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LATTICE MISMATCHED
HETEROJUNCTION STRUCTURES AND
DEVICES MADE THEREFROM

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
FA9550-09-1-0482 and FA9550-08-1-0337 awarded by the
USAF/AFOSR, N00014-12-1-0077, N00014-12-1-0884 and
N00014-13-1-0226 awarded by the NAVY/ONR, and
WO11INF-11-1-0415 awarded by the ARMY/ARO. The gov-
ernment has certain rights in the invention.

BACKGROUND

Semiconductor heterojunctions and devices incorporating
them are key components of the semiconductor industry.
Conventional heterojunctions are formed by epitaxial growth
of materials that are lattice matched, or nearly lattice
matched, with their growth substrate. Thus, epitaxial growth
techniques require that the material being grown take on the
same structure and crystalline orientation as the growth sub-
strate. A large lattice mismatch between the materials in suc-
cessive layers in an epitaxially-grown heterostructure will
result in dislocation formation, leading to failed devices.

Wafer bonding is another technique that has been used to
fabricate heterostructures of dissimilar materials. However,
conventional wafer bonding requires that the bonded surfaces
be atomically smooth in order to avoid the formation of voids
at the interface and further requires that the materials to be
bonded have similar coefficients of thermal expansion in
order to render them compatible with the high temperatures
used during the bonding process. Moreover, an interface layer
formed between two dissimilar materials by wafer bonding is
typically characterized by defects and damaged atomic lat-
tices of the bonded materials, as a result of chemical interac-
tions. As a result, such heterostructures find limited use.

Unfortunately, these drawbacks of epitaxial growth and
watfer bonding techniques have limited the number of mate-
rial combinations that can be incorporated into semiconduc-
tor heterojunction structures.

SUMMARY

Semiconductor heterojunction structures comprising lat-
tice mismatched, single-crystalline semiconductor materials
and methods of fabricating the heterojunction structures are
provided. Also provided are devices incorporating the hetero-
junction structures, methods of making the devices and
method of using the devices.

One embodiment of a semiconductor heterojunction struc-
ture comprises: (a) a layer of a first single-crystalline semi-
conductor material; (b) a layer of a second single-crystalline
semiconductor material, the second single-crystalline semi-
conductor material having a different chemical composition
and a different lattice constant than the first single-crystalline
semiconductor material; (c) and a current tunneling layer
disposed between and in contact with the upper surface of the
layer of the first single-crystalline semiconductor material
and the lower surface of the layer of the second single-crys-
talline semiconductor material. The current tunneling layer
comprises an inorganic material. The bandgap of the inor-
ganic material is wider that the bandgaps of the first and
second single-crystalline semiconductor materials and the
inorganic material is not a native oxide of the first single-
crystalline semiconductor material or a native oxide of the
second single-crystalline semiconductor material. The struc-

20

25

30

35

40

45

50

55

60

65

2

tures are characterized in that the interfaces between the
current tunneling layer and the layers of the first and second
single-crystalline semiconductor materials do not have an
epitaxial structure.

An embodiment of a method for making a semiconductor
heterojunction structure of the type described above, com-
prises the steps of depositing the current tunneling layer on
the layer of the first single-crystalline semiconductor material
and transferring the layer of the second single-crystalline
material onto the current tunneling layer.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review of
the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Ilustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1 is a schematic diagram showing a cross-sectional
view of a PN junction diode comprising two layers of dis-
similar single-crystalline semiconductor materials separated
by a current tunneling layer.

FIGS. 2(A)-(E) are schematic illustrations of pnp-type (A),
npn-type (B) pin-type (C) and (D) and pipi-type (E) elec-
tronic energy band structures that can be provided by the
present heterojunction structures.

FIG. 3 is a schematic diagram showing a cross-sectional
view of a vertical HBT comprising current tunneling layers
between the collector and the base and between the base and
the emitter.

FIG. 4 is atable listing the material, layer type, dopant type
and concentration, and thickness of each layer in one embodi-
ment of the HBT of FIG. 3.

FIG. 5 is atable listing the material, layer type, dopant type
and concentration, and thickness of each layer in another
embodiment of the HBT of FIG. 3.

FIG. 6 is a table listing semiconductor material combina-
tions that can be employed as the emitter, base and collector
materials of wide-bandgap-collector HBT.

FIG. 7 is a table listing semiconductor material combina-
tions that can be employed as the emitter, base and collector
materials of a Group III-V collector HBT.

FIG. 8 is a schematic diagram showing a cross-sectional
view of a vertical HBT having only a single current tunneling
layer that is located between the collector and the base.

FIG. 9(A) is a table listing the material, layer type and
thickness of each layer in an embodiment of the HBT of FIG.
8. FIG. 9(B) is a table listing the material, layer type, and
thickness of each layer in embodiments of the HBTs having
diamond collectors.

FIG. 10 is a diagram showing the scaled energy band
structure of the heterojunction in the HBT of FIG. 8 at equi-
librium (A) and under a forward bias (B).

FIGS. 11 (A) and (B) are tables listing semiconductor
material combinations that can be employed as the layers of
single-crystalline semiconductor material to provide hetero-
structures having a pin-type energy band structure.

FIG. 12 is a table listing semiconductor material combina-
tions that can be employed as the layers of single-crystalline
semiconductor material to provide heterostructures having a
pipi-type energy band structure.

FIG. 13 is a table listing the material, dopant concentration
and type, and thickness for each layer in the original hetero-
structure from which the collector layer of the HBT in the
Example was fabricated.
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FIG. 14 is a schematic diagram illustrating the process of
fabricating a layer of single-crystalline material as an HBT
base layer and transferring that layer onto a current tunneling
layer that has been deposited on a collector, as described in
the Example.

FIG. 15 is a schematic diagram illustrating the process of
fabricating a layer of single-crystalline material as an HBT
emitter layer and transferring that layer onto a current tunnel-
ing layer that has been deposited on a base, as described in the
Example.

FIG. 16 is a table listing the material, layer type, dopant
concentration and type, and thickness for each layer in the
original heterostructure from which the emitter layer of the
HBT in the Example was fabricated.

FIGS. 17(A)-(E) are graphs showing the performance
characteristics of the HBT of the Example.

DETAILED DESCRIPTION

Semiconductor heterojunction structures comprising lat-
tice mismatched, single-crystalline semiconductor materials
and methods of fabricating the heterojunction structures are
provided. The heterojunction structures comprise at least one
three-layer junction comprising two layers of single-crystal-
line semiconductor and a current tunneling layer sandwiched
between and separating the two layers of single-crystalline
semiconductor material. Also provided are devices incorpo-
rating the heterojunction structures, methods of making the
devices and method of using the devices.

The semiconductor heterojunctions in the structures are
fabricated using nanomembrane (i.e., films having nano-scale
thicknesses—i.e., thicknesses less than about 2000 nm) trans-
fer techniques and, therefore, do not rely upon epitaxial
growth or wafer bonding processes. This is advantageous
because it eliminates the requirement that the materials in the
various layers of the heterojunction structures be lattice
matched—or nearly so. In addition, unlike wafer bonding
techniques, the present methods do not require atomically
smooth surfaces for bonding and can tolerate relatively large
differences in the coefficients of thermal expansion for the
semiconductor materials in the heterojunction stack. Finally,
because the two single-crystalline semiconductor materials
are physically separated from each other by a current tunnel-
ing layer, chemical reactions between the two materials are
avoided and the surfaces of the two materials may be passi-
vated. As a result, the present semiconductor heterojunctions
can be fabricated from a much wider range of semiconductor
materials than those made from epitaxial growth or wafer
bonding techniques.

In one embodiment, a semiconductor heterostructure com-
prises a layer of a first single-crystalline semiconductor mate-
rial; a layer of a second single-crystalline semiconductor
material; and a current tunneling layer disposed between and
in contact with the upper surface of the layer of the first
single-crystalline semiconductor material and the lower sur-
face of the layer of the second single-crystalline semiconduc-
tor material. In this structure, the second single-crystalline
semiconductor material has a different chemical composition
and a different lattice constant than the first single-crystalline
semiconductor material. The current tunneling layer com-
prises an inorganic material, such as an oxide or nitride of a
metal or metalloid element. The inorganic material is charac-
terized in that it has a bandgap that is wider than the bandgap
of either of the two single-crystalline semiconductor materi-
als that it separated and is further characterized by the ability
to passivate surface states of the materials. In addition, the
heterostructures are characterized in that the interfaces
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4

between the current tunneling layer and the layers of the first
and second single-crystalline semiconductor materials do not
have an epitaxial structure.

The single-crystalline semiconductor materials are inor-
ganic semiconductors. The semiconductor materials in
neighboring layers (i.e., in layers separated by an intervening
current tunneling layer) are dissimilar, such that there is a
band offset in the electronic energy band diagram of the
heterojunctions formed by the two materials. The semicon-
ductor materials can be independently selected from a broad
range of semiconductors including: (a) Group IV semicon-
ductors; (b) Group I1I-V semiconductors; and (¢) Group II-VI
semiconductors. The semiconductor materials of neighbor-
ing layers may be selected from the same group or may be
selected from different groups. For example, in an embodi-
ment where the layer of first semiconductor material is alayer
of' a Group IV semiconductor, the layer of second semicon-
ductor material can be a layer of a Group III-V or a Group
1I-VI semiconductor. Similarly, in an embodiment where the
layer of first semiconductor material is a layer of a Group
III-V semiconductor, the layer of second semiconductor
material can be a layer of a Group IV or a Group 1I-VI
semiconductor. The Group IV semiconductors include all
elemental semiconductors (e.g., Si, Ge and C, including dia-
mond), as well as alloy and compound semiconductors (e.g.,
SiGe:C, SiGe, SiGeSn and SiC). The Group I1I-V and Group
1I-VI semiconductors include binary, ternary and higher com-
pound semiconductors. Examples of Group III-V semicon-
ductors include GaAs, AlGaAs, InGaAs, AlAs, InAlAs, InP,
GalnP, GaP, GaN, InGaN, InAIN and AlGaN. Examples of
Group II-VI semiconductors include oxides, such as ZnO. In
some embodiments the semiconductor materials are
undoped, while in others they are doped to render them semi-
conducting or to enhance their semiconducting properties.
The doping may be p-type or n-type depending upon the
material and the intended application for the heterojunction
structure.

Each layer of semiconductor material can be characterized
by an upper surface, a lower surface and a circumferential
edge surface. (The terms “upper” and “lower” are not used to
designate any absolute orientation. Rather they are merely
intended to refer to the oppositely facing surfaces that run
parallel to (including substantially parallel to) a plane later-
ally bisecting the layer.) In some embodiments, the root mean
square (rms) roughness of the upper and/or lower surfaces
may be significantly higher than would be considered accept-
able for void-free wafer bonding. Thus, in some embodi-
ments, the upper and/or lower surfaces have an rms roughness
of greater than 1 nm. This includes embodiments in which the
upper and/or lower surfaces have an rms roughness of at least
2 nm (e.g., in the range from 2 nm to 10 nm) and further
includes embodiments in which the upper and/or lower sur-
faces have an rms roughness of atleast 5 nm (e.g., in the range
from 5 nm to 10 nm). For the purposes of determining the rms
roughness of a surface, it can be determined from an AFM
image over the area of the interface between the layer of
single-crystalline semiconductor material and the current
tunneling layer.

As used herein, the term “current tunneling layer” refers to
a layer characterized in that it is made from an appropriate
material and is sufficiently thin that it is able to act as a
tunneling layer for electrons and holes. That is, unlike a
typical dielectric medium, it allows both electrons and hole to
pass through it, from the first layer to the second layer of
single-crystalline semiconductor material, via quantum tun-
neling. Thus, because metals would block the passage of
holes, metals are not suitable materials for a current tunneling
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layer. However, a wide range of non-metal inorganic materi-
als can meet these criteria. The inorganic material of the
current tunneling layer may be a material that would act as a
dielectric in its bulk form, but is sufficiently thin that it no
longer acts as an electrical insulator. The current tunneling
layer provides a sort of ‘glue’ between the layers of single-
crystalline semiconductor material. It is able to conform to
the topography of the surfaces of the layers of semiconductor
materials without introducing voids at the interfaces. Other
advantages provided by this layer of inorganic material are
that it can passivate the surfaces of the layers of semiconduc-
tor materials with which it is in contact, such that dangling
bonds and interface states are minimized or eliminated, and it
can prevent the interdiffusion of the semiconductor materials
from the neighboring layers of single-crystalline semicon-
ductor materials. This latter effect avoids the formation of an
unwanted, intervening, cross-contaminated semiconductor
interface layer between layers of single-crystalline semicon-
ductor.

The thickness of the current tunneling layer typically need
only be on the order of the rms roughness of the surfaces of the
layers of the semiconductor materials which it binds. By way
of illustration, in some embodiments, the current tunneling
layer has athickness in the range from about 1 to about 10 nm.
This includes embodiments in which it has a thickness in the
range from about 2 to about 10, from about 2 to about 5 nm or
from about 1 to about 3 nm. Since the thickness of the current
tunneling layer may not be uniform on an atomic scale, the
thickness of the layer corresponds to the average thickness of
the layer across the bonding interfaces of the heterojunction
structure.

In some embodiments, the inorganic material of the current
tunneling layer is an oxide. In such embodiments, the oxide
can comprise, consist of, or consist essentially of, a metal
oxide, an oxide of a semiconductor element or an oxide of a
metalloid element. Examples of oxides that may be used in
metal oxide current tunneling layers include, but are not lim-
ited to, those that can be deposited via atomic layer deposition
(ALD). Examples of such metal oxides include aluminum
oxide (Al,O,), titanium oxide (TiO,), hafnium oxide (HfO,)
and tantalum oxide. SiO, is another example. In some
embodiments, the metal, semiconductor or metalloid ele-
ments present in the oxide are different from any metal,
semiconductor or metalloid elements in the single-crystalline
semiconductor materials with which they are in contact and
between which they are disposed. In the present heterostruc-
tures, the inorganic oxides of the current tunneling layers are
not native oxides of either of the two single-crystalline semi-
conductor materials in the layers that they separate. Thus, in
the embodiment described here, the inorganic oxide is not a
native oxide of the first or second single-crystalline semicon-
ductor materials. (As used herein, the term native oxide refers
to an oxide that would be monolithically formed on the
single-crystalline material as the result of the oxidation of the
single-crystalline material in an oxygen-containing environ-
ment. For example, SiO, is a native oxide of Si.)

In other embodiments, the inorganic material of the current
tunneling layer is a ntiride. In such embodiments, the nitride
can comprise, consist of, or consist essentially of, a metal
nitride, nitride of a semiconductor element or a nitride of a
metalloid element. Examples of nitrides that may be used in
nitride current tunneling layers include, but are not limited to,
those that can be deposited via atomic layer deposition
(ALD). Examples of such nitrides include aluminum nitride,
silicon nitride, and titanium nitride. In some embodiments,
the metal, semiconductor or metalloid elements present in the
nitride are different from any metal, semiconductor or met-
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alloid elements in the single-crystalline semiconductor mate-
rials with which they are in contact and between which they
are disposed.

In some embodiments, the current tunneling layer com-
prises two or more sub-layers, each of which comprises an
inorganic material, provided, however, that the total com-
bined thickness of the sub-layers is still low enough to allow
for the tunneling of electrons and holes through the layer. For
example, in a current tunneling layer comprising multiple
sub-layers comprising inorganic oxides, the inorganic oxides
can be selected such that one oxide passivates one of the two
neighboring semiconductor materials, while another oxide
passivates the other of the two neighboring semiconductor
materials.

As noted above, the various neighboring layers of the het-
erojunctions do not have an epitaxial structure. As used herein
the term “epitaxial structure” refers to a structure in which the
crystallographic orientation of an overlying layer is deter-
mined by (matches) that of its underlying layer, such that the
two layers have the same crystallographic orientation, at least
in the area of their interface. Such epitaxial structures may
include strains and stresses at the interface, induced by a
lattice mismatch between the two materials and may even
include misfit dislocations. In contrast to such epitaxial struc-
tures, the layers in the present structures have crystallo-
graphic orientations that are independent from (e.g., different
from) those of their neighboring layers. As such, the layers
that do not have an epitaxial structure are free of lattice
mismatch-induced strains or stresses and lattice mismatch-
induced misfit dislocations. In addition, the present hetero-
junctions do not require the use of intermediate buffer layers
comprising a compositionally graded layer, stepped layers or
a layer of strain-relaxed material.

The thicknesses of the layers of single-crystalline semicon-
ductor materials will depend on the intended application for
the heterojunctions. However, by way of illustration, in some
embodiments of the heterojunctions, some or all of the layers
of single-crystalline material have thicknesses of no greater
than about 1000 nm.

The semiconductor materials selected for the neighboring
single-crystalline semiconductor materials in the heterojunc-
tions may have a lattice constant mismatch that would render
them unsuitable for epitaxial growth—even in the presence of
an intermediate buffer layer. For example, in some embodi-
ments the lattice constant mismatch between the semiconduc-
tor material of the first layer and the semiconductor material
of'the second layer is greater than about 4%, as in the case of
a Silayer and a Ge layer. This includes embodiments in which
the lattice constant mismatch between the semiconductor
material of the first layer and the semiconductor material of
the second layer is greater than about 15%, as in the case of a
Si layer and a GaN layer. This further includes embodiments
in which the lattice constant mismatch between the semicon-
ductor material of the first layer and the semiconductor mate-
rial of the second layer is greater than about 30%, as in the
case of a Si layer and a diamond layer. Also included are
embodiments in which the first and second single-crystalline
semiconductor materials have lattice constant mismatches of
at least about 5%, at least about 10%, at least about 20% and
at least about 25%.

The semiconductor materials selected for the neighboring
single-crystalline semiconductor materials in the heterojunc-
tion may have a coefficient of thermal expansion mismatch
that would render them unsuitable for wafer bonding, which
is typically carried out at very high temperatures. This is due,
at least in part, to the presence of the current tunneling layer.
The current tunneling layer can act as a buffer to the thermal
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expansion differences between the two single-crystalline
semiconductor materials and can be used to bond the two
single-crystalline semiconductor materials at processing
temperatures lower than those used in wafer bonding process-
ing techniques. By way of illustration, in some embodiments
the coefficient of thermal expansion for the semiconductor
material of one of two neighboring layers is at least twice that
of the other layer. This includes embodiments in which the
coefficient of thermal expansion for one of the two neighbor-
ing layers is at least three times that of the other layer and
further includes embodiments in which the coefficient of
thermal expansion for one of the two neighboring layers is at
least five times that of the other layer.

The semiconductor heterojunction structures can be incor-
porated into a variety of electronic and optoelectronic
devices. FIG. 1 is a schematic diagram showing a cross-
sectional view of a PN junction diode that incorporates a
heterojunction. The diode includes a layer of a first single-
crystalline semiconductor material 102 (which may be, for
example, p-type doped Si), a layer of a second single-crys-
talline semiconductor material 104 (which may be, for
example, n-type doped GaAs) and a current tunneling layer
106 disposed between and in contact with the opposing sur-
faces of semiconductor material layers 102 and 104. A first
electrode (ohmic contact) 108 is disposed on semiconductor
material layer 102 and a second electrode 110 is disposed on
semiconductor material layer 104. The device may further
comprise a voltage source configured to apply an external
voltage across electrodes 108 and 110.

The structure in FIG. 1 can be made by growing n-type
doped GaAs on a semi-insulating GaAs substrate. A layer of
Al O, having a thickness of, for example, 2 nm can then be
deposited on top the n-type doped GaAs via ALD. A p-type
doped Si layer, previously released from a ion implanted and
annealed silicon-on-insulator wafer, can then be transferred
onto the Al,O;, followed by a thermal anneal. Metal contacts
can be deposited and patterned using photolithography and
e-beam evaporation to form the heterostructure.

The PN junction diode of FIG. 1 is an example of a device
incorporating a single three-layered heterojunction. Semi-
conductor heterostructures including more than one such het-
erojunction are also provided. This includes heterostructures
comprising at least two such heterojunctions, at least 3 such
heterojunctions, at least 10 such heterojunctions or at least
100 such heterojunctions. In such multiple heterojunction
heterostructures the heterojunctions may be arranged in a
vertical stack with the three-layered heterojunctions sepa-
rated by one or more intervening layers of material—e.g.
layers of dielectric materials, electrically conductive materi-
als and/or semiconducting materials. Alternatively, the het-
erojunctions may be arranged in a back-to-back configura-
tion, where a back-to-back configuration is one in which a
central layer of single-crystalline material has a first neigh-
boring layer of single-crystalline semiconductor material dis-
posed above it and second neighboring layer of single-crys-
talline semiconductor material disposed below it, the first and
second neighboring layers of single-crystalline semiconduc-
tor material being spaced from the central layer by a first and
a second current tunneling layer, respectively. (The terms
“above” and “below” are not used to designate any absolute
orientation. Rather they are merely intended to refer to an
arrangement in which the central layer of single-crystalline
material is located between the first and second neighboring
layers. Thus, the stacked structure may be disposed on its
side, in which case the layers “above” and “below” would
actually have a side-to-side configuration.) The back-to-back
configuration can be extended over a plurality of the hetero-

20

25

30

35

40

45

50

55

60

65

8

junctions, with each additional layer of single-crystalline
material between separated from its neighboring layer (or
layers) of single-crystalline material by an additional current
tunneling layer.

One embodiment of a double heterjunction structure hav-
ing a back-to-back configuration comprises a layer of a first
single-crystalline semiconductor material; a layer ofa second
single-crystalline semiconductor material; a layer of third
single-crystalline material; a first current tunneling layer dis-
posed between and in contact with the upper surface of the
layer of the first single-crystalline semiconductor material
and the lower surface of the layer of the second single-crys-
talline semiconductor material; and a second current tunnel-
ing layer that is either disposed between and in contact with
the lower surface of the layer of the first single-crystalline
semiconductor material and the upper surface of the layer of
the third single-crystalline semiconductor material or dis-
posed between and in contact with the upper surface of the
layer of the second single-crystalline semiconductor material
and the lower surface of the layer of the third single-crystal-
line semiconductor material. As previously discussed, in this
structure, neighboring layers of single-crystalline semicon-
ductor material have different chemical compositions and
different lattice constants and the interfaces between the cur-
rent tunneling layers and the layers of single-crystalline semi-
conductor materials do not have an epitaxial structure.

The electronic energy band structures for the back-to-back
double heterojunction structures may have, for example, a
pnp structure, an npn structure, a pin structure or a pip struc-
ture. FIG. 2(A) through 2(E) shows electronic energy band
diagrams for each of these types of energy band structures.
(Because the presence of the current tunneling layers does not
materially change the band alignment for the neighboring
semiconductor layers, the portions of the band structures
corresponding to the current tunneling layers have been omit-
ted from the figures for simplicity.)

Heterojunction bipolar transistors (HBTs) are examples of
devices that can incorporate a back-to-back double hetero-
junction structure having either an npn or a pnp electronic
energy band structure. FIG. 3 is a schematic illustration of a
cross-sectional view of a vertical HBT. The device comprises
a base 302 disposed between an emitter 304 and a collector
306, wherein base 302 is separated from collector 306 and
from emitter 304 by a first 308 and a second 310 current
tunneling layer, respectively. In the HBT, the emitter, base
and collector each comprise a layer of single-crystalline
semiconductor material, wherein the single-crystalline semi-
conductor material of the base has a different chemical com-
position and a different lattice constant than the single-crys-
talline semiconductor materials of the collector and the
emitter. In addition, the interfaces between the current tun-
neling layers and the single-crystalline semiconductor mate-
rials of the emitter, base and collector do not have an epitaxial
structure.

At least one base electrode (two are used in this embodi-
ment) 312 is in electrical communication with base 302. At
least one emitter electrode 314 is in electrical communication
with emitter 304. At least one collector electrode (two are
used in this embodiment) 316 is in electrical communication
with collector 306. The device may further include electri-
cally conductive base, emitter and collector interconnects
318, 320, 322 in electrical communication with base 302,
emitter 304 and collector 306 and a sub-collector 324 under-
lying collector 306. The device components may be electri-
cally isolated by a dielectric material 326 at least partially
coating or encapsulating said components. FIG. 4 is a table
illustrating suitable materials, dopant concentrations and
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layer thicknesses for each layer in one embodiment of an
HBT having an npn type electronic energy band structure.

Included inthe HBTs are those that employ diamond as one
of the single-crystalline material layers. For example, the
table in FIG. 5 illustrates suitable materials, dopant concen-
trations and layer thickness for each layer in an HBT having
apnp type electronic energy band structure that uses a layer of
p-type doped diamond as a collector material. This HBT uses
two different Group IV semiconductors (Ge and Si) as the
base and emitter materials.

Different selections of materials can be used to provide
other HBTs with both npn- and pnp-type electronic energy
band structures. By way of’illustration, FIG. 6 provides a table
of single-crystalline semiconductor materials that can com-
prise the collector, base and emitter of an HBT with a wide-
bandgap semiconductor material as a collector. FIG. 7 pro-
vides a table of single-crystalline semiconductor materials
that can comprise the collector, base and emitter of an HBT
having a Group III-V semiconductor as a collector.

In some embodiments of the present HBTs, only a single
current tunneling layer is employed. This may be the case, for
example, when two of the neighboring layers (e.g., the base
and the collector or the base and the emitter) are comprised of
semiconductor materials that are readily grown epitaxially,
but the third layer comprises a material that does not lend
itself to epitaxial growth on the other materials. FIG. 8 is a
schematic illustration showing a cross-sectional view of one
embodiment of such an HBT. (For simplicity, the vertical
interconnects are omitted from the structure.) In the embodi-
ment shown in FIG. 8, the base 802 is in direct contact with
the overlying emitter 804. However, base 802 remains sepa-
rated from the underlying collector 806 by current tunneling
layer 808. As in the HBT depicted in FIG. 3, this HBT may
include base, emitter and collector contacts 812, 814, 816 and
a sub-collector 824. FIG. 9 is a table illustrating suitable
materials, dopant concentrations and layer thicknesses for
each layer in one embodiment of an HBT having a diamond
collector and a pnp-type electronic energy band structure.
FIG. 10 is a diagram showing the scaled energy band structure
of the heterojunction at equilibrium (A) and under a forward
bias (B).

The three-layered heterojunction structures can be usefully
incorporated into a variety of other electronic and optoelec-
tronic devices. Examples of devices comprising a hetero-
structure having a back-to-back heterojunction with a pin-
type energy band structure include lasers, light-emitting
diodes (LLEDs), photodetectors, solar cells with tandem junc-
tions, resonant tunneling diodes, and quantum cascade lasers.
In these devices one or more of the single-crystalline semi-
conductor materials may be a photoactive material. That is, a
material that is capable of absorbing radiant energy and con-
verting it into electrical energy; capable of absorbing radia-
tion of one wavelength and converting it into radiation of a
different wavelength, or capable converting electrical energy
into radiation. In such devices a pin junction is provided by a
heterostructure comprising a layer of single-crystalline
intrinsic semiconductor material disposed between and in
electrical communication with a layer of single-crystalline
p-type semiconductor material and a layer of single-crystal-
line n-type semiconductor material. The single-crystalline
intrinsic semiconductor materials can also be made into mul-
tiple quantum well structures comprising intervening current
tunneling layers, or simply epitaxially grown multiple well
structures—that is, a single layer comprising multiple quan-
tum wells can be incorporated into a heterostructure in which
is it separated from its neighboring layers by current tunnel-
ing junctions.
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The devices may further comprise electrodes in electrical
communication with the p-type and n-type semiconductor
materials and a voltage source configured to apply a voltage
across the pin junction. The devices include at least one
current tunneling layer disposed between the layer of single-
crystalline intrinsic semiconductor material and either the
layer of single-crystalline p-type semiconductor material or
the layer of single-crystalline n-type semiconductor material.
Some embodiments include two current tunneling layers,
wherein the first current tunneling layer is disposed between
the layer of single-crystalline intrinsic semiconductor mate-
rial and the layer of single-crystalline p-type semiconductor
material and the second current tunneling layer is disposed
between the layer of single-crystalline intrinsic semiconduc-
tor material and the layer of single-crystalline n-type semi-
conductor material. By way ofillustration, the tables in FIGS.
11(A) and 11(B) list some examples of combinations of semi-
conductor materials that can be used as the p-type, intrinsic
and n-type single-crystalline semiconductor materials in the
present pin junction lasers and light emitting diodes (FIG.
11(A)) and tandem junction solar cells (FIG. 11(B)).

An example of a device comprising a heterostructure hav-
ing back-to-back heterojunctions that provides a pip energy
band structure is an avalanche photodiode. Such a device may
comprise a pipi-type junction comprising alternating layers
of single-crystalline p-type semiconductor material and
intrinsic semiconductor material. The devices may further
comprise electrodes in electrical communication with the
p-type and intrinsic semiconductor materials and a voltage
source configured to apply a voltage across the pipi junction.
The devices include at least one current tunneling layer sepa-
rating at least one of the neighboring pairs of intrinsic and
p-type single-crystalline semiconductor material. The table
in FIG. 12 lists some examples of combinations of semicon-
ductor materials that can be used as the p-type and intrinsic
single-crystalline semiconductor materials in an avalanche
photodiode having a double heterojunction with a pipi-type
band structure.

The heterojunction structures can be fabricated using a
combination of thin film transfer and inorganic oxide depo-
sition techniques. Generally, a method of fabricating the het-
erojunction structures will comprise the steps of depositing a
current tunneling layer on a pre-fabricated layer of a first
single-crystalline semiconductor material and transferring a
layer of a second pre-fabricated single-crystalline semicon-
ductor material onto the current tunneling layer, whereby the
current tunneling layer adheres the single-crystalline semi-
conductor materials together. Additional current tunneling
layer deposition and single-crystalline semiconductor layer
transfer steps can be carried out sequentially in order to fab-
ricate multiple heterojunction structures. Atomic layer depo-
sition (ALD) is a technique that can be use to deposit the
inorganic materials of the current tunneling layers.

The example below provides a more detailed description of
a method for fabricating a heterojunction structure. In this
method, a layer of a first single-crystalline material (that can
serve as the collector for an HBT) is initially provided on a
substrate heterostructure and a layer of oxide is deposited on
the single-crystalline material via ALD to provide a first
current tunneling layer.

A layer of a second single-crystalline material (that can
serve as the base for an HBT) is also initially provided on a
substrate heterostructure (an SOI), wherein the single-crys-
talline semiconductor material is disposed on a layer of sac-
rificial material (the buried oxide of the SOI). The layer of
sacrificial material is then selectively removed from the struc-
ture, such that the layer of the second single-crystalline semi-
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conductor material is released. The release of the layer may be
accomplished, for example, using a selective etchant or by
creating a weakened plane in the material using ion implan-
tation—a technique that is sometime referred to as Smart Cut.
Optionally, the semiconductor material can be doped, either
prior to or after release. Any damage caused by the doping
process can be repaired using a thermal anneal. The released
layer of the second single-crystalline material is then trans-
ferred onto the first current tunneling layer. The transfer can
be carried out by using an intermediate host substrate or by
floating the released layer in a liquid medium and then using
the structure comprising the first current tunneling layer to lift
the released layer out of liquid. Suitable methods for releasing
thin layers of inorganic materials from epitaxial structures
and for transferring the released layers to other substrate are
described in U.S. Pat. No. 7,354,809. A second layer of oxide
is deposited on the second single-crystalline semiconductor
material via ALD to provide a second current tunneling layer.

Like the layer of the second single-crystalline semiconduc-
tor material, a layer of a third single-crystalline semiconduc-
tor material (that can serve as the base for an HBT) is initially
provided on a substrate heterostructure, wherein the single-
crystalline semiconductor material is disposed on a layer of
sacrificial material. The layer of sacrificial material is then
selectively removed from the structure, such that the layer of
the third single-crystalline semiconductor material is
released. Optionally, the semiconductor material can doped,
either prior to or after release. Any damage caused by the
doping process can be repaired using a thermal anneal. The
released layer of the third single-crystalline material is then
transferred onto the second current tunneling layer. The
resulting structure comprises a two back-to-back three-lay-
ered heterojunctions.

EXAMPLE

This example describes the fabrication of a back-to-back
heterojunction structure for the HBT device of FIGS. 3 and 4.

In this fabrication scheme, a collector layer comprising
n-type GaAs, a base layer comprising p-type Siand an emitter
layer comprising n-type GaAs were each fabricated sepa-
rately before being incorporated into the vertical HBT struc-
ture.

To form the GaAs collector, a GalnP/GaAs/GaAs npn-type
HBT was obtained from Kopin/Skyworks. The HBT was
initially a 9-layered structure, as shown in FIG. 13. Layers 1-5
were removed leaving a 4-layered collector stack (layers 6-9
in FIG. 13; corresponding to reference numbers 1412-1418,
respectively in FIG. 14) comprising a GaAs substrate (layer 9
in FIG. 13), an n-type GaAs sub-collector (layer 8 in FIG. 13),
and an n-type GaAs collector (layers 6 and 7 in FIG. 13). (It
should be noted that, in this experiment, a pre-fabricated HBT
was used as a starting substrate for purposes of convenience.
One could, of course, also simply grow a GaAs collector layer
over a GaAs subcollector for use as the starting substrate.)

A 2 nm thick layer of Al,O; was then deposited onto the
n-type GaAs collector of the collector stack via atomic layer
deposition using a standard ALD set-up to provide a first
oxide current tunneling layer. The ALD cycle for Al,O; depo-
sition consisted of two self-terminating half-cycle reactions
(shown below). In the first half-cycle, the precursor molecule
was supplied into the deposition chamber. In this reaction, the
precursor molecule adsorbed on the substrate forming cova-
lent bonds with the surface molecules. In the second half-
cycle, the reactant molecule was supplied into the deposition
chamber.
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Half-Reaction 1: —OH*+Al—(CH;);—»—0—Al—

(CH;),*+CH, 1

Half-Reaction 2: —(CHjz),*+H,0——OH+CH, 2)

Complete Reaction: 2A1(CH;)3;+H,0—Al,03+3CH+

AH 3

The method for forming the Si base layer is illustrated
schematically in FIG. 14. To form the Si emitter, a commer-
cially available silicon-on-insulator (SOI) substrate 1402 was
obtained. The Sidevice layer 1404 of the SOl was doped with
boron to a dopant concentration of ~10%° cm=> (FIG. 14, panel
A). Doping of the device layer of the SOI was accomplished
using conventional ion-implantation methods. Suitable
dopants include B, BF,, Ga for p-type doping and P. As for
n-type doping. An annealing procedure at a temperature of
about 850-950° C. for 10-20 min. is applied post-doping. The
buried silicon dioxide (BOX) layer 1406 of SOI 1402 was
then etched away to release doped Si layer 1404 (FIG. 14,
panel B). Hydrogen fluoride is a recommended etchant
because SiO, has very good etching selectivity in hydrogen
fluoride (HF) over Si. Therefore, the thin Si layer can be
formed by undercutting by submerging the patterned SOI
watfer in HF until the Si device layer is released. The released
Si layer, then gently settles onto the handling substrate.

Released Si layer 1404 was then thinned to a thickness of
50 nm (FIG. 14, panel C). Thinning can be carried out using
thermal oxidation. During thermal oxidation, 46% of the Si is
usually consumed, therefore, the thickness of device layer can
be precisely controlled. The resulting thermal oxide can then
be dissolved in HF. Finally, the thinned, released Si layer was
transferred onto Al,O; layer 1408 on collector stack 1410
(FIG. 14, panel D). The released layer can be picked up and
transferred using an elastomeric stamp (made with PDMS
(Polydimethylsiloxane)).

A 1 nm thick layer of Al,0; 1420 was then deposited onto
the p-type Si base via atomic layer deposition to provide a
second oxide current tunneling layer, using the process
described above.

A method of forming the n-type GaAs emitter layer is
illustrated schematically in FIG. 15. The process began with
a pre-fabricated, tri-layered semiconductor heterostructure
comprising a layer of single-crystalline n-type GaAs 1502 on
a sacrificial layer of AlGaAs 1504 that is disposed on a GaAs
substrate 1506 (FIG. 15, panel A). (To make the structure, the
GaAs/AlGaAs epi layers were epitaxially grown by MOCVD
ona GaAs substrate.) The dopant concentration and thickness
of each layer in the initial structure is provided in FIG. 16,
wherein layer numbers 3 and 4 correspond to reference num-
bers 1502 in FIG. 15 and layer numbers 1 and 2 correspond to
reference numbers 1506 and 1504, respectively.

Sacrificial layer 1504 was then etched away to release layer
1502 which would serve are the emitter of the HBT (FIG. 15,
panel B). The etching selectivity of Al, ,sGa, osAs over GaAs
is about 10,000 times when the Al in the composite is 0.95.
Therefore, AlGaAs can be wet-etched by hydrogen fluoride
(HF), while the GaAs layer remains undamaged and is,
thereby released from the structure. Released emitter layer
1504 was then transferred onto Al,O; layer 1420 (FIG. 15,
panel C).

The performance properties of the resulting HBT were
characterized and the results are presented in the graphs of
FIG. 17(A)-(E). FIG. 17(A) shows the collector current as a
function of Vce voltage: FIG. 17(B) shows the current gain
(beta) as a function of Vbe; FIG. 17(C) shows the current gain
as a function of Vbe at two different temperatures; FIG. 17(D)
shows the gain as a function of frequency; and FIG. 17(E)
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shows the base current and collector current as a function of
Vbe. For the DC measurements, the HBT was measured using
a HP 4155B semiconductor parameter analyzer and for the
RF measurements, HBT was measured using the Agilent
E8364A performance network analyzer.

The word “illustrative” is used herein to mean serving as an
example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be con-
strued as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and unless
otherwise specified, “a” or “an” means “one or more”. Still
further, the use of “and” or “or” is intended to include “and/
or” unless specifically indicated otherwise.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings or may be acquired from practice of the invention. The
embodiments were chosen and described in order to explain
the principles of the invention and as practical applications of
the invention to enable one skilled in the art to utilize the
invention in various embodiments and with various modifi-
cations as suited to the particular use contemplated. It is
intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What is claimed is:

1. A semiconductor heterojunction structure comprising:

a layer of a first single-crystalline semiconductor material;

a layer of a second single-crystalline semiconductor mate-

rial, the second single-crystalline semiconductor mate-
rial having a different chemical composition and a dif-
ferent lattice constant than the first single-crystalline
semiconductor material; and

a current tunneling layer disposed between and in contact

with the upper surface of the layer of the first single-
crystalline semiconductor material and the lower sur-
face of the layer of the second single-crystalline semi-
conductor material, wherein the current tunneling layer
comprises an inorganic material, wherein the bandgap of
the inorganic material is wider than the bandgaps of the
first and second single-crystalline semiconductor mate-
rials and further wherein the inorganic material is not a
native oxide of the first single-crystalline semiconductor
material or a native oxide of the second single-crystal-
line semiconductor material;

wherein the interfaces between the current tunneling layer

and the layers of the first and second single-crystalline
semiconductor materials do not have an epitaxial struc-
ture.

2. The semiconductor heterojunction structure of claim 1,
wherein the semiconductor materials of the first and second
layers of single-crystalline semiconductor material have a
lattice constant mismatch of at least 2%.

3. The semiconductor heterojunction structure of claim 1,
wherein the inorganic material is an oxide of a metal element,
an oxide of a semiconductor element or an oxide of a metal-
loid element.

4. The semiconductor heterojunction structure of claim 1,
wherein the inorganic material is aluminum oxide.

5. The semiconductor heterojunction structure of claim 4,
wherein the current tunneling layer has an average thickness
of no greater than 5 nm.

6. The semiconductor heterojunction structure of claim 1,
wherein the inorganic material is a nitride of a metal element,
anitride of'a semiconductor element or a nitride of a metalloid
element.
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7. The semiconductor heterojunction structure of claim 1,
wherein the first and second single-crystalline semiconductor
materials have a coefficient of thermal expansion mismatch of
at least 200%.

8. The semiconductor heterojunction structure of claim 1,
wherein the lower surface of the layer of the first single-
crystalline semiconductor material and the upper surface of
the layer of the second single-crystalline semiconductor
material have an rms roughness of at least 2 nm.

9. The semiconductor heterojunction structure of claim 1,
wherein one of the first and second single-crystalline materi-
als is diamond.

10. The semiconductor heterojunction structure of claim 9,
wherein the inorganic material is aluminum oxide.

11. The semiconductor heterojunction structure of claim 9,
wherein the other of the first and second single-crystalline
materials is a different Group IV semiconductor, a Group
1I1-V semiconductor or a Group II-VI semiconductor.

12. The semiconductor heterojunction structure of claim 1,
wherein one of the first and second single-crystalline materi-
als is a Group IV semiconductor and the other of the first and
second single-crystalline semiconductor materials is a Group
1I1-V semiconductor or a Group II-VI semiconductor.

13. The semiconductor heterojunction structure of claim 1,
wherein the first single-crystalline semiconductor material is
p-type doped and the second single-crystalline semiconduc-
tor material is n-type doped; and wherein the structure further
comprises a first electrical contact in electrical communica-
tion with the layer of the first single-crystalline semiconduc-
tor material and a second electrical contact in electrical com-
munication with the layer of the second single-crystalline
semiconductor material, such the structure provides a PN
diode.

14. The semiconductor heterojunction structure of claim 1,
further comprising a layer of a third single-crystalline semi-
conductor material disposed on the upper surface of the layer
of the second single-crystalline semiconductor material,
wherein the layer of the first single-crystalline semiconductor
material, the layer of the second single-crystalline semicon-
ductor material and the layer of the third single-crystalline
semiconductor material form an npn-type band structure or a
pup-type band structure.

15. The semiconductor heterojunction structure of claim
14, wherein the first semiconductor material is p-type doped
diamond, the second semiconductor material is n-type doped
silicon, the third semiconductor material is p-type doped
silicon and the inorganic material is aluminum oxide.

16. The semiconductor heterojunction structure of claim
14, wherein the first semiconductor material is p-type doped
diamond, the second semiconductor material is n-type doped
germanium, the third semiconductor material is p-type doped
silicon and the inorganic material is aluminum oxide.

17. The semiconductor heterojunction structure of claim
14, wherein the first semiconductor material is n-type doped
GaN, the second semiconductor material is p-type doped
silicon, the third semiconductor material is n-type doped
silicon and the inorganic material is aluminum oxide.

18. The semiconductor heterojunction structure of claim
14, wherein the first semiconductor material is n-type doped
GaN, the second semiconductor material is p-type doped
germanium, the third semiconductor material is n-type doped
silicon and the inorganic material is aluminum oxide.

19. The semiconductor heterojunction structure of claim 1,
further comprising:
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alayer of a third single-crystalline semiconductor material
having a different chemical composition and a different
lattice constant than the second single-crystalline semi-
conductor material; and

a second current tunneling layer, disposed between and in
contact with the upper surface of the layer of the second
single-crystalline semiconductor material and the lower
surface of the layer of the third single-crystalline semi-
conductor material, wherein the second current tunnel-

ing layer comprises an inorganic material, wherein the 10

bandgap of the inorganic material of the second current
tunneling layer is wider that the bandgaps of the second
and third single-crystalline semiconductor materials,
and further wherein the inorganic material is not a native
oxide of the second single-crystalline semiconductor
material or a native oxide of the third single-crystalline
semiconductor material;

wherein the interfaces between the second current tunnel-

ing layer and the layers of the second and third single-
crystalline semiconductor materials do not have an epi-
taxial structure.

20. The semiconductor heterojunction structure of claim
18, wherein the layer of the first single-crystalline semicon-
ductor material, the layer of the second single-crystalline
semiconductor material and the layer of the third single-
crystalline semiconductor material form a pnp-type band
structure, an npn-type band structure, a pin-type band struc-
ture or a pipi-type band structure or a pin-pin-pin type band
structure.

21. The semiconductor heterojunction structure of claim 1,
wherein the current tunneling layer comprises at least two
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sub-layers, each sub-layer comprising an inorganic material,
wherein the bandgaps of the inorganic materials are wider
that the bandgaps of the first and second single-crystalline
semiconductor materials and further wherein the inorganic
materials are not native oxides of the first single-crystalline
semiconductor material or native oxides of the second single-
crystalline semiconductor material.

22. A heterobipolar transistor comprising:

a collector comprising a layer of a first single-crystalline
semiconductor material;

a base comprising a layer of a second single-crystalline
semiconductor material, the second single-crystalline
semiconductor material having a different chemical
composition and a different lattice constant than the first
single-crystalline semiconductor material;

a current tunneling layer disposed between and in contact
with the upper surface of the layer of the first single-
crystalline semiconductor material and the lower sur-
face of the layer of the second single-crystalline semi-
conductor material, wherein the current tunneling layer
comprises an inorganic material, wherein the bandgap of
the inorganic material is wider than the bandgaps of the
first and second single-crystalline semiconductor mate-
rials and further wherein the inorganic material is not a
native oxide of the first single-crystalline semiconductor
material or a native oxide of the second single-crystal-
line semiconductor material; and

an emitter comprising a layer of a third single-crystalline
semiconductor material.

#* #* #* #* #*
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