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High peak-to-valley current ratio In0:53Ga0:47As/AlAs resonant tunneling diode with
a high doping emitter�
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Abstract: An In0:53Ga0:47As/AlAs resonant tunneling diode (RTD) with a high doping emitter is designed and
fabricated using air bridge technology. The RTD exhibits a high peak-to-valley current ratio (PVCR) of more than
40 at room temperature, with a peak current density of 24 kA/cm2. The extraction of device parameters from DC
and microwave measurements is presented together with an RTD equivalent circuit. The high PVCR RTD with
small intrinsic capacitance is favorable for microwave/THz applications.
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1. Introduction

Resonant tunneling diodes (RTDs) are promising devices
for applications in microwave/THz and high-speed electronics,
due to their built-in negative differential resistance (NDR) in
non-linear I–V characteristics. It has recently been reported
that RTD oscillators can operate at over 1 THz at room tem-
peratureŒ1; 2�. Moreover, RTDs have been integrated with het-
erojunction bipolar transistors (HBTs) or high electron mobil-
ity transistors (HEMTs) for high performance monolithic cir-
cuitsŒ3; 4�.

Peak current density and peak-to-valley current ratio
(PVCR) are the two important figures of merit for RTDs. Gen-
erally, a thin barrier in an RTD can increase the peak cur-
rent density, and a large conduction-band offset (�EC/ be-
tween the barrier and the well can improve the PVCR re-
sulting from the reduction of the valley currentŒ5�. Since In-
GaAs/AlAs material systems have the above characteristics,
higher electron saturation velocity and lower electron effec-
tive mass, the performances of InGaAs/AlAs RTDs are much
better than those of GaAs/AlAs ones, which are very attractive
for researchers. In0:53Ga0:47As/AlAs/InAs RTDs have demon-
strated a high peak-to-valley current ratio of 50 and a peak
current density of 5.8 kA/cm2Œ6�. Extremely high peak current
densities of up to 1 � 106 A/cm2 have been achieved in In-
GaAs/AlAs RTDsŒ7�.

In this paper, we present experimental results for the
In0:53Ga0:47As/AlAs RTDs with a high doping emitter fabri-
cated using air bridge technology. RTDs with a high PVCR
of 43 and a peak current density 24 kA/cm2 at room temper-
ature are demonstrated. The equivalent circuit model of the
RTD is built, and its parameters are extracted from DC and
microwave measurements. The RTDs show small intrinsic ca-
pacitance, which is advantageous for microwave/THz applica-
tion.

2. RTD design and technology

The layer structure of In0:53Ga0:47As/AlAs RTDs was
grown by molecular beam epitaxy (MBE) on 3-inch semi-
insulating InP substrate. The epitaxial layer sequence is
shown in Fig. 1. The intrinsic RTD structure consists
of a double-barrier single-well (DBSW) structure with
AlAs/In0:53Ga0:47As/AlAs (2 nm/4 nm/2 nm). In contrast to
the InP-based RTDs presented in Refs. [8, 9], a high doping
In0:53Ga0:47As emitter (2 � 1018 cm�3, Si-doped) was ap-
plied to improve peak current density. To avoid the penetra-
tion of impurities from the doped emitter and collector to the
DBSW region, un-doped spacer layers (5 nm) were grown be-
tween them. The spacer layers also effectively reduce ionized
impurity scattering to improve the peak-to-valley current ratio
(PVCR)Œ6; 9�. Additionally, a thin heavy doping InP etch stop
layer (1 � 1019 cm�3, Si-doped) was inserted in the collector
contact layer to effectively control the etch process. Prior to
device fabrication, numerical simulations were carried out in
order to predict the I–V characteristics of RTDsŒ10�.

The InP-basedRTDs in this workwere fabricated using op-
tical lithography, selective wet etching, SiNx deposition, and
metal lift-off technology. The process started with depositing
a SiNx film and creating 15 �m diameter circular windows for
definition of emitter electrodes. The emitter electrode ohmic
contacts were formed by evaporating Ge/Au/Ni/Au and alloy-
ing at 330 ıC for 40 s. After dry etching SiNx for collec-
tor contact windows and active mesas, the RTD-layer stack
was selectively etched down to the lower InP layer by using
a H2SO4 : H2O2 : H2O D 1 : 1 : 20 solution. Slight over-
etching of the wafer ensures etch depth uniformity. Then the
InP etch stop layer was quickly removed using an solution
of HCl : H3PO4 D 1 : 3. Since the collection contact layer
is heavily-doped In0:53Ga0:47As, non-alloyed ohmic contacts
(Ti/Au) were used.
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Fig. 1. Layer sequence and structure of the In0:53Ga0:47As/AlAs
RTD.

In order to form coplanar waveguide (CPW) electrodes
connecting to devices, a 3-�m-thick gold layer was electro-
plated in the CPW electroplating mold. After active areas
and electrodes were protected by a photoresist, the wafer was
etched down to the semi-insulating InP substrate for device iso-
lation. An emitter air-bridge connection was fabricated finally
by means of lateral wet etching of the epitaxial layers under-
neath the bridge to form an air cavity. The air-bridge struc-
ture can reduce the parasitic capacitance and improve the high-
frequency performance of an RTD. Figure 2(a) shows an op-
tical micrograph of the fabricated RTD with CPW electrodes.
Figure 2(b) is an SEM image of the air-bridge structure.

3. Device characterization and discussion

The In0:53Ga0:47As/AlAs RTDs were measured on-wafer
at room temperature. The DC characteristics of the RTDs were
measured with an HP4156A semiconductor parameter ana-
lyzer. The I–V curve of the fabricated RTDs with an emit-
ter area of � � (15/2)2 �m2 is given in Fig. 3. The peak cur-
rent is 43 mA, which corresponds to a peak current density of
24 kA/cm2. The valley current is close to 1mA. So the peak-to-
valley current ratio is greater than 43. The plateau-like structure
in the I–V curve is due to the formation of the emitter quan-
tum well (EQW) and the coupling of its quasi-bound state to
the state in the main quantum well (QW)Œ11�.

The high PVCR of RTDs can be largely related to the
weak scattering in the In0:53Ga0:47As well. The small scat-
tering potential in the DBSW structure can decrease valley
current density significantly and increase peak current density
slightly, resulting in a dramatic improvement in the PVCR,
which is demonstrated by numerical simulation results using
a non-equilibrium Green’s functionŒ10�or the Wigner function
modelŒ11�. In the multilayer device structure, the un-doped
spacer layers next to the DBSW contribute to reduce scatter-

Fig. 2. (a) Micrograph of the fabricated RTD with CPW electrodes.
(b) SEM image of the air-bridge structure.

Fig. 3. I–V curve of a 15 �m diameter circular RTD at room temper-
ature.

ing from the high doping emitter and collector. Moreover, a
high conduction-band offset (�EC/ between the AlAs barrier
and the In0:53Ga0:47As well can effectively reduce valley cur-
rent density by suppressing the thermionic electron transport at
room temperature.

Besides the PVCR, the peak current density is also an im-
portant figure ofmerit for RTDs. The peak current densitymea-
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Fig. 4. Simulated input impedances compared with measurements. (a)
Real parts of impedance. (b) Imaginary parts of impedance.

sured in this work is not high enough because the AlAs barrier
is too thick (2 nm), in spite of the use of a highly doped emit-
ter. The peak current density is determined by the epitaxial
layer structure of the RTD, with the most critical component
being the exponential dependence on the thickness of barrier
layersŒ5�. Following reduction of the thickness of AlAs layers
to six or five monolayers (1.7 nm or 1.4 nm) and adjusting layer
structure parameters slightly, we think that a better RTD with
high PVCR and high peak current density could be attained for
microwave application.

The two-port S-parameters of the RTDs were mea-
sured with an Agilent N5245A vector network analyzer from
100 MHz to 30 GHz. The test port power was set to –20 dBm.
The bias voltage was applied to the device through the inter-
nal bias-tees of N5245A. The system was calibrated with a
short-open-load-through calibration standard. Figure 4 shows
the measured input impedances for a RTD biased at (a) pre-
peak, (b) near-peak, (c) plateau, and (d ) valley voltage points,
respectively.

The proposed RTD equivalent circuit (EC) model is shown
in Fig. 5. RS here represents the contact resistance and bulk
resistance. CD represents the total RTD capacitance including
both the geometrical depletion capacitance and the quantum
capacitance. RD represents the differential resistance and is as-
sociated with the I–V behavior of the RTD. The extrinsic el-
ements, RP, LP and CP are used to describe the impedance of
contact pads and connecting conductorsŒ12�.

Fig. 5. Equivalent circuit model of the RTD with CPW electrodes.

The simulations using the proposed EC model are shown
in Fig. 4, which are in good agreement with the measurements.
The extracted capacitance CD is found to be between 0.05
to 0.22 pF, which is the result of the variation of depletion
width and well charge with bias voltageŒ13�. The RS is bias-
independent and closely equals to 2 �. The RD describes the
DC behavior and is negative in the NDR bias range. The RD
can be obtained by differentiating the I–V curve of the RTD,
which is approximately equal to –8 �. The resistive cut-off
frequency fR of the intrinsic RTD can be calculated byŒ8�

fR D
1

2� jRDj CD

s
jRDj

RS
� 1: (1)

Using the extracted parameters, we can roughly estimate that
the resistive cut-off frequency is over 150 GHz.

According to Eq. (1), the RTD capacitance CD is the most
important factor to improve the resistive cut-off frequency fR.
Higher cut-off frequency fR will be possible by further de-
creasing the mesa area and optimizing the structure of RTD.
In addition, reducing the negative resistance RD value can ef-
fectively improve the fR of the RTD. Therefore, the high peak
current density and the high PVCR of the RTD will help to
achieve an increase of the resistive cut-off frequency fR by re-
ducing the negative resistance RD.

4. Conclusion

The In0:53Ga0:47As/AlAs RTD epitaxial layer structure
with a high doping emitter has been designed and grown on InP
substrate by MBE. The RTDs with a high peak-to-valley cur-
rent ratio (PVCR) of more than 40 and a peak current density
24 kA/cm2 at room temperature have been successfully fabri-
cated using air bridge technology. The equivalent circuit model
parameters have been extracted from DC and microwave mea-
surements. The resistive cut-off frequency of an intrinsic RTD
is estimated to be greater than 150 GHz. The experiment lays
a foundation for the development of high-performance RTDs
and their application in mm-wave/THz.
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