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A Vertical Resonant Tunneling Transistor for
Application in Digital Logic Circuits

Jirgen Stock, J6rg Malindretos, Klaus Michael Indlekofer, Michael Péttgens, Arno Forster, and Hans Lith

Abstract—A vertical resonant tunneling transistor (VRTT) has In this paper, we report on the fabrication of a vertical res-
been developed, its properties and its application in digital logic onant tunneling transistor (VRTT) with low peak voltage and
circuits based on the monostable-bistable transition logic element good peak current control by means of a Schottky gate. The

(MOBILE) principle are described. The device consists of a small . .
mesa resonant tunneling diode (RTD) in the GaAs/AlAs material asymmetric behavior of the current-voltage-(/) character-

sys’[em surrounded byaSchottky ga’[e. We obtain low peakv0|tage5 iStiCS iS analyzed and the tranSiStorS are Characterized W|th re-
using InGaAs in the quantum well and the devices show an excel- spect to their peak voltage, peak-to-valley ratio (PVR), peak cur-
lent peak current control by means of an applied gate voltage. A rent density, and gate function. We demonstrate the switching

self latching inverter circuit has been fabricated using two VRTTS - fqctignality of a self latching inverter circuit consisting of two
and the switching functionality was demonstrated at low frequen- VRTTs

cies.

Index Terms—Monostable-bistable transition logic element
(MOBILE), monostable-to-bistable transition, resonant tunneling Il. DEVICE FABRICATION
diode (RTD), resonant tunneling transistor. A. Layer Structure

The epitaxial structure used to fabricate the VRTT device was
I. INTRODUCTION grown by molecular beam epitaxy (MBE) on semi-insulating
gtpO)—orientated GaAs substrate. Fig. 1 shows a cross-sectional

N recent years, several new memory and logic circuits bas . - .
on resonant tunneling diodes (RTDs) have been reportd4§™ of the layer structure which can be subdivided into the

[1]-[3]. Compared to conventional devices, RTDs take advafictual RTD layer structure and two adjacent electron reservoirs.
tage of their higher speed of operation, lower power dissipationf,The RTD I_zyer structure is nominally ﬂrdo%e%gng consists
and reduced circuit complexity due to higher functionality.  Of & 9-NM wide 13.:Gay.9As quantum well embedded in two

Most of the applications make use of the monostable—bistalﬁJe'I'\s barriers of 1.7 nm width. In,G&.9As instead of GaAs

transition logic element (MOBILE) operation principle [4] thatV@S ‘,Jsed to decregse the peak voltage. )
is described in detail below. This logic gate employs a monos-Thls double barrier quantum well structure (DBQW) is sym-

table-to-bistable transition of a circuit which consists of twgi€trically surrounded by the following layer sequsnce:lg nm
RTDs connected in series. A small difference between the pegRAS (nominally undoped), 200 nnTAGaAs (I = 5 - 10

—3 ] _ 18 —3
currents of the RTDs determines the state of the circuit after the! ) a“?' finally 500 nm fi-GaAs (0" = 4 - 107 cm?).
transition. The nominally undoped GaAs layers serve as spacer layers

There are different approaches to gain control of the R-n:pgtween the n-doped elegtron reservoirs and the anquaIIy
peak current. On the one hand, conventional transistors canpdoPed DBQW structure in order to reduce dopant diffusion
nd therefore improve the interface quality. The low-doped

integrated within the circuit [5], [6], and on the other hand? i X
K GaAs layers are introduced to achieve enhanced control

three-terminal resonant tunneling devices manipulating the pé}:l

current by means of a Schottky gate [7]-[12] or a pn-junctio‘ﬁf the device current. According to Poisson’s equation the

[4] have been fabricated. depletion regiond of the Schottky gate

The concept of a three-terminal resonant tunneling device has
some serious advantages over the integration of RTDs and con- d=1/ M 1)
ventional transistors like heterostructure field effect transistors ens
(HFETSs). The HFET and RTD characteristics have to matc@epends on the Schottky barrier heigfi, the gate voltage
e.g., the transistor current with respect to the RTD peak currept. and the doping concentratiorT rof the adjacent semicon-
Thus, the transistors have to be designed in a narrow windgyctor layer. As a consequence, the effective area of the mesa
of device properties. In a three-terminal RTD, the matching bgnq therefore the current can be controlled efficiently by the gate
tween RTD and FET is inherently fulfilled. Furthermore, thl%nage particularly at low doping concentrations.rFinally,
concept offers the potential for reaching a reduced complexitye high-doped h-GaAs layers serve as contact layers for the
ohmic contacts that are processed later on.
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Fig. 1. Layer structure of the vertical resonant tunneling transistor. The doping
concentrations aren=>5- 10 cm=® and n" = 4 - 10*® cm—3.
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Fig. 4. Scanning electron micrograph of a completely processed resonant

Fig. 2. Schematic view of the completely processed device. tunneling transistor.

in a self-aligned evaporation process. Fig. 2 shows a schem#tig,: H,O etch to expose the substrate sided®@aAs layer.
view of the device. After that a Ni/AuGe/Ni/Au metallization for the ohmic bottom

In the first process step electron beam lithography amtntact was evaporated. The ohmic contacts were annealed in a
lift-off technique were applied to fabricate small ohmic tofRTA (rapid thermal annealing) oven at 530 for 2 min.
contacts with an edge length between 0.5 and;&0using In the next process step, the sample was covered with a SiO
a Ni/AuGe/Ni/Ti metallization. The final Ti layer served adayer of 80 nm thickness. This SjQayer served as an insula-
an etch mask for the following mesa preparation in a reactitien layer for the bondpads that were processed later on. Further-
ion etching (RIE) process with aJCH, plasma. After this more, it was used to define the area where the gate metallization
process step the mesas had an overall heigth of 660 rims direct contact to the semiconductor surface. Therefore the
Thus, the double barrier structure lies 50 nm underneath B#&, was removed wet chemically in a 30w square window
semiconductor surface. around each mesa using a (NHF, buffered hydrofluoric acid

Fig. 3 shows a scanning electron micrograph of such a mesdution. This solution etches Si@nly but does not attack pho-
with an edge length of 500 nm and the surrounding Schottkyresist, GaAs or any metallization.
gate metallization. One can see that the plasma process resulisfter the preparation of the SiQOlayer a Ti/Pt/Au metal-
in an undercut of the mesa sidewalls which allows a self-alignégation for the Schottky gate was evaporated in a self-aligned
evaporation of the gate metallization. We attribute this behaviprocess using conventional optical lithography and lift-off tech-
to the special geometry during the plasma etching process. Thigue. The undercut of the mesa sidewalls successfully prevents
square sample with an edge length of 1 cm was placed onashortcut between the mesa top contact and the gate metalliza-
insulating quartz plate. Hence, the n-doped sample forms tam during the evaporation. The gate provides a controllable lat-
equipotential surface in the plasma and represents the coaral confinement of the active region of the device due to its de-
terelectrode to the reactor electrode. Compared to the sizeptdtion region.
the plasma reactor electrode the sample size is very small. Thign order to enable an electric contact to the top of the mesa via
leads to a more isotropic distribution of the electric field on theondpads the sample was covered with an polyimide layer that
sample surface which results in the observed undercut of thas structured by optical lithography forming @01 squares
mesa sidewalls. around each mesa. The polyimide was partially etched back in

After the H,/CH4 RIE process the sample was exposed ®0O,/CF4 plasma to reexpose the top contacts. Finally, the bond-
an O, plasma to remove polymers that may cover the ohmic tggads for the top, the bottom and the gate contact were evaporated
contact. In order to provide a bottom ohmic contact for the RTsing a Ti/Pt/Au metallization. Fig. 4 shows a scanning electron
a wet chemical etching process was performed using®4: micrograph of the completely processed device.



1030

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 6, JUNE 2001

a a) b)
) Vclock ‘I
100 T T r T T
T=300K bottom contact grounded load toad 1~ drive
< 1.5 pm mesa AR
3 80 . Vout ' \
=~ N / A )
a Vi, —] )X drive ~-7 .
= 60 ] P
o = +—% '
c
9 Vout Vclock
5 40
o
s ) )
© 20 . c . i
_S Ugs=0V..-1.0V ‘Ik Iload Idnve I IIoad Idrlve
AUgs =025V P P P P
0 L 1 1 L L
0 0,2 0,4 0,6 0,8 1,0 1,2 \ N \ N
\ / \ A ; \
drain-source voltage Upsg (V) * AN N AR
N / ‘B c ./
b) -7 ~-/ \
A : \
AY \
140 T T T T T +——> V T —V
T=300K top contact grounded Vout Velock Vout Velock

2 120 F 1.5 pm mesa g
= Fig. 6. Loadline analysis of the MOBILE circuit. The solid and the dashed line

100 ] show thel —V characteristics of the drive and the load VRTT, respectively. The
o stable points of the circuit (A-C) are marked with a dot. (a) Circuit configuration
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c 40 7 different /—V characteristics. In the configuration of Fig. 5(a)
= . . . .
£ »l Ugs = +02V..-10V in which the bottom contact is grpundgd the mesa channel is

AUgs=0.2V more and more depleted with raising bias voltage and thus, the
. . L L : effective cross section of the mesa decreases. This compensates
0 0 0,2 04 0,6 0,8 1,0 1,2 P

for the effect of increasing electric field parallel to the current
direction leading to the observed saturation in the drain current.
In the configuration of Fig. 5(b) the top contact is grounded

Fig. 5. I—V characteristics of the VRTT device for different bias voltageand the simulation shows that in this situation the mesa channel
configurations. (a) Bottom contact is grounded, the gate voltage is varied fr

0Vto—1.0Vin steps of 0.25 V. (b) Top contact is grounded, the gate voltagg] less deP|Eted with rausmg bias VOltage' ThUS., the eﬁeCt'Ye
is varied from +0.2 V to—1.0 V in steps of 0.2 V. cross section of the mesa increases and the drain current raises

without any saturation. Concerning a possible application in
digital switching units thd —V characteristics in Fig. 5(b) de-

In the following section, typical properties of the VRTT de_serves special attention as it exhibits the behavior of a RTD with

. . : ) . controllable peak current. Gate voltages in the range o
vice are presented with special regard to possible appl|cat|o_n§ _ ; .
S A =+0.2VtoUgs =—1.0V have been applied. Thus, also positive
in digital logic circuits.
ate voltages can be used to control the peak current. The cor-

Although the device is based on a completely symmetric Iaygr

. - . esponding gate leakage current was less than 3 nA and hence
structure the/ —V characteristics exhibits an asymmetric be: P 99 9

. . . . . e orders of magnitude lower than the measured drain current.
havior with respect to the bias voltage polarity. In Fig. 5(afIV gnitu W u incu

- : . ) the specific range of gate voltages the peak current could be
a positive bias voltage is applied tQ the top contact related r.{é)duced fromip = 112uA at Ugs = +0.2V tolp = 80 ;A at
the grounded bottom contact. In Fig. 5(b), the top contact _ -

. ) ] . s =—1.0 V. The peak voltage of/p = 0.47 V scarcely de-

grounded and a positive bias voltage is applied to the bottony’ . .
contact. Reaardless of the specific confiqurationthd” char pends on the applied gate voltage. Peak-to-valley ratios between

ct. Reg pecll 'gurati . 1.4 and 2 with a peak current density of 6600 Afcwere ob-
acteristics shows a clear resonance peak followed by a region o

S : X . ained. In summary, the gate voltage can control the peak current
negative differential resistance (NDR). The drain current can% Y 9 9 b

controlled efficiently by the gate voltage. In Fig. 5(a) howeve(raﬁ'c'emly' Thus, the device is suitable for an application in dig-

the drain current shows a saturation-like behavior at higher bféasl switching units operating at room temperature.
voltages whereas in Fig. 5(b) no saturation was observed.

We have already shown in the past [12] that these effects are
related to the asymmetric geometry of the device itself. Calcu-Two resonant tunneling transistors are connected in series
lations using the classical device simulation software SILVAC{Fig. 6(a)] and are driven by an oscillating clock voltage
[13] prove that the different bias voltage configurations have difV .. ). As long as the clock voltage is less than twice the peak

ferent potential and electric field distributions which result inoltage @Vp) there is only one stable point [A in Fig. 6(b)].

drain-source voltage Upg (V)

Ill. DEVICE PROPERTIES

IV. OPERATION PRINCIPLE OFVRTT MOBILE
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Fig. 8. Oscilloscope picture of clock voltage, gate voltage, and output voltage

Fig. 7. Measured switching characteristics (output voltage versus clogign@ls demonstrating the self latching inverter operation of the MOBILE
voltage) of the MOBILE circuit for different gate voltages. There is a ver§!'cUit
sharp transition between the two output states when the clock voltage reaches
2Vp =~ 09 V.
constant value until the clock voltage returns to zero although

f the clock Vol hi | i lits | the gate voltage has already changed. This self latching charac-
It the Ck?lc voltage excgedsvp this stab edpzllm splits 'ntolteristicis an important requirement in digital circuit applications
two stable points (B and C in Fig. 6(c) and (d), respectivelyys it i es complex circuits more tolerant to signal delay times

representing the two logic states of the MOBILE. After thi§ 4 hence it can save the use of additional latching elements.
monostable-to-bistable transition the state of the circuit Is

determined by a small difference in the peak currents of the
load and the drive VRTT. If the peak current of the drive VRTT V1. CONCLUSION

is smaller than the peak current of the load VRTT the circuit \yr1Ts with a Schottky gate have been fabricated and charac-
switches to the stable point B corresponding to a high outpi; e with respect to their performance at room temperature.
voltage [Fig. 6(c)]. A greater peak current in the drive VRTTrpg gevices show a very good peak current control by means

results in the stable point C with low output voltage [Fig. 6(d)lyt an applied gate voltage. Because of the extremely sensitive
Thus, the state of the circuit is determined by the magnitude gfjitching characteristics of the VRTT MOBILE the device is

the peak current of the drive VRTT which can be controlled hyary syitable for digital applications. In principle it should be
the gate voltage. possible to decrease the size of the device down to the several

hundred nanometer scale.
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