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Introduction

The driving and common idea of all LOCOM members is the development and test of future
nanoelectronic circuit designs and architectures. The basic property of exploitation is a negative-
differential resistance (NDR) provided by a nano-scale quantum device, namely a resonant or
interband tunnelling diode (RTD, ITD). The approach of LOCOM is to test the developed
architecture using a presently available high performance III/V based RTD and to proof the
transferability to the Si-world using ITDs.

The manufacturabilty of both InP and GaAs III/V based RTDs is demonstrated. It is shown
experimentally and by physical simulation that epitaxial growth provides the necessary
reproducibility and homogeneity on the atomic scale in order to keep the I-V-fluctuation far
below acceptable limits for circuit design. LOCOM has substantially improved the basic building
block of the circuits, the monostable-to-bistable logic transition element (MOBILE), towards a
very robust, only RTD-area dependent functionality, which rules out non-stochastic errors.

The circuit designs are developed following the threshold logic circuit architectures (cf.
ANSWERS project). NAND/NOR operations are experimentally verified. Finally, the work was
focussed on the a 1-bit Full Adder as a demonstrator. Though the experimental proof is still
pending due to the very complex technology involved, the layout and the SPICE simulation
based on experimental device results clearly proof the reduced complexity, the ultra-low voltage
operation, and the very high speed. SPICE simulation predict that the LOCOM threshold logic
Full Adder is capable of 4 GBit/s which will be the fastest addition circuit, today.

The LOCOM project has hooked-up to the state-of-the-art in tunnelling circuit technology.
Intense discussions and co-operations with leading scientists such as G. Klimeck, P. Mazumder,
A. Seabaugh, and M. Yamamoto helped us a lot. We are especially indebted to R. Duschl and K.
Eberl (Max-Planck-Institut fiir Festkorperforschung, Stuttgart) for their outstanding SiSiGe
layers enabling the experimental proof of the transferability to the Si-substrate.

The LOCOM consortium has presented numerous papers in peer reviewed journals and at
international conferences. Finally, we have received many invitations to conferences and special
issues of IEEE and Wiles journals on nanoelectronic circuit design and technology.

The transfer to possible commercial applications focused on the availability of a robust, high-
speed binary logic module operation with a bias far below 1 V. The possible application in the
manufacture of hearing-aid circuits was discussed with the company Siemens (Dr. 1. Holube).
The establishment of an application nice on a high system level is complicated by the need of
several components outside the scope of LOCOM (memory, amplifier, A/D- D/A converters) and
highlights the necessity to co-operate with the Si main stream technology. The discussions with
Prof. Dr. P. Goetze, Dortmund University, showed that high speed digital filtering for low-
voltage mobile applications is an excellent take-up candidate of LOCOM circuits.

The work in LOCOM was exciting and fruitful and thanks to the co-operation of all LOCOM
members who made my co-ordinator job focussed on research. I am especially indebted to
Christian Pacha and Uwe Auer, who both were the powerful engine of the LOCOM locomotive.

b Re. L

Werner Prost
(LOCOM Co-ordinator)
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Project Overview

Technical Summary

The subject of this proposal is the design and fabrication of small-scale circuits of linear
threshold gates with multiple terminals consisting of resonant tunnelling diodes (RTD) and
heterostructure field effect transistors (HFET). This combination allows the realisation of linear
threshold networks as a novel logic scheme for parallel computation beyond Boolean logic. The
objective is a qualitative performance increase of circuits for arithmetic functions due to reduced
circuit complexity and finally increased computational functionality. The goal of using novel
circuit architectures composed of modular building blocks is to solve some serious problems of
future nanoelectronics such as the increased interconnection density, the complexity of the design
and the demand for parallel operation on the gate level. Due the availability, a carefully
commissioned III-V-based technology will be used for the realisation of demonstrator circuits.

Project Workplan, Deliverables

The work to be done in LOCOM and its strong relationship with the ANSWERS project is
depicted in Figure 1. In addition, the flow of information within LOCOM and from/to
ANSWERS can easily be seen. The circuit simulation will be carried-out in the ANSWERS
project. Device parameters for RTD and HFET will be provided as input data of circuit
simulation of demonstrators. The III/V technology is following a physical device simulation and
a carefully assessment with respect to manufacturability. The realisation of demonstrators is
based on this advanced technology.

LOCOM| standard | Advanced ' Assessment Transfer to
Silicon
' > [ si-Devices
i RTD Device it
Physical . | 375 Pevice | . RTD with Methology | _ * | with NDR
Simulation" — > | Reduced <> | for Evaluation |[€— ' (e.g. Esaki-Diode)
' ' Parameter of Manufac- ' '
Sensitivity turability ‘ A4 ‘
oo /\ Manufacturability:f:f———
v . |* commission of | |
} = > ~.| Technology } Si- and/or f g
Dl mv-mee | | RTDfor 5 € Z |* Impact on SiGe layers | <|— (D“ﬁé",‘zlfr Benz
and Device Digital Circuit 2 .| Circuits ‘
Technology Technology 9 %,2 \L
1 =]
| HFET&RTD| " E-HFET 2E8 ! Si-Devices ST
=85 Results: ' i-SiGe
‘ =00 ) *;Seléusced with NDR | <€}——| technology
A Complexity ]
* Speed, Power | < \'% >| MELARI
S°.°g?par.'ts°“ to| | [Design Study (slQuic)
I-ircuits . |with Si-Device
A i Parameters Si-RTD device
parameters
7N\
2
ANSWERS A2
Circuit NAND/NOR  Multiple-Terminal
K . Simulaton  |[—> Logic Threshold <
Circuit including A/D converter ~ Gates <
Design NDR-Devices \L
Novel Circuit
Architecture | ——>|  Transfer to System-Level
in ANSWERS

Figure 1: LOCOM project overview and the relationship to ANSWERS
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Structure of the work

The project comprises four workpackages. Each workpackage will be organised by one of the
partners who has the main responsibility in that area. The different tasks of the workpackages
and their relationship and a list of milestones and deliverables are displayed in tables 1-4 and fig.
6. The work package responsibilities and the assignment of the tasks for each partner are:

Table 1: Technical Workpackages

WP 1 WP 2 WP 3 WP 4 WP 5
ANSWERS WP2
UNIDO GMUD TUE GMUD LOCOM
Goser Tegude/Prost v.d.Roer Prost Partners
Circuit Design | Technology (lllI/V- Device Evaluation of Transfer to Si
and Architecture based) Simulation Manufacturability
-1 |NAND/NOR Gate | Evaluation of Parameter Device level Design and
material in the sensitivity in tolerance experim. study on
sub-nm scale physical Si-Based NDR
simulation Devices (TUE,

UNIDO, SiQUIC,
Daimler Benz)

-2 | Multiple  terminal | Fabrication InP- | Layer structures | Circuit level Internal MEL-ARI
LTGs and full| pased RTD/HFET |with low tolerance exchange with Si-
adder parameter technology

sensitivity (SiQUIC)

-3 |Functional  tests | Experimental Si NDR Devices |Planar RTD
and Fap in/ Fan| study on (Simulation) technology
out studies manufacturability

4 |Transfer to system | Demonstrator: Industrial
Ieve] anq réverse | (i) NAND/NOR, manufacturability
ST (i1) multiple term. analysis

threshold gates,

(iii) full adder
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Table 2: Time Schedule of workpackages and Tasks

No |WP Name WP | Partner | Man Year 1 Year2 | Year
No Month 3
31 6] 9| 12| 15| 18] 21| 24| 27| 30
1 |Circuit Design and Architecture 1 UNIDO / 33
ANSWERS
2 |Technology (I1I-V based) 2 GMUD 36
2.1 |Evaluation of material 2.1 |GMUD 3
2.2 |Fabrication InP-based RTD/HFET (2.2 |GMUD
2.3 |Experimental study on 2.3 |GMUD 6
manufacturability
2.4 |Demonstrator Circuits 2.4 |GMUD 18
3 |Device Simulation 3 TUE 24
3.1 |Parameter sensitivity in phys. 3.1 |TUE 9
simulation
3.2 |Layer structures with low par, 3.2 |TUE 9
sensitivity
3.3 [Si-NDR Devices 3.3 |TUE 6
4 |Evaluation of Manufacturability |4 USG 24
4.1 |Device level tolerance 4.1 |TUE
4.2 |Circuit level tolerance 4.2 |(UNIDO
4.3 [Planar RTD technology 43 |GMUDFZIJ| - M I M M IR I
4.4 |Industrial manufacturability 4.4 |GMUD/ 6 ¢ ¢ ¢
analysis USG
5 |Transfer to Silicon 5 UNIDO 6
5.1 [Exper. study of Si-NDR dev. 5.2 |UNIDO *!
5.2 |Exchange with Si-technology 53 |All/ ¢ ¢ ¢
external
6 (Project Management 6 All
6.1 |Project Coordination 6.1 |[GMUD 8
6.2 |Coordinative Meetings 6.3 |All ¢ ¢ ¢ ¢ ¢
6.3 [Web page 6.4 |UNIDO A R A R R A R N *
6.4 |Status Report 6.5 |All ¢ ¢
6.5 |Final Report 6.6 |All ¢
7 |Take Up of Results 7 All -..-.
7.1 |[Knowledge Exchange: Technology |7.1 |GMUD ¢ ¢
7.2 |Si-industry and Si-research 7.2 |All ¢ ¢
7.3 |Transfer to system level 7.3 |UNIDO ¢ ¢
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Table 3: Milestones

No | Mont | WP Partner Milestones
h
1 3 2.1 GMUD Evaluation of material properties for device fabrication
2 6 2.2 GMUD Fabrication and test: RTD/HFET combination
3 9 2.2 GMUD Parameter Extraction for SPICE simulation models
4 9 2.4 | GMUD/ANSWERS | Fabrication and test: NAND/NOR gate with modifiable
threshold
5 15 2.4| GMUD/ANSWERS | Fabrication and test: three terminal LTGs (Weights: 1,2,4,
Thresholds 1...7)
6 24 2.4 | GMUD/ANSWERS | Fabrication and test: Depth 2 Full-adder circuit
7 9 3.1 TUE Model for InP-based RTDs operative
8 18 3.2 TUE Assessment of InP-based RTD parameter sensitivities
9 24 33 TUE Model for Si-based NDR device operative
10 18 4.1 TUE RTD device tolerances
11 27 42 UNIDO LTG circuit tolerances
12 24 4.3 GMUD/FZJ Tolerances of planar technology
13 30 4.4 GMUD/USG Industrial manufacturability study completed
14 29 5.1 UNIDO, TUE Equivalent circuit model and device structure for Si-based LTGs
15 29 5.2 All, SiQUIC Strategy for Si-Transfer

Table 4: Deliverables

No | Month| WP Partner Deliverables
1 6 2.2 GMUD  |Device Parameters for SPICE simulation models delivered to UNIDO
2 12 24 | GMUD/ |Experimental Results of NAND/NOR logic family
3.1 TUE Simulation of InP-based RTD I-V-Characteristics
31 18 2.1 GMUD, |Delivery of material parameters for study of manufacturability
4.1 TUE Report on first tolerance study on RTD devices delivered to partners
4 24 3.2 TUE RTD structure design for minimum sensitivity,
24, GMUD  |Experimental Results of LTG circuits, Report on Progress on closing
4.4 the reverse engineering loop
5 30 | 5.1,3 TUE Si-based NDR device models and designs, Report on Device
42,5 UNIDO [Simulation,
43, | GMUD/ |Circuit level tolerance, Circuit Designs for Si-based LTGs, Report on
4.4 | FZJ/USG |Si-Transfer
Planar technology tolerances, Industrial manufacturing analysis,
6 33 6 GMUD |Final Report
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Form 5.1:  Schedule of deliverables
Project N°: 28 844 Acronym: LOCOM
Types No. | Description of the deliverable | Availabi | Workpack | Responsibl | Projec
of Tab | (Title) lity age e/ involved | t
delivera | le 4 C-R - P | reference | partner month
bles (1)
YEAR 1 1 | Device Parameters for SPICE R 2.2 GMUD 6
simulation models delivered to
UNIDO
2 Simulation of InP-based RTD, R 3.1 TUE 12
Experimental Results of 24 GMUD
NAND/NOR logic family
YEAR 2 | 3 | Delivery of material parameters R 2.1,2.3 GMUD 18
for study of manufacturability
Report on first tolerance study on
RTD circuits delivered to partners 4.1 TUE
4 | RTD structure design for R 3.2 TUE 24
minimum sensitivity 24 GMUD
First Experimental Results of 4.4
LTG circuits, Report on Progress
on closing the reverse engineering
loop
YEAR3 | 5 | Si-based NDR device models and P 5.1 TUE 30
structure designs, Final Report on 3 TUE
Device Simulation 5 UNIDO
Circuit Designs for Si-based
LTGs 5 UNIDO
Report on Si-Transfer 4.3, 44 GMUD
Final report on industrial
manufacturability
6 | Final Report P 5 GMUD 33

(1) Availability: C = confidential, R = restricted, P = public
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WP 1:  Circuit Design and Architecture

The workpackage WP1 has been carried out in the ANSWERS project (no 28 667, WP 2) in
close co-operation with LOCOM. The workpackage is described in the ANSWERS report in
detail. Resonant tunnelling device circuits using the MOBILE principle [Maezawa 93, Chen 96]
have been the starting point of this work.

Device simulation

The basic device configuration for digital logic circuit applications is a monolithically integrated
Resonant Tunnelling Diode-Heterostructure Field Effect Transistor (RTD-HFET), where the
RTD is placed in the drain contact layer of the HFET. To simulate and design these circuits
UNIDO has developed several large signal equivalent circuit models for RTDs and HFETs. The
equivalent circuit models have been incorporated into HSPICE which is a commercial version of
the Berkeley SPICE circuit simulator. For HFET modelling the built-in MESFET model has been
adjusted.

In addition, a simplified 3-terminal Resonant Tunnelling Transistor (RTT) model has been
developed. This speed up simulations of larger circuits. Characteristic feature of this model is the
extension of the RTD equivalent circuit by a gate-voltage dependent pre-factor that varies
between 0 and 1. The pre-factor reduces the HFET to a switching function and enables a greater
flexibility to use other three terminal resonant tunnelling devices such as gated RTDs, where a
transistor function is obtained by a Schottky wrap around gate.

Concerning the RTD-HFET concept the DC parameters have been extracted from the I-V
characteristics in co-operation with LOCOM, GMUD, for, RTDs with different peak voltages
and peak currents and HFETs with 1.0 um gate length.

Resonant tunnelling device system development

Device parameter specification

The compatibility of the logic input and output voltage levels is of basic relevance for the
proposed logic gates and requires a careful selection of the RTD peak voltage Vp. For InP-based
RTD-HFETs the logic high voltage level is limited by the forward conduction of the HFET
Schottky gate to 0.7-0.8 V. Since the logic voltage swing of the RTD-HFET logic gates is a
function of the I-V characteristics (AV = 1.5-2.5 Vp) RTDs with a low peak voltage of V»=0.3 V
have been selected.

To estimate the delay and the transition times of the logic gates the RTD-speed index, that is the
ratio of the RTD peak current Ip and the total load capacitance, has been introduced. By varying
the RTD peak current density jp and together with the nominal geometrical capacitances of RTD
and HFET (Cgyp = 6-7 fF/um® and Cgs= 4.8 F/um®) the speed index can be adapted to the
special requirements of the logic gates. Since GMUD is capable of fabricating RTDs with peak
current densities between 5-100 kA/cm? this allows a great flexibility in the sense of a speed
power trade-off.

A technological problem with a significant impact on the circuit design is the fabrication of
enhancement-type InP-based HFETs with threshold voltages larger than 0.1 V. Since the logic
voltage levels of RTD-HFET gates are V;=0.05V and V;=0.7V a threshold voltage of
Vrp=10.3V would be the optimal solution to maximise the noise margins. This observation is
somewhat surprising because at the beginning of the project it was expected that the RTD
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fabrication is more critical than the HFET which is the more conventional device from the
viewpoint of exploiting quantum effects in logic circuits. Thus, the first demonstrator circuits are
fabricated with depletion type HFETs (V7 =-0.09 V).

NAND/NOR gate

The elementary circuit configuration for RTD-HFET logic gates is the Monostable-Bistable
Logic Transition Element (MOBILE). The MOBILE is composed of two RTDs with pulsed
power supply acting as a rising edge triggered latch. In the original version the logic input stage
is made of HFETs connected parallel to the RTDs. To optimise this circuit configuration and to
meet the requirements of a “good logic family” following modifications are introduced:

a)  The first improvement is the substitution of the input HFET by a monolithically integrated
RTD-HFET combination (cf. technical report). The I-V-characteristics of such an RTD-
HFET exhibits a NDR-like behaviour for a HFET channel current higher than the RTD
peak current IP. The RTDs in the input branches are limiting the total current under open
channel conditions. In this case the precision requirements of the HFET parameters are
relaxed to a switching function (Ip << Ip or ID >> Ip) while in the conventional case the
HFET has to provide an exactly defined amount of current at a distinct bias voltage.

b)  To avoid the pulsed power supply of the original MOBILE the load RTD has been replaced
by a further RTD-HFET combination, where the HFET gate serves as an input for the
clock. This enables the use of a constant supply voltage Vpp=0.9 V and separate clock
buffers (inverter chains) to generate the phase overlapping clock signals. A further
improvement is achieved by inserting a pull down HFET in the output branch. This pull
down HFET, controlled by an inverse clock, speeds up the discharging of the load
capacitance and significantly reduces the delay time of the high-low transition. Since
MOBILE gates require a multiphase clocking scheme this inverse clock signal is available
and will not cause an additional circuit overhead.

¢) In a third step, a more stringent approach is made where the driver RTD of the MOBILE is
simply omitted. A comparable output behaviour is kept but the total current is drastically
lowered due to the smaller load RTD area. Hence the average switching power
consumption is reduced from 0.94 mW to 0.3 mW at the cost of a smaller fan-out.

As first demonstrator an inverting Boolean logic family containing two-terminal NAND and
NOR gates as well as a programmable NAND/NOR gate has been designed and fabricated. The
characteristic feature of the programmable NAND/NOR gate is a third terminal which is used to
modify the logic function. The HFET gate length is 1 um, the width 10 um; the input RTD area
is 3 pm®. The threshold voltage is V7;; = -0.09 V and the peak current density is jp = 9 kA/cm®.

Functional tests and fan-in/fan-out studies

Functional tests have been performed for a 2-input NAND/NOR gate proving the functionality
for the critical logic input combinations of (1,0) = (0,1) by switching one input RTD-HFET from
low to high. Although depletion type HFETs were used the compatibility of input and output
logic voltage levels has been demonstrated. In addition, the amplification during the monostable-
bistable transition has been verified by reducing the input voltage swing below 100 mV. Based
on these results HSPICE simulations for different load capacitances and scaled devices (200 nm
gate length, 1 pm”® RTD areas) indicate a maximum fan-out of at least 4. The rise time of the
clock signal is 10 ps and the clock period is below 200 ps so that GHz operation should be
possible with sub-pum scaled devices.
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Fig. 1.1 : Two-stage Threshold logic full adder (a) with local clock generation by an E/D
HFET SBFL inverter chain and one-stage hybrid full adder (b) with Boolean pull-
down path for a fast sum computation.

Design of a full adder demonstrator circuit

The demonstrator circuits for the RTD-HFET threshold logic MOBILE gates is a depth-2 full
adder. At the end of year 1 different alternatives were under discussion. Among these, two
alternative approaches are selected for fabrication by the LOCOM project. Both designs are made
of two logic gates which is the minimum number of gates to implement an full adder (Fig. 1.1).
The supply voltage is Vpp=0.7 V and the clocking frequency obtained from SPICE simulation is
fCL[(Zl GHz.

The first full adder consists of two linear threshold gates in a two-stage circuit arrangement
(Fig. 1.1a), whereas the second design is a hybrid approach between Boolean logic and threshold
logic (Fig. 1.1b). In both circuits one gate is required to compute the carry bit ¢; and a second
gate to compute the output sum s;. Since the carry propagation chain is the critical path gate in an
n-bit ripple carry adder composed of serially interconnected full adders, the designs are optimised
in regard to a fast carry computation.

The advantage of the hybrid approach is a simultaneous computation of the carry and sum in the
same logic stage so that this design is ideally suited for a high bandwidth bit-level pipelined
multiplier. The simultaneous computation is achieved by embedding a Boolean logic pull-down
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path in the sum gate. In contrast to the threshold logic version the inputs of this pull down path
are connected to the original operands a;, b; and ¢; ; and thus the sum computation is independent
of the carry computation. Therefore, both gates in Fig. 1.1b are controlled by the same clock
signal V¢rxp and can be tested separately.

The pure threshold logic adder has been chosen to test the driving capability and the propagation
of logic signals in a multi-stage circuit with bit-level pipelining. For on-chip clock generation an
inverter chain composed of SBFL-E/D HFET’s is used (inset in Fig. 1.1a). The rising edge of the
clock signal V¢ k> has a phase shift compared to Veik; of two inverter delays. This ensures that
the evaluation of the inputs stage of the sum gate s; (Fig. 1.1a) only starts if the output of the
preceding stage, that is the carry ¢; is valid. The layout of the adders has been made by GMUD
for I um* and 2 um* RTD areas.

Functional tests and fan-in/fan-out study

The fan-in/fan-out study has been made for 2-input MOBILE AND and NAND gates
implemented with RTD-HFET input stage and conventional HFET-only inputs devices as
proposed in the original MOBILE by the group at NTT. Moreover, the peak current density was
increased to j=80 kA/cm®. The output rise and delay time increases linearly with the load
capacitances (Fig. 1.2). The time scale of several ps underlines the attractiveness of MOBILE
logic for multi-GHz operation. The results obtained by transient SPICE simulation are shown in
Fig. 1.2. Due to the signal input in the pull-up device and the larger gate overdrive due to the
depletion type input devices the non-inverting AND gates are slightly faster than the inverting
NAND gates.

Since the full adder circuits have not been fabricated yet the functional test are not started.
However, a test pattern scheme has been developed so that all input combinations of a full adder
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Fig. 1.2:  Fan-out study of 2-Input (FI12) MOBILE logic gates with HFET (Boolean) and RTD-
HFET (threshold logic) input stage. A FO of one (FOI) corresponds to a load
capacitance of CL=10 fF for 200nm HFET gate length.
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(0,0,0), (0,0,1), (0,1,1), and (1,1,1) can be tested as a alternating output sequence of 0101-0101
for the carry and 0000 1111 pulses for the sum. To generate these output patterns a measurement
system composed of a high speed pulse generator (up to 3 GHz) for the clock signal and the input
operands (a;, b;) ) and an HP 81010A bit-pattern generator for the incoming carry c¢;.