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1. Introduction
Resonant tunneling diodes (RTDs) have been attracting

much attention recently due to their ultra-fast switching
times t1l and negative differential resistance (NDR)
characteristics at room temperature. Two NDR devices, with
the capability to modulate the peak current, connected in
series can constitute a logic gate known as a monostable-
bistable transition logic element, MOBILE [2]. The edge-
triggered latching property of the MOBILE helps to simplify
the configuration of various logic circuits.

Recently, high-speed operation up to 18 Gbit/s of a
MOBILE-based flip-flop circuit was reported [3], and it was
shown that the MOBILE has the potential for high-speed
and low-power operation as a logic gate. We also proposed a
novel circuit configuration for a static frequency divider,
featuring reduced circuit complexity by utilizing RTDs in
combination with HEMTs, and demonstrated a proper
operation at low frequency [4].

This paper reports on a simplified circuit configuration
for a static binary frequency divider, employing RTDs and
HEMTs, and high-speed operation up to 34 GHz at room
temperature.

2. Device Structure
The circuit was fabricated by the InP-based RTD/HEMT

integration technology t5l. The epitaxial layers of the RTDs
and the HEMTs were grown by MBE. The cross sectional
view of the devices is shown in Fig. l. The HEMT has a 4-
nm-thick n*-InAlAs (l X lOrecrn31 carrier supply layer and a
lS-nm-thick i-InGaAs channel. The RTD has the double

barrier structure of InGaAs (1.2 nm) / InAs (2.8 nm) /
InGaAs (1.2 nm) sandwiched byAlAs (1.4 nm) barriers. The
electrical characteristics of the devices in a circuit are shown
in Fig. 2. The RTDs have a peak voltage of 0.22 V and a
peak current density of 8 X l}a Ncm2, and the HEMTs, with
a 0.7-pm gate length, have a cutoff frequency frof 38 GHz.

3. CircuitConfrguration
Figure 3 shows the circuit configuration of the fabricated

static binary frequency divider. Its core circuit is composed
of only four RTDs and two HEMTs. The number of devices
is about one-fifth of that of the conventional SCFL
frequency divider. Such simple configuration of the core
circuit is due to the NDR characteristics of the RTDs. The
core circuit consists of two sub-circuits, each of which
contains two RTDs connected in series. The clock signal is
directly applied to the serially connected RTDs. The
termination resistor, R1, wos loaded at each clock-input node.
In the sub-circuit, SCl, a HEMT is connected in parallel to
the lower RTD in order to modulate the peak current of this
RTD. In the sub-circuit, SC2, the HEMT for modulating the
peak current is connected to the upper RTD. In each sub-
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Fig. 2. I-V characteristics of (a) RTD and (b) HEMT at room
temperature. (a) The emitter area is 2x3ltm2. O) The gate length
and width are 0.7 pm and l0 pm, respectively. Gate voltage ranges
from -0.2 V to 0.5 V in 0.1-V steps.
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Fig. 1. The cross sectional view of the devices.
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Fig. 3. Circuit configuration of the fabricated static frequency
divider.

circuit, we can regard the gate terminal of the HEMT as the
input terminal and the node where two RTDs are connected
as the output node. In addition, to obtain the proper
operation of the circuit, we must make sure of the matching
between the logic levels for the inputs and the outputs of the
sub-circuits. This is the key point to design such logic
circuits as the frequency divider.

The operating principles of the sub-circuits are as follows
[2,4]. First, the output is determined by the difference in the
peak current between two RTDs at the rising edge of the
applied clock, i.e. if the peak current of the lower RTD is
smaller than that of the upper one, the output is high, and

vice versa. Second, the sub-circuits keep the output while
the clock is high. And third, the sub-circuits are reset at the
falling edge of the clock and they are off while the clock is
low.

Sub-circuit I (SCl) is regarded as the clocked inverter
because the emitter area of the upper RTD is designed to be

larger than that of the lower one and the HEMT for the input
is connected to the lower RTD. On the other hand, SC2 is
regarded as the clocked buffer decause the emitter area of
the upper RTD is designed to be smaller than that of the
lower one and the HEMT for the input is connected to the
upper RTD. When the input to SC I is X (X is low or high)

at the rising edge of the clock, CT, the output of SCI is X
(the complementary signal of X). And SC2 outputs X while
the clock, CC, is high. When CT becomes high again, the

input to SCI is changed to X. Nu."ly, the input to SCI is
inverted after one period of the clock. Thus, this circuit
works as a frequency divider.

Such operation is possible only under the condition that

one sub-circuit can receive the output of the other sub-circuit.
Thus, the offset of both clocks is chosen to overlap the on-

state of the sub-circuits.

4. ExperimentalResults
High-speed operation up to 34 GHz was confirmed for

the fabricated frequency divider at room temperature. This
result is shown in Fig. 4. This frequency is close to thef of
38 GHz of the HEMTs in the circuit. The amplitude of the
applied clock is 0.3 V. The output signal comes from the
output buffer, which consists of two-stage DCFL inverters.
The small output swing is due to the interface mismatch
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Fig. 4. Input (upper) and output (lower) waveforms of the static
frequency divider at 34 GHz.

between the core circuit and the output buffer. The logic
swing in the core circuit is estimated to be as large as 0.5 V.

The experimental high-speed operation clearly shows that
input/output level matching in the core circuit has been
obtained. This matching ensures the design capability of
various logic circuits. Moreover, the power consumption in
the core circuit is estimated to be less than l0 mW. Such a

small value is due to the reduced number of devices in the
circuit and the small capacitance of the RTDs. This low-
power consumption is very remarkable for a high-speed
logic circuit.

5. Summary
We demonstrated the high-speed operation of a static

binary frequency divider employing RTDs and HEMTs. Its
operating speed of 34 GHz is almost equal to the /7 of the

0.7-pm gate HEMTs used in the circuit. We also showed the

low-power consumption along with the high-speed operation.
The circuit configuration was simplified, compared to the
conventional SCFL circuits, because of the NDR
characteristics of the RTDs. Furthermore, it provides the
high-speed operation and low power consumption.

The presented result promises that a circuit employing
RTDs and HEMTs will be highly competent for the
construction of ultra-high-speed and low-power logic
circuits.

Acknowledgments
The authors would like to thank R. Sakai for the assistance in

device fabrication, N. Suzuki for the epitaxial layer growth, Prof. P.

Mazumder of The University of Michigan for his helpful
discussions, and Dr. Y. Imamura for his continuous encouragement

throughout this work.

References
[U N. Shimizu, T. Nagatsuma, T. Waho, M. Shinagawa, M. Yaita,

and M. Yamamoto: Electronics l-ett. 31 (1995) p.1695.

l2l K. Maezawa T. Akeyoshi, and T. Mizutani: IEEE Tran.
Electron Devices, 4l (1994) p.148.

t3l K. Maezawa, H. Matsuzaki, K. Arai, T. Otsuji, and M.
Yamamoto: 55th DRC (Colorado, 1997) p.9a.

t4] K. Arai, H. Matsuzaki, K. Maezawa, T. Otsuji, and M.
Yamamoto: IEEE Electron Device Lett., to be published.

[5] K. J. Chen, K. Maezawa, and M. Yamamoto: IEEE Electron
Device Lett.17 (1996) p.127.


