access.
This can be accomplished, for example, by heating the channel contact
region to cause the (P) dopant to diffuse under the edge of the
semi-insulating region. However, increasing the overlap causes increased
parasitic input capacitance of the device. It is also possible to space the
channel contact a short distance from the edge of the semi-insulator; we
estimate that distances up to the depletion width associated with the
source-collector junction, and 80  perhaps even beyond, may be acceptable
before increased resistance effectively eliminates electrical access of the
inversion layer from the channel contact. This depletion width is typically
on the order of 100 nm-(1000 angstroms). Any barrier between the channel
contact and the inversion layer should typically be only a diffusion
barrier, and not a field dependent conductivity region. However, it is
possible to utilize a field-dependent conductivity region for control
purposes. That is, the metal layer can be divided into two 65  (or more)
regions, and an additional control electrode (not shown) can contact the
region between the 6,    EP 0197052 B1 source and the emitter contact, as
viewed in Fig. 1. These metallic regions can then be somewhat overlapped at
their edges and dielectrically isolated, thus isolating the control
electrode and the emitter 



electrode. Then, application of the appropriate voltage to this control
electrode can create or enhance the inversion layer thereunder, producing
electrical access from the source to the inversion layer under the 5
emitter. Alternately, the application of the opposite voltage to this
control electrode can reduce or eliminate such access to an inversion layer
otherwise present. Note also that while Fig. 1 shows a single channel
contact, additional contacts can be provided around the periphery of the
semi-insulator. In fact, a continuous annular channel contact around the
semi-insulator can be provided, for improved access to the inversion layer.
10 In a typical embodiment, the emitter of the BICMET is formed on a
different level than the channel contact; see Fig. 1. This allows the
channel contact to be separated from the metallic emitter by the
semi-insulator, and hence avoids high source-emitter leakage currents.
Further, this non-planar geometry allows the source to contact the
inversion layer in a self-aligned fashion, as noted above. Note that this
geometry is different than the typical planar geometry of bipolar
transistors, where a p-n junction isolates 15 the base from the emitter. In
an alternate embodiment, referred to as "emitter down", the emitter is
formed in the substrate, and the collector is formed on a mesa on the
substrate. An emitter contact spaced a short distance from the mesa
contacts the emitter, whereas a channel contact on the substrate contacts
the inversion layer, as before, still other configurations are possible. We
note that there is a similarity between the source current in the p-channel
BICMET and the source 20 (or channel) current of a p-MOS transistor, since
both feed the current flowing in the p-channel inversion layer at the
semiconductor surface. However, the BICMET does not require a drain, since
the source current flows through the semi-insulator to the emitter. This
provides  the BICMET with two distinct advantages (amongst others)
vis-a-vis the MOS transistor, namely: (a) the phenomenon of MOS
punchthrough does not exist, which has important scaling implications; (b)
the device begins to turn on immediately when 25 channel charge begins to
flow; therefore the delay associated with the charge transiting the MOS
channel from source to drain is eliminated (although there is a much
shorter delay time for the electrons to travel from the emitter to
collector of the BICMET, which is a distance typically of the order of 60
nm (600 angstroms)). Because the BICMET does not have the punchthrough
constraints of the MOS or bipolar transistors, it may be scaled to much
smaller dimensions. In fact, there appear to be no obstacles in scaling 30
the lateral dimensions into the sub 0.1 [err] range. As noted above, the
formation of the inversion layer is typically enhanced at smaller
dimensions by the "short-channel" effect. Referring to Fig. 1, the
depletion region, even in the absence of deposited inversion charge, or an
operating electrical potential applied to the device, will extend from the
source (P+ diffusion) under the semi-insulator. This is of course due to
the usual formation of a depletion region at a p-n junction, 35 as carriers
migrate across the junction until electrostatic forces establish an
equilibrium with diffusion forces. At smaller device geometries, the source
(P+ diffusion) typically becomes deeper relative to the width of the
semi-insulator. Hence, the depletion region extends further under the
semi-insulator, until at some geometry it extends entirely under the
semi-insulator; i.e., it extends to the limits of the
semiconductor-semi-insulator interface. Since the inversion layer is
approximately co-extensive with the 40 depletion region at the interface,
this short-channel effect can by itself produce the desired inversion
layer. Of course, the inverion is further enhanced when operating
electrical potentials are applied, as noted above. The function of the
semi-insulator is to form a potential barrier to electrons [err] and holes
[err] at zero voltage, between the emitter and the collector. Ideally, the
emitter/semi-insulator contact should be as 45 close to ohmic as possible,
i.e., [err] should be less than 0.1 electron volt, and preferably less than
0.05 electron volt. Note then any contact potential between the metallic
emitter and the semi-insulator is transparent to the external circuit, and
hence not included in [err] The low "on" resistance of the device allows a
saturated collector current density (i.e., when [err] of at least 10 A/cm2,
and a carrier density of at least [err] carriers/[err] transiting the wider
bandgap region. The requirements of these barriers and the 50 practical
implementation of the structure will be further discussed below.
Equilibrium charge and voltage distributions In all of the energy diagrams
herein, energy bands sloping upwards to the right as viewed imply a
negative voltage drop across that region and hence positive fields, and
energy bands that slope ss  downwards in moving to the right imply positive
voltage change and negative field. Therefore, for example in Fig. 2, [err]
is a positive quantity and [err] is negative. The equilibrium charge
relationship for the BICMET is [err] 60 where [err] and [err] are the
charge per unit area on the emitter, in the collector (semiconductor) and
at 



the semi-insulator-semiconductor interface. Under equilibrium conditions
the surface of the semiconductor is heavily inverted; thus (see equation
A3b of the appendices) 65 7    EP 0197 052 B1 [err] 5 where [err] the
equilibrium hole density at the interface, is given by [err] It is worth
noting that since the equilibrium field in the semi-insulator is positive,
then [err] and since 10 [err] then from (1) [err] so [err] for the energy
band configuration shown. The equilibrium surface potential [err] and
semi-insulator voltage [err] are related as follows: [err] where [err] is
the difference in work functions of the metal [err] and semiconductor [err]
20 [err] and [err] are related to [err] and [err] by and [err] We also have
[err]                                (7) and [err] is related to [err] by
30                                            [err]
(8) where C, is the capacitance per unit area of the semi-insulator. Theory
of operation 35     The p-channel BICMET operates as a current amplifier by
allowing source hole current to flow, which forces a much greater
emitter-collector electron current to flow. (The n-channel BICMET operates
by allowing source electron current to flow, forcing a much greater
emitter-collector hole current to flow). Thus the BICMET is a bipolar
device which manifests current gain and, as such, may be compared to the
junction bipolar transistor. However, there are several distinguishing
features of the BICMET vis-a-vis the 40 bipolar transistor. Firstly, note
that a bipolar transistor has a neutral base; that is, a base region having
no potential gradients (i.e., flat energy bands). The BICMET does not have
a neutral base; that is, it has electric fields on both sides of the
interface. Thus, all of the problems associated with the conduction of
emitter-collector current in the base, which includes minority carrier
diffusion, carrier scattering, base charge storage effects, high-level
injection and the phenomena of punchthrough, do not exist, or are at 45
least substantially reduced, in the BICMET. All these base-related problems
present serious limitations to the switching speed of a neutral base
device. (The practical requirements of implementing inversion charge at the
interface may make it desirable to trade-off some desirable properties to
some extent. However, we limit any neutral region in the vicinity of the
interface to have a thickness of less than 10 nm (100 angstroms); it is
more typically less than 3 nm (30 angstroms)). Secondly, the emitter Is
metallic, and as a 50 consequence the emitter resistance is very low. Thus
it can carry much higher current than a semiconductor emitter, and the
emitter charge storage is negligible. As used herein, the term "metallic"
applied to the emitter refers to a material having a volume resistivity of
less than 0.001 ohm-cm at the device operating temperature. It thus
includes true metals, which typically have resistivities of less than 100
microhm-cm at 20 degrees C. It can also include metal compounds (e.g.,
silcides), and degenerately doped 55 semiconductor material; i.e., a doped
semiconductor whose Fermi level is in the conduction band (n-type) or in
the valence band (p-type). In the following analysis, the emitter is
assumed to be grounded (i.e. only the source and the collector potentials
vary), so all voltages are with reference to the emitter potential. Under
normal conditions of bias (Fig. 3), the collector and source are positively
biased. 60 Off-state [err] Fig. 3 illustrates the device in the off state,
that is, with [err] With a positive voltage applied to the collector, the
semiconductor goes into partial deep depletion [err] because of the leaky
nature of the semi-insulator. In other words, in the steady-state
condition, the holes generated in the depletion region of 65 the
semiconductor are transported through the semi-insulator: 



8    EP 0197 052 B1 [err]                          (9) where [err] is the
hole current flowing through the semi-insulator, [err] is the current
generated in the depletion region, Xd is the semiconductor depletion region
width, [err] is the intrinsic carrier density and Td is the 5 semiconductor
lifetime. In order for the semi-insulator to be capable of transporting the
generated carriers, it must be appropriately biased. This is achieved by
the build-up of inversion charge within the inversion layer, creating a
voltage drop [err] given by (see A2) 10
[err]                           (10) where [err] is the voltage drop across
the semi-insulator, C, is the capacitance of the semi-insulator, and [err]
is the change in the semiconductor charge under bias, where [err] is given
by (see A3a) [err] and [err] is the semi-insulator electron current as
discussed shortly. 20     When the insulator is biased to [err] the barrier
to hole flow from the inversion layer to the emitter is lowered by an
amount AV,. Consequently, holes in the inversion layer are injected into
the semi-insulator, resulting in a net flow of holes through the
semi-insulator to the emitter. The flow of holes give rise to a current
density [err] given by (see A18) 25                                   [err]
(12) Since [err] and hence [err] and [err] are quantities predetermined by
the fabrication procedure, then equations (1-5) permit the determination of
[err] and [err]. Similarly, biasing the semi-insulator reduces the barrier
to electron flow from the emitter to the 30 collector, resulting in a net
electron flow of (see A18) [err] On leaving the semi-insulator, the
electrons are injected into the collector and join the generated 35
electrons to produce the collector current. Generally speaking, since
conceptually the device is designed to produce current gain, [err]
Consequently, the collector current is essentially equal to [err] [err]
(14) 40 where we have assumed that the reverse flow is negligible. It also
follows from the principle of current continuity that [err]
(1 5) 45 where [err] is the current density entering the emitter contact.
The BICMET as an amplifier, [err] In this section we will consider the
characteristics that allow the BICMET to produce current gain. Also, 50  we
will consider only the dc characteristics; the dynamic characteristics are
considered elsewhere. Generally speaking, the source current that flows
into the inversion channel will be considerably larger than the very small
current generated in the collector depletion region, so the latter may be
ignored from now on. Since [err] is considerably greater than [err] and
thus AV, must increase to provide the necessary biasing condition to
support the flow of the source current through the semi-insulator. Biasing
the 55   semi-insulator also causes electrons to flow from the emitter
through the semi-insulator into the collector, where the high field sweeps
the electrons into the neutral section of the collector (Figs. 4-5). If the
semi-insulator is thin enough, the carriers will enter the collector
thermionically. Provided the doping is high enough so that the depletion
width is thin enough and the depletion field is high enough, the carriers
will be "hot" throughout the collector region; i.e. the carriers move with
the saturated drift velocity. With a 60  suitable choice of materials and
geometries, it can also be designed to operate totally or partially
ballistically. This is facilitated by the use of a relatively thin
depletion region and thin collector, providing for a high field and reduced
carrier collisions with the semiconductor lattice, and hence a high current
density. There is no limit on how thin the semi-insulator may be made
provided the contact is ohmic, or on the width of the depletion region,
other than dictated by capacitance considerations or to avoid tunnelling.
66  Another point to note is that the emitter can supply a much greater
electron current to the semi-insulator 9 



EP 0 197 052 B1 than the inversion channel can supply hole current to the
semi-insulator, because of the much lower barrier height at the emitter.
Thus, the structure contains the basic requirements for current gain. I.
Voltage equations 5     The voltage  dropped across the semi-insulator is
still obtained through equations (10), (A2) and (A3).]e The other relevant
voltages are as follows. The source-emitter voltage is given by (see
Equation A4) [err]                            (16) 10    It is interesting
to note that the insulator voltage is not equal to the source-emitter
terminal voltage. This is a consequence of the splitting of the quasi-Fermi
levels at the semi-insulator/semiconductor interface (see Appendix A.1).
The source-collector voltage is given by (see equation (A5)) 15
[err] and the surface potential of the collector is given by (see Al) [err]
[err]        .                              (18) and I. Current equations
[err] 25     The terminal currents for the BICMET are shown in Fig. 6 and
the various internal currents are shown in Figs. 4 and 5, from which we
have [err]                                  (19) 30
(20) It is implicitly assumed in (13) that recombination in interface
states or in the semi-insulator does not 35 need to be considered. This
assumption is justified in the appendices. Following (12) we have for the
hole current in the semi-insulator, assuming [err] as normally will be the
case, [err] (22) 40 and for the electron current in the semi-insulator from
(13), [err]                       (23) 45     The current component [err]
is the portion of the source hole current that flows out of the collector;
it has significance only at low [err] when [err]. To understand the origin
of this current, we refer to Figs. 4, 5, 7 and 8. As [err] builds up to
bias the semi-insulator, the Fermi level [err] at the
semi-insulator/semiconductor interface moves closer to the top of the
valence band: [err]                              (24) At sufficiently low
VcE when [err] the semiconductor surface is forward-biased to the holes. We
may, therefore, look at the semiconductor depletion region as an induced
one-sided [err] junction with [err] representing the hole carrier density
in the p  section. Thus, we have for the hole carrier concentration p(Xd)
at the edge of the depletion region [err] .
(25) Assuming that the neutral section is several diffusion lengths long,
and using the long diode equation to calculate the resulting diffusion
current, [err] we have 60 [err] where  [err] is the equilibrium hole
density in the neutral n-section. As VCE and hence [err] increase, 10    EP
0197052 B1 eventually [err]. In effect, the induced [err] junction is now
reversed-biased, so Ip ceases to flow, and all the source current is now
forced to flow through the semi-insulator. The reverse-biased induced
junction will now be a source of generated holes which will flow towards
the semiconductor surface; however, as previously noted, this current is
negligible compared with the source current and will not be considered 5
further. 



Ill. Current gain Small-signal current gain is defined as [err] with [err].
Thus, from (20-23) we find, assuming [err] 10 [err] Normally, we would
require [err]  0, so with a suitable choice of [err] the gain can be very
large. For 15 example, for [err] and [err] which is typical as we discuss
in the next section on silicon technology, current gains of over [err] and
typically on the order [err] are attainable. Generally speaking, current
gain will decrease with increasing source current and, hence, increasing
collector current. The reason for this is that a larger [err] and [err] are
required in order to support a larger source current-see (22)-and, from
(27), G is inversely proportional to [err] It is also noted that the gain
increases rapidly with decreasing temperature; 20 however, the emitter and
hence collector currents for a given AV, decrease rapidly with temperature.
These tend to be cancelling effects, although Ic does increase for a
constant Is as the temperature is reduced. Device structures III-V Material
technologies 25     The use of high mobility materials has long been
proposed as a superior alternative to Si for high-speed ICs. However, the
advantages have been difficult to realize because of the problems in
fabricating viable bipolar or MOSFET devices. The only device available for
GaAs integrated circuits, for example, is the MESFET (Metal Emitter
Schottky Field Effect Transistor) which suffers from the problems of
threshold control and logic swing for enhancement-mode technologies.
Additional problems are excessive 30 power dissipation and requirements of
level shifting for depletion-mode technologies. The BICMET offers a means
of implementing a high-performance device structure in nonsilicon
materials. The structure appears particularly attractive for those material
combinations which have already been demonstrated using Molecular Beam
Epitaxy (MBE) techniques; see for example, U.S. Patent 3,615,931,
"Technique for Growth of Epitaxial Compound Semiconductor Films",
coassigned with the present invention. 35     The control and uniformity
obtained in simple heterostructures are more than adequate for fabricating
the BICMET structure. For example, [err] heterostructures have been
fabricated having good electrical characteristics. A typical energy diagram
for this combination is shown in Fig. 9 where the InP is restricted in
thickness to about 30 nm (300 A). We also note that the band-gap
discontinuities of [err] eV and [err] eV are particularly attractive to
form a p-channel BICMET with very high current 40 gain. Now this structure
does not have the desired energy band configuration shown in Fig. 2 because
the narrower-bandgap semiconductor is accumulated rather than inverted.
However, consider the structure shown in Fig. 10. Here the wide-band-gap
layer of InP is doped very close to the surface using MBE techniques with
acceptor ions over a distance of about 1-3 nm (10-30 angstrom) with a
concentration of NA= 1019 cm   . The concentration of this charge must be
sufficiently large to cause inversion of the 45 interface. (It is possible
to achieve the same result by doping the narrow-band-gap semiconductor in a
similar fashion. However, since it is desired to avoid the formation of a
neutral base layer, it is desirable to locate the acceptor on the
wide-band-gap side of the interface). The InP layer is to be doped n-type
to approximately [err] with a suitable dopant and the thickness is chosen
to be less than the equilibrium depletion width corresponding to the doping
of the InP so that the entire layer is depleted. For 5o doping
concentrations in the range [err]  the lnP thickness would therefore be
about 20-30 nm (200-300 angstroms). It will be noted that the doping level
in the InP is considered sufficiently high and hence the energy barrier
represented by the dotted line sufficiently thin that it is totally
transparent to electrons, as one always finds at an N+Si/metal contact. It
might appear at first glance that the transparent barrier at the emitter
interface constitutes a specific contact resistance in the same fashion
that a metal 55 does in contacting a junction. However, in this case there
is no neutral section in the contact region, so that part of the source
emitter voltage (VCE) is actually dropped across the transparent barrier.
Therefore, the interfacial resistance will be lower than that encountered
in a conventional ohmic contact of the same doping. The AlGaAs-GaAs system
is a very attractive candidate because of the technology base that has 60
already been established in the development of the DH (double
heterojunction) laser. For this case, the relevant energy parameters are
AE,=0.4 eV, [err]=0.32 and [err]=0.08. To realize maximum gain, the channel
carrier is chosen that provides the maximum barrier to semi-insulator
conduction. Therefore, an n-channel BICMET is chosen, with electron
conduction in the inversion channel. The energy diagram for this transistor
is shown in Fig. 11. In principle, for the n-channel BICMET, [err] is
ideally zero. The converse is 65  true for the p-channel BICMET; i.e.,
[err]=0. In both cases, it is desirable that AE, is maximized. 11  



EP 0197052 B1 In Figs. 12-15 we show a cross-section of the transistor,
indicating how it can be fabricated in an integrated circuit technology.
The starting material is semi-insulating gallium arsenide upon which
successive layers are grown using molecular beam epitaxy. The layers in
sequence are: (i) GaAs (p-type, [err]  1-2 pm); (ii) GaAs (n-type 1019
[err] 1-3 nm (10-30 angstroms)); (iii) AlGaAs (p-type 5 1018 [err] 30-40 nm
(300-400 angstroms)). The concentration at the top surface of the AlGaAs is
increased as high as possible to assist in making the best possible ohmic
contact. A refractory metal such as tungsten and an overlayer of CVD
(Chemical Vapor Deposition) oxide are deposited and patterned and then the
oxide is used as an etch mask to remove the AlGaAs material as shown in
Fig. 13. Then more CVD oxide is deposited and reactive ion etched to
protect the AlGaAs sidewall. Using either one or two resist 10 masking
steps, implantation is used to create an N+ self-aligned source contact and
a [err] collector contact. (The p+ contact does not need to be
self-aligned). The device can now be annealed at 800-830 degree C without
danger of interaction between the tungsten and AlGaAs or of significant
impurity ion motion. Finally, the contacts are metallized with the use of
an additional layer of dielectric isolation. Alternately, the dielectric
isolation could be put down earlier in the sequence to allow emitter metal
to cross the mesa 15 edges. Another ternary combination which is attractive
for the BICMET and which is presently receiving much attention because of
its application to the 1.3 pm fiber optic need is InAlAs-InGaAs. In this
case [err] eV and [err] eV so the n-channel BICMET is still the preferred
choice. Other possibilities are the combinations AlAs-GaAs and [err] both
of which are known to have a reasonable match 20 in lattice constants
(hence controllable interface state densities) and attractive [err] and
[err] values. Another possibility is the choice In [err] with the
discontinuities [err]=0.22 eV and [err]=0.18 eV. Clearly, the possible
combinations of materials are wide, and the choice will be presumably
dictated by the application, ease of fabrication, etc. Furthermore, we
estimate that lattice mismatch will have a relatively small effect on
device operation, 25 because the zero-bias inversion condition inhibits
recombination through any states that do exist. As a result, many material
combinations (for the semi-insulator and semiconductor) that are poorly
matched may also be considered. Not only are a wider range of group III-V
combinations possible, but also groups Il-VI combinations. The atomic
spacing of different semiconductor materials typically must be within 3
percent of each other for heterojunction transistors. In contrast, the
BICMET can operate satisfactorily with 30 greater mismatches. We estimate
that it can operate satisfactorily even for materials differing greater
than 5 percent in atomic spacing. This also implies that either the
semi-insulating region, or the semi-conducting region (or both) can be
polycrystalline or amorphous. (Note in fact that SIPOS is typically
amorphous). Hence, the low rate of recombination at the inverted interface
allows device structures (e.g., vertical stacking) and materials not
previously viable in some cases. 35 Silicon technology The BICMET structure
in silicon technology can be implemented by using a deposited SIPOS film on
a silicon substrate. For SIPOS deposition techniques, see for example,
"Semi-insulating Polysilicon (SIPOS) 40 Deposition in a Low Pressure CVD
Reactor, I, Growth Kinetics", M. L. Hitchman et al, Journal of Crystal
Growth, Vol. 55, No. 3, pp. 485-500 (also see pp. 501-509) (1981). It has
been shown with suitable fabrication procedures that SIPOS may be produced
with a band gap of about 1.5 eV, and resistivities in the range [err]
ohm-cm. However, SIPOS doped with phosphorous or boron, followed by high-
temperature annealing, has resistivities in the range 10-1 to 106 ohm-cm.
The high-temperature annealing 45 apparently activates the dopants, causing
the Fermi level to move from midgap to the appropriate band edge. SIPOS
has, in fact, been used to produce high-gain heterojunction transistors.
Phosphorous-doped SIPOS appears to produce a barrier, [err] at the SIPOS-Si
interface of about 0.1-0.2 eV and a barrier [err] of about 0.3-0A eV. The
energy diagram for this BICMET configuration is shown in Fig. 16. Again a
surface layer of acceptor ions is required at the interface between the
SIPOS and the Si to create an inversion layer. In this case, it would not
typically be feasible to place the p+ interfacial adjustment charge layer
in the SIPOS by MBE. Thus, in this case it would be desirable to deposit
the layer at the silicon surface by MBE. This layer should be sufficiently
thin (1-3 nm) (10-30 A) to avoid the possibility for a (neutral) base layer
to exist. As noted above, if the length of the channel is made small
enough, two-dimensional charge-sharing effects can automatically cause
inversion of the interface. This "short- 55  channel" phenomenon is well
known as a detrimental effect in sub-micron MOS devices. In order to induce



this effect, the channel length is typically less than about three times
the depth of the depletion region of the channel p+ well. If the source
junction were located on both sides of the emitter, then the maximum
channel length is about six depletion depths. Proper construction and
doping of the SIPOS film is of significance for obtaining optimum device 60
performance. It is proposed to use MBE (molecular beam epitaxy) or
extremely low energy implants followed by rapid thermal annealing to
achieve the highly localized charge layers. A suicide (Ta, W or Ti) is a
good choice of metal for the emitter because (a) it allows the implantation
of a self-aligned channel-emitter junction to feed the inversion channel
(b) it tolerates the subsequent high temperature annealing required to
activate the implant. It is likely that RTA (rapid thermal annealing) can
be 65  advantageously used to produce the highly localized charge profiles.
A typical process sequence is shown 12    EP 0197 052 B1 at the important
steps in Figs. 17-20. Sidewall oxide protection during the implantation
step as shown prevents the doping of the SIPOS sidewalls. Device
characteristics 5     Based on reasonable parameters, the various device
characteristics have been generated for the structures described above.
SIPOS-Si Systems In order to discuss the device characteristics and to
relate them to the physics in a simple and 10 straightforward manner, we
will initially ignore space charge effects in the collector due to high
collector current densities. These space-charge effects result in partial
neutralization of the donor density in the semiconductor (i.e., creates a
neutral region) which causes an increase (stretching) in the semiconductor
depletion region width. This effect we designate "collector stretching". At
the end of this section we will include this effect in a practical design
to assess the limitations it imposes. Physically speaking, the 15 injection
of mobile electronic charge into the collector depletion region causes a
debiasing of the barrier layer (i.e., less net positive charge available to
bias the barrier layer) and hence a reduction of the emitter-collector
current flow. Furthermore, the space-charge modulation of the collector
current, coupled with the transit time delay of the carriers through the
collector depletion region, opens the possibility of a tunable low-noise
solid-state oscillator capable of frequencies in the infra-red region
(approaching the [err] of 20 the transistor-1600 GHz); i.e., a coherent
source. Figs. 21-23 illustrate the common-emitter output characteristics of
the SlPOS-Si BICMET shown in the inset of Fig. 21. All three curves have
identical material parameters except -for the silicon doping concentration
which varies as Nd= 1015, [err] and [err] for Figs. 21-23 respectively. In
the calculations, the relative dielectric constant for SIPOS was taken as
8, [err]/sec and the thermionic conduction 25 limit was assumed. The BICMET
common-emitter output characteristics of Figs. 21-23, are similar in
structure to bipolar common-emitter output characteristics, with two
obvious differences. The first of these is the very high gain of the
BICMET, typically 2x104, which is of the order of 200 times greater than
for bipolar transistors. The second is the high collector current,
typically of the order [err], yielding a maximum transconductance of
approximately [err]  which is almost an order of magnitude 30 greater than
that of the bipolar transistor. On the debit side the [err] is somewhat
higher at (0.2 V) than found in bipolar transistors, but this is not
considered to be of any serious consequence. For the non-silicon materials
the use of MBE allows us to grade the bandgap of the collector from narrow
band gap at the interface to wide band gap at the depletion edge. This
technique can reduce the [err] cut-in to almost zero as shown below. 35
The collector current is observed to be negative at low [err] This is a
consequence of the fact that the depletion region of the semiconductor is
forward-biased, thus providing a low-impedance path for the holes from the
channel to the collector. To support this flow of holes, [err] needs only
to be small, because of the relatively low semiconductor barrier height
[err] (see (19)). Because [err] and hence 0. are small, [err] is very small
so [err] is much less than [err] resulting in negative collector current
(see (21)). As VCE and, hence, [err] 40 increases, [err] and, thus, [err]
must increase to maintain constant base current. However, increasing [errr]
results in an increase in [err] and, consequently, in [err] and [err]
Cut-in occurs when [err] that is, when [err] (see (14)). For typical
parameter values for the SIPOS-Si system, [err] for this condition yields
[err] While a smooth transition to the wider bandgap material (i.e.,
grading) can thus reduce [err] cut-in, it is also possible to achieve this
result by an abrupt transition. That is, an additional layer of material
(not shown) 



45 can be added to the bottom of the collector region shown in Fig. 1. This
additional layer can have a bandgap larger than that of the collector
material in the vicinity of the interface. The narrower bandgap collector
material can then have a thickness of perhaps one, or a few, depletion
widths. Further increase in [err] and thus [err] causes [err] and hence
[err] and [err] to increase further still. Eventually [err] and hence l,
saturate when essentially all the channel current flows through the so
semi-insulator, i.e., [err] At this point, [err] and AV,, and hence [err]
become constant, so the collector current becomes constant. Further
increase in[err] simply causes [err] to increase (since [err] is
essentially constant-see (21). Provided that the change in the charge in
the depletion region due to increasing [err] is small compared to [err]
then the semiconductor charge [err] and thus [err] will remain essentially
constant, since (see Appendix Al) [err] With [err] constant [err] and hence
[err] remain essentially constant. 55 This happens to be the situation for
the output characteristics of the BICMET shown in Fig. 21, which has a
semiconductor doping concentration of 1015 [err] as is apparent by the very
flat saturated section of the[ curves. The dotted curve in Fig. 21
illustrates the stored charge 60
[err] As predicted, It is seen that [errr] increases with VCE and finally
saturates at a value of 2.7x[err] when the output curves saturate; i.e.,
when [err] The inverse of the slope of this saturated portion is the common
emitter output resistance [err] which is derived elsewhere ref [61 65 13
EP  0 197052  B1 [err] 5 Thus, for a device delivering 10 mA and using the
typical value of 10'9 10                        [err] which is typical of a
bipolar transistor delivering the same current. In contrast to the flat
saturated section of the output characteristic of Fig. 21 it is seen that
the saturated sections of the output characteristics in Figs. 22 and 23
increase markedly with increasing VCE. The reason for this is the high
semiconductor doping [err] and [err] of the BICMET which causes the charge
[err] in 15 the depletion region to make a substantial contribution to the
semiconductor charge Q.. Thus, as [err] increases beyond its value at
saturation, [err] increases due to the increase in [err] which causes [err]
to increase beyond its saturation value. Consequently, [err] and, hence,
[err] increase with increasing [errr] the effect being more pronounced the
greater Nd, as is apparent from a comparison of Figs. 22 and 23. The
saturation section of the characteristics of Fig. 23 at the higher values
of VCE shows the current rising 20 extremely rapidly with increasing
voltage, reminiscent of punchthrough. However, this portion of the
characteristic is actually true device behavior; that is, control of the
characteristic is still exercised by the base current, whereas control
would be lost if it were punchthrough. Beyond saturation, 25
[err] and since [err] increases with [err] beyond saturation, it follows
from (22) that [err] and hence [err] must actually decrease with increasing
VCE. Thus, for the characteristics shown in Figs. 22 and 23, [err] must
actually exhibit a maximum with [err].This is indeed the case as shown by
the dashed line in Figs. 22 and 23, which corresponds to the 30
[err] characteristic for J,=10 A/[err] and 30 A/cm2, respectively.
Furthermore, although the output characteristic rises rapidly for 35 [err]
in fact changes only slightly due to the exponential dependence of [err]
and, hence, [err] on [err] Since [err] varies only very slowly with [err]
beyond saturation, then it follows that [err] must increase almost linearly
with VcE 40 in this voltage range. The CE output characteristics for the
device shown in Fig. 22 (Nd=10[err] cm-') show that the current gain is
seen to increase with decreasing temperature in accordance with (20): at
200 degrees C the current gain increases to [err] from 4x104 at 300 degrees
C, and decreases to 1.4x104 at 400 degrees C. We have also investigated the
effect on the CE output characteristics of changing the SIPOS thickness 



4s from 30 nm (300 Angstrom), to 15 nm (150 A). The two distinctive
features vis-a-vis the equivalent (30 nm (300 A) device are: the gain is
reduced to about 104, but the output impedance increases. Both of these
effects are a consequence of a thinner SIPOS layer being biased less for a
given charge, resulting in a lower [err] and, hence, a lower [err] Fig. 24
illustrates the common-source output characteristic for the BICMET, with a
semiconductor so doping of [err]. In contrast to its common-emitter output
characteristic, the saturated portion of the characteristic is very flat,
indicating a very high differential output impedance. In fact, the
common-source output resistance is given by [err] So, for the device
described  previously  (i.e., delivering  10 mA) and  using  [err] then
[err] is about [err] times as high asatypical RObfor bipolar transistors,
so 60 in this mode of operation the BICMET Is an excellent constant current
generator. The common-emitter input characteristic, VSE VS. [err] with
[err] as parametric variable for the device of Fig; 22, is shown in Fig.
25. III-V Compounds 65     Figs. 26 and 27 illustrate the common-emitter
output characteristics for the [err] 14    EP 0197 052 B1 [err] systems
with the [err] and InP layers 300 angstroms thick and the doping of the
other layers at [err]. Although the corresponding bandgaps of the three
systems differ substantially, the characteristics are remarkably similar,
the main difference being that the current levels and the current gain
differ somewhat, typical current gains forthethree systems being 3x105 and
1.7x105 5 respectively. In Fig. 27 we show the effect of grading the energy
gap of the collector region. The energy gap of the collector is graded from
the narrowband value at the interface to the wide-band value at the edge of
the collector depletion region. The curves are identical to Fig. 26 but the
cut-in voltage has been eliminated. The effects of collector stretching o
The effect of collector stretching was examined using a device which had
been scaled in the vertical dimension. The device parameters are now [err]
=0.4 eV, [err]=2x101 [err] and d=150 angstroms (see Fig. 21) as shown by
the inset in Fig. 28. Fig. 28 illustrates the common-emitter output
characteristics for this device and it shows that the gain is now 5x 10,
which incidentally is an increase by a factor of 10 from the device with
[err]=0.3 eV (see Figs. 21-23). The change in device parameters has
decreased the cut-in 15 voltage and saturation voltage by about one half to
=0.12V and =0.38V respectively. The characteristics are shown with and
without collector stretching. The stretching becomes pronounced as [err]
approaches [err] Alcm2. The effect of stretching is always to reduce the
current since the collector depletion charge becomes less effective in
biasing the barrier. The stretching therefore allows greater control over
the output characteristic, i.e., it allows the application of larger VcE
and gives a larger [err] It also produces a lower 20 collector capacitance
because of the stretched depletion region. It is therefore concluded that
some collector stretching is beneficial, except that the transit-time of
carriers across the collector depletion region is increased. Ideally, then;
the BICMET should be designed to operate as close to the collector
stretching limit as possible while still achieving tolerable collector
transit times. Figs. 24, 30 and 31 show the common-emitter transfer
characteristic, the source input characteristic 25 and the diode-connected
device characteristic (i.e., with the source and collector as a common
terminal) for the BICMET in Fig. 27. The designated symbol for the device
is shown in the inset in this figure. The double line of the MOST is used
to indicate that the semi-insulator is still a high impedance to the base
input. The arrow for the emitter is analogous to the bipolar, indicating a
high current lead. The transfer characteristic shows that the current is
reduced by collector stretching for a fixed VCE in agreement with Fig. 28.
It is noted 30 that the source input characteristic shows no effect of
collector stretching, since the source current is controlled independently
of the stretching effect. We now considerthe current gain G as a function
of source input current and temperature respectively, for the BICMET of
Fig. 28. The gain initially decreases with increasing [err] in which range
collector stretching is negligible [err]A/cm2) but then it begins to
increase dramatically as source currents of 4-5 [err] are 35 reached, in
which range collector stretching becomes appreciable. At temperature below
200[err] gains in excess of 10' are achievable. (This is obtained for a
value of VCE=1V, and the Js is adjusted to give [err] A/cm2)). However, the
collector current and, hence, transconductance decrease with decreasing 



temperature. It should be noted here also, that recombination in interface
states may well become a limiting factor for current gains [err] (see
Appendix C). 40 In summary, we have described a new device in which an
inversion layer replaces the conventional base, and a metallic emitter
replaces the conventional semiconductor emitter. The device has very high
transconductance, and very high current gain. Also because the device has
no neutral base, it has a much lower capacitance than a conventional
bipolar transistor. This low capacitance, coupled with the high
transconductance, implies very high speed in both digital and analog
applications. Because the device has 45 substantially no neutral base to
limit scaling in the vertical dimension, as in the bipolar transistor, and
because it has no drain to limit its scaling in the planar dimension as in
the FET, the BICMET is an ideal candidate for the scaling of lithographic
feature sizes into the sub 0.1 [err] range. The corresponding improvements
in device performance are many. However, one of the most significant is the
ability to realize ballistic effects in the channel. This fact alone will
aid devices in the III-V technologies to achieve 50 significant performance
advantages. Other devices Another application of the inventive structure is
as a photodetector. Referring to Fig. 32, a long wavelength optical
detector is implemented in silicon technology. A thin film of germanium
(302, 303) 55 having a sufficient thickness to absorb optical energy is
located on SiO2 layer 301, which is located on Si substrate 300. The [err]
Ge channel contact region 303 accesses the inversion layer, and is
connected to the metallic emitter region 305 through a SIPOS layer 304,
which serves as a resistor. The metallic emitter 305 can be a very thin
metal layer, of a transparent conductive oxide (e.g., indium oxide or tin
oxide). Alternately, the metal contact (region 305) can be only around the
periphery, and electrical contact over the 60 SIPOS semi-insulator 306
surface can be made by a silicide or transparent oxide layer (307), or a
heavily implanted degenerate surface doping of the SIPOS layer. (The
regions are insulated by deposited SiO2 layers 308, 309). The incident
optical energy (314) then can penetrate through to the inversion layer
(315), and into the [err] Ge collector region (302). The collector is
connected to a positive potential power contact (region 312) through a
second SIPOS resistor region (310). The signal output is fed to an
amplifier from 65 metal contact 313. 15    EP 0197 052 B1 The operation is
as follows: The SIPOS resistor (304) is connected between the [err] Ge base
contact of the BICMET and its metal emitter (305) to determine the high
frequency response of the photodetector. When light is absorbed in the Ge
depletion region, the transfer of holes to the Ge/SIPOS interface, and of
electrons to the Ge [err] contact, is very fast, being limited only by the
saturated drift velocity in the Ge. 5 However, when the illumination is
decreased, the excess holes at the interface cannot be removed very quickly
by conduction of the very small current through the SIPOS layer. Therefore,
an alternate conduction path must be provided for them, which is
accomplished by the resistor (304). The speed of the device is determined
by the time constant of the resistor and the SIPOS capacitance. In this
embodiment, the inversion layer is considered to control the flow of
majority carriers from emitter to collector by thus 10 providing this
alternate conduction path. Of course, the current gain of the device is
also decreased by this resistor (304), so bandwidth (speed) can be directly
traded for gain, since the gain-bandwidth product is fixed for the device.
However, the gain-bandwidth product for the BICMET is exceedingly high, so
the resistor can be chosen to obtain a decent gain (say G=100) at a
frequency higher than conventional phototransistors. It is noted that the
15 resistor is comparable to the speed-up capacitor and resistor in
conventional bipolars, which is used to extract holes from the base when
the base signal goes to ground (measuring base pulse response). In the
arrangement shown here, we are using the internal capacitance of the
barrier layer, and taking the resistor to the most negative potential in
the system, which is the emitter ground. Several comments are in order
about the benefits of such a photodetector: 20 .- Thisarrangement could be
used for any wavelength of-light simply by choosing the collector material
to have the appropriate absorption spectrum. Therefore, one can consider
InSb or HgCdTe, etc. for even longer wavelength response. For shorter
wavelength response, one can of course use Si or other materials. The
characteristic feature of the BICMET photodetector is that of a gain which
is highest at the lowest currents and decreases for very high current
levels. This is exactly what we desire for the BICMET as a 25 photodetector
because we would like the detector to operate in the dark with only the
leakage current 



flowing. That is, we do not want large currents to flow in the device in
the quiescent condition. Large currents are usually necessary in the case
of conventional heterojunction bipolar transistors to obtain a large
current gain. Also, the BICMET photodetector may be made so that the
inversion layer forms upon application of the 30 operating voltage; i.e.,
without depositing charge at the interface during device construction. The
increase of [err] cut-in obtained thereby is of typically little
consequence for the photodetector. The equivalent circuit of the structure
of Fig. 32 is shown in Fig. 33, wherein resistor [err] corresponds to SIPOS
layer 304 of Fig. 32, and load resistor R2 corresponds to layer 310. The
gain of the device can be varied by changing [err]. For example, the
channel of a field-effect transistor can serve as [err], which can then 35
be controlled by a voltage applied to the gate. A very wide range of
optical power levels can thus be detected without overload to the detector
or amplifier 32. Referring now to Fig. 34, there is illustrated an
isometric view of a device structure i 000 comprising the BICMET structure
and additional region 355. This device can behave as a pnpn thyristor, and
can act as either a laser or a light emitting diode, depending on factors
including the thickness of the active region, 40 doping levels, bandgaps,
and the presence or absence of an optical resonator. Structure 1000 can be
designed to be a normally "ON" or normally "OFF" device. Structure 1000 is
illustrated as being formed on an n-type semiconductor substrate 355 and is
denoted as a n-channel device. Structure 1000, when formed with a p-type
substrate, is denoted as a p-channel device. The p-channel device is
analogous to the n-channel device and, accordingly, will not be discussed
45 in any detail. Both the p-channel and n-channel devices could be
constructed essentially upside-down with identical layers arranged in
reverse order to what is illustrated. In one embodiment in which light is
emitted, structure 1000 is a current-controlled device which when built as
a n-channel device essentially comprises a n+-type conductivity
semiconductor substrate (body) so 355, a p-type semiconductor region
(layer) 354 (which may be denoted as a collector region), a relatively thin
n-type semiconductor region (layer) 360 (which may be denoted as a channel
layer or an inversion channel), a p-type semiconductor region (layer) 358,
a metallic layer 351, a localized n+-type contact region 353, and a
localized p+-type contact region 359. Terminals 350, 352, 357, and 356 are
coupled to metallic layer 351, region 353, substrate 355, and region 359,
respectively. Region 358 is a relatively wide bandgap 55 material of p-type
conductivity and is sufficiently thin enough to permit thermionic emission
therethrough. Metallic region 351, which serves as the anode terminal, is
in contact with layer 358 and serves as the anode of structure 1000. Layer
360 is a thin n-type layer which is essentially an inversion channel which
separates p-type layer 358 from p-type layer 354. Region 354 is of a
relatively narrow typically direct bandgap material and, accordingly, is
capable of emitting light. Substrate 355, which has an electrode 357 60 In
ohmic contact therewith, serves as the cathode terminal of structure 1000
and has a relatively wide bandgap compared to collector region 354. This
provides for high injection efficiency for junction 361. This condition
provides for numerous hole-electron recombinations in region 354, which
produces optical emission. Contact localized region 353 is in electrical
contact with channel layer 360 and makes ohmic contact to an electrode 352
which serves as a control terminal of structure 1000. Region 359 makes
ohmic 65 contact to layer 354 and is in ohmic contact with electrode 356
which serves as a collector terminal of 16    EP 0197052  B1 structure
1000. Structure 1000 has both optical (from region 354) and electrical
outputs (from region 359) that are both controlled by potentials applied to
and current injected into or pulled out of channel region 360. Thus,
optical emission and electrical output signals can be rapidly modulated
using a relatively low power control signal applied to region 353. 5     As
has been described hereinabove, the BICMET itself is essentially an
inversion channel controlled transistor. In the quiescent state, all of the
electrodes float in potential and no current flows through the device.
Normally in the off state, the device is forward biased from electrode 350
to electrode 357 but there is no current flow out of layer 360 into
electrode 352 and, therefore, only relatively small amounts of leakage flow
between electrodes 350 and 357. In the on state, the device has a forward
bias across 10 electrodes 350 and 357 and electrons are injected into
channel layer 360. This injection of electrons increases the forward bias
potential across region 358 and thereby facilitates a relatively large flow
of current between electrodes 351 and 357. This corresponds to the
collector-emitter current through a 



transistor, with the electron flow into the inversion channel region
(layer) 360 corresponding to the input control current. 15    When
structure 1000 functions as a thyristor, there is provided a forward bias
between electrode 350, which serves as an anode terminal, and electrode
357, which serves as a cathode terminal. When structure 1000 is in a
thermal equilibrium state, there is no bias applied between anode electrode
351 and cathode electrode 357 or between electrodes 352 and 350. The energy
band diagram for this mode of operation is illustrated in Fig. 36. For this
state, initially no current flows through structure 1000 which is operating
at 20 point A or at the origin of one possible current-voltage (l-V)
characteristic curve that is illustrated in Fig. 35. The situation where
the anode (terminal 350) is forward biased with respect to the cathode
(terminal 357), and there is essentially no flow of charge carriers into
layer 360, corresponds to the OFF (high impedance) state of the device, as
typified by region AB of Fig. 35. When some source current is injected into
channel layer 360, the current from anode electrode 350 to 25 cathode
electrode 357 increases and there is an accumulation of holes in relatively
narrow bandgap region 354. As the anode-to-cathode current increases, a
plasma of charge carriers is built up in region 354, which results in a
great enough hole concentration gradient between regions 354 and 355 for
diffusion of holes from region 354 to region 355 to begin. This flow of
holes in turn gives rise to a flow of electrons in the opposite direction
(see Fig. 37) which causes switching action such that the impedance level
between 30 terminals 351 and 357 goes from a relatively high resistance, to
a relatively low resistance which is illustrated in Fig. 38. Point B on the
I-V characteristic of Fig. 35 and the energy band diagram corresponding to
switching of Fig. 37 illustrate this action. In this later mode of
operation, structure 1000 enters a brief phase of negative resistivity as
it moves along its characteristic point B to point C. During this portion
of the mode of operation, there is a relatively 35 low level of
recombination of charge carriers in region 354. Point C of the I-V
characteristic of Fig. 35 corresponds to the "ON" state of the device. If
the channel region 360 current is then increased by a relatively small
amount, the collector-emitter current significantly increases due to the
fact that the transistor portion of structure 1000 is on and providing
current gain. This increase in carriers in layer 354 causes an optical
output signal to be emitted from region 354 to correspondingly increase the
output 40 current as is illustrated at point D on the I-V curve illustrated
in Fig. 35. In this manner, the light level and electrical output signal
may be modulated. The nature of a light emitted by structure 1000 and the
direction in which it is emitted are functions of the overall geometry of
the structure. The described structure 1000 produces at least incoherent
light that may be directed into a waveguide (not shown) coupled to region
354 in a number of ways well known in 45 lightwave technology. Lasing can
be achieved by creating a resonator cavity between any two exposed and
parallel facets of region 354, (i.e., the surface facing the observer of
Fig. 34, and the parallel facet which is hidden directly behind, such that
both are optically semi-reflective and semi-transparent). With structure
1000 being used as a laser, waveguide couplings to the second region can be
made via either of the two parallel cleaved facets. so     In one
embodiment of structure 1000 which emits light, layers 354 and 360 are both
gallium arsenide and layer 358 and substrate 355 are both aluminum gallium
arsenide. Region 358 is about 40 nm (400 angstroms) thick and is of [err]
that has been p-doped to a concentration of [err] . Region 354 is about 0.5
[err] thick and is of GaAs that has been p-doped to a concentration of
[err]. Region 355 is about 0.5 [err] thick and is of [err] that has been
n+-doped to a concentration of 5x 1018 [err] Channel 55  region 360 is
typically 3 nm (30 angstroms) thick and is of GaAs that has been n+-doped
to a concentration of at least [err]. Channel region 360 can be thicker, up
to several tens of nanometers (hundreds of angstroms). Response times would
tend to degrade as the thickness of region 360 increases. In one presently
believed preferred embodiment, the thickness of region 360 would be
approximately several to 150 tenths of nanometre. Metallic emitter 351 is
approximately 300 to 400 nm (3000 to 4000 60  angstroms) thick. Structure
1000 may be mesa etched along two parallel planes. The first plane would be
perpendicular to the layer structure of the device and ends such that layer
354 is exposed while the second plane is parallel to the first and extends
beyond the depth of the region 354. Contact regions 353 and 359 are
typically formed by ion implantation. Contact region 359 is optional when
structure 1000 is used as a thyristor. 65     The solid curve of Fig. 35
illustrates the I-V characteristic which structure 1000 exhibits if there
are. 17    



EP 0197052 B1 only changes in the anode-to-cathode forward biasing voltage,
as is the norm in thyristor switching. In this case, point A, the origin,
corresponds to the quiescent state of structure 1000 wherein all the
potentials of contacts.(electrodes) are floating. The positive slope line
segment between points A and B corresponds to the effect of increases in
the forward bias from the anode to the cathode of structure 1000.
Inflection point B 5 corresponds to switching as the biasing potential
difference is large enough to cause punchthrough in region 354 after which
the device would enter into a brief phase of negative resistivity
corresponding to the negative slope line segment between point B and a
second inflection point, C. The positive slope line segment of the
characteristic which follows is the operating region of the device whose
points C and D correspond to the high and low levels of a modulated output
signal, respectively. Modulating between 10 these two states is controlled
by small changes in the voltage applied between the anode (electrode 351)
and cathode (electrode 357) which cause relatively large changes in current
flow through structure 1000 and the emission of light. In contrast,
however, dotted path E illustrates the use that injected channel current
has on the switching characteristic, as compared to controlling the
anode-cathode voltage. As previously stated, 15 structure 1000 is intended
to switch when the accumulation of majority carrier plasma in region 354
induces the diffusion of holes from region 354 to region 355 which in turn
causes a reciprocal diffusion of electrons to flow from region 355 to
region 354. Because the anode to cathode potential difference is to be held
constant for this device, mechanism used in the light
emitter/BICMET/thyristor for initially creating, maintaining, and
modulating the necessary majority carrier plasma build-up is that of
increasing the 20 emitter-collector current of the device via the injection
of channel current. In this case, the higher the channel current, the
larger the plasma build-up and the lower the anode to cathode potential
difference -    required for switching. Thus, by increasing the injected
channel current, one can bring the switching voltage of the device down to
that of its forward bias. After switching point E, the characteristic
follows the solid curve as previously described through a phase of negative
resistivity to point C from which 25 modulation between it and D is
controlled via changes in the source current. Structure 1000 can be
designed with sufficiently high current gain such that with a forward bias
applied between terminals 351 and 357 and with no current supplied to
channel region 360, structure 1000 is in an "ON" state and conducts current
between terminals 351 and 357. The amount of current flow, with no current
supplied to channel region 360, is determined by the bandgaps of the
different regions and the 30 substrate. The application of a voltage and
current to terminal 352 acts to modulate the current flow between terminals
351 and 357 and the light emitted from region 354. Referring now to Fig.
39, there is illustrated in a cross-sectional view a thyristor structure
1000A which is very similar to structure 1000 of Fig. 34. Regions of 1000A
which are similar or identical to corresponding regions of structure 1000
of Fig. 34 are denoted with the same reference number with an "A" added 35
thereafter. The major difference between structures 1000 and 1000A is that
contact region 359 and terminal 356 do not exist in structure 1000A and the
bandgap of region 355A is typically the same as region 354A. Structure
1000A acts as a pnpn silicon controlled rectifier (SCR) but is not adapted
to provide a light or electrical output signal from region 354A. The
response time of structure 1000A is believed better than that of
conventional SCR's. In silicon SIPOS technology, structure 1000A would be
typically fabricated as a 40 p-channel device, with the regions and
substrate having opposite conductivity types of those illustrated.
Appendices Appendix A. The system under bias 45 A.1 Voltage and charge
equations Fig. 3 illustrates the BICMET under voltage bias and with a
channel current flowing. The collector-emitter voltage, [err] is given by
(all variables with the superscript * refer to their respective equilibrium
values): 50                                [err] where [err] the voltage
drop in the semi-insulator, is given by [err] where C, is the capacitance
of the semi-insulator. Under bias, the charge equation is [err]
(A3) 65    and [err is given by 18    



EP 0197 052 B1 [err] 5 where [err] is the position of the Fermi level at
the interface under bias and given by 10
[err] [err] is the charge in the semiconductor given by (see (B8)) [err]
Following (A6) , the equilibrium value of semiconductor [err]  is given by
[err] The channel-emitter voltage VSE is given by [err] 30 35 where AV, is
the voltage drop [err] in the semi-insulator. The collector-source voltage
[err] is given by [err] or Further justification is helpful at this point
of equation (A2). There are two cases one can generally consider for the
details of conduction of the barrier layer. In the first case the doping of
the barrier layer is uniform and the zero bias depletion width is equal to
45 the width of the barrier layer. Then as the forward bias is increased
the depletion width decreases and the capacitance associated with the
depletion width increases. Of course, when this happens there is
considerable current flowing and so there is also a voltage drop between
the edge of the barrier layer and the emitter contact. There is a
capacitance associated with this section and so the total capacitance will
be the series combination of the two parts. In this case (A2) cannot apply
because the capacitance C, will be 50 less than the insulator capacitance
and will be voltage dependent. In the second case, the doping is rapidly
varying with position so that just at the contact it is very high (the
material is degenerate) but is rapidly decreasing as we approach the
semiconductor. This kind of profile is to be expected for an ion implanted
barrier layer. For this situation, if the zero bias depletion width is just
equal to the thickness of the barrier layer then it will remain so as bias
is applied because the doping 55 at the depletion edge is so high; that is,
all of the charge required to bias the barrier layer is supplied by very
small movements of the depletion edge at the emitter contact. In effect,
the depletion edge is pinned to the emitter contact and so the correct
capacitance to use in (A2) is C,, the insulator capacitance. However, when
a space-charge maximum appears in the semi-insulator the situation changes
and the capacitance will increase as noted in A.2.2. 60     Let us estimate
the extent to which the depletion width is fixed. Assume that at the
emitter contact, the doping is [err]. If a voltage [err] is applied the
charge required on the emitter is [err] and [err] coulombs [err] if we
assume the geometrical [err]  Since this charge is near the emitter then
[err] and so [err] nm (19 angstroms). Therefore all of the charge is within
about 2 nm (20 angstroms) of the emitter, and becomes even more localized
the higher Nd, can be made. This 66 situation is the one we consider in
A.2. 19    EP 0197052 B1 A.2 Current equations for barrier layer There are
two regions of operation to be considered: a) when space charge does not
influence the transport of charge through the semi-insulator, that is,
before a space charge maximum appears in the semi-insulator energy diagram
which is the condition [err] (b) when a space-charge maximum [err] 5
appears in the energy diagram of the semi-insulator, that is, when [err] In
the former case the current flow is diffusion or thermionic-limited
depending on whether the barrier layer is greater or less than the mean
free path of the carrier in the barrier layer. In the latter it is
space-charge-limited by the barrier presented by [err]. 10 A.2.1
Diffusion/thermionic-limited operation The electron current [err] flow
through the barrier layer may be represented generally by [err] 15
dx 20                                                 [err] Since the
current is independent of xwe can write  (A10) using expl-[err](x)as an
integrating factor, in 



the form [err] The boundary conditions are 30 [err] 35 where [err] is the
average electron energy in a direction perpendicular to the barrier
layer/semiconductor interface and [err] is the small but finite energy
barrier at the metal/semi-insulator interface. Using the boundary
conditions an equation is obtained which may be solved for [err]  to yield
[err] 46 The integral in (A12) cannot be completed in closed form. However,
we may rewrite it approximately as d                      V(d)    1 55
[err] where E is an average value of the electric field over the
semi-insulator thickness. It is this approximation and the one for [err]
below which are valid only for the case of the effectively constant
depletion width. The approximation should be a good one because [err]
appears only in the pre-exponential term. Evaluating (A13) and substituting
into (A12) yields for [err] 60 Vtn: [err] 20    EP 0197 052 B1 We can write
as an approximation qd 5  and since we know that [err]
(Al 5) where [err] is the mean free path of carriers in the semi-insulator,
then (A14) may be written 10 dkT [err] 15 Let us consider the limits of
(A14) for low and high values of applied insulator voltage [err]. For small
AV,, [err] 20 the denominator of (A16) becomes dkT +1.              -
(A17) 25     For large [err] the denominator of (A16) becomes, by expanding
the exponential term, d +[err]                                  (A18) 30
Generally speaking [err] so that the use of (A18) would represent the worst
case situation, i.e., it would predict lower than actual currents at the
lower voltage levels. Since we are most interested in high current levels
then we may use (A18) in the denominator of (A16) for all voltage levels
bearing in mind that the actual currents could be higher for lower voltage
levels: 35 [err] [err] The interesting feature of this form  is that it
combines thermionic-limited and diffusion-limited conduction for since, if
[err]  becomes which may be written in the form       [err] (A20) where
[err] is Richardson's constant. This result is simply thermionic emission
associated with the barrier of so height [err] On the other hand if [err]
(A19) may be written 



[err] 60 which is simply the diffusion current associated with a barrier
height of [err] In a similar manner we can find the current of electrons
from the collector to the semi-insulator to be [err] [err] 21    EP 0
197052 B1 Since [err] for normal operating conditions, [err] which may be
written [err]                         (A22) where [err] is an effective
velocity for electrons: 10 [err] 15 and the negative sign for the current
has been discarded. The hole current follows directly from (A18) by
substituting [err] for [err] and the barrier to holes [err] see Fig. 3)
measured from [err] (Fermi level for holes at the interface) for [err] the
barrier to electrons measured from the metal Fermi level [err] [err] 20-
[err]                                             (A23) 1 +d/[err] Note
that [err] so that (A23) reduces to 25
[err] [err] 1 [err] [err]                         (A24) 30 where [err] 1
[err] is an effective velocity for holes. 35 A.2.2 Space-charge-limited
operation In this mode of operation, since the field in the semi-insulator
is very high [err] V/cm) we assume that the electron velocity is saturated.
Thus, we have for the space charge density p, in the semi-insulator 40
[err]                           (A25) where [err] is the constant space
charge contribution of the current and [err] is the donor density in the
semi-insulator. Substituting (A25) into Poisson's equation we have 45
dE     q                    q [err] Using the boundary condition E=O at
x=xm where [err] is the maximum of the space charge potential 55 measured
from the emitter contact, (A26) integrates to q 60
[err] Integrating (A28) using the boundary condition that [err] at x=O
gives [err]    EP 0197 052 B1 [err] is determined by substituting [err] in
(A29) [err] We now determine xm from (A29) using the boundary condition
[err] at x=d which gives [err] It is interesting to note from (A31) that
when [err] then [err] independent of Nd or [err]. Substituting 



(A31) into (A30) yields 15 [err] 20     The current through the
semi-insulator is now given by (A19) with the barrier to electrons [err]
replaced by [err] and the thickness of the insulator d replaced by the
position of the maximum xm: [err] Since [err] is a function of [err] then
(A33) is clearly transcendental. 30     Without space charge, then biasing
the semi-insulator by an amount AV, changes the total stored charge [err]
in the system by an amount AVIC,. With space charge present we determined
the effect of the space charge on [err] by determining the change of
charge, [err] at x=d (i.e. at the interface) when a bias AV, is applied
across the semi-insulator, 35                                 [err] where
E(d) is the field at x=d. Using x=d in (A28) and substituting xm from (A31)
yields [err] The term VC, is just the contribution of the geometric
capacitance to [err] therefore, [err] is the contribution of the space
charge. We may associate a capacitance [err] with this space charge given
by so                                            [err] [err]
(A34) 2AV, C., thus appears in parallel with C,. 55    In order to
illustrate the nature of the transition from  barrier-limited to
space-charge-limited conduction in the barrier layer the results (A19) and
(A33) have been plotted as a function of applied voltage in Fig. A2. A
sharp break in the curve is seen as the space-charge limited effects become
important. The slope of this curve which corresponds to the [err] of the
device is shown in Fig. A3 and is seen to reach a maximum of ~4X[err]
A/V[err]. 60     From this result it would seem always desirable to operate
near the knee of the current vs. voltage curve since the [err]` of the
device would be a maximum there. It will be noted that for voltages above
the knee the capacitance also increases due to the space-charge component
(A34). 65 23    EP 0 197 052 B1 Appendix B. Charge equations B.1 Total
semiconductor charge, [err] Poisson's equation at any plane x in the
depletion region of the semiconductor is given by 5
[err] [err] where x is measured from the semi-insulator/semiconductor
interface. The free hole concentration p(x) 10 may be written in the form
[err]                               (B2) where [err] and [err] at the
semiconductor interface and [err] at the edge of the depletion region. 15
The term [err] is the constant space charge contribution of the collector
current, which has the effect of reducing the donor charge, and of
stretching the width of the collector region. This term also effectively
determines the maximum collector current density that can flow, since Jo
[err] 25    Otherwise [err] a condition that cannot be sustained. The
inequality shows that in order to have very large collector currents, Nd
must be very large. For example, in order to achieve collector currents of
the order [err] amp/[err] which we would desire for logic applications then
[err] 30 Substituting (B2) in (B1) we obtain [err] which, since [err] may
be written in the form 



[err] where the integration has been carried out from the interface, where
[err] and [err] to the edge of the depletion region, where [err] and [err]
Evaluating the integral yields 45
[err] 50    The charge [err] in the semiconductor is related to [err] by
[err]                              (B7) So substituting (B6) into (B5) and
noting that 55 [err] we arrive at [err] 60
[err] B.2 Inversion charge Q.,, Equation (A3) is the expression for the
total semiconductor charge. Often we require the free-carrier stored charge
[err]1  which cannot be obtained directly from (A3). However, knowing [err]
(or [err] (or 65 [err] ) may be determined as follows: 24    EP 0197052 BI
The hole charge density at a distance x from the interface is [err] (see
Fig. 8) where [err] is the potential of the valence band edge at x (see
Fig. 7). Thus, 5                                     [err]
(B9) where [err] is the potential at a distance x from the interface, of
the valence band edge measured with respect to [err] the valence band edge
at x=O Now 10 dx [err] 15 where [err] and because [err]  falls off rapidly
with distance from the interface, we may assume [err] to be constant and
equal to its value [err] at the interface; therefore [err] 20 25 Since
[err]  and [err] we have from (B10) [err] Following (B3) we may write for
[err] 35                                             BQO Finally, for the
free carrier stored charge we have [err] B.3 Depletion charge and depletion
width 45   We note that [err] the total semiconductor charge is equal to
the sum of the inversion charge, [err] and depletion charge, Qd; [err]
Hence, from (B11) we have [err] (B14) where 0, is given by (67). The width
of the depletion region, [err], is now given by 55
[err] [err] or [err]                                              (B15)
Appendix C: Recombination in interface states Let N be the number of
electrons passing a unit area of the interface per unit area per second.
Thus 25   



EP 0 197052 B1 Jo N= q 5 Thus the capture cross-section area swept out per
second is 10                                                    [err] where
a is the electron capture cross-section. Assuming [err] is the number of
interface traps per unit area then the rate of recombination R is [err] 15
Hence the recombination current density [err] 20 Since [err] then the
maximum available gain is  - - [err] where [err] is the gain in the absence
of recombination. Clearly recombination will have no effect on the gain if
the condition 30 [err] is satisfied. We must therefore estimate a
reasonable value for [err] It is noted that the electron spends a time 35
[err] in the vicinity of the trap where r is the radius of the trap and v
is the velocity of the electron moving through the interface: [err] In
order for the electron to be trapped it must spend a time near the trap at
least equal to the time tph to emit 45  a phonon. The capture cross-section
may be considered to be reduced from its low field (equilibrium) value
[err] proportionately according to: r [err] The cross-section will be even
further reduced by the effects of the high interface field since there will
be a strong Poole-Frenkel lowering effect for a trap with a coulombic
potential well. However, even ignoring this effect and using the typical
numbers of [err] cm2, r=1 angstrom, [err]=0.2 eV we obtain [err]q 1020 55
cm2. Therefore, assuming [err], the maximum attainable gain is [err]  and
becomes progressively better the lower is [err] Claims 60     1. A solid
state device having an emitter (14) and a collector (10) and in which, in
use, the flow of charge carriers of a first type from the emitter to the
collector is controlled by current applied to a base region between the
emitter and the collector, carriers of the opposite type to the first type
being the majority carriers in the base region and carriers of the first
type being the majority carriers in the collector characterised in that the
emitter (14) has metallic electrical conductivity and is separated from the
collector 65 (10) by a barrier region (12) which forms a heterojunction
with the collector, the barrier region having a 26    EP 0 197052 B1 [err]
5 Thus the capture cross-section area swept out per second is 10
[err] where a is the electron capture cross-section. Assuming [err] is the
number of interface traps per unit area then the rate of recombination R is
Jo 15                                      [err] Hence the recombination
current density [err] 20 Since [err] then the maximum available gain is 



[err] where [err] is the gain in the absence of recombination. Clearly
recombination will have no effect on the gain if the condition 30
[err] is satisfied. We must therefore estimate a reasonable value for a. It
is noted that the electron spends a time 35 [err] in the vicinity of the
trap where r is the radius of the trap and v is the velocity of the
electron moving through the interface: [err] In order for the electron to
be trapped it must spend a time near the trap at least equal to the time
tp,, to emit 45 a phonon. The capture cross-section may be considered to be
reduced from its low field (equilibrium) value. [err] proportionately
according to: r [err] The cross-section will be even further reduced by the
effects of the high interface field since there will be a strong
Poole-Frenkel lowering effect for a trap with a coulombic potential well.
However, even ignoring this effect and using the typical numbers of [err]
r=1 angstrom, [err] =0.2 eV we obtain [err]=2x 1020 55  cm2. Therefore,
assuming [err], the maximum attainable gain is [err] and becomes
progressively better the lower is [err]. Claims 60 1. A solid state device
having an emitter (14) and a collector (10) and in which, in use, the flow
of charge carriers of a first type from the emitter to the collector is
controlled by current applied to a base region between the emitter and the
collector, carriers of the opposite type to the first type being the
majority carriers in the base region and carriers of the first type being
the majority carriers in the collector characterised in that the emitter
(14) has metallic electrical conductivity and is separated from the
collector 65 (10) by a barrier region (12) which forms a heterojunction
with the collector, the barrier region having a 26    EP 0197052 B1 wider
bandgap than the collector at the heterojunction, and in that the base
region is constituted by an inversion layer formed at the heterojunction, a
source (16) of charge carriers of the said opposite type being provided to
make substantially ohmic contact with the inversion layer for the
application of the controlling current. 5     2. A device as claimed in
claim 1 wherein the emitter (14) is in ohmic contact with the barrier
region (12), the barrier region is of material of the same conductivity
type as the collector (10), and the source (16) is of material of the
opposite conductivity type to the collector. 3. A device as claimed in
claim 1 or 2 wherein the inversion layer extends substantially to the
limits of the heterojunction in the absence of operating electrical
potentials applied to the device. 10    4. A device as claimed in any of
the preceding claims wherein the formation of the inversion layer is
accomplished at least in part by the presence of charged particles in the
vicinity of the heterojunction. 5. A device as claimed in any of the
preceding claims wherein said source is adapted to communicate with an
electrical signal for controlling the flow of majority carriers transiting
through said barrier region from said metallic emitter to said collector
and thereby provide current gain for said signal. 15    6. A device as
claimed in any of claims 1 to 4, the device being a photodetector wherein
the emitter (305) and the barrier region (306) are optically transparent
and the collector (302) is adapted to produce hole-electron pairs when
illuminated by optical energy. 7. A device as claimed in any of claims 1 to
4, the device being a thyristor having a further region (355A) forming a
p-n junction (361A) with the collector (354A) opposing the heterojunction.
20    8. A device as claimed in any of claims 1 to 4, the device being a
light-emitting device having a further region (355) with a wider bandgap
than and opposite conductivity type to the collector (353) and forming a
p-n heterojunction therewith opposing the heterojunction between the
collector and the barrier region (358). 9. A device as claimed in any of
the preceding claims wherein the emitter is of a metal. 25 Patentanspruche
1. Festkorperanordnung mit einem Emitter (14) und einem Kollektor (10), bei
welcher wahrend des 



Betriebs der Flug von Ladungstragern eines ersten Typs vom Emitter zum
Kollektor durch einen einer 30 Basiszone zwischen dem Emitter und dem
Kollektor zugefuhrten Strom gesteuert wird, Ladungstriger des gegenuber dem
ersten Typ entgegengesetzten Typs die Majoritatsladungstrager in der
Basiszone sind und Ladungstriger des ersten Typs die
Majoritatsladungstrager im Kollektor sind, dadurch gekennzeichnet, daS der
Emitter (14) metallische elektrische Leitfahigkeit besitzt und vom
Kollektor (10) durch eine Sperrzone (12), die einen Heteroubergang mit dem
Kollektor bildet, getrennt ist, wobei die Sperrzone einen 35 breiteren
Energiebandabstand als der Kollektor an dem Heteroubergang besitzt, und daB
die Basiszone durch eine Inversionsschicht gebildet ist, die sich bei dem
Heteroubergang ausbildet, wobei eine Quelle (16) von Ladungstragem des
entgegengesetzten Typs vorgesehen ist, um einen im wesentlichen Ohmschen
Kontakt mit der Inversionsschicht zur Zufuhr des steuernden Stromes
herzustellen. 2. Anordnung wie in Anspruch 1 beansprucht, bei der der
Emitter (14) in Ohmschem Kontakt mit der 40 Sperrzone (12) ist, die
Sperrzone aus einem Material des selben Leitungstyps wie der Kollektor (10)
ist und die Source (16) aus einem Material des gegenuber dem Kollektor
entgegengesetzten Leitungstyps ist. 3. Anordnung wie in Anspruch 1 oder 2
beansprucht, bei der die Inversionsschicht sich im wesentlichen zu den
Grenzen des Heterouberganges bei Abwesenheit von der Anordnung zugef0hrten
elektrischen Betriebspotentialen erstreckt. q5     4. Anordnung, wie in
einem der vorstehenden Anspruche beansprucht, bei der die Ausbildung der
Inversionsschicht wenigstens teilweise durch die Gegenwart von
Ladungspartikeln in der Nahe des Heterouberganges bewerkstelligt wird. 5.
Anordung wie in einem der vorstehenden Anspruche beansprucht, bei der die
Source daffur ausgelegt ist, mit einem elektrischen Signal zur Steuerung
des Flusses von 50 Majoritatsladungstragern zu kommunizieren, die die
Sperrzone von dem metallischen Emitter zum Kollektor durchqueren und
dadurch einen Stromgewinn for das Signal liefern. 6. Anordnung wie in einem
der AnsprOche 1 bis 4 beansprucht, wobei die Anordnung ein Photodetektor
ist, bei dem der Emitter (305) und die Sperrzone (306) optisch transparent
sind und der Kollektor (302) daffr ausgelegt ist, Locher-Elektronen-Paare
bei Beleuchtung mit optischer Energie zu a erzeugen. 7. Anordnung wie in
einem der AnsprOche 1 bis 4 beansprucht, wobel die Anordnung ein Thyristor
mit einer weiteren Zone (355A) ist, die einen pn-Ubergang (361A) mit dem
Kollektor (354A), dem Heteroubergang gegenuberliegend, bildet. 8. Anordnung
wie in einem der AnsprOche 1 bis 4 beansprucht, wobei die Anordnung eine 60
lichtemittierende Anordnung ist, die eine weitere Zone (355) mit einem
groBeren Energiebandabstand als der Kollektor (353) und mit hiergegen
entgegengesetztem Leitungstyp umfagt und die mit dem Kollektor einen
pn-Hetero0bergang bildet, der dem Heteroubergang zwischen dem Kollektor und
der Sperrzone (358) gegen0berliegt. 9. Anordung wie in einem der
vorstehenden Anspruche beansprucht, bei der 65     der Emitter aus einem
Metall ist. 27    EP  0197  052  B1 Revendications *        1. Un
dispositif A semiconducteurs comportant un emetteur (14) et un collecteur
(10) et-dans lequel, pendant le.fonctionnement, la circulation de parteurs
de charge d'un premier type, de I'6metteur vers le .. 5 collectour, est
commandee.par un courant qui est applique a une region de base situee entre
M'6metteur et le collecteur, des porteurs du type oppos6 au premier type
etant les porteurs majoritaires dans la r6gion de . base et des porteurs du
premier type etant les porteurs majoritaires dans le collecteurn
caracteris6 en ce quo l'emetteur (14) pr6serite une conductivit6 electrique
rm6tallique et il est separ6 du collecteur (10) par une region de barriere
(12) qui forms une heterojonction avec le collecteur, la region de barriere
ayant une 10 bande interdite plus large que le collecteur a Therojonction,
et en ce que la region de base est constitue - par une couche d'inversion
qui est formee A l'h6terojonction, une source (16) de porteurs de charge du
type oppos6 etant etablie de fagon 3 former un contact pratiquement ohmique
avec la couche d'inversion, pour I'application du courant.decommande.. 2.
Un dispositif-selon la revendicatidn 1, dans lequel l'6metteur (14) est en
contact ohmique avec la 15 r6gion de barriere (12), la .r6gion de. barriere
ost.en un materiau du meime type de conductivite que la collecteur (10), et
la source (16) est en un materiau du type de conductivite oppos6 h celui du
collecteur. 



3. Un dispositif selon la revendication 1 ou 2, dans lequel la couche
d'inversion s'6tend pratiquement jusqu'aux limites de l'h6t6rojonction, en
I'absence de potentiels electriques d'alimentation. appliques au
dispositif.                    -          - 2a     4. Un dispositif selon
l'une quelconque des revendications pr6c6dentes, dans lequel la formation
de la couche d'inversion est obtenue, au moins en partie, par la pr6sence
de particules chargees au voisinage de l'h6t6rojonction. 5. Un dispositif
selon l'une quelconque des revendications precedentes, dans lequel la
source est concue de facon A communiquer avec un signal 6lectrique pour
commander la circulation de porteurs 25 majoritaires qui transitent A
travers la region de barriere, de l'emetteur metallique vers le collecteur,
et a procurer ainsi un gain en courant pour ce signal. 6. Un dispositif
selon l'une quelconque des revendications 1 A 4, qui consists en un
photodetecteur, ..   -.dans.lequel l'emetteur (305) et la r6gion de
barriere (306) sont optiquement transparents, et le collecteur (302) est
congu de fagon a produire des paires electron-trou lorsqu'il est illumine
par de l'6nergie optique. 30     7. Un dispositif selon l'une quelconque
des revendications 1 a 4, consistant en un thyristor qui comporte.une
r6gion suppl6mentaire (355A) formant une jonction p-n (361A) avec le
collecteur (354A), du c6t6 oppose a l'heterojonction; *...::::- -:8. Un.
dispositif selon l'une quelconque des revendications 1 a 4, consistant en
un dispositif .lectroluminescent qui comporte une r6gion suppl6mentaire
(355) ayant une bands interdite plus large quo 35 le collecteur (353) et un
type de conductivite oppose A celui du collecteur, et formant avec le
collecteur une *  h6t6rojonction p-n du cot6 oppose a l'h6t6rojonction
entre le collecteur et la region de barriere (358). J           9. Un
dispositif selon l'une quelconque des revendications pr6c6dentes, dans
lequel l'metteur est constitu6 par un m6tal. 40 45 .so 55 60. 28    


