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PeterGlösek̈otter, ChristianPacha
�
, andKarl F. Goser

LehrstuhlBauelementeder Elektrotechnik,
Universität Dortmund,D-44221Dortmund,Germany,�

nowwith InfineonTechnologies,Munich, Germany
gloesek@ieee.org

WernerProst,SamuelKim
�
, H. vanHusen,T. Reimann,andFranzJ.Tegude

Fachbereich Halbleitertechnik/Halbleitertechnologie,
Gerhard Mercartor Universtität Duisburg, D-47249Duisburg, Germany,�

nowwith Ferdinand-Braun-Institutefür Höchstfrequenztechnik,Berlin, Germany

Abstract
In this paper the designand measurementresultsof

RTBTmonosatble-bistabletransitionlogic element(MO-
BILE) gatesare analyzed.By takingadvantage from the
multi-statebehaviorof resonanttunnelingdevices(RTD)
the logic depthand thecircuit complexity per logic func-
tion is reducedat thegatelevel. Dueto thecombinationof
a threeterminaldevice(HBT) with thetwo terminalRTD
the vertical RTBThasenhanceddriving capabilitesand
is a promisingcandidateasa precursor for future nano-
scaledULSIcircuits.

1. Introduction
Resonanttunnelingdevicesplay an importantrole as

precursorsfor future nano-scaledULSI circuits because
atpresentthey arethemostmaturetypeof quantum-effect
devices.Comparedto singleelectrontransistorsandmore
advancedquantumdot architecturesresonanttunneling
devicesarealreadyoperatingat room temperature.Fig-
ure 1 and3 show the measuredI-V characteristicsof the
RTBT66-M1882Aandits layerstructure.Thetechnolog-
ical advances,suchasthe developmentof a III-V Large
ScaleIntegration Process[7], and the demonstrationof
a Si/Si��� � Ge��� � /Si resonantinterbandtunnelingdiode[8],
area motivationfor circuit designersto investigatedigital
logic familiesandmemorycells[3, 4].

Thebasicideabehindresonanttunnelingdevicecircuit
designis to exploit thenonlinearI-V characteristicswith
the typical negative differentialresistance(NDR) region.
In this context the isolationof the gateinput andoutput
signalsis of fundamentalrelevanceandhasmotivatedthe
implementationof different threeterminal tunnelingde-
vices. The commonfeatureof thesedifferentdevicesis
the combinationof electronicamplificationandNDR. In
additionto thetechnologicallyorientedresearcha further
prerequisitefor nano-scaleintegrationis theinvestigation
of suitablelogic families,architecturesandthe develop-
mentof a designframework [6, 1].

In recentyearshigh speedlogic familiesbasedon the
monostable-bistabletransition logic element(MOBILE)
have beenproposedfor tunneling devices [2, 9]. The
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RTBT MOBILE gateis a pseudo-dynamic,clockedlogic
gateandconsistsof two resonanttunnelingdeviceswhich
are operatedin a monostableandbistablestatedepend-
ing on a pulsedclock signal. The term pseudo-dynamic
refersto thespecialcircuit stylein thesensethatthelogic
transitionof thegateis controlledby aclocksimilarto dy-
namiccircuits. But in contrastto dynamiccircuitswhere
the logic stateis representedby the electricalcharge on
a capacitor, RTBT MOBILE circuits arein a static,self-
stabilizingstatedueto the inherentbistability of the de-
vices. Consequently, they aremorerobustagainstcharge
leakageandpre-chargingis unnecessary.

2. RTBT MOBILE
Figure2 showsthemonostable-bistabletransitionof an

RTBT input stage.Theareasof theRTD’s arechosenso
that thepeakcurrentof the load >@?BADC is larger thanthe
currentof >@?BE�?1F#GHFJI , but smallerthanthecurrentsumof
>@?BEK?1F#GHFJI and >@?BE�?1L . From this follows that the gate
switchesto the logic low voltage MON if theinput >@?BEK?1L
is off. If >@?BE�?PL is on,thecurrentsumof >Q?QEK?1F#GHFJI and
>@?BEK?1L exceedsthe currentof the load >@?BADC and the
gateswitchesto thelogic high voltageMOR .
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The thresholdis determinedby the peak current of
>@?BADC while the input weight is representedby thepeak
currentof >Q?QEK? L . An input weight of kmlon , for ex-
ample, is characterizedby the minimum squaresection
of the resonanttunnelingstructurein the emitterbranch
of the HBT. This scalesthe peakcurrentto its minimum
and is symbolizedby pqlrn . The gateswitchesfrom
the monostablestateinto the bistablestateif the clock
voltage MOF#G�FJI drives >@?BADC over its peakvoltage. The
bistablestatesrepresentthe two logic levels 0 (low) and
1 (high). At theswitchingpoint thegatefollowstheupper
or lower gatecharacteristicsdependingon the input volt-
age MjL . Thepeakvoltage MOs andtheclock voltage MjF#GHFJI
is t�uHn�v�M , and w8t�uHn�M respectively. This leadsto avoltage
swingof xyMzl{t�u |	M . During theactive clock phasethe
voltagedrop MOF#GHFJI�w%Mj}�~8w�MO~X~�l�t�u �(��M acrossthe two
resonanttunnelingdevicesliesbetween�(MS�dl�tTu �(��M and
��M	��l�tTu��)|�M anddrivesthe MOBILE from the monos-
tableinto thebistablestate.

Sincethe heterojunctionbipolar transistor(HBT) is a
currentdriven device we usean emitter-follower config-
uration. This keepsthe input impedancehigh and the
transistoris not operatedin saturation. On the contrary

to thedifferentialoutputbuffer proposedin [1], in this ar-
ticle weachievenegativeinputweightsanda input-output
compatibleI-V characteristicsat thegatelevel by apply-
ing emitter-followerbuffer (fig. 4 b)) with negativecurrent
feedback.As we will seein the subsequentchapterthis
approachconsumeslesspower thana differentialoutput
buffer.

As the MOBILE is a clocked and currentcontrolled
gatewith integratedlatchfunctionit suiteswell to thealso
currentcontrolledRTBT. Furthermore,the lack of a reli-
able enhancement-typeHFET is no issuefor the RTBT
becauseof its build in potentialthatdependson the base
andemitterbandgap.

3. RTBT MOBILE NOR Gate
A regenerativeI-V characteristicsat thegatelevel is of

fundamentalrelevancefor any logic family andstrongly
dependson input-outputcompatiblevoltagelevelsof the
input andoutput[5]. As anexample,theRTBT MOBILE
NOR gateis completedby anemitter-follower (fig. 4 b)).
By applyinga negative currentfeedbackthe temperature
dependenceof ��EK?1�[��� hasbeenreducedandsaturation
hasbeenomitted.Thisoutputbuffer versiononly offersa
single-endedoutputin comparisonto the in [1] proposed
differentialbuffer. Theoutputvoltagecanapproximately
expressedby:

M �[����� MT�2�(�Bw >�C>Q�
� M ~X~ w�MO�`w�M }�~�� (1)

It follows that the logic voltagelevelsof theunloaded
outputcanberesumedas:

M �X��� l�M������ (logic 1)

M �[��� l`M��2�(�Bw��g �P¡
� M ~+~ w�MO�`w�M }#~�� (logic 0)

Figure5 shows the microfoto of the RTBT MOBILE
NOR gate.Thewiring hasnot beenoptimizeat theearly
stageof testcircuit. Approximately, theaveragedcurrent
attheswitchingpointcorrespondenceto thehalf peakcur-
rent. Assuminga similar voltageswing xyM � �(MOszl
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t�u |	M like in [1] thepeakcurrentof theemitter-followeris
revealedby °�±³² �µ´ �-�-�8¶C �[��· l¸|(¹ºp . As a figureof merit
for theswitchingspeedthespeed-index »�°:l ¼J½¾j¿�À(Á can
beapproximatedwith respectto theparasiticcapacitances
for a fan-outof two by »�° ±³² � ´ �UÂ1Ã �´ �2Ä�² l��'t�M/Å)ÆgÇ .

With referenceto the first orderapproximationof the
underlyingscalinglaw (table1) theMOBILE speed-index
canbeassumedto »«°�È�ÉgÊ�lÌËSu ��M/Å)ÆgÇ . Dueto xyM��Ìl
t�u |	M and xyM �[��� l¸t�u ��M theintrinsic gatedelayis about
|SË�ÆgÇ . Therefore,the estimationof Í F#GHI lµn�Å � n�t�ÎH� ���K�
�TuHnUÏd��Ð givesclearevidencethattheRTBT MOBILE in
combinationwith theemitter-follower is capableof oper-
ationfrequenciesin thegigahertzregime.

In contrastto thedifferentialbuffer usedin [1] thefan-
out of theemitter-follower buffer canonly slightly be in-
creasedby enlarging °�~+~J� . The emitter-follower is de-
signedto drive the following stageandis overloadedby
the characteristicimpedance( �'t4Ñ ) of the measurement
setup.Therefore,thecorrectlogic function(fig. 6) could
only be tracedup to a clock frequency of Ò(��Ó¸��Ð at
° ±g± �@l`vB¹ p .

4. Power Dissipation
With referenceto [1], the power dissipation dur-

ing switching Ô^È�ÉgÊ^ÕJÖ , the static power dissipation
Ô^È�ÉgÊ^Õ �,L�� andthedynamicpower dissipationÔ^È�ÉgÊ^��×��
of theRTBT MOBILE canbeapproximated:

Ô È�ÉgÊ^ÕJÖ l`� °�ØSÙiMOØSÙ
Ú ¾ �? � � � °�sÛMOs (2)

and

Ô^È�ÉgÊ^Õ �,L�� l�°�¶BÜ MO±g±QÜ
Ú ¾ R
? l�°�¶ � �TÝ-�(M siÞ M }�~�� �� l
°�¶ � M s�Þ �� M }�~��«�

�
� M s ° s (3)

and Ô È�ÉgÊ^��×�� l�ß È M �� Í � ß È M �s Í (4)

The shareof the emitter-follower buffer in the static
power dissipationdependenceon the logic stateof the
gate.For thelogic 1-level ��E�?1�X��� is for all practicalpur-
posesquiescentanddoesnot consumeany power. On the
contrary, it canbe statedfor the logic 0-level that there
is a staticcurrentof ° ±g² là|(¹ºp . Theaveragedcurrent
°�L2á¨l C� ° ±³² � C� °�s is responsiblefor the staticpower
dissipationof theemitter-followerbuffer:
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term parameter unit
stat.pow. dif. ëPì1í[îTï�ð�ñ�ðjò£ó�ôõ�ö�÷_øS÷ ù W

stat.pow. e-f ëPú îTï�ð�ñ�ð òüû ó[ý õõþö ÷ ø ÷ ù W

dyn. pow. dif. ë ì1í[îSÿ���� ò� ì����	��

��� ø újú � � ø���� ð�� ù W

dyn. pow. e-f ë ú îSÿ���� ò � ú î�
�� � ø úOú � � ø ��� ð � ù W

Ô³±³²gÕ �,L�� lÌÜ MO±g±BÜ ° L2áK� � �SÝ��(M siÞ M }#~�� n� ° s�� �SÝ��(M s ° s
(5)

Thedynamicpowerdissipationof theemitter-follower
buffer Ô ±³²g��×�� dependsontheclockandits relatedcharg-
ing anddischargingof all involvedcapacitances.Assum-
ing afan-outof two andanapproximatedloadcapacitance
of ß/Nãlüß Õ F Þ � � ß Õ F Þ ß � ~ � , thedynamicpower dissi-
pationcanbeexpressedlike:

Ô ±g²g��×�� l�ß/N«Ü M ±g± Ü xyMO�[���XÍ (6)

The emitter-follower buffer reducesthe static power
dissipationby 55%in comparisonto thedifferentialbuffer
describedin [1], sincetheunloadedbuffer is in aquiescent
statefor thelogic 1-level (table2).

5. Conclusion
In this paperwe have investigateda new circuit design

strategy thatbaseson theRTBT MOBILE. Measurement
resultsprovecorrectcircuit operationandregenerativei/v
characteristicsat the gatelevel. A first orderestimation
givesclearevidencethattheRTBT MOBILE in combina-
tion with the emitter-follower buffer is capableof opera-
tion frequenciesin the giga hertzregimewhile the static
power consumptionis reducedby more thana factorof



5P��Y�Z �������jb'�����(!-�HW)�(�	��.'0ç*2&��43658715¸�4¤@7��H¥T¦º�aWV$�.�W�W���$�*-� .TW�¬\� *2&d*2&����'­�� *J*+�(
10®.TZ�Z .�¬«�(

term parameter unit
MOBILE loadcapacitance

��� ò ��� ðHÿ� � ï"!  � ÿ$#� � ï%# fF
MOBILE speed-index & ö �('*) ò ö ÷,+.- ��� V/ns
e-f cap.(Fan-out2)

� ú î�
��Kò � ï�!  -0/ � ï"!  � ÿ$#21 fF

e-f speed-index & ö ú îDò í�343ó65 34798;:=< í ½ó65 347�8;: V/ns

intr. gatedelay > ����ð ò ?�@BAC í AED4F  ?�@	G"H2IC í Á9J 7 ns
clock cycle K¨òML2NO> ����ð ns
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two in comparisonto the RTBT MOBILE in connection
with thedifferentialbuffer.
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Goser. Resonanttunnelingdevice logic: A circuit designer’s
perspective. In EuropeanConferenceonCircuit Theoryand
Design, Espoo,Finland,August2001.

[7] A. Seabaugh,X. Deng, T. Blake, B.Brar, T. Broeckaert,
R. Lake, F. Morris, and G. Frazier. Transistorsand Tun-
nel DiodesFor Analog/Mixed-SignalCircuits andEmbed-
dedMemory. In TechnicalDigestof theInternationalElec-
tronDeviceMeeting(IEDM), SanFrancisco,CA, December
1998.

[8] P. See,D.J.Paul,et al. High performanceSi/SiGeresonant
tunnelingdiodes.IEEE Electron DeviceLetters, 22(5):215,
2001.

[9] W. Williamson, S.B. Enquist, D.H Chow, H.L. Dunlap,
S. Subramaniam,P. Lei, G.H. Bernstein,andB.K. Gilbert.
12 GHz Clocked Operationof Ultralow Power Interband
ResonantTunnelingDiode PipelinedLogic Gates. IEEE
Journal of Solid-StateCircuits, 32(2):222–231,February
1997.


