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Differential Resistance Devices
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Abstract—The circuit concept of programmable logic gates A single RTD Multiple s:r";rs:;
based on the controlled quenching of series-connected negative “low" Quenchi f"h:gh“ connecte s
differential resistance (NDR) devices is introduced, along with R‘lFer:gc:sgso % I
the detailed logic synthesis and circuit modeling. At the rising P
edge of a clocked supply voltage, the NDR devices are quenched —
in the ascending order of peak currents that can be reordered \ }
by the control gates and input gates biases, thus, providing

programmable logic functions. The simulated results agree well
with the experimental demonstration of the programmable logic
gate fabricated by a monolithic integrated resonant tunneling
diode/high electron mobility transistor technology.

The NDR device with
the smallest peak cur-

rent is always the first
one to be quenched.

Index Terms—Controlled quenching, high electron mobility
transistor (HEMT), negative differential resistance (NDR), pro-
grammable logic gate, resonant tunneling diode.

(b)
Fig. 1. Schematic energy diagram showing the quenching process of
(a) a single RTD and (b) multiple RTDs connected in series.

|. INTRODUCTION

UNCTIONAL devices and circuits based on quanturmas InP-based RTD/high electron mobility transistor (HEMT)
effect resonant tunneling diodes (RTDs) and transistargegration [10], surface tunnel transistors [11], and resonant
(RTTs) have generated substantial research interest owingrterband tunneling diode (RITD)/HEMT integration [12].
their unique negative differential resistance (NDR) [1]-[4]Since the core of the MOBILE operation is the controlled
Taking advantage of the NDR feature, circuit complexity caguenching (or switching) of series-connected NDR devices,
be greatly reduced and new circuit applications have alffte introduction of more than two NDR devices will provide
emerged. Recently, RTDs and RTTs have been employedniore quenching sequence combinations and control flexibility.
a new category of circuits, namely, the monostable—bistalfds a result, we have demonstrated an exclusiRdegic gate
transition logic element (MOBILE) [5], which features a13] and a programmable logic gate [14] (the gate can be
clocked supply voltage. These circuits take advantage of thegrammed to function asND, OR, NAND, NOR, XOR, and
NDR feature and consist of two NDR devices with differentNOR) using three NDR devices connected in series. Design
peak currents connected in series. The key to understandirigarge-scale integrated circuits using this new circuit concept
the MOBILE circuit is acontrolled quenchingsee Section Il requires accurate device models and logic synthesis.
for detailed definition) sequence of series-connected NDRIn this paper, we provide detailed analysis on logic synthesis
devices. During a critical period when the clocked supplgnd circuit simulation using SPICE-based device models.
voltage rises, the voltage at the output node between the two
NDR devices goes to one of the two stable states (low and Il. OPERATING PRINCIPLE
high, corresponding to “0” and “1” in binary logic), depending . .
on which NDR device is quenched first. Since the invention N & double-barrier quantum-well (QW) RTD, the quenching
of MOBILE, a large number of functional circuits with faste©f the resonant-tunneling (RT) process is defined as the situation
operation speed [6] and far less device count [7]-[9] hayghen the voltage drop across the RTD is large enough to pull the

been demonstrated with different device technologies, su&@sonant state in the QW below the conduction band minimum
in the emitter, as shown in Fig. 1(a). When this situation occurs,

. . _ electrons from the emitter cannot tunnel through the resonant
Manuscript received May 7, 2002; revised August 29, 2002. . .
K. J. Chen is with the Department of Electrical and Electronic Engineerin&,tate' As a result, the RT process Is quenChed and the NDR is

Hong Kong University of Science and Technology, Kowloon, Hong Kon@btained. The RTD is in low-voltage state (logic “0”) before

(e-mail: eekjchen@ust.hk). , _and high-voltage state (logic “1") after the quenching. When
G. Niu is with the Department of Electrical and Computer Eng|neer|ng|1h ltiole NDR devi di . d | .

Auburn University, Auburn, AL 36849 USA (email: guofu@eng.auburn.edu). ultiple evices are connected In series and a voltage Is
Digital Object Identifier 10.1109/JSSC.2002.807403 swept across them, the NDR devices will be quenched one by

0018-9200/03$17.00 © 2003 IEEE



CHEN AND NIU: LOGIC SYNTHESIS AND CIRCUIT MODELING OF A PROGRAMMABLE LOGIC GATE 313

Clock v
o Vaias — max Vi NDR3
--- -—— CLOCK I,
oV v
(0—X rD3 NDR1 x RTD3
The RTD being | vy, ¥ FET1 FET3  FETS
quenched
RTD1
inputs § O—{X RTD1 low A | 5 ],
CON{
_—O VOUT RTD2 hlgh o._ o._ O—- x RTD1
| 0—X rrD2 RTD3 ow — 5
+ + *7 '—’VOUT
R — S— e —— )
= Veona
L X
RTD2
- = 111
- TVG + FET2 FET4  FET6
v v NDR2
Drain
Ing v
Gate T G Fig. 3. Circuit configuration of the programmable logic gate. Areas of RTD1,
— I ool 41 RTD2, and RTD3 are % 3 um?, 2 x 4 um?, and 2x 5.5 um?, leading to
DS " RTD™ FET different peak currents. Gate widths of FET1 and FET3 argrh5while those
of FET2 and FET4 are bm. Gate width of FET5 and FET6 are 15 and;di),
Source
V' modulated by Vg respectively. The detailed device characteristics are given in [13].
(b)

Fig. 2. (a) Basic operating principle of logic circuits based on controllegice can be obtained from an integrated RTD/FET pair [7], as

quenching of series-connected NDR devices. The inserted table lists the output . . S
when different RTDs (NDR devices) are quenched. (b) Schematics iIIustrati%]OWn in Fig. 2(b). The total current of the RTD/FET pair is

the modulation scheme of the peak current based on the parallel integratodulated by the FET gate voltage, despite the fact that the
of an RTD and an FET. The total source-to-drain curthy is the sum of RTD current remains unchanged. The device model, logic syn-
;ﬁﬁdcjgggti;“{;’g ggtf‘joﬁgge‘j‘“sﬂ,;'?s = o + Tewr- Snelrer 18 hasis, and circuit simulation discussed in this paper are based
on an InP-based monolithic integrated RTD/HEMT technology,
which includes both high-performance RTD and HEMT struc-
one in a predetermined sequence, as illustrated in Fig. 1(b). Thres grown by molecular-beam epitaxy (MBE) on a semi-insu-
quenching sequence will be determined by the magnitude |gfing InP substrate. The details of material growth and device
the peak currents of individual NDR device: the device witfyprication have been reported in [10].
the lowest peak current is always quenched first, then the oney programmable logic gate is designed as shown in Fig. 3.
with the second lowest peak will be quenched next, and so Gfhe circuit is extended to feature three NDR devices connected
As a result, if the relation in the peak currents among the NOR series, with NDR1 between NDR2 (grounded) and NDR3
devices can be changed by external signals (inputs and Con(wnnected to a clocked bias voltalerss), as shown in Fig. 3.
signals), the quenching sequence can be varied and differRER3 is a single RTD, while both NDR1 and NDR2 are inte-
logic functions can be realized. grated RTD/FET devices, in which one RTD and three FETs
Fig. 2(a) shows a circuit with three NDR devices (which aréwo input gates and one control gate) are connected in par-
RTDs in parallel with current modulating FET gates) connectedlel. The width of input FET gates (FET1 and FET3) in par-
in series. The NDR devices are designed such that their pedlel with RTD1 is designed three times that of FET gates (FET2
currents differ from each other. The supply voltdggas isa and FETA4) in parallel with RTD2 to provide higher transconduc-
clocked signal with a maximum value ®f,... Vimax IS chosen tance. The RTD provides the fundamental NDR feature, while
such that wheri/gras increases from 0 V td/,.., only one FET gates can modulate the peak current of NDR1 and NDR2.
of the NDR devices can be quenched and switch to the highhe supply voltagé/gras is a clocked signal with a maximum
voltage state. The output is high (“1") or low (“0”) dependingralue of V,,,.«, which is chosen such that only the NDR de-
on which NDR device is quenched, as summarized in Fig. 2(&)ce with the smallest peak current can switch its bias status
The NDR device with the lowest peak current is always the ofimm peak to valley (defined as tlygienchingsequence) during
quenched. Therefore, if external (input) voltages can modulatecritical period when/gias increases from 0 td/,.«. The
the peak currents of these NDR devices and change ascendintput is high (logic “1”") when NDR2 is quenched, and low
order of the peak currents in different NDR devices, we can g¢agic “0”) when either NDR1 or NDR3 is quenched. At cer-
lect the NDR device to be quenched and obtain certain logain control FET gate voltages, the peak current order among
functions. According to the operating principle stated above, thdDR devices at each input logic combination determines the
building block of logic circuits based on controlled quenchinguth table of logic output, thus, realizing certain logic functions.
is an NDR device witha controlled peak currentSuch a de- The peak current order among NDR devices at the same input
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logic combination can be changed by programming the contro  1q,om - meesurement
gate voltages, thus obtaining different logic functions.

I1l. DEVICE MODEL AND PARAMETER EXTRACTION

The physics-based RTD current—voltage equation in [15] was
implemented as a voltage-controlled current source in AIM-
SPICE [16] which has a built-in HEMT (used as the FETS)
model. Due to the lack of reliable measurement data in theg
NDR region, the RTD parameters extracted from general-pur-
pose least square minimization often result in considerable erra
in peak (and valley) voltages and currents which are critical to ¥ N ; o
the operation of the circuits demonstrated here. Thus, we pro 0.0 02 04 06 08
pose another method capable of accurately fitting the critical RTD bias [Volt]

RTD characteristics. The RTD current-voltage equation [15] is
Fig. 4. RTD current versus voltage from measurement of fabricated device

5.0m —

D current [Amp]

fitting

14exp (B + 711V> [13] and fitting using the proposed parameter extraction method.
I(V)=Aln Vi
- ) B—nV 6) Set the current to be equal {f,cax + Ivalley)/2 at a bias
Texp v, voltageV; (which is aboveé/,aiey) Where the same current was

y (W tant (C _ n1V>> measured

9 I ea. Iva ey

2 D I(Vy) = Lpeak + Lvalley (V1 > Vealley)- @)

H mV) 1 2

T exp v, )~ @) 7) Set the current at, defined as(Vianey + V1)/2 to its

. i . _measured valu
whereV; = kT/qis the thermal voltage. The first part describes &

the basic resonant tunneling process, and produces peak current 1(Va) = I <V2 _ Vialley + V1> ®)
and negative differential resistance with B, C, D, andn; as 2

parameters. The second part produces the exponentially risijfigere the differential conductance is given by

region above the valley voltage using standard diode equation

with H andn, as parameters. Note th& — C in the orig- dI(V)

inal equation of [15] is replaced bi here sinceB — C in av

the original equation can be viewed as an independent variable "t 4

without loss of generality, thereby simplifying expressions of Vi

partial derivatives off to model parameters in parameter ex- B nV nV B
traction, and making its implementation in the circuit simulator ~ €Xp (ﬁ) [eXP <Tt> +exp <—7t> +2 eXP(y)]

. . . t
easier.A, B, C, D, ny, no, and H are determined by solving X [ (B T an):H: (B — “1‘/)}
1+ exp| ———— |||l + exp| ———

the following system of equations.

1) Set the differential conductancelat= 0 to its measure- Vi Vi
ment valu —
o X <E + tan~! <7O n1V>>
arv)| @ 2 D
av |, B+mnV
- 1 + exp T 1
2) Set the differential conductance at the peak voltgge. ~™M A t 5
to 0 D B—-—mV C -V
l4+exp| —— 14 ( ———
Vi D
dI(V)
AV =0 ) n nyV
V=Vpeak +H 72 exp ( ‘2/ ) ) 9)
3) Set the current &tj,..x to the peak current,cax _ ‘ ‘
Equations (3) and (5) ensure the occurrences of peak and
I(Vpeax) = Ipeak- “4) valley voltage at their measured values, and (4) and (6) further
4) Setthe differential conductance at the valley voltegg., guarantee the v_alues of peak and valley currenj[s. Equations (7)
0 0 and (8) are mainly used to extraet and H, which account
for the dominating thermoionic current when the RTD bias is
M - 0. (5) aboveV ey . Equation (1) is used together with (3)—(8) to form
av V=Vialley a system of seven equations to extract the seven parameters

uniquely. Fig. 4 shows the comparison between measured
current—voltage characteristic of the fabricated RTD [13] and
I(Viatiey) = Latley- (6) fitting from (1) with A, B, C, D, n1, ne, andH extracted using

5) Set the current dt,.ii., to the valley current ey
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Fig. 5. Traces of voltages across NDR1 through NDR3 wW¥igp, s rises from 0 toV},,., of 1.1 V at various input logic combinations.

the proposed method. The RTD has an area of 8 um?. I,» < I,3 (NDR1 quenched, output low) when both and
Measurement data in the NDR region are not reliable due are logic “0,” I,» < I,1 < I,3 (NDR2 quenched, output
the well-known problem of self-oscillatiod = 0.483951, high) when eitherd or B is logic “1” (0.6 V), andl,; <
B = -0.072975, C = 0.112192, D = 0.007098, 1,2 < I,; (NDR3 quenched, output low) when bathand B
ny = 0.321298, no = 0.145963, and H = 0.059034. are logic “1.” Vcont and Voone satisfying such requirement
Parameters of the HEMT model in AIM-SPICE [16] arecan be determined from

determined from the measured electrical characteristics of the
fabricated HEMTs [13]. The key parameters in the HEMT _
model include the threshold voltadg = —0.25 V, the peak T =1p.reou + 20, poms + (4 + B)Alrers + Joom
transconductanag,, max = 900 mS/mm, and the source—drain  Ip2 = I rrp2 + 2lo, FET2 + (A + B)AlrET2 + IcON?
saturation currenf;,, = 550 mA/mm. Considering that the (10)
parasitic and intrinsic capacitances associated with the HEMT

channel charge storage are much larger than the capacita
in the RTD, we did not include the RTD capacitances in t
circuit simulation. Nevertheless, for accurate circuit simulatio
at the higher clock rate, it will be necessary to include th
capacitance of the RTD, since a slight change in displacem
current through the capacitive path of the RTD can result
changes in the peak currents of the NDR devices and, theref
alter the controlled quenching sequence.

%ﬁére[nmm and I, rrp2 are peak currents of RTD1 and
D2, Iy, reT1 and Iy, per2 are the drain currents of FET1
ET3) and FET2 (FET4) when input (B) is logic “0,” and
Iret1 and AlpgTo are the modulation of drain currents of
?:rI]:ITl (FET3) and FET2 (FET4) when inpdt (B) rises from
9" to “1.” All the FET currents are determined by assuming
At RTDL and RTD2 are biased at the peak state. The fact
that the source of FETSs in parallel with RTD1 is not grounded
(Vout # 0) should be noted and taken into accouptyni and
Icone are the drain current through the control gates FET5 and
As an example, to realizeor logic function, control gate FET6, respectivelWconi = 0.4 V andVeone = 0.15 V sat-
voltagesVconi and Veone are programmed such thaf; < isfying the requirement ofor are chosen here. Similarly, other

IV. LOGIC SYNTHESIS
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Fig. 6. Input and output traces of the two-input circuit programmexicasgate. Input sequencei@B) is 00, 10, 01, and 11 at the rising edges of the clocked
VBias.

logic functions includingAND, OR, NAND, andNOR can be syn-
thesized by programming-oni andVeone according to (10).

* AND: I,; < Ip2 < I,3 (NDR1 quenched, output low)
whenAB = “00,” “01,” and “10,” and 2 < Ip1 < Ip3
(NDR2 quenched, output high) wheh3 = “11.”

* OR: I,1 < I» < I3 (NDR1 quenched, output low) when
AB ="00,"and I, < I,1 < I,3 (NDR2 quenched,
output high) whemd B = “01,” “10” and “11.”

* NAND: Ip2 < Ips < Ip1 (NDR2 quenched, output high)
whenAB = *00,” “01,” and “10,” and 3 < I,2 < Ip;

. l(\l’:l)EZRZ fujn;p:ei OIl:,tlp?lEl :S)\IIQV; V;Ez?gh; d,lii,l tput high) Ei_?b?éndPECét&rJr”l‘icrograph of the fabricated chip with monolithically integrated
when AB = “00,” and I,3 < I,» < I,; (NDR3
quenched, output high) whehB = “01,”“10” and “11.”

NDR device Vxpr1, Vapre andVyprs) when a linear ramp

For the realization of theNOR gate, itis necessary to increas . . ) )
the amplitude of the clockelds o s So that two NDR devices can(aVBI‘?S W'th. Vinax OF 1L1Vis appl'edVNDm IS al_sc_) the output.
In simulation, the time step is controlled sufficiently small to

be quenched whepiss reaches its peak value. The currenty, & finding solutions which are mathematically possible but
passing through the control gatésoni and/cone, are chosen

such so that the following relations are achieved. WHéh = physically incorrect. When .botlA gndB are “0, th? voltage

“00," I, < I < I, S0 that NDR1 and NDR2 are quencheddrop across each.NDR device all increase Wigha s first until

and’ thg outpﬁt is hfgﬁ WheB = “01" 0r “10" 1.1 < I < the moment at which the supply current reaches the peak current
. — ’ pl p3

I, s0 that NDR1 and NDR3 are quenched, and the output 6)fNDR1 which is the smallest, then NDR1 is quenched because

comes low. Whem B = *11," we havel,; < I, < I, so that ot negative differential resistance, thereby SW|tch|r_19 its b_|as
stﬁtus from peak to valley, as can be seen from the figure. Since

:D;nz and NDRS are quenched, and the output becomes h[ﬂe sum of voltage drops across all NDR devices is the same at
gan. the two moments right before and after the quenching, voltage
drop across NDR2 and voltage drop across NDR3 decrease cor-
respondingly, and the output becomes low (“0"). When either
Again,XoRis used as an example to explain circuit operationi or B is logic “1” while the other is “0,” bothl,,; and 1, in-
Fig. 5 shows the simulated traces of voltage drop across eacbase compared @53 = “00,” however,,,; becomes higher

V. CIRCUIT OPERATION AND EXPERIMENTAL RESULTS
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other). Apart from the programmable flexibility, all the input
gates are in parallel, thus, avoiding the problem of charging
through the chain ofV load transistor in series (either or
p-type depending on functions) in conventiod@input gates,
and making it possible to obtain a single-stage delay at a large
number of inputs. Logic synthesis of th&input gate is similar

to the two-input case.

The circuit is fabricated on an epitaxial wafer which includes
both FET and RTD structures grown by MBE on a semi-in-
sulating InP substrate. Device fabrication details are the same
as those in [10]. The photomicrograph of the fabricated chip is
shown in Fig. 7. Fig. 8 shows the measured input and output
traces of this circuit when programmed to functiorxag gate.

A 0 1 0 1
B 0 0 1 1
Vour O 1 0 1

Other logic functions AND, OR, NAND, NOR, XNOR) have also

been demonstrated experimentally by programming the control

Fig. 8. Experimental input and output traces of the circuit in Fig. 3 wh
programmed agoOR gate.

Jate voltaged/'con1 andVoone [14]. Table | shows the com-

bination of the control voltages for different logic operations of
the programmable logic gate. It should be noted that the mag-

TABLE |
EXPERIMENTAL BIAS CONDITIONS FOREACH LOGIC FUNCTION
OBTAINED IN A FABRICATED CIRCUIT AS SHOWN IN FIG. 3

Vinax (V) | Veont (V) | Veonz (V) | Logic Function
1.1 0.1 0.05 AND
1.1 0.4 0.05 OR
1.1 0.7 0.15 NAND
1.1 0.8 0.35 NOR
1.1 0.4 0.15 XOR
22 0.1 0.3 XNOR

nitude V.« Of the clockedVzras has to be increased to 2.2 V
to obtainXNOR operation, as discussed in the end of Section IV.
This increase i,z simply implies the case where two NDR
devices are quenched instead of one.

VI. CONCLUSION

Logic synthesis and circuit operation of programmable logic
gates based on controlled quenching of series-connected NDR
devices have been presented. The circuit features a single stage
delay with fewer components than implementation using con-
ventional transistors and programmable flexibility. The circuit
also has the advantage of resistor-free process over other RTD-

based logic circuits, implying improved manufacturability and

than 7, because of higher transconductance of input gates'iPre compact layout.

parallel with NDR1 A\ IpgT1 > Alrgrs2); and both of them

are less thad,s. With increasing biasVxpri throughVxprs

all increase first; at the moment the supply current reaches thq,l]
peak current of,, which is the smallest, NDR2 is quenched,
and the output becomes high (“1"). When bothand B are

“1,” the modulation of peak current§,; andI,, are doubled

so that bothl,; andl,, are higher tharf,; according to the [2]
programmed control gate voltages. Similarly, with rising bias,
NDR3 is quenched when the supply current readhgsvhich 3]
is the smallest, the voltage across NDR3 switches from peak
to valley, thus, lowering voltages across NDR1 and NDR2, and[4]
turning the outputto low (“0”). Fig. 6 shows the input and output
traces of the circuit when programmed as #wR gate with [5]
clockedVgras. The logic level of output is determined during
the critical period wheri/gias rises and remains unchanged [6]
until Veras switches back to 0 V, despite the change in inputs.
It should be noted that the change in inputs does cause a minor
change of voltage level in output. Traces of voltage drop acros
each NDR device whelgras rises for other logic functions
(controlled byVcont andVeone) have also been simulated and 8]
the logic operations have been confirmed. In additi¥rinput
programmable logic gates can be realized by simply increasing
number of input FETs in parallel with NDR2 and NDR3, and ]
can be programmed a&siD, OR, NAND, NOR, andNON-EQUIV-
ALENCE (output low only whenV -inputs are equal to one an-
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