(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
04 January 2018 (04.01.2018)

(10) International Publication Number

WO 2018/004527 A1l

WIPO I PCT

(51) International Patent Classification:

HOI1L 27/26 (2006.01) HOIL 29/66 (2006.01)
HO1L 29/88 (2006.01) HOIL 27/02 (2006.01)
(21) International Application Number:
PCT/US2016/039738
(22) International Filing Date:
28 June 2016 (28.06.2016)
(25) Filing Language: English
(26) Publication Language: English

(71) Applicant: INTEL CORPORATION [US/US]; 2200
Mission College Boulevard, Santa Clara, California 95054
(US).

(72) Inventors: KUQO, Charles C.; 2501 NW 229th Avenue,
M/S/ RA3-252, Hillsborough, Oregon 97124 (US). CHU-
KUNG, Benjamin; 4220 NW 192nd Avenue, Portland,

Oregon 97229 (US). AUGUSTINE, Charles; 16873 NW
Lynch Lane, Portland, Oregon 97229 (US).

(74) Agent: BRODSKY, Stephen L.; Finch & Maloney PLLC,
Gateway One, 50 Commercial Street - Suite 300, Manches-

ter, New Hampshire 03101 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN,CO,CR, CU,CZ,DE, DK, DM, DO, DZ,
EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR,
HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR, KZ, LA,
LC, LK, LR, LS, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PA, PE,
PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC, SD, SE,
SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,
UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.

(54) Title: CELL FOR N-NEGATIVE DIFFERENTIAL RESISTANCE (NDR) LATCH

Spacers 242
298
ILD 566 . ILD
RTD 250 Fede Additional 250
. Spacers 244
480 |.-284,
BIT2
282 460
LLJI I
235
233 272

Substrate
210

Y

L.,

FIG. 4

wo 2018/004527 A1 |00 O T O

(57) Abstract: Techniques are disclosed for forming a cell for an N-NDR latch. Such a cell may include two bipolar junction transistors
(BJTs) and a resonant-tunneling diode (RTD) in what is referred to herein as a dual BJT plus RTD cell. In some cases, a latch config-
uration can be achieved using two of the dual BJT plus RTD cells (for a total of four BJTs and two RTDs) to enable storage of a bit of
data (e.g., a'l' or a'0"), which can be used for memory applications (e.g., for SRAM applications). For example, both a pull-up network
(PUN) and a pull-down network (PDN) can be formed using the dual BJT plus RTD cell disclosed herein, such that the two cells can
be coupled into a latch design having a pull-up and pull-down network. Other embodiments may be described and/or disclosed.
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CELL FOR N-NEGATIVE DIFFERENTIAL RESISTANCE (NDR) LATCH

BACKGROUND

In circuits and electronics, a latch is an example of a bistable multivibrator. In other
words, a latch is a device with two stable states, which may represent a high-output (e.g., ‘1°)
and a low-output (e.g., ‘0’). A latch has a feedback path, so information can be retained by the
device such that the device can be used as a data storage element. Thus, latches can be used for
memory applications, as they can store a bit of data (e.g., a ‘1’ or a ‘0’) for as long as the device
is receiving power. Latches are similar to flip-flops, where they can both be used as data storage
elements; however, latches are not synchronous devices and do not operate on clock edges, as
flip-flops do. Instead, latches are typically classified as simple, transparent, opaque, or
asynchronous.

Numerous types of semiconductor memory currently exist. The primary objectives in
manufacturing many such devices include obtaining a device that occupies as small an area as
possible and consumes low levels of power using low supply levels, while performing at speeds
comparable to speeds realized by larger devices. The construction and formation of such
memory circuitry typically involves forming at least one storage element and circuitry designed
to read and write the stored information. In applications where circuit space, power
consumption, and circuit speed are primary design goals, the formation and layout of memory
devices can be very important. Typical random access memory (RAM) devices, such as static
RAM (SRAM) and dynamic RAM (DRAM), often make compromises for these primary design
goals. SRAMs, for example, are typically based on a four-transistor (“47T”) cell (e.g., including
four n-channel metal-oxide-semiconductor field-effect transistors (MOSFETs) and two
polycrystalline-silicon (poly-Si) load resistors) or a six-transistor (“6T”) cell (e.g., including four
n-channel MOSFETs and two p-channel MOSFETSs). Such cells are compatible with CMOS
technology, consume relatively low levels of standby power, operate at relatively low voltage
levels, and perform at relatively high speeds. However, the 4T and 6T cells are typically
implemented using a large cell area, which significantly limits the maximum density of such

SRAM devices.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates an example method of forming an integrated circuit (IC) including a
dual bipolar junction transistor (BJT) plus resonant-tunneling diode (RTD) cell for an N-negative
differential resistance (NDR) latch, in accordance with some embodiments of the present
disclosure.

Figures 2A-R illustrate example IC structures formed when carrying out the method of
Figure 1, in accordance with some embodiments of the present disclosure. Note that the
structures of Figures 2A-R are cross-sectional views taken along what will eventually be the
layers of the dual BJT plus RTD cell.

Figure 2R’ illustrates a blown-out view of an example alternative structure for the RTD
portion of the dual BJT plus RTD cell of Figure 2R, in accordance with an embodiment of the
present disclosure.

Figures 3A-B illustrate the example structure of Figure 2R, including visual patterning of
some of the features or layers to help illustrate example material and/or doping schemes, in
accordance with some embodiments of the present disclosure.

Figure 4 illustrates the example structure of Figure 2R, including visual patterning and
shading of some of the features and layers to help illustrate the dual BJT plus RTD cell structure,
in accordance with some embodiments of the present disclosure.

Figure 5A is a circuit diagram of an example pull-up network including a dual BJT plus
RTD cell, in accordance with an embodiment of the present disclosure.

Figure 5B is a circuit diagram of an example pull-down network including a dual BJT plus
RTD cell, in accordance with an embodiment of the present disclosure.

Figure 5C is a circuit diagram including the pull-up network of Figure SA and the pull-
down network of Figure 5B in a memory latch configuration, in accordance an embodiment of
the present disclosure.

Figure 6 is a chart of output current (Iout) versus output voltage (Vout) illustrating
example current-voltage (IV) characteristics of the circuit diagram of Figure 5C, in accordance
with an embodiment of the present disclosure.

Figure 7 illustrates an example computing system implemented with the integrated circuit
structures and/or techniques disclosed herein, in accordance with some embodiments of the
present disclosure.

These and other features of the present embodiments will be understood better by reading

the following detailed description, taken together with the figures herein described. In the
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drawings, each identical or nearly identical component that is illustrated in various figures may
be represented by a like numeral. For purposes of clarity, not every component may be labeled
in every drawing. Furthermore, as will be appreciated, the figures are not necessarily drawn to
scale or intended to limit the described embodiments to the specific configurations shown. For
instance, while some figures generally indicate straight lines, right angles, and smooth surfaces,
an actual implementation of the disclosed techniques may have less than perfect straight lines
and right angles, and some features may have surface topography or otherwise be non-smooth,
given real-world limitations of fabrication processes. Further still, some of the features in the
drawings may include a patterned and/or shaded fill, which is primarily provided to assist in
visually differentiating the different features. In short, the figures are provided merely to show

example structures.

DETAILED DESCRIPTION

Techniques are disclosed for forming a memory device configured with an N-NDR latch.
In some embodiments, the techniques are implemented as an integrated (IC) circuit configuration
that includes two bipolar junction transistors (BJTs) and a resonant-tunneling diode (RTD) in
what is referred to herein as a dual BJT plus RTD cell. The cell can be used in a latch
configuration that exhibits N-NDR current-voltage (IV) curves with relatively high peak-to-
valley (PVR) ratio. The IV curves intersect and create two stable points in the IV profile. These
points can be used as the “0” and “1” in a memory cell, such as an SRAM cell. For NDR
devices, the current first increases with increasing applied voltage, reaching a peak value, then
decreases with increasing applied voltage over a range of applied voltages, thereby exhibiting
negative differential resistance (NDR) over this range of applied voltages and reaching a
minimum (‘valley’) value. At even higher applied voltages, the current again increases with
increasing applied voltage. Thus, the current-versus-voltage characteristic of an NDR device is
shaped like the letter “N”, resulting in such devices being referred to as N-NDR devices. As will
be appreciated in light of this disclosure, such an NDR-based memory cell has a cell area smaller
than typical 4T and 6T SRAM cells, because of the smaller number of included active devices
and interconnections, according to some embodiments.

In general, BJTs can use either electrons or holes as the charge carriers and include three
semiconductor regions: the emitter region (or emitter), the base region (or base), and the
collector region (or collector). These regions are typically respectively doped with p-type, n-
type, and p-type dopants in a PNP transistor configuration or respectively doped with n-type, p-

type, and n-type dopants in an NPN transistor configuration. Further, each region (the emitter,
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base, and collector) may be electrically connected to a corresponding terminal or contact. The
base is physically located between the emitter and collector, in a similar manner that the channel
of a MOSFET is located between the source and drain. An RTD is a diode that has a resonant-
tunneling structure in which electrons can tunnel through resonant states at different energy
levels. The current-voltage (IV) characteristic often exhibits NDR regions. The PVR of RTDs is
typically not high enough to make them practical for low-power memory applications, because in
order for the RTDs to have sufficient current drive, the valley current is too large, causing large
static power dissipation. However, the dual BJT plus RTD cells described herein enable N-NDR
IV characteristics with a high peak-to-valley ratio (PVR) and relatively low valley currents,
making such cells suitable for various memory (e.g., SRAM) applications.

A memory can be implemented using dual BJT plus RTD cells in a number of ways. In
some example embodiments, a latch configuration can be achieved using two of the dual BJT
plus RTD cells (for a total of four BJTs and two RTDs) to enable storage of a bit of data (e.g., a
‘17 or a ‘0’), which can be used for memory cell applications (e.g., for SRAM cell applications).
For example, both a pull-up network (PUN) and a pull-down network (PDN) can be formed
using the dual BJT plus RTD cell disclosed herein, such that the two cells can be coupled into a
latch design having a pull-up and pull-down network. Further, in some embodiments, use of the
dual BJT plus RTD cell can enable a relatively small circuit footprint and also provide positive
feedback to store a memory state. As can be understood based on this disclosure, the dual BJT
and RTD cell can be formed to be relatively smaller than typical SRAM cells due to, for
example, the use of vertical integration for the dual BJT and RTD cell. As will be apparent in
light of this disclosure, techniques and a process flow for formation of the dual BJT plus RTD
cell are provided. However, the present disclosure is not intended to be limited to any particular
formation techniques or end structure for a dual BJT plus RTD cell, unless otherwise stated.

Use of the techniques and structures provided herein may be detectable using tools such
as: electron microscopy including scanning/transmission electron microscopy (SEM/TEM),
scanning transmission electron microscopy (STEM), and reflection electron microscopy (REM);
composition mapping; x-ray crystallography or diffraction (XRD), energy-dispersive x-ray
spectroscopy (EDS); secondary ion mass spectrometry (SIMS), time-of-flight SIMS (ToF-
SIMS); atom probe imaging or tomography; local electrode atom probe (LEAP) techniques; 3D
tomography; or high resolution physical or chemical analysis, to name a few suitable example
analytical tools. In particular, in some embodiments, such tools may indicate a dual BJT plus
RTD cell as variously described herein. Further, in some such embodiments, two of the dual

BJT plus RTD cells may be used in a memory latch structure, such as where one of the cells
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forms a pull-up network and the other of the cells forms a pull-down network, for example.
Thus, as can be understood based on this disclosure, the dual BJT plus RTD cells variously
described herein may be used for memory applications, such as for applications where SRAM is
being used. In some embodiments, the techniques and structures described herein may be
detected based on the benefits derived from using a dual BJT plus RTD cell, such as the
relatively high PVR values for such a cell and/or the IC footprint benefits achieved from using
such a cell (e.g., compared to typical SRAM cells). Numerous configurations and variations will
be apparent in light of this disclosure.

Methodology and Architecture

Figure 1 illustrates an example method 100 of forming an integrated circuit (IC) including
a dual bipolar junction transistor (BJT) plus resonant-tunneling diode (RTD) cell for an N-
negative differential resistance (NDR) latch, in accordance with some embodiments of the
present disclosure. Figures 2A-R illustrate example IC structures formed when carrying out the
method 100 of Figure 1, in accordance with some embodiments of the present disclosure. Note
that the structures of Figures 2A-R are cross-sectional views taken along what will eventually be
the layers of the dual BJT plus RTD cell. However, in some embodiments, all of the layers of
the three devices (two BJTs and one RTD) need not be visible in a single cross-sectional view, as
there may be an offset of one or more of the layers in a Z direction (the direction going into or
coming out of the page). Therefore, in some embodiments, more than one cross-sectional view
may be required to identify the dual BJT plus RTD cells variously described herein. As can be
understood based on this disclosure, the dual BJT plus RTD cell formed using method 100 can
be used for a pull-up network (PUN) and/or a pull-down network (PDN) of a memory cell (e.g.,
an SRAM cell). Method 100 and the structures of Figures 2A-R are provided as examples to
help illustrate techniques for forming a dual BJT plus RTD cell and are not intended to limit the
present disclosure. Note that the BJT devices are primarily referred to herein as a first BJT (or
BJT1) and a second BJT (or BJT2) for ease of reference. However, the designation of first (or 1)
and second (or 2) for the BJTs is not intended to designate any preference, order, or any other
limiting characteristic. In some embodiments, the techniques may be used to benefit devices of
varying scales, such as IC devices having critical dimensions in the micrometer range or in the
nanometer range (e.g., formed at the 32, 22, 14, 10, 7, or 5 nm process nodes, or beyond).

Method 100 of Figure 1 includes forming 110 a stack of layers for a first BJT on a
substrate to form the example structure of Figure 2A, in accordance with some embodiments.
Method 100 may also include a preliminary process of providing the substrate, for example. As

shown in Figure 2A, six layers are formed on and above substrate 210, in this example
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embodiment. As will be apparent in light of this disclosure, the layers formed on substrate 210
will be used to form a first BJT (BJT1) device. The stack of layers formed on and/or above
substrate 210 in the example structure of Figure 2A include isolation layer 220, the BJT1
collector contact layer 231, BJT1 collector layer 232, BJT1 base layer 234, BJT1 emitter layer
236, and BJT1 emitter contact layer 237. In some embodiments, the stack of layers (220, 231,
232, 234, 236, and 237) on/above substrate 210 may be formed using any suitable techniques,
such as depositing the layers as shown in Figure 2A using, for example, metal-organic chemical
vapor deposition (MOCVD), molecular-beam epitaxy (MBE) chemical vapor deposition (CVD),
atomic layer deposition (ALD), physical vapor deposition (PVD), and/or any other suitable
processes as will be apparent in light of this disclosure. In some embodiments, the stack of
layers (220, 231, 232, 234, 236, and 237) may be blanket deposited on the substrate 210 or the
stack of layers may be selectively deposited/grown in desired locations on substrate 210, for
example. Note that in the figures and the disclosure included herein, one or more of the layers
may be described based on the end use for the layer in the dual BJT plus RTD cell, for clarity of
disclosure. However, the present disclosure is not intended to be so limited unless otherwise
stated.

Substrate 210, in some embodiments, may include: a bulk substrate including a group IV
material, such as silicon (Si), germanium (Ge), silicon germanium (SiGe), or silicon carbide
(SiC), and/or at least one group III-V material and/or sapphire and/or any other suitable
material(s) as will be apparent in light of this disclosure; an X on insulator (XOI) structure where
X is one of the aforementioned materials (e.g., group IV and/or group III-V and/or sapphire) and
the insulator material is an oxide material or dielectric material or some other electrically
insulating material; or some other suitable multilayer structure where the top layer includes one
of the aforementioned materials (e.g., group IV and/or group III-V and/or sapphire). Note that
group IV material as used herein includes at least one group IV element (e.g., carbon, silicon,
germanium, tin, lead), such as Si, Ge, SiGe, or SiC to name some examples. Note that group III-
V material as used herein includes at least one group III element (e.g., aluminum, gallium,
indium, boron, thallium) and at least one group V element (e.g., nitrogen, phosphorus, arsenic,
antimony, bismuth), such as gallium arsenide (GaAs), gallium nitride (GaN), indium gallium
arsenide (InGaAs), indium gallium nitride (InGaN), aluminum gallium arsenide (AlGaAs),
aluminum gallium nitride (AlGaN), and indium phosphide (InP), to name some examples. In
some embodiments, substrate 210 may be doped with one or more materials, such as including p-
type or n-type impurity doping of any suitable concentration, for example. In some

embodiments, substrate 210 may include a surface crystalline orientation described by a Miller
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Index of <100>, <110>, or <111>, or its equivalents, as will be apparent in light of this

disclosure. Although substrate 210, in this example embodiment, is shown as having a thickness
T1 (the dimension in the Y direction) similar to the other layers for ease of illustration, in some
instances, substrate 210 may be much thicker than the other layers, such as having a thickness in
the range of 50 to 950 microns, for example. In some embodiments, substrate 210 may be used
for one or more other IC devices, such as various diodes (e.g., light-emitting diodes (LEDs) or
laser diodes), various transistors (e.g., MOSFETs and/or TFETSs), various capacitors (e.g.,
MOSCAPs), various microelectromechanical systems (MEMS), various nanoelectromechanical
systems (NEMS), various sensors, or any other suitable semiconductor or IC devices, depending
on the end use or target application. Accordingly, in some embodiments, the structures
described herein may be included in a system-on-chip (SoC) application, as will be apparent in
light of this disclosure.

Isolation layer 220, in some embodiments, may be formed to assist with electrically
insulating the overlying layers (and the subsequently formed overlying dual BJT plus RTD cell)
from substrate 210, for example. In some embodiments, isolation layer 220 may include any
suitable material, such as any suitable group IV semiconductor material (e.g., Si, SiGe, Ge,
SiGeC) and/or any suitable group III-V semiconductor material (e.g., AlGaAs, GaAs, InP,
InGaAs, GaN, InGaN). In some embodiments, isolation layer 220 may be doped with a suitable
n-type or p-type dopant, as will be apparent in light of this disclosure. In some such
embodiments, the dopant levels may be selected to be greater than 1E15, 1E16, 1E17, 1E18,
1E19, 1E20, or 1E21 per cubic cm, or some other suitable minimum threshold amount of doping
as will be apparent in light of this disclosure. In other words, the dopant level for layer 220 may
be in the range of 1E15 to 7E21 per cubic cm, for example. In some embodiments, the doping
level may be relatively high, such as greater than 1E18 per cubic c¢cm, for example. In some
embodiments, isolation layer may include any suitable material to help to electrically insulate the
overlying layers (such as the immediately overlying BJT1 collector contact layer 231, in this
example embodiment) from substrate 210. For instance, in some embodiments, BJT1 collector
contact layer 231 may be doped with an n-type or p-type dopant (e.g., n-type doped or p-type
doped Si or SiGe), and in such embodiments, isolation layer 220 may be doped with the opposite
type dopant of immediately overlying layer 231. For example, in some such embodiments, if
BJTI1 collector contact layer 231 is an n-type doped layer (e.g., n-type doped Si), then isolation
layer 220 may include p-type doped material (e.g., p-type doped Si), such that the n/p interface
of layers 231/220 forms a diode to provide electrical isolation from substrate 210. However, in

some embodiments, isolation layer 220 need not be present and is thus an optional layer, as can
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be understood based on this disclosure. For instance, in the previous example where BJT1
collector contact layer 231 is an n-type doped layer (e.g., n-typed doped Si), then substrate 210
may include p-type doped material (e.g., p-type doped Si) to assist with electrical isolation. In
some embodiments, optional isolation layer 220, when present, may have any suitable thickness
T2 (dimension in the Y direction), such as a thickness of 10 to 100 nm (e.g., 20 to 50 nm), or any
other suitable thickness as will be apparent in light of this disclosure.

BJT1 collector contact layer 231, in some embodiments, may be formed to be used as a
contact layer for the collector or collector region of the first BJT in the dual BJT plus RTD cell,
for example. In some embodiments, BJT1 collector contact layer 231 may include any suitable
material, such as any suitable group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC)
and/or any suitable group III-V semiconductor material (e.g., AlGaAs, GaAs, InP, InGaAs, GaN,
InGaN). In some embodiments, BJT1 collector contact layer 231 may be doped with a suitable
n-type or p-type dopant, as will be apparent in light of this disclosure. In some such
embodiments, the dopant levels may be selected to be greater than 1E15, 1E16, 1E17, 1E18,
1E19, 1E20, or 1E21 per cubic cm, or some other suitable minimum threshold amount of doping
as will be apparent in light of this disclosure. In other words, the dopant level for layer 231 may
be in the range of 1E15 to 7E21 per cubic cm, for example. In some embodiments, the doping
level may be relatively high, such as greater than 1E18 per cubic c¢cm, for example. In some
embodiments, BJT1 collector contact layer 231 may have any suitable thickness T3 (dimension
in the Y direction), such as a thickness of 10 to 100 nm (e.g., 20 to 50 nm), or any other suitable
thickness as will be apparent in light of this disclosure.

BJT1 collector layer 232, in some embodiments, may be formed to be used as the collector
or collector region for the first BJT in the dual BJT plus RTD cell, for example. In some
embodiments, BJT1 collector layer 232 may include any suitable material, such as any suitable
group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC) and/or any suitable group HI-V
semiconductor material (e.g, AlGaAs, GaAs, InP, InGaAs, GaN, InGaN). In some
embodiments, BJT1 collector layer 232 may be doped with a suitable n-type or p-type dopant, as
will be apparent in light of this disclosure. In some such embodiments, the dopant levels may be
selected to be greater than 1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or 1E21 per cubic cm, or some
other suitable minimum threshold amount of doping as will be apparent in light of this
disclosure. In other words, the dopant level for layer 232 may be in the range of 1E15 to 7E21
per cubic cm, for example. In some embodiments, the doping level may be relatively low, such
as less than 1E18 per cubic ¢cm, for example. In some embodiments, BJT1 collector layer 232

may have any suitable thickness T4 (dimension in the Y direction), such as a thickness of 10 to



10

15

20

25

30

WO 2018/004527 PCT/US2016/039738
50 nm (e.g., 20 to 40 nm), or any other suitable thickness as will be apparent in light of this

disclosure.

BJT1 base layer 234, in some embodiments, may be formed to be used as the base or base
region for the first BJT in the dual BJT plus RTD cell, for example. In some embodiments,
BJT1 base layer 234 may include any suitable material, such as any suitable group IV
, SiGe, Ge, SiGeC) and/or any suitable group II-V
semiconductor material (e.g, AlGaAs, GaAs, InP, InGaAs, GaN, InGaN). In some

semiconductor material (e.g., Si

embodiments, BJT1 base layer 234 may be doped with a suitable n-type or p-type dopant, as will
be apparent in light of this disclosure. In some such embodiments, the dopant levels may be
selected to be greater than 1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or 1E21 per cubic cm, or some
other suitable minimum threshold amount of doping as will be apparent in light of this
disclosure. In other words, the dopant level for layer 234 may be in the range of 1E15 to 7E21
per cubic cm, for example. In some embodiments, the doping level may be relatively high, such
as greater than 1E18 per cubic c¢cm, for example. In some embodiments, BJT1 base layer 234
may have any suitable thickness TS (dimension in the Y direction), such as a thickness of 10 to
50 nm (e.g., 20 to 40 nm), or any other suitable thickness as will be apparent in light of this
disclosure.

BJT1 emitter layer 236, in some embodiments, may be formed to be used as the emitter or
emitter region for the first BJT in the dual BJT plus RTD cell, for example. In some
embodiments, BJT1 emitter layer 236 may include any suitable material, such as any suitable
group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC) and/or any suitable group II-V
semiconductor material (e.g, AlGaAs, GaAs, InP, InGaAs, GaN, InGaN). In some
embodiments, BJT1 emitter layer 236 may be doped with a suitable n-type or p-type dopant, as
will be apparent in light of this disclosure. In some such embodiments, the dopant levels may be
selected to be greater than 1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or 1E21 per cubic cm, or some
other suitable minimum threshold amount of doping as will be apparent in light of this
disclosure. In other words, the dopant level for layer 236 may be in the range of 1E15 to 7E21
per cubic cm, for example. In some embodiments, the doping level may be relatively low, such
as less than 1E18 per cubic cm, for example. In some embodiments, BJT1 emitter layer 236 may
have any suitable thickness T6 (dimension in the Y direction), such as a thickness of 10 to 50 nm
(e.g., 20 to 40 nm), or any other suitable thickness as will be apparent in light of this disclosure.

BJT1 emitter contact layer 237, in some embodiments, may be formed to be used as a
contact layer for the emitter or emitter region of the first BJT in the dual BJT plus RTD cell, for

example. In some embodiments, BJT1 emitter contact layer 237 may include any suitable
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material, such as any suitable group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC)
and/or any suitable group III-V semiconductor material (e.g., AlGaAs, GaAs, InP, InGaAs, GaN,
InGaN). In some embodiments, BJT1 emitter contact layer 237 may be doped with a suitable n-
type or p-type dopant, as will be apparent in light of this disclosure. In some such embodiments,
the dopant levels may be selected to be greater than 1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or
1E21 per cubic cm, or some other suitable minimum threshold amount of doping as will be
apparent in light of this disclosure. In other words, the dopant level for layer 237 may be in the
range of 1E15 to 7E21 per cubic cm, for example. In some embodiments, the doping level may
be relatively high, such as greater than 1E18 per cubic cm, for example. In some embodiments,
BJT1 emitter contact layer 237 may have any suitable thickness T7 (dimension in the Y
direction), such as a thickness of 10 to 100 nm (e.g., 20 to 50 nm), or any other suitable thickness
as will be apparent in light of this disclosure.

Method 100 of Figure 1 continues with patterning 112 (or otherwise forming) a dummy
gate (DG) 240 for the first BJT (BJT1) and forming spacers 242 on both sides of the dummy
gate, to form the example structures of Figures 2B and 2C, in accordance with an embodiment.
In some embodiments, dummy gate 240, formed above substrate 210 and on the stack of layers
in the example structure of Figure 2A, may be formed using any suitable techniques, such as
depositing the dummy gate material and patterning it to the shape shown in Figure 2B. Dummy
gate 240 may include any suitable thickness (dimension in the Y direction) and any suitable
width (dimension in the X direction), as can be understood based on this disclosure. In some
embodiments, dummy gate 240 is formed to be layer removed and replaced with interconnect
material for making electrical contact to BJT1 emitter contact layer 237 (and thereby being
electrically connected to BJT1 emitter layer 236), for example. In some embodiments, dummy
gate 240 may include any suitable materials, and may even include a dummy gate dielectric (e.g.,
dummy oxide material) and a dummy gate electrode (e.g., dummy poly-silicon material), for
example. Formation of spacers 242 shown in the example structure of Figure 2C may be
performed using any suitable techniques, such as depositing the spacer material and performing a
spacer etch to form the structure shown. Spacers 242 (also referred to as gate spacers or sidewall
spacers) may include any suitable material, such as any suitable electrical insulator, dielectric,
oxide (e.g., silicon oxide), and/or nitride (e.g., silicon nitride) material, as will be apparent in
light of this disclosure. As can be understood based on this disclosure, dummy gate 240 may be
considered a hardmask feature to be later removed and replaced with a metal feature, for

example.
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Method 100 of Figure 1 continues with etching 114 the emitter layers 236, 237 and base

layer 234 of the first BJT to form the example structure of Figure 2D, in accordance with an
embodiment. In some embodiments, etch 114 may be performed using any suitable techniques,
such as any suitable wet and/or dry etch processes, and gate 240 and spacers 242 may serve as a
mask for the etch process(es), for example. For instance, in an example embodiment, layer 234
may include different material, such as doped SiGe, relative to layers 232, 236, and 237, which
may include doped Si. In such an example embodiment, a wet etch may be performed to remove
BJT1 emitter contact layer 237 and BJT1 emitter layer 236, where the etchant used selectively
removes the material of layers 237 and 236 relative to layer 234 (where selectively removes
includes removing the material at a rate of at least 2, 3, 4, 5, 10, 15, 20, or 25 times faster, for
example) such that the underlying layer 234 can act as an etch stop layer. Then, in such an
example embodiment, another wet etch may be performed to remove BJT1 base layer 234, using
an etchant that selectively removes the material of layer 234 relative to layer 232, such that the
underlying layer 232 can act as an etch stop layer. As can be understood based on this
disclosure, where gate 240 and spacers 242 act as a mask for the etch 114 process(es), the width
(dimension in the X direction) of those features may approximate the width (dimension in the X
direction) of the resulting BJT1 emitter contact layer 237, BJT1 emitter layer 236, and BJT1 base
layer 234, for example. Thus, in such cases, the gate 240 and spacers 242 may be formed with a
desired width to achieve a desired resulting width of layers 237, 236, and 234, as will be
apparent in light of this disclosure.

Method 100 of Figure 1 continues with asymmetric patterning 116 (or otherwise forming)
of hardmask 252 material and etching to expose the BJT1 collector layer 232 on one side of the
BJT1 stack of layers, such as is shown in the example structures of Figures 2E and 2F, in
accordance with an embodiment. In some embodiments, hardmask (HM) 252 may be formed
using any suitable techniques, such as an asymmetric patterning technique (e.g., angled implant
process) that only masks off one side of the structure, as shown in Figure 2E, for example. In
some embodiments, hardmask 252 may include any suitable material, such as a dielectric
material, for example. Continuing from the example structure of Figure 2E, an etch process can
be performed to remove the BJT1 collector layer 232 from one side of BJT1 stack of layers (the
right side, in this example case, as the left side is masked off), to form the example structure of
Figure 2F, in this example embodiment. The etch process may include any suitable techniques,
such as a wet and/or dry etch process, or any other suitable process as will be apparent in light of

this disclosure. As a result of the etch process performed on only one side of the structure (due
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to asymmetric hardmask 252), BJT1 collector contact layer 231 is exposed on that side, as shown
in Figure 2F.

Method 100 of Figure 1 continues with removing 118 the asymmetric hardmask 252 and
forming additional spacers 244 to form the example structure of Figure 2G, in accordance with
an embodiment. As shown in the example structure of Figure 2G, asymmetric hardmask 252
present in the structure of Figure 2F was removed (e.g., using a suitable etch process), and then
additional spacers 244 were deposited on both sides of the BJT1 stack of layers, in this example
embodiment. In some cases, additional spacers 242 may be formed using any suitable
techniques, such as performing an angled deposition or implant process, or any other suitable
process as will be apparent in light of this disclosure. In some embodiments, additional spacers
244 may be formed using asymmetric hardmask 252, such that the hardmask 252 material is not
removed prior to forming additional spacers 244 or such hardmask 252 material may be a part of
additional spacers 244, for example. In some such embodiments, only the right side of additional
spacers 244 may be formed, as the left side may be formed from hardmask 252. In some
embodiments, additional spacers 244 may include any suitable material, such as any suitable
electrical insulator, dielectric, oxide (e.g., silicon oxide), and/or nitride (e.g., silicon nitride)
material, as will be apparent in light of this disclosure.

Method 100 of Figure 1 continues with depositing 120 the second BJT (BJT2) layer 260 to
form the example structure of Figure 2H, in accordance with an embodiment. As shown in the
example structure of Figure 2H, BJT2 layer 260 was formed on the left side of the structure of
Figure 2G on BJT1 collector layer 232, in contact with BJT1 base layer 234, and under
additional spacers 242, and BJT2 layer 260 was also formed on the right side of the structure of
Figure 2G, on BJT1 collector contact layer 231. In some embodiments, BJT2 layer 260 may be
formed using any suitable techniques, such using any of the aforementioned deposition
techniques (e.g., MOCVD, MBE, CVD, ALD, PVD) and/or any other suitable process(es) as
will be apparent in light of this disclosure. In some embodiments, BJT2 layer 260 may be
blanket deposited or may be selectively deposited/grown in desired locations, for example. In
some embodiments, BJT2 layer 260 may include any suitable material, such as any suitable
group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC) and/or any suitable group HI-V
semiconductor material (e.g, AlGaAs, GaAs, InP, InGaAs, GaN, InGaN). In some
embodiments, BJT2 layer 260 may be doped with a suitable n-type or p-type dopant, as will be
apparent in light of this disclosure. In some such embodiments, the dopant levels may be
selected to be greater than 1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or 1E21 per cubic cm, or some

other suitable minimum threshold amount of doping as will be apparent in light of this
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disclosure. In other words, the dopant level for layer 260 may be in the range of 1E15 to 7E21

per cubic cm, for example. In some embodiments, the doping level may be relatively low, such
as less than 1E18 per cubic cm, for example. In some embodiments, BJT2 layer 260 may have
any suitable thickness T8 (dimension in the Y direction), such as a thickness of 10 to 50 nm
(e.g., 20 to 40 nm), or any other suitable thickness as will be apparent in light of this disclosure.

Method 100 of Figure 1 continues with depositing 122 interlayer dielectric (ILD) 250
material and polishing the structure to form the example structure of Figure 21, in accordance
with an embodiment. In some embodiments, ILD 250 may be deposited 122 and
polished/planarized using any suitable  techniques, and in some embodiments, the
polishing/planarization process need not be performed. In some embodiment ILD 250 may
include any suitable electrical insulator, dielectric, oxide (e.g., silicon oxide), and/or nitride (e.g.,
silicon nitride) material, as will be apparent in light of this disclosure. As can be understood
based on this disclosure, the ILD 250 material shown may be at metallization layer 0 (MO) as
shown; however, the present disclosure need not be so limited (e.g., if one or more of the devices
of the dual BJT plus RTD cell are formed at a back end location of the integrated circuit).

Method 100 of Figure 1 continues with forming 124 vias 253, 255 in the ILD material 250
at first BJT collector contact location and second BJT base location to form the example
structure of Figure 2J, in accordance with an embodiment. In some embodiments, vias 253, 255
may be formed using any suitable techniques, such as any suitable wet and/or dry etching
processes, as will be apparent in light of this disclosure.

Method 100 of Figure 1 continues with patterning 126 (or otherwise forming) implant
material and activating the same to form BJT1 collector contact portion 261 and second BJT
base 264, shown in the example structure of Figure 2K, in accordance with an embodiment. In
some embodiments, patterning 126 implant and activating the same may include any suitable
techniques, such as depositing material in vias 253 and 255, annealing the structure to drive
dopants from the material into the underlying layer 260 at both locations, and etching to remove
the material after the dopants have been driven into the locations indicated as 261 and 264 in
Figure 2K, for example. In some embodiments, features 261 and 264 may include any suitable
impurity dopants as a result of process 126, such as n-type and/or p-type dopant, for example.
As can be understood based on this disclosure, in this example embodiment, BJT1 collector
contact portion 261 and second BJT base 264 includes the material of layer 260, with the
addition of dopant material. However, in some other embodiments, feature 261 and/or 264 may
be formed by removing/etching those portions of layer 260 from the structure of Figure 2J and

replacing the material with substitute material. In any such embodiments, features 261 and 264
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may include any suitable group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC) and/or
any suitable group III-V semiconductor material (e.g., AlGaAs, GaAs, InP, InGaAs, GaN,
InGaN). In some embodiments, BJT1 collector contact portion 261 and second BJT base 264
may be doped with a suitable n-type or p-type dopant, as will be apparent in light of this
disclosure. In some such embodiments, the dopant levels may be selected to be greater than
1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or 1E21 per cubic cm, or some other suitable minimum
threshold amount of doping as will be apparent in light of this disclosure. In other words, the
dopant level for features 261 and 264 may be in the range of 1E15 to 7E21 per cubic cm, for
example. In some embodiments, the doping level may be relatively high, such as greater than
1E18 per cubic cm, for example. In some embodiments, the dopant may be of opposite type than
that of original BJT2 layer 260. For instance, in an example embodiment, if BJT2 layer 260 was
originally doped with a p-type dopant, then BJT base 264 may be doped with an n-type dopant,
and vice versa. In this example embodiment, the formation of BJT2 base 264 also assists with
establishing the location of BJT2 collector 262 and BJT2 emitter 266, as shown in Figure 2K. In
this manner, in some embodiments, BJT2 layer 260 on the left side of the BJT1 stack of layers
has been converted into an NPN or PNP BJT including collector 262, base 264, and emitter 266,
for example. In addition, layer 260 on either side of BJT1 collector contact portion 261 has been
relabeled as portions 263, for ease of reference. Note that BJT1 collector contact portion 261 is
in physical contact with BJT1 collector contact layer 231, in this example embodiment, and in
some embodiments, BJT1 collector contact portion 261 and BJT1 collector contact layer 231
may include the same type of dopants (e.g., both n-type or both p-type).

Method 100 of Figure 1 continues with asymmetric patterning 128 (or otherwise forming)
hardmask 254 material over BJT1, and specifically, over BJT1 contact portion 261 in via 253, to
form example structure 2L, in accordance with an embodiment. In some embodiments,
hardmask (HM) 254 may be formed using any suitable techniques, such as an asymmetric
patterning technique that only deposits the hardmask material in via 253 and not in via 255, as
shown in Figure 2L, for example. In some embodiments, hardmask 254 may include any
suitable material, such as a dielectric material, for example.

Method 100 of Figure 1 continues with selectively etching 130 layers under the second
BJT base 264 to form gap (or air gap) 270, and to form the example structure of Figure 2M, in
accordance with an embodiment. In some embodiments, selective etch 130 may be performed
using any suitable techniques, such as performing a wet etch process including an etchant that
removes the material of layers 232, 231, and 220 relatively faster than the etchant removes the

material of BJT2 base 264, such as at a relative rate of at least 2, 3, 4, 5, 10, 15, 20, or 25 times
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faster, for example. For instance, in an example embodiment, layers 232, 231, and 220 may all
include Si and BJT2 base 264 may include SiGe, such that selective etch 130 can be performed
using an etchant that selectively removes Si material relative to SiGe material to form gap 270.
Note that selective etch may be performed in via 255, in some embodiments. Also note that gap
270 has separated layer 231 into BJT1 collector contact layer 231 and remnants of layer 231 now
labeled as portion 233 and also separated layer 232 into BJT1 collector layer 232 and remnants
of layer 232 now labeled as portion 235, in this example embodiment. Further note that although
gap 270 is wider (dimension in the X direction) than BJT2 base 264, the present disclosure is not
intended to be so limited.

Method 100 of Figure 1 continues with optionally depositing 132 electrically insulating
material 272 in gap 270 and patterning 134 (or otherwise forming) hardmask 256 over second
BJT base 264, followed by a polish or planarization process, to form the example structure of
Figure 2N, in accordance with an embodiment. In some embodiments, air gap 270 need not be
filled with electrically insulating material 272, as the air gap 270 itself may serve as a suitable
electrical insulator. However, in some embodiments, insulator material 272, such as any suitable
electrical insulator, dielectric, oxide (e.g., silicon oxide), and/or nitride (e.g., silicon nitride)
material, may be deposited to form the example structure of Figure 2N. In some such
embodiments, filling (or substantially filling) air gap 270 with insulator material 272 may assist
with providing structural support for the dual BJT plus RTD structure (as opposed to having an
air gap under at least a portion of BJT2), for example. Regardless of whether feature 272
remains an air gap or is filled with insulator material, in this example embodiment, the process
continues with patterning 134 hardmask 256, which results in via 255 of the structure of Figure
2M being filled with hardmask material 256 as shown in Figure 2N. In some embodiments,
hardmask 256 may be patterned, deposited, or otherwise formed using any suitable techniques.
In some embodiments, hardmask 256 may include any suitable material, such as a dielectric
material, for example.

Method 100 of Figure 1 continues with forming 136 a via 257 in the ILD material 250 at
the RTD contact location to form the example structure of Figure 20, in accordance with an
embodiment. In some embodiments, via 257 may be formed using any suitable techniques, such
as any suitable wet and/or dry etching processes, as will be apparent in light of this disclosure.
Note that via 257 is formed over BJT2 emitter 266, as the RTD is to be in contact with BJT2 at
that location, as can be understood based on this disclosure.

Method 100 of Figure 1 continues with forming 138 resonant tunneling-diode (RTD),

which includes layers 282 and 284, as shown in the example structure of Figure 2P, in
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accordance with an embodiment. In some embodiments, RTD layers 282 and 284 may be
formed using any suitable techniques, such using any of the aforementioned deposition
techniques (e.g., MOCVD, MBE, CVD, ALD, PVD) and/or any other suitable process(es) as
will be apparent in light of this disclosure. In some embodiments, RTD layers 282 and 284 may
include any suitable material, such as any suitable group IV semiconductor material (e.g., Si,
SiGe, Ge, SiGeC) and/or any suitable group II-V semiconductor material (e.g., AlGaAs, GaAs,
InP, InGaAs, GaN, InGaN). In some embodiments, the RTD layers 282 and 284 may include an
n-type layer and a p-type layer, to create a p-n junction, for example. In some such
embodiments, the dopant levels may be selected to be greater than 1E15, 1E16, 1E17, 1E18,
1E19, 1E20, or 1E21 per cubic cm, or some other suitable minimum threshold amount of doping
as will be apparent in light of this disclosure. In other words, the dopant level for layers 282 and
284 may be in the range of 1E15 to 7E21 per cubic cm, for example. In some embodiments, the
doping level may be relatively high, such as greater than 1E18 per cubic cm, for example. In
such embodiments, layers 282 and 284 may be heavily doped to achieve an NDR IV
characteristic, as can be understood based on this disclosure. In an example embodiment, layer
282 may be a highly p-type doped material, such as highly p-type doped SiGe, and layer 284
may be a highly n-type doped material, such as highly n-type doped SiGe. In some
embodiments, RTD layers 282 and 284 may have any suitable thicknesses T9 and T10
(dimensions in the Y direction), respectively such as a thickness of 10 to 100 nm (e.g., 20 to 50
nm), or any other suitable thickness as will be apparent in light of this disclosure. Note that
although this example embodiment includes an Esaki diode (or simply, a tunnel diode) for RTD,
which includes a heavily doped p-n junction, in other embodiments, the RTD may include a
double barrier, triple barrier, quantum well, or quantum wire structure, or any other suitable RTD
structure, as will be apparent in light of this disclosure.

Method 100 of Figure 1 continues with removing 140 hardmask 254 and 256 and dummy
gate 240 material to form the example structure of Figure 2Q and forming metal features 292,
294, 296, and 298 to form the example structure of Figure 2R, in accordance with an
embodiment. In some embodiments, removal of hardmask 254 and 256 and dummy gate 240
may be performed using any suitable techniques, such as using one or more wet and/or dry etch
processes, for example. As shown in Figure 2Q, removal of the hardmask and dummy gate
material forms vias, including via 251 over (and exposing) BJT1 emitter contact layer 237, via
253 over (and exposing) BJT1 collector contact portion 261, and via 255 over (and exposing)
BJT2 base 264, for example. As is also shown, via 257 is over (and exposes) RTD layer 284, in
this example embodiment. As shown in Figure 2R, metal features 292, 294, 296, and 298 were
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formed in vias 251, 253, 255, and 257, respectively, in this example embodiment. In some
embodiments, metal features 292, 294, 296, and 298 may be considered interconnects and may
be formed using any suitable techniques, such as depositing the material in the vias and
optionally planarizing and/or polishing the structure, and/or any other suitable process(es) as will
be apparent in light of the present disclosure. In some embodiments, metal features 292, 294,
296, and 298 may include any suitable electrically conductive material, such as any suitable
metal or metal alloy, such as copper (Cu), cobalt (Co), molybdenum (Mo), rhodium (Rh),
beryllium (Be), chromium (Cr), manganese (Mn), aluminum (Al), silver (Ag), gold (Au),
titanium (T1), indium (In), ruthenium (Ru), palladium (Pd), tungsten (W), and/or nickel (Ni), to
name a few examples. In some embodiments, the material of features 292, 294, 296, and 298
need not include metal, such as where one or more of the features includes graphene, for
example. Accordingly, any suitable electrically conductive material can be used, in some
embodiments.

Figure 2R' illustrates a blown-out view of an example alternative structure for the RTD
portion of the dual BJT plus RTD cell of Figure 2R, in accordance with an embodiment of the
present disclosure. As shown, Figure 2R' (located above Figure 2R) illustrates an alternative to
the RTD stack formed for the dual BJT plus RTD cell structure. More specifically, in this
example embodiment, the alternative structure includes layer 281 at the bottom of the RTD stack
of layers, which may be used as a contact layer for the RTD device. In other words, RTD
contact layer 281 may be located between RTD layer 282 and BJT2 emitter 266, for example. In
embodiments where present, RTD contact layer 281 may be formed using any suitable
techniques, such using any of the aforementioned deposition techniques (e.g., MOCVD, MBE,
CVD, ALD, PVD) and/or any other suitable process(es) as will be apparent in light of this
disclosure. In some such embodiments, RTD contact layer 281 may include any suitable
material, such as any suitable group IV semiconductor material (e.g., Si, SiGe, Ge, SiGeC)
and/or any suitable group III-V semiconductor material (e.g., AlGaAs, GaAs, InP, InGaAs, GaN,
InGaN). In some embodiments, the RTD contact layer 281 may include an n-type or p-type
dopants, for example. In some such embodiments, the dopant levels may be selected to be
greater than 1E15, 1E16, 1E17, 1E18, 1E19, 1E20, or 1E21 per cubic cm, or some other suitable
minimum threshold amount of doping as will be apparent in light of this disclosure. In other
words, the dopant level for layers 282 and 284 may be in the range of 1E15 to 7E21 per cubic
cm, for example. In some embodiments, the doping level may be relatively high, such as greater
than 1E18 per cubic cm, for example. In embodiments where RTD contact layer 281 is present,

it may be doped of an opposite type relative to overlying RTD layer 282. For instance, in an
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example embodiment where RTD layer 282 is to be n-type doped, RTD contact layer may be p-

type doped, and vice versa. In some embodiments, where RTD contact layer 281 is present, it
may have any suitable thicknesses (dimension in the Y direction), such as a thickness of 10 to
100 nm (e.g., 20 to 50 nm), or any other suitable thickness as will be apparent in light of this
disclosure.

Figures 3A-B illustrate the example structure of Figure 2R, including visual patterning of
some of the features or layers to help illustrate example material and/or doping schemes, in
accordance with some embodiments of the present disclosure. As can be understood, the
previous relevant disclosure with respect to Figures 2A-R is equally applicable to the example
structures of Figures 3A-B. As shown in Figures 3A-B, features or layers that include diagonal
patterning from the bottom left to the top right (e.g., similar to slashes) may include one of n-
type and p-type doping, while the features or layers that include diagonal patterning from the
bottom right to the top left (e.g., similar to backslashes) may include the other of n-type and p-
type doping. For instance, in the example structure of Figure 3B, it can be seen that the features
or layers including diagonal patterning from the bottom left to the top right are p-type doped and
the features or layers including diagonal patterning from the bottom right to the top left are n-
type doped. Further, in some such embodiments, the density of the diagonal patterning (e.g., the
number of slashes or backslashes in a given area) may correspond with the amount of doping,
with relatively lower density patterning (e.g., layer 263) indicating relatively lower doping
concentrations (e.g., amounts less than 1E18 per cubic cm) and with relatively higher density
patterning (e.g., layer 234) indicating relatively higher doping concentrations (e.g., amounts
greater than 1E18 per cubic cm), for example. Also note, for completeness of description, the
metal features (292, 294, 296, 298) are filled with crosshatch patterning. Although substrate 210
is not shown with a pattern, in some embodiments, it may include doping, for example.

Example materials are indicated for the features and layers of the structure of Figure 3A in
the structure of Figure 3B, where ‘P-* indicates relatively low p-type doping (relative to the ‘P+’
features/layers) of the material following the designation (e.g., Si or SiGe), ‘P+° indicates
relatively high p-type doping (relative to the ‘P-* features/layers) of the material following the
designation, ‘N-° indicates relatively low n-type doping (relative to the ‘N+’ features/layers) of
the material following the designation, and ‘N+° indicates relatively high n-type doping (relative
to the ‘N-’ features/layers) of the material following the designation, to provide one specific
example. However, note that such example structures are provided for illustration purposes and
are not intended to limit the present disclosure. As can be understood based on this disclosure,

either of BJT1 and BJT2 may have an NPN or PNP configuration and the RTD may have a PN
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or NP configuration. In the example embodiment of Figure 3B, BJT1 has an NPN configuration,

where collector 232 is n-type doped, base 234 is p-type doped, and emitter 236 is n-type doped,
BJT2 has a PNP configuration, where collector 262 is p-type doped, base 264 is n-type doped,
and emitter 266 is p-type doped, and the RTD has a PN configuration, where the first RTD layer
282 is p-type doped, and the second RTD layer 284 is n-type doped. However, in another
example embodiment Numerous material and doping scheme variations and configurations for a
dual BJT plus RTD cell will be apparent in light of this disclosure.

Figure 4 illustrates the example structure of Figure 2R, including visual patterning and
shading of some of the features and layers to help illustrate the dual BJT plus RTD cell structure,
in accordance with some embodiments of the present disclosure. As can be understood, the
previous relevant disclosure with respect to Figures 2A-R is equally applicable to the example
structure of Figure 4. As shown in Figure 4, the features/layers of BJT1 430 (which includes
layers 232, 234, and 236, in this example case) are indicated with diagonal patterning that goes
from the bottom left to the top right (e.g., similar to slashes) of the structure shown, the
features/layers of BJT2 460 (which includes features 262, 264, and 266, in this example case) are
indicated with grid-like patterning that includes wvertical and horizontal lines, and the
features/layers of RTD 480 (which includes layers 282 and 284, in this example case) are
indicated with diagonal patterning that goes from the bottom right to the top left (e.g., similar to
backslashes) of the structure shown, for example. In addition, each of BJT1 430, BJT2 460, and
RTD 480 include a thicker outline to help visually identify the three components of an example
dual BJT plus RTD cell. For completeness of description, BJT1 contact features/layers are
indicated with grey shading and the metal features are filled with crosshatch patterning, in this
example structure. Figure 4 helps illustrate that the base 234 of BJT1 430 is in physical contact
with and thus directly electrically connected to the collector 262 of BJT2 460, and also illustrates
that the emitter 266 of BJT2 460 is in physical contact with and thus directly electrically
connected to the first RTD layer 282 of RTD 480, in this example embodiment.

In some embodiments, the widths of the features/layers (dimension in the X direction) of
BJT1 430, BJT2, 460, and RTD 480 may include any suitable width, such as 5 to 200 nm (e.g,,
10 to 40 nm), or any other suitable widths as will be apparent in light of this disclosure. For
instance, in an example embodiment, BJT2 460 may be formed such that collector 262, base 264,
and emitter 266 each have a width (dimension in the X direction) of approximately 10 to 20 nm,
to provide one example set of dimensions for one of the devices. As can be understood based on
this disclosure, and as seen in Figure 4, the dual BJT plus RTD structure utilizes vertical

integration (in the Y direction) for BJT1 430 and RTD 480, while BJT2 460 is formed in a
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horizontal configuration (in the X direction), in this example embodiment. In some such
embodiments, use of vertical integration for one or more of the components of the dual BJT plus
RTD cell can reduce the IC footprint of the cell, for example. Numerous variations and
configurations will be apparent in light of this disclosure.

Circuit Diagrams and Latch Structure

Figure 5A is a circuit diagram of an example pull-up network 510 including a dual BJT
plus RTD cell, in accordance with an embodiment of the present disclosure. Figure 5B is a
circuit diagram of an example pull-down network 520 including a dual BJT plus RTD cell, in
accordance with an embodiment of the present disclosure. Figure 5C is a circuit diagram
including the pull-up network 510 of Figure SA and the pull-down network 520 of Figure 5B in a
memory latch configuration, in accordance an embodiment of the present disclosure. Figure 6 is
a chart of output current (Iout) versus output voltage (Vout) illustrating example current-voltage
(IV) characteristics of the circuit diagram of Figure 5C, in accordance with an embodiment of the
present disclosure. A pull-up network provides a low resistance path to Vdd (the positive supply
voltage) when output logic is in a high state (‘1’) and provides a high resistance to Vdd
otherwise. A pull-down network provides a low resistance path to Vss (negative supply or
ground) when output logic is in a low state (‘0”) and provides a high resistance to Vss otherwise.
Thus, a pull-up network can be coupled with a pull-down network to form a memory latch
configuration.

As shown in Figure SA, the circuit diagram of the pull-up network 510 includes positive
voltage supply Vdd electrically connected to the emitter of BJT1 532, where BJT1 532 has a
PNP configuration, in this example embodiment. Further, the base of BJT1 532 is electrically
connected to the collector of BJT2 562 (where BJT2 562 has an NPN configuration), the base of
BJT2 is electrically connected to a first input current I1, and the emitter of BJT2 562 is
electrically connected to the anode (and/or p-type portion) of RTD1 582, as shown. In addition,
the collector of BJT1 532 and the cathode (and/or n-type portion) of RTD1 582 are electrically
connected to the output voltage Vout, as shown. As shown in Figure 5B, the circuit diagram of
the pull-down network 520 includes negative supply or ground Vss electrically connected to the
emitter of BJT3 534, where BJT1 534 has an NPN configuration, in this example embodiment.
Further, the base of BJT3 534 is electrically connected to the collector of BJT4 564 (where BJT4
546 has a PNP configuration), the base of BJT4 564 is electrically connected to a second input
current 12, and the emitter of BJT2 564 is electrically connected to the cathode (and/or n-type
portion) of RTD2 584, as shown. In addition, the collector of BJT3 534 and the anode (and/or p-
type portion) of RTD2 584 are electrically connected to the output voltage Vout, as shown.
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Figure 5C illustrates the circuit diagrams of Figures SA and 5B combined into one circuit
diagram to illustrate pull-up network 510 coupled with pull-down network 520 in a memory
latch configuration. The IV characteristics of the memory latch configuration of Figure 5C are
shown in Figure 6, where the pull-up network 510 has an N-NDR 1V characteristic illustrated by
pull-up loadline 610 and the pull-down network 520 has an N-NDR IV characteristic illustrated
by pull-down loadline 620, in this example embodiment. As shown in Figure 6, the loadlines
610 and 620 intersect and create two stable points in the IV plot, which correspond to a low state
(or a ‘0’) and a high state (or a ‘1’) for a memory cell (e.g., an SRAM cell).

As can be understood based on this disclosure, the dual BJT plus RTD cell illustrated in
Figures 2R, 3A, and 4 can be used to form both the pull-up network 510 of Figure SA and the
pull-down network of Figure 5B, in accordance with some embodiments. For instance, matching
up the integrated circuit devices with those in the circuit diagrams (using Figure 4 for ease of
reference), for pull-up network 510, BJT1 430 can be used for BJT1 532, BJT2 460 can be used
for BJT2 562, and RTD 480 can be used for RTD1 582, for example. Further, interconnect 292
can be electrically connected to Vdd, interconnect 294 can be electrically connected to Vout,
interconnect 296 can be electrically connected to 11, and interconnect 298 can be electrically
connected to Vout, for example. In addition, for pull-down network 520, BJT1 430 can be used
for BJT3 534, BJT2 460 can be used for BJT4 564, and RTD 480 can be used for RTD2 584, for
example. Further, interconnect 292 can be electrically connected to Vss, interconnect 294 can be
electrically connected to Vout, interconnect 296 can be electrically connected to 12, and
interconnect 298 can be electrically connected to Vout, for example. As can also be understood
based on this disclosure, the doping scheme illustrated in Figure 3A may be used for either dual
BJT plus RTD cell, i.e., for either the pull-up network 510 cell or the pull-down network 520
cell. For instance, the example doping scheme illustrated in Figure 3B could be used for pull-
down network 520, as it is labeled with appropriate p-type and n-type doping for the
features/layers of the components of the dual BJT plus RTD cell that could be used for pull-
down network 520, as can be understood based on this disclosure. For example, as shown in
Figure 3B (using the component labels of Figure 4), BJT1 430 includes an NPN configuration,
BJT2 460 includes a PNP configuration, and RTD 480 includes an NP configuration. As can
also be understood based on this disclosure, a dual BJT plus RTD cell suitable for pull-up
network 510 would have an opposite type doping scheme for the features/layers of the
components of the dual BJT plus RTD cell, such that BJT1 430 would include a PNP
configuration, BJT2 460 would include an NPN configuration, and RTD 480 would include a PN
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configuration. Numerous variations and configurations will be apparent in light of the present
disclosure.

Example System

Figure 7 illustrates an example computing system 1000 implemented with the integrated
circuit structures and/or techniques disclosed herein, in accordance with some embodiments of
the present disclosure. As can be seen, the computing system 1000 houses a motherboard 1002.
The motherboard 1002 may include a number of components, including, but not limited to, a
processor 1004 and at least one communication chip 1006, each of which can be physically and
electrically coupled to the motherboard 1002, or otherwise integrated therein. As will be
appreciated, the motherboard 1002 may be, for example, any printed circuit board, whether a
main board, a daughterboard mounted on a main board, or the only board of system 1000, etc.

Depending on its applications, computing system 1000 may include one or more other
components that may or may not be physically and electrically coupled to the motherboard 1002.
These other components may include, but are not limited to, volatile memory (e.g., DRAM,
SRAM, dual BJT plus RTD cell-based memory), non-volatile memory (e.g., ROM), a graphics
processor, a digital signal processor, a crypto processor, a chipset, an antenna, a display, a
touchscreen display, a touchscreen controller, a battery, an audio codec, a video codec, a power
amplifier, a global positioning system (GPS) device, a compass, an accelerometer, a gyroscope, a
speaker, a camera, and a mass storage device (such as hard disk drive, compact disk (CD), digital
versatile disk (DVD), and so forth). Any of the components included in computing system 1000
may include one or more integrated circuit structures or devices formed using the disclosed
techniques in accordance with an example embodiment. In some embodiments, multiple
functions can be integrated into one or more chips (e.g, for instance, note that the
communication chip 1006 can be part of or otherwise integrated into the processor 1004).

The communication chip 1006 enables wireless communications for the transfer of data to
and from the computing system 1000. The term “wireless” and its derivatives may be used to
describe circuits, devices, systems, methods, techniques, communications channels, etc., that
may communicate data through the use of modulated electromagnetic radiation through a non-
solid medium. The term does not imply that the associated devices do not contain any wires,
although in some embodiments they might not. The communication chip 1006 may implement
any of a number of wireless standards or protocols, including, but not limited to, Wi-Fi (IEEE
802.11 family), WiMAX (IEEE 802.16 family), IEEE 802.20, long term evolution (LTE), Ev-
DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth,

derivatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 5G,
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and beyond. The computing system 1000 may include a plurality of communication chips 1006.
For instance, a first communication chip 1006 may be dedicated to shorter range wireless
communications such as Wi-Fi and Bluetooth and a second communication chip 1006 may be
dedicated to longer range wireless communications such as GPS, EDGE, GPRS, CDMA,
WIMAX, LTE, Ev-DO, and others.

The processor 1004 of the computing system 1000 includes an integrated circuit die
packaged within the processor 1004. In some embodiments, the integrated circuit die of the
processor includes onboard circuitry that is implemented with one or more integrated circuit
structures or devices formed using the disclosed techniques, as variously described herein. The
term “processor’” may refer to any device or portion of a device that processes, for instance,
electronic data from registers and/or memory to transform that electronic data into other
electronic data that may be stored in registers and/or memory.

The communication chip 1006 also may include an integrated circuit die packaged within
the communication chip 1006. In accordance with some such example embodiments, the
integrated circuit die of the communication chip includes one or more integrated circuit
structures or devices formed using the disclosed techniques as variously described herein. As
will be appreciated in light of this disclosure, note that multi-standard wireless capability may be
integrated directly into the processor 1004 (e.g., where functionality of any chips 1006 is
integrated into processor 1004, rather than having separate communication chips). Further note
that processor 1004 may be a chip set having such wireless capability. In short, any number of
processor 1004 and/or communication chips 1006 can be used. Likewise, any one chip or chip
set can have multiple functions integrated therein.

In various implementations, the computing device 1000 may be a laptop, a netbook, a
notebook, a smartphone, a tablet, a personal digital assistant (PDA), an ultra-mobile PC, a
mobile phone, a desktop computer, a server, a printer, a scanner, a monitor, a set-top box, an
entertainment control unit, a digital camera, a portable music player, a digital video recorder, or
any other electronic device that processes data or employs one or more integrated circuit
structures or devices formed using the disclosed techniques, as variously described herein.

Further Example Embodiments

The following examples pertain to further embodiments, from which numerous

permutations and configurations will be apparent.

Example 1 is an integrated circuit (IC) including: a substrate; a first bipolar junction

transistor (BJT) at least one of on and above the substrate, wherein the first BJT includes a first
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collector, a first base, and a first emitter; a second BJT at least one of on and above the substrate,
wherein the second BJT includes a second collector, a second base, and a second emitter; and a
resonant-tunneling diode (RTD) at least on of on and above the substrate, wherein the RTD
includes a first RTD layer doped one of n-type and p-type and a second RTD layer doped the
other of n-type and p-type; wherein the first base is electrically connected to the second

collector; and wherein the second emitter is electrically connected to the first RTD layer.

Example 2 includes the subject matter of Example 1, wherein the first BJT has an NPN
configuration, the second BJT has a PNP configuration, the first RTD layer is n-type doped, and
the second RTD layer is p-type doped.

Example 3 includes the subject matter of Example 1, wherein the first BJT has a PNP
configuration, the second BJT has an NPN configuration, the first RTD layer is p-type doped,
and the second RTD layer is n-type doped.

Example 4 includes the subject matter of any of Examples 1-3, wherein the first BJT,
second BJT, and RTD each include at least one of silicon (Si) and silicon germanium (SiGe).

Example 5 includes the subject matter of any of Examples 1-4, wherein at least one of the
first BJT, second BJT, and RTD include group III-V semiconductor material.

Example 6 includes the subject matter of any of Examples 1-5, wherein the first base is
between the first collector and the first emitter, and wherein one of the first collector and the first
emitter are above the first base.

Example 7 includes the subject matter of any of Examples 1-6, wherein the second RTD
layer is above the first RTD layer.

Example 8 includes the subject matter of any of Examples 1-7, wherein the second base is

between the second collector and the second emitter, such that the second collector and the

second emitter are both adjacent to the second base.

Example 9 includes the subject matter of any of Examples 1-8, wherein the RTD is above

the second emitter.

Example 10 includes the subject matter of any of Examples 1-9, wherein the second

collector 1s adjacent to the first base.

Example 11 includes the subject matter of any of Examples 1-10, further including at least

one of an air gap and a dielectric material between the second base and the substrate.
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Example 12 includes the subject matter of any of Examples 1-11, further including one or
more contact layers at least one of above and below the first BJT, the one or more contact layers

including dopant concentrations of at least 1E18 per cubic cm.

Example 13 includes the subject matter of any of Examples 1-12, wherein the first base,
the second base, the first RTD layer, and the second RTD layer each include dopant

concentrations of at least 1E18 per cubic cm.

Example 14 includes the subject matter of any of Examples 1-13, wherein the first BJT,
second BJT, and RTD are included in one of a pull-up network and a pull-down network for a
memory cell.

Example 15 is a memory latch including the subject matter of any of Examples 1-14.

Example 16 is a computing system including the subject matter of any of Examples 1-15.

Example 17 is a memory latch including: a first cell including a first bipolar junction
transistor (BJT), a second BJT, and a first resonant-tunneling diode (RTD), and a second cell
including a third BJT, a fourth BJT, and a second RTD.

Example 18 includes the subject matter of Example 17, wherein one of the first and the
second cells is used for a pull-up network and the other of the first and second cells is used for a
pull-down network.

Example 19 includes the subject matter of any of Examples 17-18, wherein the first BJT
has a PNP configuration, the second BJT has an NPN configuration, the third BJT has an NPN
configuration, and the fourth BJT has a PNP configuration.

Example 20 includes the subject matter of any of Examples 17-19, wherein a base of the
first BJT 1s in physical contact with a collector of the second BJT and wherein a base of the third
BJT is in physical contact with a collector of the fourth BJT.

Example 21 includes the subject matter of any of Examples 17-20, wherein the first RTD is
in physical contact with a base of the second BJT and wherein the second RTD is in physical
contact with a base of the fourth BJT.

Example 22 includes the subject matter of any of Examples 17-21, further including a
substrate common to both the first and second cells.

Example 23 includes the subject matter of any of Examples 17-22, wherein the second BJT
is adjacent to the first BJT and the fourth BJT is adjacent to the third BJT.

Example 24 is a computing system including the subject matter of any of Examples 17-23.
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Example 25 is a method of forming an integrated circuit (IC), the method including:
providing a substrate; forming a first bipolar junction transistor (BJT) at least one of on and
above the substrate, wherein the first BJT includes a first collector, a first base, and a first
emitter, forming a second BJT at least one of on and above the substrate, wherein the second
BJT includes a second collector, a second base, and a second emitter, and forming a resonant-
tunneling diode (RTD) at least one of on and above the substrate, wherein the RTD includes a
first RTD layer doped one of n-type and p-type and a second RTD layer doped the other of n-
type and p-type.

Example 26 includes the subject matter of Example 25, further including removing

material under the second base to form an air gap.

Example 27 includes the subject matter of Example 26, further including forming dielectric

material in the air gap.

Example 28 includes the subject matter of any of Examples 25-27, wherein the first BJT
has an NPN configuration, the second BJT has a PNP configuration, the first RTD layer is n-type
doped, and the second RTD layer is p-type doped.

Example 29 includes the subject matter of any of Examples 25-27, wherein the first BJT
has a PNP configuration, the second BJT has an NPN configuration, the first RTD layer is p-type
doped, and the second RTD layer is n-type doped.

Example 30 includes the subject matter of any of Examples 25-29, wherein the first BJT,
second BJT, and RTD each include at least one of silicon (Si) and silicon germanium (SiGe).
Example 31 includes the subject matter of any of Examples 25-30, wherein at least one of

the first BJT, second BJT, and RTD include group III-V semiconductor material.

Example 32 includes the subject matter of any of Examples 25-31, wherein the first base is
formed between the first collector and the first emitter, and wherein one of the first collector and

the first emitter are formed above the first base.

Example 33 includes the subject matter of any of Examples 25-32, wherein the second

RTD layer is formed above the first RTD layer.

Example 34 includes the subject matter of any of Examples 25-33, wherein the second base
is formed between the second collector and the second emitter, such that the second collector and

the second emitter are both adjacent to the second base.

Example 35 includes the subject matter of any of Examples 25-34, wherein the RTD is

formed above the second emitter.
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Example 36 includes the subject matter of any of Examples 25-34, wherein the RTD is

formed adjacent to the second emitter.

Example 37 includes the subject matter of any of Examples 25-36, wherein the second

collector is formed adjacent to the first base.

Example 38 includes the subject matter of any of Examples 25-37, further including
forming one or more contact layers at least one of above and below the first BJT, the one or more

contact layers including dopant concentrations of at least 1E18 per cubic cm.

Example 39 includes the subject matter of any of Examples 25-38, wherein the first base,
the second base, the first RTD layer, and the second RTD layer each include dopant

concentrations of at least 1E18 per cubic cm.

Example 40 includes the subject matter of any of Examples 25-39, further including
forming a memory latch including the first BJT, the second BJT, and the RTD.

The foregoing description of example embodiments has been presented for the purposes of
illustration and description. It is not intended to be exhaustive or to limit this disclosure to the
precise forms disclosed. Many modifications and variations are possible in light of this
disclosure. It is intended that the scope of this disclosure be limited not by this detailed
description, but rather by the claims appended hereto. Future filed applications claiming priority
to this application may claim the disclosed subject matter in a different manner, and may
generally include any set of one or more limitations as variously disclosed or otherwise

demonstrated herein.
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CLAIMS

What is claimed is:

1. An integrated circuit (IC) comprising:
a substrate;

a first bipolar junction transistor (BJT) at least one of on and above the substrate, wherein

the first BJT includes a first collector, a first base, and a first emitter;

a second BJT at least one of on and above the substrate, wherein the second BJT includes

a second collector, a second base, and a second emitter; and

a resonant-tunneling diode (RTD) at least on of on and above the substrate, wherein the
RTD includes a first RTD layer doped one of n-type and p-type and a second
RTD layer doped the other of n-type and p-type;

wherein the first base is electrically connected to the second collector; and

wherein the second emitter is electrically connected to the first RTD layer.

2. The IC of claim 1, wherein the first BJT has an NPN configuration, the second
BJT has a PNP configuration, the first RTD layer is n-type doped, and the second RTD layer is
p-type doped.

3. The IC of claim 1, wherein the first BJT has a PNP configuration, the second BJT
has an NPN configuration, the first RTD layer is p-type doped, and the second RTD layer is n-
type doped.

4. The IC of claim 1, wherein the first BJT, second BJT, and RTD each include at

least one of silicon (Si) and silicon germanium (SiGe).

5. The IC of claim 1, wherein at least one of the first BJT, second BJT, and RTD

include group III-V semiconductor material.

6. The IC of claim 1, wherein the first base is between the first collector and the first

emitter, and wherein one of the first collector and the first emitter are above the first base.

7. The IC of claim 1, wherein the second RTD layer is above the first RTD layer.
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8. The IC of claim 1, wherein the second base is between the second collector and
the second emitter, such that the second collector and the second emitter are both adjacent to the

second base.

9. The IC of claim 1, wherein the RTD is above the second emitter.
10. The IC of claim 1, wherein the second collector is adjacent to the first base.
11. The IC of claim 1, further comprising at least one of an air gap and a dielectric

material between the second base and the substrate.

12. The IC of claim 1, further comprising one or more contact layers at least one of
above and below the first BJT, the one or more contact layers including dopant concentrations of

at least 1E18 per cubic cm.

13. The IC of claim 1, wherein the first base, the second base, the first RTD layer, and

the second RTD layer each include dopant concentrations of at least 1E18 per cubic cm.

14. The IC of claim 1, wherein the first BJT, second BJT, and RTD are included in

one of a pull-up network and a pull-down network for a memory cell.
15. A memory latch comprising the IC of any of claims 1-14.
16. A computing system comprising the IC of any of claims 1-14.

17. A memory latch comprising:

a first cell including a first bipolar junction transistor (BJT), a second BJT, and a first
resonant-tunneling diode (RTD); and

a second cell including a third BJT, a fourth BJT, and a second RTD.

18.  The memory latch of claim 17, wherein one of the first and the second cells is
used for a pull-up network and the other of the first and second cells is used for a pull-down

network.

19.  The memory latch of claim 17, wherein the first BJT has a PNP configuration, the
second BJT has an NPN configuration, the third BJT has an NPN configuration, and the fourth
BJT has a PNP configuration.
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20.  The memory latch of claim 17, wherein a base of the first BJT is in physical

contact with a collector of the second BJT and wherein a base of the third BJT is in physical

contact with a collector of the fourth BJT.

21. The memory latch of claim 17, wherein the first RTD is in physical contact with a
5  base of the second BJT and wherein the second RTD is in physical contact with a base of the
fourth BJT.

22, The memory latch of any of claims 17-21, further comprising a substrate common

to both the first and second cells.

23. A method of forming an integrated circuit (IC), the method comprising:
10 providing a substrate;

forming a first bipolar junction transistor (BJT) at least one of on and above the substrate,

wherein the first BJT includes a first collector, a first base, and a first emitter;

forming a second BJT at least one of on and above the substrate, wherein the second BJT

includes a second collector, a second base, and a second emitter; and

15 forming a resonant-tunneling diode (RTD) at least one of on and above the substrate,
wherein the RTD includes a first RTD layer doped one of n-type and p-type and a
second RTD layer doped the other of n-type and p-type.

24, The method of claim 23, further comprising removing material under the second

base to form an air gap.

20 25. The method of claim 24, further comprising forming dielectric material in the air

gap.
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