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Abstract—High-speed operations up to 35 Gb/s were demon-
strated for a resonant tunneling (RT) logic gate monostable-
bistable transition logic element (MOBILE). The test circuit
consisted of a MOBILE and a DCFL-type output buffer, and it
was fabricated using InP-based resonant tunneling diode/HEMT
integration technology. This operation bit rate is close to the cut-
off frequency of the 0.7um gate HEMT's used in the circuit, and
was obtained after improvement of the output buffer design. This
result indicates the high-speed potential of the MOBILE, though
the speed is still limited by the buffer. The power dissipation of
the MOBILE was also discussed based on a simple equivalent
circuit model of RTD’s. This revealed that the power dissipation
is as small as 2 mW/gate over a wide range of operation bit rates.

I. INTRODUCTION

RECENTLY, a variety of circuit applications for resonant L ThelV ch  the RTD/MEMT o
; ; ) - Fig. 1. el-V characteristics of the parallel circuit at room
tunne“ng diodes (RTD S) have been reported, Whlcﬁmperature. The size of the RTD isx23 pm?. The maximum gate voltage

exploit functions arising from their negative differential resiss 0.6 v with a 0.1 V step. The gate length and width are, respectively, 0.7
tance (NDR) [1]-[4]. We introduced a highly functional logicand 10:m.
gate, called a MOBILE (monostable-bistable transition logic

element) [5], and demonstrated several circuit applicatiogy 4t the rising edge of the bias voltage (it works as a clock)
[6], [7]. Along with functionality, one of the most significant ;4 maintains its state while the bias voltage is high. The NDR
features that makes the MOBILE attractive is its potential foevices must have the mechanism to modulate its peak current

high-speed operation. We recently demonstrated an 18-G/s., ing to the input. We used an RTD and HEMT parallel
operation in a MOBILE flip-flop [8] fabricated with InP- circuit for this NDR device [9]

based RTD/HEMT integration technology [9]. This bit rate was The devices were fabricated on MBE-grown epitaxial layers
restricted by the bandwidth of the output buffer circuit, angn an InP substrate. These layers had an RTD structure on
the intrinsic operation speed close to the cutoff frequerfgy ( an HEMT structure. The structures were similar to those
of the HEMT used was expected for the MOBILE itself [10] eported in [9] except that the etch stop layer is made up
In this letter, we demonstrated a high-frequency operation o f AlAs. The RTD structure had 1.6-nm strained AlAs bar-

MOBILE up to 35 Gb/s, which is close to thfg- of the 0.7um riers and an 1.8-nm InAs strained subwell at the center of

gate length HEMT used in the circuit. The power dissipatiolrlj]0 .5Gay 4-As well. The total well thickness was 4.4 nm, and

of the MOBILE is also discussed based on simple calculatiotrpl.e' emitter/collector doping concentration was 103 cm=3.
Undoped spacer layers of 1.5-nm thickness were grown outside
Il. DEVICES AND TEST CIRCUIT the barriers. The devices were fabricated with the conventional
Details of the operating principles of MOBILE’s haveWwet etching and Iift—off process. The buried Pt-gate process
previously been reported [5]. The key point is that they empldy2S Used to obtain near enhancement mode HEMT's [11].
the monostable-to-bistable transition of a circuit consisting §19- 1 shows thel-V" characteristics of the RTD/HEMT
two serially connected NDR devices, and this circuit is driveip@rallel circuit we fabricated. The peak current can effectively
by oscillating the bias voltage to produce the transition. R€ modulated by the input voltage. The gate length and width

should be emphasized here that the MOBILE switches its st&ethe HEMT used were 0.#m and 10um, respectively, and
the area of the RTD wag x 3 um?. The peak current density

Manuscript received September 8, 1997; revised November 17, 1997. gnd peak-to-valley ratio of the RTD weme3 x 10%* A/cm?
K. Maezawa is with the Faculty of Engineering, Nagoya Universit . .
Nagoya_shzi ){&_Blyvﬂgpm Y gineering, Tagoya nVerst¥and 9, respectively. Thefy of the HEMT measured with a

H. Matsuzaki and M. Yamamoto are with NTT System Electronics Labdl00«m gate width device was about 40 GHz.

rat‘lc')ri(e)st:sff'flinsa%/Jvailtvr\:aNz‘I'4'I'3-81‘tiE:]:lpzré.twork Systems Laboratories, Kanagaw. Fig. 2 shows the configuration of the fabricated circuit
243-01, ‘]{apan_ P Y ' 9% consists of a MOBILE core and a DCFL-type output
Publisher Item Identifier S 0741-3106(98)01968-5. buffer. Although this is a simple circuit to test the high-speed

0741-3106/98$10.001 1998 IEEE

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on February 26,2010 at 00:21:01 EST from IEEE Xplore. Restrictions apply.



MAEZAWA et al.: HIGH-SPEED AND LOW-POWER OPERATION OF RT LOGIC GATE MOBILE 81

Vdd

CK
100 Q

ouT

Fig. 2. Circuit configuration for the fabricated test circuit. The areas of upper
and lower RTD’s ar@ x 3.7 and2 x 3 um?, respectively.

0111010000101110
operations of a MOBILE, it does have a practical use. The 'y '
MOBILE core works as a delayed flip-flop (D-FF) with a
return-to-zero (RZ) mode complement output. Therefore this - '}
circuit can be regarded as a “return-to-one” (RO) mode D-FF. .
The output buffer is indispensable in minimizing the influence
of the measuring system on MOBILE operation, because the

measuring system is 5Q-terminated. The output buffer was 60 mv
changed from that reported in [8], where the buffer limited :: » ,

the speed, so that the intrinsic speed of the MOBILE could 3111010000101110

be tested at the expense of output amplitude. The areas of the 200 ps

RTD's were 6;m? and 7.4;m? for lower and upper devices, (b)

respectively. Fig. 3. The complement of the input data stream (upper trace) and the

output (lower trace) signal of the fabricated circuit: (a) response to the

input of pseudo random bit stream and (b) response to the input bit pattern
Ill. RESULTS AND DISCUSSION (0111010000101 110).

A data stream and a clock pulse up to 35 Gb/s (GHz)
were fed into the circuit to test high-speed operation. Two 5
multiplexers were used to obtain a data stream with a bit
rate higher than 20 Gb/s, because the bit rate of commercially
available pulse pattern generators is limited to around 10 Gb/s.
A complementary pair of data streams from a pulse pattern
generator was delayed and fed into the first multiplexer,
then, its outputs were again delayed and fed into the second
multiplexer, which was comprised of InP-based HEMT's and
was capable of 40 Gb/s operation [12].

Fig. 3(a) shows the results of operation with the input of
a pseudo-random bit stream at 35 Gb/s. Clear RO mode eye-
patterns were obtained at this bit rate. The relatively small
output amplitude of about 50 mV is due to the design of the
output buffer circuit. The inner logic swing is estimated to be Bitrate(Gb/s)
around 0.6 V. Fig. 3(b) shows the result at 35 Gb/s with an . o o .
input bit pattern of (0111010 000 101 110). (The upper traceﬁ;‘?}:fe, The estimated power dissipation of the core circuit as a function of
the complement of the input data stream.) This figure confirms

proper operation. This operation speed is close to fthef
the HEMT used in the circuit. circuit, which consists of a MOBILE and the input capacitance

As this circuit uses a clock pulse as an oscillating bigd the next stage, as a function of the operation frequency. In
voltage for the MOBILE, measuring power dissipation ihis calculation, the clock amplitude was set to belg, 4, with
not straightforward. The power dissipation of the MOBILE dc bias of 0.55 V. We think this is close to the experimental
was therefore estimated from a simple equivalent circigendition, though the exact value could not be determined due
calculation. In this calculation the RTD’s were modeled ast@ the impedance mismatching. The power dissipation is less
parallel circuit of voltage dependent capacitance and a voltdg@n 2 mWi/gate. This is extremely small compared to a few
dependent current source. Schulman’s model [13] was usedtfrs of mW for a high-speed SCFL logic gate [14]. Moreover,
the current source, and it was fitted to the experimehtd this difference extends several times if one compares it to the
curve. The capacitance of the RTD was modeled with a simglere circuit of an SCFL D-FF. This small power dissipation
approximation that all collector voltage drops in the collectaesults from the small valley current as well as the small supply
layers. This was about 4 fEm? around the peak voltage.voltage. In fact, the large current corresponding to the peak
Fig. 4 shows the calculated power dissipation of the cooairrent of the RTD flows only at the rising and falling edge
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of the clock, and the small current corresponding to the valleyg]
flows while the clock is high. Furthermore, this figure shows
that the power dissipation has only limited dependence on t
bit rate. This is because the capacitance of the RTD’s is so
small that, in this frequency range, the dynamic current is
much smaller than the static current. [5]

IV. SUMMARY (6]

A resonant tunneling logic circuit employing a MOBILE
was fabricated with RTD/HEMT integration technology on .,
an InP substrate. High-speed operations up to 35 Gb/s were
demonstrated in HEMT's having a relatively large gate length
of 0.7 um. Moreover, simple simulation revealed small power®
dissipation in the MOBILE over a wide range of operation
frequencies.
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