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4-18 GHz Zero-Bias Asymmetrical Spacer Layer Tunnel 
Diode Detector 
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Abstract: An analysis of 6×6 µm2 GaAs/AlAs Asymmetric Spacer Layer Tunnel diode 
has been conducted to evaluate the DC and RF characteristics at different bias 
conditions. At zero voltage operation, the diode exhibited a measured curvature 
coefficient of 22 V-1, corresponding to a junction resistance of 27 kΩ. The measured and 
simulated S11 reflection coefficient of the integrated detector including the diode, 
matching circuit, and output capacitance achieved to be less than -10 dB at the desired 
frequency. The extracted low series resistance and junction capacitance of the tunnel 
diode resulted a high voltage sensitivity of 3650 V/W and low noise equivalent power of 
5.5 pW/√𝐻𝐻𝐻𝐻 at 11 GHz resonant frequency and -27 dBm input power. The developed 
detector model can be extended to implement RF detectors operating at frequencies 
reaching mm-wave regime applications. This is with consideration of the requirements 
for sub-micrometer scale mesa devices, eliminating the effects of associated parasitic 
elements and improved matching network performance. 

Keywords: ASPAT Detector, ADS Model, Reflection Coefficient, Noise Equivalent 
Power. 

 

1  Introduction 

HE evolution of high-frequency RF detector is 
tremendously increasing due to the urgent need for 

commercializing various devices that are capable of 
sending and receiving high rate data for a range of 
application such as wireless communication and 
imaging systems [1], [2]. Other two key factors are the 
cost of fabrication and consumption power of these 
devices, especially in systems where the power 
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capacity is limited by the available space and volume 
[3]. The optimization of communication systems 
mainly depends on the development of single 
integrated circuits, for instance mixers, detectors, 
power amplifiers, low noise amplifiers (LNA). This is 
incorporated with different fabrication and integration 
steps for the aim of minimizing RF power losses and 
parasitic effects [4]. RF detection is often performed in 
two main ways, namely coherent and incoherent 
approaches. The coherent technique is based on the 
mixing operation between RF (radio frequency) and 
LO (local oscillator) signal and has the benefit of 
providing better spectral resolution when compared to 
the incoherent technique. The former relies on direct 
detection process, typically adopted in a system array 
for imaging application in which the demand for low 
LO power and fast system response is indispensable. 
Furthermore, direct detectors under zero voltage bias 
condition find their extensive benefit in high-frequency 
wireless communication system as a result of the 
advantages of reasonable fabrication cost and low noise 
equivalent power (NEP) [5]. The zero-bias detector has 
been implemented using various structures [6], [7], [8], 
[9] where the forward current at a bias voltage close to 
zero detects the base signal associated with the RF one. 
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The use of RF detectors with high linearity and 
sensitivity features in receiver system can be reflected 
into ease the design of the low noise amplifier stage by 
alleviating the challenge of high gain and low noise 
system requirements [10], [11]. There has been 
extensive reported work in the literature that 
demonstrated Schottky detectors benefited from their 
great characteristics of providing high operating 
frequency alongside simple device layer structure and 
cost-effective manufacturing process [12], [13], [14]. 
However, voltage sensitivity of the detector devices is 
constrained by the maximum value of diode’s curvature 
coefficient (𝐾𝐾𝑣𝑣) as such considered a temperature 
dependent parameter. It can be expressed by 𝐾𝐾𝑣𝑣<q/kT 
which is the case for Schottky and Planar Doped 
Barrier devices [15]. Our developed tunnel structure 
reported in [16] and [17] mitigates this challenge 
through successfully achieving better temperature 
independence characteristics compared to the 
aforementioned devices with wide a range of 
temperature operation from -196 to 125 ℃. Moreover, 
the germanium tunnel diode reported in [18], exhibited 
higher 𝐾𝐾𝑣𝑣 of 70 V-1 compared to 40 V-1 for Schottky 
structure [19]. Another parameter to consider is the 
junction resistance of the diode which contributes to the 
overall performance of the detector. A high junction 
resistance increases the voltage sensitivity but at the 
expense of complicated and narrow band matching 
network design. In [20], [21], [22], the Asymmetric 
Spacer Layer Tunnel (ASPAT) diode structure was 
firstly reported by Syme and Kelly as a discrete device. 
On-wafer measurements were performed to measure 
the un-matched sensitivity at only one single frequency 
of ~9 GHz. In [23], the on-wafer DC and RF 
characteristics of InGaAs and GaAs  discrete ASPAT 
structures were demonstrated with a detailed discussion 
and analysis of their tunneling properties. The 
theoretical sensitivities were evaluated based on the 
parameters extracted from the experimental data. We 
report here, a fabricated Monolithic Microwave 
Integrated Circuit (MMIC) detector composed of a 6×6 
µm2 zero-bias tunnel diode and matching network to 
detect an RF signal ranges from 4 to 18 GHz. The 
circuit provides a voltage sensitivity of 3650 V/W and 
NEP of 5.5 pW/√𝐻𝐻𝐻𝐻 at 11 GHz. The integrated 
GaAs/AlAs ASPAT detector with its input and output 
coplanar-waveguide (CPW) feeding can be easily 
incorporated into GaAs microwave circuits. The work 
reported here demonstrates an ASPAT detector model 
designed and optimized with the help of harmonic 
balance analysis (HBA) tool embedded in advanced 
design system (ADS) software. The validated model 
represents a platform that can be extended to design 
and realize high frequency detectors. For full circuit 
implementation, it is crucial to employ diodes with 
superior DC and RF characteristics, in addition to 

incorporating highly advanced technology capable of 
micro scale circuits manufacturing. A reduction in the 
parasitic effects of passive components is the main 
interest of researchers, as these degrade the circuit 
performance by reducing the output voltage or shifting 
the resonance frequency. An optimized and robust epi-
layer structure is also another factor to be considered to 
mitigate any variations with device performances due 
to change in nominal parameters such as doping profile 
or layers thickness. A high current density  obtained in 
our tunnel diode when compared with the multi-barrier 
structures reported in [8] and [24], due to the high 
tunneling probability of single barrier device.   

2 ASPAT Detector Performances 

The core of integrated detector as shown in Fig. 1 
consists of a single zero-bias ASPAT detector grown 
and fabricated as stated in [23]. Inclusive analysis of 
the device including growth process, effect of layer 
parameters on series resistance, comparison between 
two modeled structures with fabricated one was 
presented. Additionally, the measured and modeled I-V 
characteristics of different structures showing the 
tunnelling effect were also extensively studied and 
highlighted. Moreover, the work in [23], highlighted 
the impact of spreading distance between the anode and 
cathode terminals on the overall series resistance of the 
device. A large separation reduces the fringing 
capacitance introduced between the contacts but comes 
with the cost of a higher series resistance, hence 
deteriorates the cut-off frequency of the ASPAT diode. 
The fact that separation gap distance of 1 to 2 µm is 
limited by the optical lithography technology used. 
Various devices were modeled and optimized at our 
labs including high electron mobility transistors 
(HEMTs), heterojunction bipolar transistors (HBTs), 
PIN diodes, and avalanche photodiodes (APDs) [24], 
[25], [26], [27], [28], [29] to evaluate the impact of 
separation distance on the yield process and the losses 
in the bottom ohmic layer. The GaAs/AlAs ASPAT 
diode developed in this work has a separation distance 
of 1.5 µm. A semi-insulating 620 µm thick GaAs 
substrate was used and the growth process of the diode 
stack layers were performed utilizing a RIBER V100 
HU Solid Source Molecular Beam Epitaxy (SSMBE) 
system. This work also is devoted to designing and 
optimizing a matching network using the layout tool 
embedded in ADS software with momentum simulation 
routine, where the coupling effect of the surrounding 
electromagnetic field of the fully integrated structure is 
taken into account. The performance of detector 
circuits relies on the optimization routine followed 
throughout the modeling procedure. The design of the 
detector involves determining the diode impedances at 
the desired RF frequency and input power level. Of 
note, the diode impedance value is critical and 
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dependent on the input power level. As such might 
contribute to a very large or very small diode 
impedance at a particular power level, that is a 
challenge to put in place an effective matching circuit 
capable of delivering most of the incoming power from 
the source into the two-terminal device. In this work, 
the diode impedance was obtained at 10 GHz and -27 
dBm RF power and found to be (19 − 𝑗𝑗316 Ω). 

 
Fig 1. Fabricated 6×6 µm2 ASPAT detector, inset is the 

schematic design. (Note: the image is not to scale). 
 

Large imaginary part results in large matching stub 
size. Therefore, a tuning process was performed to 
optimize the transmission line stubs while keeping the 
die size as small as possible. The realization of the 
whole detector was successfully accomplished using 
the high-technology facilities at the university which 
include a class 1000 clean room equipped with i-line 
photolithography and deposition tools. Fig. 2 shows the 
measured current density and calculated curvature 
coefficient (𝐾𝐾𝑣𝑣) of the discrete device under bias from -
0.4 to 0.4 V.  

 
Fig 2. Measured current density and 𝐾𝐾𝑣𝑣 of the 6×6 µm2 

ASPAT diode. 

The forward current can be precisely adjusted by 
choosing the AlAs barrier thickness. It is evident that 
the curvature coefficient changes with the DC supply 
voltage and reaches its maximum level of roughly 22 
V-1 at zero voltage, demonstrating the outstanding 
characteristic of the proposed diode. In [11], a 1×3 µm² 
low barrier diode with 𝐾𝐾𝑉𝑉  of 24 V-1, and 𝑅𝑅𝑆𝑆 of 45 Ω at 
zero-bias voltage accommodating two frequency bands 
of 75 to 110 GHz and 140 to 220 GHz was described. 
A 2×2 µm2 zero-bias Sb-Heterostructure diode reported 
in [30] has a 𝐾𝐾𝑣𝑣  and 𝑅𝑅𝑆𝑆 of 23 V-1 and 38 Ω, 
respectively. These paremetrs are very close to our 
obtained data although for smaller mesa area device in 
[11] and [30]  and  a thinner AlSb barrier is used [30]. 
In [31], a 0.8×0.8 µm2 zero-bias 
GaAsSb/InAlAs/InGaAs tunnel diode with a 𝐾𝐾𝑣𝑣  of 20 
V-1, 𝑅𝑅𝐽𝐽 of 8 MΩ, and 𝑅𝑅𝑆𝑆 of 130 Ω at room temprature 
and zero bias-voltage was used to cover the frequency 
band  200-340 GHz. The calculated NEP of the 
detector  ranges between 125 to 270 pW/√Hz and this 
is due to its very large 𝑅𝑅𝐽𝐽. At 17K, 𝐾𝐾𝑣𝑣  was decreased to 
14 V-1 and 𝑅𝑅𝐽𝐽 was increased to 23 MΩ, which 
undoubtedly would lead to a deterioration of the noise 
perfromance of the detector. Evidently, the reported 𝐾𝐾𝑣𝑣  
values are comparable to the ASPAT characteristics 
and indicate that optimizing the device mesa size and 
AlAs barrier thickness would improve the non-linear 
characteristics of the device even further.  Indeed, 
many parameters should be considered for the purpose 
of implementing high-frequency detectors. The 
junction resistance, 𝑅𝑅𝐽𝐽 is one of the crucial parameters 
that has a significant impact on the time response and 
noise performance of the whole system. Other key 
parameters are 𝑅𝑅𝑆𝑆 and 𝐶𝐶𝐽𝐽 which control the upper limit 
of the high-frequency operation. For mm-wave/THz 
detector, 𝑅𝑅𝑆𝑆 and 𝐶𝐶𝐽𝐽 are reduced to a few femto farads 
and ohms respectively to maximize the cut-off 
frequency. A high voltage sensitivity is also required as 
linked with high 𝐾𝐾𝑣𝑣 achieved by decreasing the doping 
concentarion of the layers as was suggested in [32]. 
However, this would inevitably increase the contact 
resistance and degrade the high switching speed of the 
device. 

In real-world circuit, two key features are paramount 
in evalulating detector perfromance including voltage 
sensitivity and NEP. The estimated voltage sensitivity 
reported in [31], [33], [34] were inaccurately derived, 
as it merely relies on the discrete device structure. 
However, the expression stated in Eq. (1) [35], [36] has 
been dedicated to consider additional parameters (i.e: 
junction resistance (𝑅𝑅𝐽𝐽), 𝐾𝐾𝑣𝑣, and reflection coefficient). 

𝑆𝑆𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐾𝐾𝑣𝑣𝑅𝑅𝐽𝐽𝑅𝑅𝐿𝐿�1−|𝛤𝛤|2�
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(1 − |𝛤𝛤|2)  reflects the normalized power absorbed 
by the device, 𝜔𝜔 is the angular frequency and 𝑅𝑅𝐿𝐿 is the 
load resistance. 𝑅𝑅𝑆𝑆 , 𝑅𝑅𝐽𝐽, and 𝐶𝐶𝐽𝐽 represents the device 
parameters extracted from RF measurements. All 
devices used in this work were fabricated in one and 
two ports configurations, and then characterised using 
on-wafer S-parameter measurements from 0.04 to 40 
GHz. Short and open dummy structures were fabricated 
and tested as well, utilizing for a two-step de-
embedding technique [37], [24] to eliminate the effect 
of the parasitic capacitance (𝐶𝐶𝑃𝑃) and inductance (𝐿𝐿𝑃𝑃) 
elements from the actual device. The measured one and 
two ports S-parameter data were fitted to the simulated 
S-parameter from the equivalent circuit model using 
ADS tools. For the verification of diode parameters, 𝑅𝑅𝑠𝑠 
and 𝐶𝐶𝐽𝐽 were directly extracted from the measured S11 
data utilizing the given formulas [38]: 

𝑅𝑅𝑆𝑆 = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(−1/𝑌𝑌12)               (2) 

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑌𝑌12)/ω               (3) 

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 stands for the total capacitance including 𝐶𝐶𝐽𝐽 and 
𝐶𝐶𝑃𝑃. Comparable results were obtained for both 
equivalent circuits, which in-turns enable further 
verifying hence accurate parameters extraction. 
Moreover, 𝑅𝑅𝐽𝐽 was obtained from the I-V characteristics 
and it agrees well with the one extracted from S-
parameters as depicted in Fig. 3. More details on the 
methods used to extract diode parameters from 
measured S11 was demonstrated in [22] and [39]. The 
extraction procedure yields the following parameters: 
𝑅𝑅𝐽𝐽@𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏=27 kΩ, 𝐶𝐶𝐽𝐽@𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏=49 fF, 𝑅𝑅𝑠𝑠=13 Ω, 
𝐶𝐶𝑃𝑃= 16 fF and 𝐿𝐿𝑃𝑃=45 pH. The maximum cut-off 
frequency was evaluated and found to be 250 GHz. 
Accordingly, the device can be well-switching at the 
desired frequency band (4-18 GHz), without a 
degradation in the detector performance.  

 
Fig 3. Extracted and calculated parameters of 6×6 µm2 

ASPAT diode. 𝑅𝑅𝐽𝐽  is extracted from measured I-V and bias-
dependent S-parameters. 𝐶𝐶𝐽𝐽 and 𝑅𝑅𝑆𝑆   are extracted from bias-

dependent S-parameters. 

An equivalent circuit model has been widely 
employed in different reported works [40], [41], [42] 
due to its simplicity and accuracy for application below 
100 GHz. Nevertheless, a conventional circuit model 
does not provide an accurate extraction of diode 
parameters for RF measurements >100 GHz because of 
associated mm-wave signal losses. As such comes from 
electromagnetic interaction among surrounding 
components occurs at high frequency bands. A variable 
input power signal in terms of power and frequency 
was obtained from an Anritsu VNA and adjusted with 
an attenuator. Two steps were performed, first; the RF 
power was fixed at -27 dBm, whereas the frequency 
swept from 4 to 18 GHz as depicted in Fig. 4, second; 
the frequency was fixed at 11 GHz and the RF power 
was varied from -27 to -5 dBm as shown in Fig. 5. In 
both cases, the level of the RF power was precisely 
measured using Anritsu ML2430A . An accurate 
calibration technique was performed at each power 
level and frequency to remove the non-linear effect of 
the measurement equipment which could cause 
undesired power reflection. 

For measurements of DC output voltage, a digital 
voltmeter with a high input impedance of 1 MΩ was 
utilized. Fig. 4 shows a good correlation between the 
measured and simulated data from 4 to 18 GHz. 
However, there is a small shift (around 4%) in the 
resonant frequency as can be attributed to the 
difference in the impedance matching conditions or due 
to the trivial error from measurements and other small 
parasitic contribution which are not considered in the 
simulation process. To sum up, the developed model 
presents a well-designed platform that can be used to 
predict the performance of proposed circuits for cost-
effective manufacturing processes. The detector 
provides a moderate voltage sensitivity (𝑆𝑆𝑣𝑣) of about 
250 V/W at 4 GHz and increasing to a maximum level 
of ~3650 V/W at -27 dBm RF power and 11 GHz.  

 
Fig 4. S11 reflection and sensitivity data of the detector at -27 

dBm RF power. 
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This is higher than the reported value of our previous 
work in [43], where a voltage sensitivity of 1300 V/W 
was achieved at 24 GHz. The variation of detector 
output voltage with respect to RF power is shown in 
Fig. 5. For input power <-15 dBm, the detector has 
linear characteristics, however, the simulated output 
voltage deviates from the measured one at RF power >-
15 dBm. This is mainly attributed to a mismatching 
issue as the circuit was developed to function at an RF 
power of <-15 dBm. The maximum measured output 
voltage is 319 mV at -4 dBm RF power, corresponding 
to a voltage sensitivity of 801 V/W. A high voltage 
sensitivity can be attainable from a sub-micrometer 
scale feature size and/or high curvature coefficient for 
efficient mm-Wave/THz frequency regime detector 
systems. NEP of the detector was evaluated using the 
expression (�4𝑘𝑘𝑘𝑘𝑅𝑅𝐽𝐽/𝑆𝑆𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎), where 𝑆𝑆𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑘𝑘, and 𝑇𝑇 
are the measured voltage sensitivity, Boltzmann 
constant, and device temperature, respectively. The 
calculated NEP of the detector is 5.5 pW/√Hz. 

 
Fig 5. DC output voltage as a function of RF power at 11 GHz 

of the detector. 

Table 1 presents a comparison between the 
performances of the proposed detector and other 
reported detectors based on Schottky, Backward 
diodes, and tunnel diodes. The detectors reported here 
showed improved voltage sensitivity and comparable 
noise equivalent power to zero-bias Schottky detector 
reported in [44] and [45] at 12.4 and 11 GHz,  
respectively. This work has also better voltage 
sensitivity of 3650 V/W as opponent to the other 
commercial tunnel based detectors, where their voltage 
sensitivities of 500 and 800 V/W published in [46] and 
[47], respectively. Schottky device demonstrated in 
[48] has small 𝑅𝑅𝑠𝑠 and 𝐶𝐶𝐽𝐽 when compared to 6×6 µm² 
ASPAT diode. However, this diode requires a 0.8 V to 
deliver a voltage sensitivity of 712 to 1483 V/W at 
frequency band of 26-40 GHz. Furthermore, ASPAT 
diode exhibited a comparable equivalent circuit 
parameters to the zero-bias backward diode adopted in 

[49]. With optimizing the transmission line stubs, the 
performance of the circuit is enhanced at high-
frequencies. A minimized 𝑅𝑅𝐽𝐽 can also lead to additional 
reduction in the NEP value. The main feature of 
temperature insensitive operation still gives the 
tunneling based ASPAT device a superior advantage 
over various conventional structures in literature. 

3 Conclusion 

A detailed work of radio-frequency operation detector 
developed with a zero-bias tunnel diode was described, 
focusing on the analysis of the DC and RF parameter of 
the device at different bias voltages and RF frequencies. 
A matching network-based on transmission line stubs 
was incorporated in the detector circuit for better power 
transmission from the source to the diode. The 
measured and simulated performances including 
detector sensitivity, S11 reflection coefficient, and DC 
output voltage at various RF power are greatly matched 
in the frequency band 4 to 18 GHz. The highest 
recorded voltage sensitivity is 3650 V/W at -27 dBm 
and decreasing to 801 V/W when RF power reaches -4 
dBm. A higher voltage sensitivity is attainable from a 
sub-micrometer scale ASPAT device combined with 
stronger non-linearity features at zero-bias operation. 
Further improvement in matching circuit performance 
could also play a pivotal role in the future high-
frequency detection circuits. 
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