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A Three-Valued D-Flip-Flop and Shift Register Using
Multiple-Junction Surface Tunnel Transistors

Tetsuya Uemura and Toshio Baba

Abstract—A three-valued D-flip-flop (D-FF) circuit and

a two-stage shift register built from InGaAs-based mul- f’::,;"rlﬁiﬁ"“’

tiple-junction surface tunnel transistors (MJSTT) and Si-based | nJnGEehs
metal-oxide-semiconductor field effect transistors (MOSFET)

have been demonstrated. Due to the combination of the MJSTTs
latching function and the MOSFETs switching function, the
number of devices required for the D-FF circuit was greatly
reduced to three from the thirty required for the FET-only circuit.

Hrdaahs

Index Terms—D-FF, multiple-valued logic, NDR, shift register,
tunnel transistor.
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. INTRODUCTION In 5L

ULTIPLE-VALUED logic (MVL) has a strong potential

as a means to overcome the problems associated \/\Elth
the complexity of wiring and the amount of power dissipation
in ULSI systems. The success of the MVL approach, howev%,,

1. Deuvice structure of the InGaAs/AlInAs-based MJSTT.

r, . . . .
depends heavily on the availability of devices that are suita @qlgt'of? of the M‘JSTTI\;‘gng‘EeTS' g etal—ox;]de—serlmclonglé)céor
for MVL operation. Especially devices in which the operatio €ld effect transistor ( )- Due to the multiple

of a multiple level quantization and a switching between theﬁparagterlstlcs of f[he MJSTT, the number of devices as well
can easily be obtained are desired. as of interconnections can be greatly reduced as compared to

The negative differential resistance (NDR) device Shov\?équwalent FET-only circuits.
promise for use in MVL circuits, since multiple threshold
values can easily be obtained by connecting such devices in
series. Many MVL circuits using the resonant tunneling diode Fig. 1 shows the structure of an MJSTT fabricated by
(RTD), which is the most mature NDR device, or resonamiGaAs/AlinAs material system, lattice matched to an InP
tunneling transistors including the combination of RTD angubstrate. The fabrication process is as follows. First layer struc-
FET have been reported [1]-[3]. tures consisting of a 500-nm i-AksIng 52As buffer, a 50-nm

We have recently developed a novel tunneling transistor thah, ;3Gay47As subchannel, a 80-nm *ping 53Gay 47As
we call the multiple-junction surface tunnel transistor (MJSTTBe = 8 x 10'? cm—2) source-island-drain layer, and a 30-nm
[4]. The MJISTT has severalyp* interband tunneling junc- i-Ing ;3Gay 47As blocking layer were grown on a (100) InP
tions connected in series between source and drain, and m@bstrate by molecular beam epitaxy (MBE) at %460 The
duces a gate-controlled multiple NDR characteristic. We hageurce, p-island and drain regions were formed by wet chem-
demonstrated several MVL circuits, in which the unique chaieal etching using a SilN/SiO, mask. After removal of the
acteristics of this transistor are used, including a three-valuggrface oxides from the substrate by hydrogen radical cleaning
memory cell [4], a three-valued inverter [5], a literal gate [6fat 420°C, a 15-nm r-Ing 53Gay 47As (Si = 6 x 101 cm™3)
and a T-gate [7]. channel, a 50-nm i-Al4slng 52 As insulator layer, and a 30-nm

Inthis paper, we demonstrate a novel three-valued D-flip-flqp--Ing 53Gay 47As (Be = 7 x 10'° cm™—3) gate layer were
(D-FF) circuit and a two-stage shift register, both of which argrown. Each gate was formed by wet chemical etching with
very important units in sequential logic circuits, using a conthe cutting the channel layer at the top of the blocking layer to

eliminate the direct current path between the source and the

Manuscript received December 5, 2001; revised April 24, 2002. This womain- AuZzn/Ni alloy contacts were used for the sourcesig-
was performed under the management of FED as a part of the MITI Resead@hd and drain electrodes, and Cr/Au nonalloy contacts were

and Development Program (Quantum Functional Devices Project) of NEDQgead for the gate electrode. Thé-tsland Iength and channel
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Fig. 4. Relationship of peak currents in four tunnel junctions.

Fig. 2. Transistor characteristics of fabricated MJSTT.
were connected in series between the source and the drain of
the MJSTT. The device structure is designed such that the peak
current in each element versus input voltdggy satisfies the
relation shown in Fig. 4. Since the peak currents depends on
both the junction width and gate voltage, they were given by

MOSFET Ipt =(Jo + gm D) Wx1
| > Do I3? =(Jo + gmDm)Wx2
152 =(Jo + gm Visias) Wx3

11)3(4 :(JO + grnvbias)WX4 (1)

wherelx* andWy; (i = 1,2,3,4) are peak current and width
of junction X4, V},;a5 is a bias voltage applied to the gate G2,
Jo is a peak current density per unit width at the gate voltage
Fig. 3. Three-valued D-FF circuit. of 0V, andg,, is a transconductance. From Fig. 2, theand

anm, are about 44A /pym and 2uS/um, respectively. It should be

noted that only X1 and X2 are modulated by the input voltage.

biased. Since the resistances of the reverse biased tunnefing ger to set the peak current of each tunnel junction, both
junctions are much lower than those of the forward biased J“’]E‘nction widths and/,,.. were controlled
1a8 .

tions, the MJISTT has four series-connected NDR device ele-pg the drain voltage is increased, the element with the lowest

ments, with tunneling junctions labeled X1, X2, X3, and X4neak current switches to its high voltage state, followed by the
respectively, in Fig. 1. The gate region was split into two par

v ] ement with the second lowest peak current, and so forth. When
at the middle p island.

the drain voltage was swept from 0 V to the value at which

_ Fig. 2is a plot of the room-temperature transistor charactgy, of the four junctions were switched from the low resistance
istics of the fabricated MISTT. The drain voltage was swegh_gtate to the high resistance off-state, the voltage at the middle
from 0.0 to 2.5V, and a gate voltage was applied to both 9afe jsjand, D, has three possible final states according to the

electrodes, G1 and G2, from 0.6 40.6 V, in steps of 0.6 V. g1y of the input signal voltage. The relation is given by
Four-NDR characteristics arising from the four forward biased

tunneling junctions, X1 to X4, can be seen clearly. The max- 2Vp Din < Ve
imum gate leakage current B¢ = 0.6 V reaches as much as Do=4Ve+Viy Va<Dix<V @
whereV, andV;, are threshold voltages determined by the in-
. CIRCUIT IMPLEMENTATION tersection points indicated by the solid circles in Fig. 4, and
Vi, andVy are the junction voltages in the on- and off-states,

A. Three-Valued D-FF respectively.

A three-valued D-FF circuit consisting of the MJSTT and Fig. 5 shows the voltage transfer characteristics of the
Si-MOSFET was demonstrated. Its circuitry is shown in Fig. 34JSTT. The drain voltage was monotonically swept from 0 to
Itis a very simple structure in which the source of the MOSFEQ.88 V, while the input voltage was varied from 0 to 0.9 V in
is connected to the middletpislands of the MJSTT. The clock 0.1 V steps. The voltag®o was sampled at the drain voltage
signal is applied to both the drain terminal of the MJSTT and thed 0.88 V. The three output states of 0.07, 0.42, and 0.80 V
gate terminal of the MOSFET. The input signBly, is applied were obtained and correspond to the values given by (2).
to the G1 terminal of the MJSTT. Although the output signal of the MJISTTDg) is latched

The principle of the D-FF operation is based on monostablgdring the clock signal (or the drain voltage) is 0.88 V, it is reset
multistable transition logic (MML) [2]. As described previouslyto 0 V when the clock signal returns to 0. It is therefore difficult
four NDR device elements created by the junctions, X1 to X4 transfer the output signal to the next stage. A pass
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Fig. 5. Voltage transfer characteristics of MJSTT.

102 p—T——r T Fig. 7. Input output traces of three-valued D-FF circuit.
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. - . Fig. 8. Master—slave D-FF circuit consisting of three T-gates.
Fig. 6. Voltage transfer characteristics of Si-MOSFET.

TABLE |
transistor was used to avoid having to reset the output voltage.COMPARISON OFDEVICE COUNTS FORTHREEVALUED D-FF QRrcuITs
By applying the clock signal to the gate electrode of the pass

transistor,Do, is transferred to the output terminal of the pass FET-only [7) Pfevkimés this work
transistor during the clock high. When the clock is reset to 0, work [6]
the output terminal voltag® oy is dynamically maintained, Number 30 6 2

because the pass transistor simultaneously goes into its cutoff
state. A similar circuit combining a pass transistor and an NDR
device, such that ON and OFF of the pass transistor is controlgiginal(Dmv). The return-to-zero (RZ) type signal was obtained
by the NDR device was demonstrated by Tangl. [3]. for the output voltage of the MISTTDo), while non-re-

A Si MOSFET instead of an InGaAs-based heterojunctiddrn-to-zero (NRZ) type signal was obtained for the output
FET (HJFET) was used as the pass transistor, because tgage of the MOSFET Douyr). The edge-triggered D-FF
gate-to-source voltage of the pass transistor must be larggeration was successfully confirmed.
than the voltage swing i, that is, in this case, 0.8 V. A The same three-valued D-FF operation can be formed by a
large gate leakage current flows in case for the HJFET whetaster—slave D-latch, which consists of three T-gates, as shown
the gate-to-source voltage exceeds the built-in voltage of tifeFig. 8 [8]. This circuit constructed with conventional FETs
Schottky gate. A large voltage swing can, on the other har@lpne requires as many as 30 transistors, while the MJSTT-
be applied to a Si-MOS gate. Fig. 6 shows the voltage transf&sed circuit requires only three devices. We previously demon-
characteristics of the MOSFET. The thickness of the gate oxig&ated another D-FF circuit with three-MJSTTs and three-FETs
is 8 nm, and the gate length and width arg and 50um, [7]. Table | summarize the comparison of the device counts for
respectively. The substrate was biased-&tV to adjust the the D-FFs with different circuitry. The MJSTT has a great ad-
threshold voltage to almost 0 V. A good cut-off characteristi¢antage in terms of reducing the number of devices required as
with a drain leakage current of about QuA was obtained at a Well as the amount of interconnection in the circuit.
gate voltage of O V. ) )

A bread-board type three-valued D-FF circuit was corp: 1hree-Valued Shift Register
structed by using the MJSTT and MOSFET. The input—output A multiple-valued shift register can be constructed from cas-
traces for the D-FF circuit are shown in Fig. 7. A rampedade-connected D-FFs. Fig. 9 shows circuitry for a two-stage
voltage varying between 0 and 0.9 V was used as an inmltift register. As explained in Section IlI-A, the input voltage at
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Fig. 11. Simulated input versus output characteristics of three-valued D-FF

Fig. 9. Three-valued shift register circuit for different clock rise time.

currents. The Si-based MOS system, on the other hand, can
even deal with the large voltage swings required for more than
four-valued system. Moreover, both the level shift circuit and
negative voltage supplg¢—0.8 V) shown in Fig. 9 will not be
needed in the Si-based system. The drawback of the Si system
lies in the difficulty of forming an STT with a large current drive
capability. The peak current density of the NDR characteristic
for an Si-STT as reported recently was only about 1 A/cim-
sufficient for high-speed operation [9]. In order to increase the
tunneling current, the /p* junction with high carrier con-
centration and abrupt doping profile is necessary. The conven-
tional doping techniques, such as an ion implantation or dif-
fusion, would be difficult to form such junctions. The crystal
growth techniques, such as MBE or chemical vapor deposi-
tion (CVD), on the other hand, allows a formation of atomi-
cally controlled interface. In fact, the high peak current den-
Fig. 10. Operation for three-valued shift register. sity of 4.7x 10* Alcm?, has recently been obtained from an
MBE-grown Si Esaki tunnel diode, and this is a promising figure
fo&high-speed operation [10]. Thus, Si-STTs with a large cur-

each stage needs to be maintained dynamically when the CICr)tgnt drive capability will also be made possible by optimization

signal is 0. Voltages of more than 0.6 V, however, cannot tc))(? the device structure and/or fabrication method.

maintained due to the large gate leakage current of the next stagl% order to estimate the operation speed, we made the SPICE

MJSTT. Therefore, a level shift circuit of the source-follower. . . L . .
. . . simulation of the Si-based D-FF circuit shown in the inset of
type, consisting of two depletion-type HIFETS, was inserted blg

e the o . crouts. Tis was used 10 shit e ouplf3 1,01 SIBIER. e s ST was epicedty e e,
level of the first-stage D-FF circuit by0.4 V. As a result, the ' b

. density and junction capacitance value of the Si Esaki tunnel
input gate voltage of the second MJSTT ranges frefh4 to digde were assumed to be 1.260" Alcm? and 13.8 fum?,

:El?sﬁa\r/w,gznd the gate leakage current can be suppressed Or\é%[:)ectively [11]. As for the MOSFET, the OuIn technology

The operation of the shift register was shown in Fig. 10 was assumed. One of the most critical parameter in this circuit

: ' on the speed performance is the rising time of the clock pulse.
ramped voltage varying betweer0.5 and 0.5 V was applied aSFig. 11 indicates the simulated input versus output characteris-

the input S|gnal to the first stage. The first D-FF works.as athretcleés of the D-FF circuit for various rising time. When the rising
level quantizer and the second D-FF works as a shifter, wh

. ) o . Fﬁrr%e is more than 90 ps, clear three output levels were obtained.
Dour is obtained by shifinglou: by one clock period. e pecomes less than 80 ps, no distinctive output levels
appeared. The rising time of 90 ps corresponds to the clock fre-
quency of 5.5 GHz. The normal operation is expected in this fre-
Although the D-FF and shift register circuits demonstrated uency regime. Here we assumed that the circuit operates nor-
this study were constructed as a combination of INGaAs-MJSHally if the output signal shows clear distinct three levels.
and Si-MOSFET, the same material system for the MJSTTs
and FETSs is desirable for a future large scale integrated cir-
cuit. As the number of MVL levels increases, the voltage swing
increases. The InGaAs-based MJSTT and HIFET cannot deaA three-valued D-flip-flop (D-FF) circuit and a two-stage
with such large voltage swings due to their large gate leakasfaft register using an InGaAs-based multiple junction surface

C. Discussion

IV. CONCLUSION
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tunnel transistor (MJSTT) and Si-based metal-oxide-semif10] M. W. Dashiell, R. T. Troeger, S. L. Rommel, T. N. Adam, P. R. Berger,
conductor field effect transistor (MOSFET) have been C. Guedj, J. Kolodzey, A. C. Seabaugh, and R. Lake, “Current-voltage

demonstrated. The number of devices required for the D-FF

characteristics of high current density silicon esaki diodes grown by
molecular beam epitaxy and the influence of thermal anneall&EE

circuit can be greatly reduced to three from the thirty required  Trans. Electron Devicesol. 47, pp. 1707-1713, 2000.
for an FET-only circuit. The SPICE simulation suggests thaf11] R. Duschl, O. G. Schmidt, and K. Eber, "Epitaxially gwown Si/SiGe

Si-based three-valued D-FF and shift register can operate at

interband tunneling diodes with high room-temperature peak-to-valley
ratio,” Appl. Phys. Lett.vol. 76, pp. 879-881, 2000.

more than 5-GHz clock frequency.
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