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Monoalithically Fabricated OEICs Using RTD and MSM
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Abgtract : Two kinds of monolithically fabricated circuits are demonstrated in GaAs based material systems using
resonant tunneling diodes(RTD) and metal-semiconductor-metal photo detectors(MSM PD) . The electronic char-
acteristics of these fabricated RTD devices,MSM devices,and integrated circuits are tested at room temperature.
The results show that the current peak-to-valley ratio is 4,and the photocurrent at 5V is enhanced by a factor of
nearly 9,from 2 to about 181 A by use of recessed electrodes. The working theory and logical functions of the cir-

cuits are validated.
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1 Introduction

Functional devices based on resonant tunne-
ling diodes(RTD) are emerging as promising candi-
datesfor use in integrated circuits due to their u-
nique negative differential resistance(NDR) ,struc
tural smplicity ,relative ease of fabrication ,inher-
ent high speed ,design flexibility ,and versatile cir-
cuit functionality!”. Double-barrier RTDs are
based on the resonance of electron wave functions
in guantum wells. M etal- semiconductor-
metal (MSM) photodetectors are popular in mod-
ern optical communication systems. They have sev-
eral advantages over traditional p-i-n photodiodes.
First ,they have a planar structure,which is com-
patible with most semiconductor devices, making
them ideal for optoelectronic integrated circuit
(OEIC) applications. Second , because of their ge
ometry ,they have a lower capacitance for the same
active area, resulting in a lower RC time delay.
Third ,the fabrication process for the devices is very
smple and compatible with regular IC processes. The
operation geed of trand stor-based OEICs has reached
100Ghit/ s? , = they will be indipensable in future
optica communications.
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2 Circuit design and exper iment

As shown in Fig. 1,two kinds of monolithic
opto-controlled negative difference solid circuits are
fabricated. One is an opto-controlled switch,conr
posed of an RTD driver serially connected to an
M SM loader. The other conssts of two RTDs (the
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Fig.1 Gircuit diagram of monolithic opto-controlled
negative difference solid circuits

lower isthe driver ,and the upper isthe loader) and
one MSM. A circuit conssting of an RTD pair and
a current modulator is known as a monostabl e bi-
stable transition logic element (MOBIL E) . To real-
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ize an optical interface ,we employ the MSM as the
current modulator. The MSM isconnected in paral-
lel to the driver RTD in order to obtain a sufficient
logic swing.

Firstly , we analyze the operation principle of
the dircuits. In Fig. 1(a) ,if the MSM is urrillumi-
nated ,there will be no current through the circuit
(Fig.2(a)) ;if the MSM is illuminated ,the switch
is closed (the output is high,as shown in Fig. 2
(b)) .In Fig. 1(b) ,the operation mode of this cir-
cuit is determined by whether a light beam is ap-
plied to the MSM and by the value of V4. When V4
islow ,there will be only one stable point (low out-
put) . If illuminated (Fig.2(d)) ,the output voltage
will be much lower than when there is no light
(Fig.2(c)) . When Vqis high ,there will be two sta
ble points. Which stable point will be selected is

determined by the relationship between the magni-
tude of the peak current of the driver RTD ( lop)
and that of theload RTD (I.r) . Here ,the photocur-
rent through the MSM (Iwsw) effectively controls
the relationship between Ior and Ice. If urrillumi-
nated and if lor < Ip (illuminated and lor + Imsv >
I.p) ,the stable point becomes S2(S1) of the high
(low-) voltage output ,as shown in Fig.2(e) (Fig.2
(f)). In our desgn,the mat-ching of the currents
of the driver RTD ,the loader RTD ,and the MSM
is very important. To make lor < ILp,the driver
RTD' s electrode (& m x 31 m) is designed to be
much smaller than the loader RTD’' s (@ m X
@&l m). To make lpp + Iusu > ILp ,the MSM' s cur-
rent must be large enough ,and recessed electrodes
are introduced.
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Fig.2 Operation principleof OEIC (&) Urrilluminated(switch) ;(b) Illuminated(switch) ;(c) Unrilluminated and low-
level clock (inverter) ; (d) Illuminated and low-level clock (inverter) ; (e) Urrilluminated and high-level clock (inverter) ;

(f) Numinated and high-level clock (inverter)

The RTD was grown by molecular beam epi-
taxy (MBE) on semi-insulating GaA's substrate. It
is nominaly a 7-layer device (n* GaAdi-GaAsd
AlAY Ino.1s Gao.ss A AIAY i- GaA Y n+-GaAs) . The
quantum well structureisan AIAS Ino.is Gao.ss AS
AlAs barrier/ well/ barrier structure,and the heav-
ily doped n* GaAs layers are designed for the for-

mation of the emisson or the collector electrodes
thereon. The undoped i- GaAs layer guards the
quantum well against undesired out-diffusons of
impuritiesfrom n*- GaAs layers.

The integration process began with the fabri-
cation of the emisson electrode of the RTD. Au
Ge-Ni was used for the emisson metallization. A
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50 100nm of Au Ge-Ni was sputtered,and a 100
200nm of Au was formed as the interconnect
metal . Next , mesas were etched down to the n +-
GaA s buffer layer ,and the Au- Ge-Ni collector elec-
trodes of the RTD were made with the same meth-
od asfor the emisson electrode. Bigger mesas were
formed through etching the n*- GaAs buffer layer
down to the semi-insulator substrate,and the Ti-
Au finger electrodes were then formed thereon.
The etchant in the experiment was a slution of
H2S0:s H20: H20 with relative volumes of 1
8 80. At room temperature ,the etching rate was
about 7 10nm/ s. In order to increase the area ex-
posed to the light ,the growth substrate was re-
moved to enhance responsivity ,and the interdigita
ted finger electrodes were sputtered on the bottom
of the device. The ohmic contactsof the MSM elec-
trode wereformed by sputtering a Ti/ Au sandwich
through a liftoff process. The Schottky barrier
metal (Ti) was very thin,about 50nm. The 200nm
of gold served as a low-resistance interconnect.
The electrodes of the MSMs were interdigitated
(these are called fingers). They were aternately
biased to create a relatively high electric field be
tween fingers. The distance between two fingersis
the active semiconductor region,called the finger
gap. Photons strike the semiconductor material be-
tween the fingers and create electron-hole pairs,
whose flow creates a current. In the experiment ,
the finger gap was % m,and the finger width was
3 m.

3 Resultsand discussion

Roomrtemperature current-voltage curves of
both types of photodetectors are shown in Fig. 3.
At a bias voltage of 5V ,the photodetector with re-
cessed electrodes clearly exhibits alarger photocur-
rent than the conventional photodetector. At 5V
the photocurrent is enhanced by a factor of nearly
9 from 2 to about 181 A. We have cons-dered pos
s ble mechanisms behind the enhanced responsvi-
ty. The main difference between these two types of
photodetectorsis whether the substrate is removed
before sputtering. Removing the substrate can e
liminate finger shadowing to enhance responsvity.
Furthermore ,the recessed cathode results in more
effective collection of the speed-limiting holes due
to both a strengthened electric field and a short-

ened transit path around the absorption region®*!.
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Fig.3 (a) Schematic cross section of MSM ; (b) -V
curves of MSM without the swallow trench; (c) I-V
curves of MSM with the recessed electrodes

In order to smulate the performance of the
RTD,largesgnal smulations with PSPICE 9. 2
were performed. The smulation result is shown in
Fig. 4 (a). The measured current-voltage curve of
the RTD by an XJ4810 semiconductor characterizar
tion system at room temperatureis shownin Fig.4
(b) . The peak current I, is 4@ A ,the valley cur-
rent is 1 A ,the peak voltage V, is 1 5V ,and the
peak-to-valley current ratio is 4.
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Fig.4 (a) Smulated -V curve of the RTD by
PSPICE; (b) Measured I-V curve of the RTD

The logic functions of the OEICs were mea
sured on-chip with XJ4241 and COS6100 oscillo-
scopes regpectively ,and the results are shown in
Fig.5. When alight beam isincident on the MSM ,
the output is high;thereis no current through the
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circuit and the output is low (Fig.5(a)) when no
light beam exists. The switch function is realized.
As to the opto-controlled inverter circuit (Fig. 5
(b)) ,when V4 islow ,the output is low. If a light
beam isincident on the MSM ,the output voltageis
much lower than that when thereis no light. When
Vq is high and no light beam is supplied ,the output
is high. If light is supplied ,the logic output under-
goes atransitionfrom high to low by exceeding the
peak current point of theloader RTD. In summary ,
when light is supplied ,the output current is lower
than that when thereis no light. Thus the function
as an inverter is realized™ .

Fg.5 Input and output waveforms of optoelectric in-
tegrated circuit (a) Opto-controlled switch;(b) Opto-
controlled inverter

4 Conclusion

Two kinds of monolithic opto-controlled nega
tive difference solid circuitsusng RTDsand MSMs
are presented. The IC was newly designed using an
MBEgrown RTD/MSM stacked-layer epitaxial
heterostructure. The RTDs vyield a peak-
to-valley current ratio of 4, and the interdigitated

M SMs with the growth substrate removed demon-
strate a high current of 181 A at a hias voltage of
5V at room temperature. By analyzing the opera
tion principle of the circuits and the test results,
the operation theory and logical function of the cir-
cuits are validated. There are several kinds of pho-
to-detectors integrated with RTDs® |, but monol-
ithically fabricated OEICs usng RTD and MSM
photo-detectors have only been reported by Liang
etal .l
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