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Abstract— A complete description of physical models for
fabricated asymmetric spacer tunnel layer (ASPAT) diodes
is reported in this paper. A novel Ing 53Gag 47As/AlAs design
is presented and compared to the conventional GaAs/AlAs
material system. For both material schemes, physical mod-
els were developed based on experimental measurements.
Simulated dc characteristics of the devices are given for
both planar- and back-contacted structures to highlight
the impact of spreading resistance on device behavior.
Furthermore, full S-parameter derivations from numerical
simulation for tunnel diodes are demonstrated for the first
time on the basis of quantum-mechanical ac modeling of
the capacitance-voltage and conductance-voltage perfor-
mances of these ASPAT diodes. A negligibly small differ-
ence between measured and simulated zero-biased intrinsic
capacitancesis observed (i.e., < 0.2 fF). These are beneficial
for accurate predictive models for device characteristics.
In addition, key parameters which can be extracted from
simulation results are obtained to aid in the development
of millimeter-wave/terahertz applications of these types of
heterostructure tunnel devices.

Index Terms— Asymmetric spacer tunnel layer (ASPAT)
tunneling device, dc and RF characterization, physical
modeling.

|. INTRODUCTION

UNNELING is a quantum mechanical phenomenon
which allows carriers with low energy to have a prob-
ability of passing through a larger energy barrier [1]-[3].
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The asymmetric spacer tunnel layer (ASPAT) employs this
phenomenon as its major carrier transport mechanism. The
first attempt at demonstrating the ASPAT diode was made
by Syme et al. [2]. Their device consisted of a thin AlAs
barrier layer [ten monolayers (MLs)] sandwiched between
two asymmetrical GaAs spacer layer thicknesses with a ratio
of 40:1. The asymmetric design of the epitaxial spacer layers
leads to asymmetric IV characteristics.

To date the majority of semiconductor microwave
devices use three-terminal transistor structures. Even though
these devices exhibit excellent performances at millimeter-
wave/terahertz frequencies, there are limitations because of
complexity in fabrication and lithography processes [4]-[6].
Thus, two-terminal devices are exploited as alternative ele-
ments in very high-frequency applications due to their
much simpler fabrication process and relaxed lithography
requirements (micrometer scale features rather than nanome-
tre scale features for three-terminal devices). Additionally,
quantum tunneling-based diodes show superior temperature
stability [7], [8] as their characteristics are not limited by
kT compared to thermionic emission of low-barrier Schottky
diode. Such a limitation in low-barrier Schottky diode is
attributed to the dependence of its curvature coefficient on
temperature, k, < q/kT [9], [10]. The latter fact is a key
parameter for detector performance as it directly impacts the
sensitivity where high coefficient translates into high detector
sensitivity. In contrast to the backward diode [11], the leakage
current of the ASPAT diodes is significantly lower. This may
improve the detector quality as the negative cycle of the input
power applied to the detector will be removed by the reverse
bias of the IV characteristic. Hence this key feature aids
significantly in improving ASPAT diodes without sacrificing
their sensitivity or dynamic range. As an emerging device, the
ASPAT can, therefore, be treated as a promising candidate for
key component in the future millimeter-wave/terahertz detector
circuits [2], [12], [13].

Efforts have been made to simulate the ASPAT diode
using numerical models developed by Syme er al. [2], [14].
However, the reported dc models [2], [15] were not accurate
enough since substantial mismatches occurred with measured
I-V results. In addition, these models were based on a
back-contact structure device (contacts are located on the top
and bottom of the epilayers) compared to the planar design
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Fig. 1. 3-D structure of ASPAT diodes including contacts and semi-insulating substrates. (a) Planar structure. (b) Back-contacted structure.

presented here (see Fig. 1). Furthermore, as the promising
application for the ASPAT diode is in millimeter-wave/
sub-millimeter-wave detection [12], [16], ac models for
this type of device are required for accurate predictive
modeling. Physical modeling becomes essential as it is
a highly efficient method of device development. Inter-
nal device variables which cannot be found directly from
I-V or RF measurements such as the two-dimensional
electron gas density, energy band diagrams, and -elec-
tric fields can be readily achieved via physical device
simulation.

In this paper, accurate models for the ASPAT diode for both
dc and ac analyses are developed. The first planar structure
model of the ASPAT diode simulation is provided which aids
in device modeling since it includes the effects of spread-
ing resistance, Rsp. The model and material descriptions
for both conventional GaAs/AlAs and Ings3Gag47As/AlAs
ASPAT diodes are detailed following their structure defini-
tions. The simulation is verified by adjusting the mesa size
and comparing it to measured data for dc analysis. The ac
simulation is obtained by optimizing the component values to
match measured S-parameters of the device. The capacitance,
conductance, and S-parameters of the intrinsic ASPAT diode
are successfully simulated and then compared with RF mea-
surements of fabricated devices.

[I. DEVICE STRUCTURES AND FABRICATION

The ASPAT structures in this paper were grown in-house in
a Riber V100HU solid-source molecular beam epitaxy system.
The main active epitaxial layers of the ASPAT diode contain
a thin AlAs barrier, sandwiched between two intrinsic spacer
layers with asymmetric thicknesses. Besides these, heavily
doped ohmic contact layers, lightly doped layers for emitting,
and collecting carriers are also grown on both sides of the
main active layers.

The two designs of the ASPAT diodes investigated in this
paper comprise a conventional GaAs-AlAs ASPAT and a new
Ing 53Gag 47As-AlAs ASPAT. The AlAs barrier is designed
to be thin enough to ensure a gamma to gamma direct
tunnelling in contrast to the normal bulk indirect bandgap
AlAs carrier transport. The implementation of direct tunneling
influences the device characteristic and makes it temperature
insensitive [7], [8].

The thicknesses of the main active layers for both samples
are designed to be identical, both incorporating a thin AlAs
barrier of thickness 28.3 A (equivalent to ten MLs). Two
spacers are located outside the AlAs barrier with thicknesses
of 5 and 200 nm, respectively. This 1:40 spacer ratio was
maintained for both GaAs and Ings53Gag47As designs. The
emitter and collector layer sandwich the main active layers
and have a doping concentration of 1 x 17 cm™3. The doping
concentration of the ohmic layers is 4 x 10'8 cm™3 for GaAs
and 1.5 x 10" cm™3 for Ing 53Gag47As to further decrease
the contact resistances.

Both samples were fabricated using standard i-line
photolithography. The GaAs/AlAs ASPAT used polyimide
for passivation, while the Ings53Gag47As/AlAs ASPAT used
an air-bridge technique. These fabrication processes are
different due to the difference in undercut etch-profiles
for the two material systems, with the air-bridge technique
causing excessive undercut in the GaAs/AlAs epitaxial
structure and thus was not suitable (or had very low
yields). The contact metal scheme deployed for GaAs/AlAs
ASPAT diodes is AuGe/Ni/Au while Ings53Gagq7As/AlAs
ASPAT diodes use nonalloyed Pd/Ti/Pd/Au instead.
Both ASPAT diodes use Ti/Au metal scheme as their
ground-signal-ground (GSG) coplanar waveguide (CPW) for
both dc and ac characterisations.

For both ASPAT designs, diodes with different emitter
sizes were fabricated and measured on the same wafer. This
paper will focus mainly on fabricated devices with mesa area
of 10 x 10 um?, 6 x 6 um?, and 4 x 4 um?. Fig. | illustrates
the 3-D schematic of the fabricated diodes, including device
terminals, and substrate while the epitaxial layer profiles of
the ASPAT sample are shown in Table I.

[1l. PHYSICAL MODELING

Physical modeling for the ASPAT diode commences with
defining the multilayer structure listed in Table I. The Silvaco
simulator used is capable of modeling and simulating different
semiconductor structures with various materials properties.
By using the DeckBuild feature provided by Silvaco [17],
a 2-D device simulation was performed to determine the
dc and RF characteristics. All simulations in this paper were
performed at room temperature (300 K).
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TABLE |
EPITAXIAL LAYERS FOR ASPAT SAMPLES. EPITAXIAL LAYER STRUCTURES FOR ASPAT DIODES WITH DOPING
AND LAYER THICKNESS PROFILES. (a) GaAs/AlAs ASPAT. (b) Ing 53 Gag.47As/AlAs ASPAT

GaAs 4.0 x 10" cm™
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Fig. 2. Silvaco simulated schematic conduction band profile of ASPAT
diodes under bias [1].

A. Model Definition

The conduction band profile shown in Fig. 2 depicts the
band bending behavior under bias conditions for both devices.
The band bending (green line in Fig. 2) occurs when a forward
bias is applied to the device and the potential barrier decreases.
On the other hand, the opposite trend is seen when applying a
reverse bias. Compared with the unbiased device, the potential
barrier increases. As shown in Fig. 2, the ASPAT device
is segmented into three distinct regions, main active region,
emitter region, and collector region. The emitter and collector
regions depend on the biasing condition.

The collector and emitter regions are under quasi-
equilibrium, and the main active region with the bar-
rier structure is treated to be in nonequilibrium using the
semiconductor—insulator—semiconductor (SIS) model solver.
The solver calculates the 1-D tunneling current between the
two spacers which are separated by the AlAs barrier. It is
assumed that the charge (carriers) passes through both sides
of the barrier interfaces.

In the main active region, the location of the barrier structure
must be identified to help specify the quantum tunneling area
to assists the simulator into injecting the tunneling current
at the exact position of the barrier interface. By coupling
special rectangular and regular meshes, the output generated
current [17] is presented in terms of per unit width (where the
width dimension is denoted as x-direction in Fig. ).

The tunneling current calculated in the simulation is eval-
uated for all energies at which the tunneling is possible by
employing the 1-D Schrodinger equation. This equation is
formulated in the effective mass approximation and determines

Ing.s3Gaga7As 1.5x10" ecm’®
Ing53Gap47As 1.0x10"7 cm’

5nm Ing 53Gag47As
2.83 nm AlAs
200 nm ]Il(),s}Gao,zﬂAS

Ing53Gap47As 1.0x10" cm™
Ing 53Gag47As 1.5x10" cm™
InP (SI)

(b)

the transmission coefficient of a carrier through the tunneling
barrier structure [2], [14]. The transmission coefficient is a
function of energy, and it depends on the barrier characteristics
such as electron effective mass, thickness, and height. The
probability that an electron with energy E tunnels through the
barrier was evaluated using a transfer matrix method (TMM)
to solve the Schrodinger equation [17]. TMM [18]-[20] solves
the equation by discretized the device band profile and com-
putes a transfer matrix that consists of the potential energy
and effective mass.

The Silvaco SIS model calculates the current density
through the barrier by using the following expression:

257

gm*kT [ 1+4+el ¥

J="5s [ TN ]
0 I+el

where m, g, k, and h are the electron effective mass, the
electron charge, Boltzmann’s constant, and Plank constant,
respectively, while Ef; and Ep are the quasi-fermi levels on
the right and left side of the barrier.

For the back-contacted structure, the dc analysis can be
solved using (1). However, for on wafer and high-frequency
measurements, the planar device shows noticeable advantages
compared with the back-contacted device. For the planar
device, the diode contacts in the simulation were designed to
be planar instead of parallel. This, however, induces a Rsp, in
the bottom ohmic layer [21], [22]. The Rsp: can be calculated
using

dE (1)

1 a
Ry = 1 2
Spr=— n(a+d0ap) ()

where ¢ is the conductivity of the material, d is the residual
bottom ohmic layer thickness after etching, and the dgap is
the distance between the contacts. By solving (1) and (2), the
I-V characteristics of the planar device can be obtained.

B. Material Definition

The key parameters of the GaAs/AlAs and Ing s53Gag 47As/
AlAs ASPAT are listed in Table II [23]-[25]. E, (300),
electron affinity, m}, and m,; represent the material bandgap
at 300 K, electron affinity, electron conduction band effective
mass, and tunneling effective mass, respectively.

Normally, thick (or bulk) AlAs has an indirect bandgap
of 2.16 eV. Due to the thin ten ML AlAs barrier thickness,
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Fig. 3. Comparison of band profiles between GaAs/AlAs and
Ing 53Gag 47As/AlAs ASPAT. Inset: barrier height (AlAs) difference
between GaAs/AlAs and Ing 53Gag 47As/AlAs ASPAT diodes.

near the middle of the I'-I" direct tunneling with a bandgap
of 2.83 eV is significant, and the I'-X current makes only
a minor contribution, and so is neglected in the physical
model. Additionally, the AlAs tunnelling effective mass (1),
I'-valley effective mass is low as the I' curvature is much
steeper compared to the X-valley.

The electron effective mass, m* is determined by taking
the curvature of the band into account for a given (E, k)
relationship and given by m* = h?/(d*E /dk*) [26]. Com-
pared to the binary material GaAs, the material definition for
InGaAs uses the dependence of Ga composition fraction x in
In;_,Ga,As. The bandgap energy of this ternary alloy can be
derived as EGaas(X) = Emas+[EGaas — Emaslx +Ax(1—x)
where A is a bowing parameter with a value of 0.475 and x
is the composition of Inj_,Ga,As which equals 0.47 in this
paper. The effective mass for InGaAs [27] can be written as
MInGaAs = MinAsX +MGaas(1 —x)+Cx (1 —x), where C is the
bowing parameter. The reported range of the effective mass
ratio is 0.038-0.044. Moreover, the electron affinity is used
for evaluating the band discontinuities at the semiconductor
heterointerfaces [28].

The conduction band diagrams for both main active layers
of the two ASPAT designs are illustrated in Fig. 3. The
barrier height for Ing53Gag47As/AlAs is ~1.5 eV while in
the case of GaAs/AlAs it is ~1 eV as depicted in Fig 4. The
barrier height for Ing53Gag47As/AlAs is ~1.5 eV while in
the case of GaAs/AlAs it is ~1 eV. Even though the major
carrier transport is due to tunneling in the GaAs/AlAs ASPAT,
the 0.5 eV higher AlAs barrier in the Ings53Gag47As/AlAs

Ing.53Gag 47As/AlAs ASPAT diodes.

ASPAT further suppresses and limits any thermionic
emission. Hence the main transport mechanism for the
Ing.53Gap.47As/AlAs ASPAT is electron tunneling through the
barrier from the Ings53Gagp47As spacer formed immediately
adjacent to it.

There might be impacts due to the relatively large lattice
mismatch between AlAs and InP. However, the ten ML AlAs
barrier thickness is below the critical thickness for relaxation,
and this is further evidenced by stable IV characteristics
(over > two years) and which are very sensitive to any defects
that might be present, especially in terms of leakage currents.

IV. RESULTS AND DISCUSSION

The 2-D physical models for both ASPAT diodes were
used to reproduce the dc and RF characteristics. This robust
program is used to analyze device performance which pro-
vides a simple extraction module for dc characteristic and
S-parameters data. These were then compared with room
temperature measured data.

A. DC Characteristics

Detailed examination of both structures shows that the
asymmetry of the spacer thicknesses leads to an asymmetry
in the current-voltage characteristics. The dc characteristics
of the ASPAT diodes were measured using a semiconductor
parameter analyzer (Agilent B1500). All dc measurements in
this paper were taken at room temperature with a bias range
from —1.5 to 1.5 V. The simulation results for a 4 x 4 um?
mesa area GaAs/AlAs and Ing 53Gag 47As/AlAs devices with
their respective back-contact and planar contacts structures are
shown in Fig. 5.

The differences between simulated back-contacted and
planar-contacted devices are depicted in Fig. 5. The total
resistance of the ASPAT diode is the sum of all contact
resistances, Rspr, and the resistance of various epilayers. With
the help of high doping of the ohmic layers, the contact resis-
tance only contributes a small portion of the total resistance.
Similarly, the resistance of the epilayers is only counted for
the main active layers. Thus, it can be seen that Rsp,r accounts
for most of the total resistance under high bias.
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contacted and planar-contacted dc simulations for (a) GaAs/AlAs and
(b) Ing.53Gag 47As/AlAs ASPAT diodes (4 x 4 umz).

In the structural definition of the simulation, the gap
between the planar ohmic contacts (denoted as gap in Fig. 1)
was designed to be 2 um which was kept the same as in
the fabricated devices. For bias below 1 V, the difference
between the planar and back-contacted devices is ~44%.
Minimizing the separation between contacts for the planar
device minimizes Rspr, and therefore leads to a corresponding
increase in current.

The simulated and measured planar diodes /-V character-
izes of both ASPAT material systems are shown in Fig. 6 using
different mesa dimensions. The base model used was validated
through the excellent fits with the measured data. Near zero
bias, the reproduced characteristics of devices predict a smaller
value compared to measured diodes, which was mainly due to
the noise limitation of the semiconductor analyser setup.

Under forward bias, some of the voltage is dropped in the
thick intrinsic spacer region and electron accumulation forms
in the small triangular well, the electrons can then tunnel
through the potential barrier. Under reverse bias, most of the
voltage is dropped across the same region and causes only
small amounts of electrons to reach the barrier. This phenom-
enon leads to a very slow rise in the reverse current with
bias and is the reason for the asymmetric /-V characteristic
between forward and reverse bias [13].

Fig. 6. Log (/)-V characteristics of ASPAT diodes for various mesa area
for (a) GaAs/AlAs and (b) Ing 53Gag 47As/AlAs (planar structure). Blue,
red, and black indicate simulated (symbols) and measured (solid lines)
datafor 10x 10 um2, 6 x 6 um?, and 4 x 4 um? mesa areas, respectively.

As can be shown in Fig. 6, the simulated data matches
perfectly with the measured data for all device sizes for both
GaAs/AlAs and Ing 53Gag 47As/AlAs ASPATS.

B. RF Characterization

Since the developed model can be used for all device
sizes, the RF characterization will focus only on the smallest
fabricated size (4 x 4 um?). For high-frequency applications,
the performance of ASPAT diode can be predicted through
RF simulation and thus, this becomes a useful tool for extract-
ing key parameters for circuit application design purposes.
In this section, the ac modeling steps for the ASPAT diode
include parasitics and diode parameters extracted from mea-
surements, parameters extracted from simulation followed by
comparisons and analysis.

The RF characterizes of the ASPAT diodes were mea-
sured at room temperature using an Anritsu VNA, and
the S-parameters were measured on-wafer under differ-
ent bias conditions from 40 MHz to 40 GHz. As the
diodes were designed to use GSG patterns, de-embedding
techniques were used to extract accurate values of the
extrinsic parameters. The extrinsic parameters are associated
with the additional transmission lines and other parasitic
elements.
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Fig. 7. Simulated and measured capacitances for GaAs/AlAs and

Ing.53Gag 47As/AlAs ASPAT diodes (4 x 4 um?).

From the equivalent circuits of the open, short, and
GSG-patterned devices, the parasitic capacitance, inductance,
and the diode with parasitic elements can be extracted, respec-
tively. Based on the two-step de-embedding technique reported
in [29] and [30], the pad capacitance (Cpad), inductance (Lpaq),
and the junction capacitance (C;) of the diode can all be
extracted accurately from the measured S-parameters.

De-embedding the open equivalent circuit, the pad capac-
itance, Cpag can be extracted from the measurements of the
open mode. This provides 15 and 10 fF for the GaAs/AlAs and
Ing.53Gap47As/AlAs ASPAT diodes, respectively, depending
on the CPW structure. Using the same method, the self-
inductance of the signal line, which should be the same for
both ASPAT diodes, yields an extracted inductance value of
50 pH with a negligible 2-pH fluctuation over different runs.

The measured capacitance is the total capacitance (Ciotal)
summed up with pad capacitance and the junction capacitance
of the diode. Thus, the later intrinsic element can be obtained
from the measured CV characteristics after excluding the
additional pad capacitance, C; = Ciotal — Cpad. Theoretically,
this is calculated from the material permittivity, device size,
and width of the depletion region. The minimum capacitance
of the diode is normally obtained when the diode is fully
depleted with the width of the depletion region being equal
to the main active region thickness. Thus, the theoretical
fully depleted capacitances are 8.8 and 9.5 fF for GaAs/AlAs
ASPAT and Ing 53Gag.47As/AlAs ASPAT, respectively.

The ac simulation can provide the intrinsic diode junction
capacitance, conductance, and S-parameters. The modeling of
ASPAT uses the small signal analysis method where linear
and nonlinear elements are connected in an organized and
established topology. In this paper, the simulated frequency
was fixed in the range from 40 MHz to 40 GHz.

Fig. 7 shows the graphs the capacitance versus voltage and
comparisons of the diode capacitance extracted from measure-
ments and ac simulations. The total capacitance was measured
from S-parameters, and the diode capacitance Cj_measured 1S
the difference between Cioral and Cpag.

Through this comparison, the measured and simulated
C; show excellent agreement including the fully depleted

0.6
° ] In0.53Gao.47AS/AlAS

20T ® GaAs/AlAs
g I
§0.4 °
§03 }
13} [ J
200 |
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Fig. 8. Simulated conductance for GaAs/AlAs and Ing 53Gag 47As/AlAs
ASPAT diode (4 x 4 um?).

capacitances. From Fig. 7, it can also be seen that both
ASPAT diodes become fully depleted at a reverse bias
of ~ —0.25 V.

Under zero bias, C; of these devices show a noticeable
difference. This is because the depletion width of the diode is
proportional to the band discontinuity.

The diode conductance is an important parameter and is
directly proportional to the leakage current under reverse bias.
It is the key parameter when designing antiparallel diode
mixers. This is because the negative cycle of the RF input
power applied to the detector will be removed by the reverse
bias of the I-V characteristic. Hence, an accurate value of the
capacitance and conductance parameters is not only helpful
to provide insights into the underlying device phenomena
observed from the diode but also assists in optimizing the
diode design which will further improve the diode performance
in the circuit design process.

From Fig. 8, the conductance of the Ings53Gag47As/AlAs
ASPAT diode is lower compared to that of GaAs/AlAs diode,
especially at higher reverse bias. At low reverse bias, most of
the voltage is dropped across the larger spacer for both devices.
The conductance difference becomes significant when further
reverse bias is applied, and this is largely due to the barrier
height difference between the two devices.

When the GaAs/AlAs ASPAT is biased under high
reverse voltages, the electrons have an increased probabil-
ity of thermionic emission. A much higher barrier for the
Ing 53Gag 47As/AlAs diode forces the electrons to tunnel
through the barrier, thus making tunnelling the dominant trans-
port mechanism and results in a much smaller conductance
than GaAs/AlAs ASPAT diode under large reverse bias.

The S-parameters are solved from the physical modeling
in Silvaco (excluding pad parasitic) and are then imported
into advanced design system (ADS) software to validate the
intrinsic components (Ry, Cj, and R;) by comparison with
measured data. In the ADS circuits, an intrinsic simulated
block for the ASPAT S-parameters with parasitic capacitance
and inductance were used as shown in Fig. 9. Both GaAs/AlAs
and Ing 53Gag 47As/AlAs ASPAT diodes show excellent fitting
of the modeled and measured S-parameters under zero bias.
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Fig. 9. Simulated and measured reflection coefficient for GaAs/AlAs and
Ing 53Gag 47As/AlAs ASPAT Diode (4 x 4 um?2) at zero. Black and red
lines indicate the measured and simulated data, respectively. Inset is the
Silvaco S-parameter block incorporating pad elements.

TABLE Il
EXTRACTED VALUES FOR THE INTRINSIC COMPONENTS
FORA4 x 4 u,m2 MESA AREA DEVICE AT ZERO BIAS

Theoretical
. R Sc R C; intrinsic
Device Method ®kQ) | AwW) | @ (tF) Cut-off
Freq. (GHz)
Measured 95 14.3 11 22.8 633
GaAs/AlAs Silvaco
Model 92 14.1 - 23.6 -
InosGaonAs Measured 190 6.5 4.6 18.1 1911
/AlAs Silvaco
Model 217 6.0 - 18.0 -

These are, to the best of our knowledge, the first report of
S-parameters derived from the physical modeling of tunnel
diodes. The ASPAT diode is a promising zero bias device,
as its characteristics are optimized for zero-bias detection for
reduced power consumption. The key parameters extracted
from both dc and ac physical modeling of the intrinsic diode
under zero bias are summarized in Table III.

The device parameters listed (i.e., Rj, C;, and R;) in
Table III are important for designing the matching circuits
in monolithic microwave integrated circuit detectors. The
junction resistance, R; from the measured data are calculated
using the first derivative of the /-V characteristics, while for
the Silvaco modeling, it was obtained from the reciprocal of
the conductance. R; is proportional to the device sensitivity
and thus can help in evaluating detector circuit performance.

The diode curvature coefficient, k, is computed using
k, = (d*1/dV?)/(dl/dV). From the I-V characteristics, the
calculated k, for these ASPAT diodes are 28.6 and 13V 1.
Previous works [31], [32] using InAs/AlGaSb tunnel diode and
GaAsSb-based backward diode demonstrated k, in the range
of 40 — 50 and 49.4V~!, respectively. The current respon-
sivity, S, was calculated using the classic Torrey—Whitmer

expression [33]. The GaAs/AlAs ASPAT diode has a good S,
(Seqy = 14A/ W) at zero-bias voltage and room temperature,
which is comparable to other diodes [34]-[37]. Even though
the Ings3Gag47As/AlAs ASPAT diode has low S.(S, =~
6 A/W), its high R; can still provide high sensitivity but at the
expenses of large sizes matching circuits. The highest current
responsivities reported to date for other tunneling diode het-
erostructure [38] and Schottky diode [36] are 35 and 20 A/ W,
respectively, confirming that the ASPAT epitaxial layer must
be carefully optimized to strike a balance between R; and
current responsivity.

The series resistances, Ry and C; for both diodes are
essential in order to extract the theoretical cut-off frequency
by using the common expression [39], [40], 1/27 R;C;. The
series resistance Ry is the sum of the contacts, spreading and
epilayer resistances [21].

As the maximum doping concentration is limited by a solid-
solubility factor, the contact resistance for the GaAs/AlAs
diode is higher than that for Ing 53Gag 47As/AlAs contributing
to larger Ry for the former. Thus, the Rsp: for GaAs is higher
compared to that of InGaAs. Due to the depletion width differ-
ences, the capacitance of the 4 x 4 ,um2 Ing 53Gag 47As/AlAs
diode is ~5 fF smaller than that of GaAs/AlAs when both
devices are under zero bias. Because of these parameters
values, a much lower cut-off frequency (633 GHz) is obtained
for the GaAs/AlAs diode than the Ing 53Gag 47As/AlAs diode
which approaches 2 THz.

V. CONCLUSION

In this paper, we successfully developed an accurate model
for both GaAs/AlAs and Ing 53Gag 47As/AlAs ASPAT diodes
which include structural material parameters and appropriate
numerical methods. For dc modeling, the most precise struc-
ture for the simulations is observed from the planar device
structures as it includes the spreading resistance influences as
is the case in fabricated devices. The developed planar contact
modeling was validated through different fabricated devices
sizes. Following excellent agreements of the dc characteris-
tics, an ac analysis model was then demonstrated for both
ASPAT diodes. This latter is the first reported RF parameter
extraction from the physical modeling for this type of tun-
neling heterostructure device. The simulated capacitances and
S-parameter obtained, provided excellent fits to the measured
data. This newly developed ac simulation can be implemented
into millimeter-wave/terahertz frequency circuit designs for
full optimization of zero-bias detector circuits.
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