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A high-performance terahertz Schottky barrier diode (SBD) with an inverted trapezoidal epitaxial cross-sectional
structure featuring high varactor characteristics and reverse breakdown characteristics is reported in this paper. Inductively
coupled plasma dry etching and dissolution wet etching are used to define the profile of the epitaxial layer, by which the
voltage-dependent variation trend of the thickness of the metal-semiconductor contact depletion layer is modified. The
simulation of the inverted trapezoidal epitaxial cross-section SBD is also conducted to explain the physical mechanism of
the electric field and space charge region area. Compared with the normal structure, the grading coefficient M increases
from 0.47 to 0.52, and the capacitance modulation ratio (Cpax /Cin) increases from 6.70 to 7.61. The inverted trapezoidal
epitaxial cross-section structure is a promising approach to improve the variable-capacity ratio by eliminating the accumu-
lation of charge at the Schottky electrode edge. A 190 GHz frequency doubler based on the inverted trapezoidal epitaxial
cross-section SBD also shows a doubling efficiency of 35% compared to that 30% of a normal SBD.
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1. Introduction

Increasing demand for terahertz (THz) devices has been
generated due to the development of THz applications, such
as communication, biology, and sensing applications./!=3]
The development of the THz spectrum faces with many
technical challenges, including generation, detection, and
modulation.[* Obtaining a high-performance THz source is
an important direction of the THz technology research.!!! One
suitable way to generate a THz wave is by THz solid-state
source multiplying the millimeter wave, which is realized by
frequency multipliers.!°! Schottky barrier diode (SBD) is
a suitable device for the advantages of low parasitic effect,
high cut-off frequency, and the ability to work at the room
temperature. '] GaAs SBD is the most widely used SBD
of high output power multipliers due to their large electron
mobility, high withstand voltage characteristics, and uniform
epitaxial material quality.[!>!3]

The SBD in the frequency multipliers usually works in
a negative bias state, and the generation of harmonics of the
frequency multiplier is realized by the nonlinear displacement
current. This nonlinear displacement current is realized by the
nonlinear change of junction capacitance with the voltage of
the Schottky contact. In recent research, it is found that the
edge field effect on the Schottky metal-semiconductor inter-
face results in a wider spreading depletion edge and a larger
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t.[14-161 This phenomenon of spreading at the

leakage curren
edge of the depletion layer affects the varactor characteristics
of the diode,'5171 which will induce the poor conversion ef-
ficiency of the multipliers. Termination structures such as the

20.211 can effec-

field plate!'®!1 and the diffusion guard ring!
tively correct the phenomenon of the depletion layer exten-
sion, but the parasitic capacitance introduced by them will fur-
ther deteriorate the varactor characteristics of the diode.

In this paper, an inverted trapezoidal epitaxial cross-
It exhibits

a high grading coefficient of 0.52, compared with a nor-

section SBD has been designed and fabricated.
mal structure of 0.47. The capacitance modulation ratio
(Cmax/Cmin) also increases from 6.70 to 7.61. The frequency
multiplication performance of this diode is verified by a
190 GHz frequency multiplier, and the frequency multiplica-
tion efficiency of the frequency multiplier is increased from
30% to 35%.

2. Simulation and fabrication

Figure 1(a) shows the basic structures of the inverted
trapezoidal epitaxial cross-section SBD, and Fig. 1(b) shows
the SEM image of the overall structure of the diode. Fig-
ure 1(c) depicts the Schottky diode metal and the underly-
ing inverted trapezoidal epitaxial layer, and Fig. 1(d) shows
the cross-sectional view of the inverted trapezoidal epitaxial
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cross-section structure. The epitaxial wafer is grown on a 2-
inch GaAs semi-insulating substrate by metal-organic chem-
ical vapor deposition (MOCVD), consisting of a 50 nm Al-
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Fig. 1. (a) Schematic of the inverted trapezoidal epitaxial cross-section SBD. (b) SEM image of the inverted trapezoidal epitaxial cross-section SBD.
(c) Schottky metal structure details. (d) Inverted trapezoidal epitaxial cross-section structure details.
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Fig. 2. Energy band diagram of the MIS model. The red line represents
the energy band of the inverted trapezoidal epitaxial cross-section structure,
in which Aw increases with decreasing distance from the edge of the anode
metal.

The electrical simulations of the metal—interface—
semiconductor (MIS) model?*! which is described in this pa-
per are performed using the Sentaurus TCAD tool.[>*) The
model is based on the basic drift-diffusion and Poisson equa-
tions for direct current (DC), breakdown characteristics, and
small-signal simulation. This basic drift—diffusion model in-
cludes the Fermi statistics, mobility with doping dependence
and high-velocity saturation model, carrier generation, recom-
bination, non-local tunneling, and band to band tunneling. The
drift—diffusion for electrons and Poisson equations are given
respectively by

Jn = qUn (nVV — 1.50kTV Inmy,) 4+ gD, (Vi —nViny,), (1)
V'(8V¢+P):_Q(p_n"i'ND_NA)_ptrapa (2)

where J,, is the electron current density, g is the electron
charge. U, is the mobility, n is the electron density, p is the
hole density, & is the Boltzmann constant, 7 is the temperature,
m,, is the effective electron mass, ¥, is the Boltzmann statistics,

€ is the electrical permittivity, ¢ is the electrostatic potential,
P is the ferroelectric polarization, and Np and N4 are the con-
centrations of ionized donors and acceptors, respectively.

In the simulation, the two-dimensional (2D) structures are
depicted in Fig. 1(a) and the doping levels are described above.
The band diagram of the inverted trapezoidal epitaxial cross-
section structure is shown in Fig. 2. The structure of the dif-
ferent inverted trapezoid angles and Schottky contact diame-
ters are simulated to explore their influence on the varactor
characteristics of the SBD. Furthermore, we conduct tape-out
processing of the inverted trapezoidal epitaxial cross-sectional
structure to verify the validity of this structure.

Figure 3 demonstrates a revised process for the inverted
trapezoidal epitaxial cross-section SBD. Initially, a Ti/Pt/Au
metal is deposited by e-beam evaporation as anode Schottky
contacts with a lower ideal factor. The Ti is used to form an
ohmic contact with the epitaxial layer, and the Pt is used to
block the diffusion of Au atoms. The Ni/Ge/Au cathode ohmic
metal is deposited on the wet etched n+ GaAs conducting
layer. Further, an inverted trapezoidal epitaxial cross-section
structure is formed by inductively coupled plasma (ICP) dry
etching and H3PO4/H,0,/H,O wet etching aided by a cer-
tain power ultrasound. During ICP etching, BCls, Cl,, and
Ar are used as a primary etching gas for the PR-masked etch-
ing samples.”*! Later, samples are passivated with 200 nm
Si0,, and the dielectric layer existing on top of the metal con-
tacts is removed by CHF; based ICP dry etching. The de-
tailed etching parameters of the above two materials are listed
in Table 1. Subsequently, metal fingers and other connect-
ing metals are formed with the Ti/Au metal system, and the
mesas are formed by using an H3PO4/H>0,/H,0 wet etching
to achieve the production of the air bridge. The morphology of
the inverted trapezoidal epitaxial cross-section SBD is shown
in Figs. 1(b)-1(d).
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Table 1. Etching parameters of the PR-masked GaAs samples etching.

Sample ICP power (W) RF power (W) Pressure (Pa) BClj3 (sccm) Cl; (sccm) Ar (sccm) CHF3 (sccm)
GaAs 300 45 0.6 200 15 60 -
SiOy 100 20 0.4 - - - 40
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Fig. 3. Process flow diagram of the inverted trapezoidal epitaxial cross-section SBD.

3. Result and discussion

According to the thermal electron emission model, [>! the
current—voltage curve across the SBD can be described by

V) =1, [exp (nqk‘;) - 1] , 3)

where I is the reverse saturated current, and » is the ideal fac-
tor. When the diode voltage is less than the barrier voltage, the
diode has a linear relationship between current and voltage at
a semi-log-scale.

Figure 4 shows the measured forward /-V characteris-
tics and ideal factors of a series of different structures, which
is dominated by the thermionic emission (TE) model, with
a Schottky barrier height (V) of 0.67 eV extracted based
on the Richardson plot.*®! The ideal factor is a figure of
merit that describes an unnecessary current path except for the
thermionic electron emission current, which is induced by in-
terfacial disorder, interface state densities, and electron tun-
neling current.>”) It is shown in Fig. 4 that the ideal factor of
the Schottky junction with a diameter of 3 pm is less than 1.2.
The inverted trapezoidal epitaxial cross-sectional structure is
consistent with the normal diode forward /-V characteristics.

Figure 5 shows the measured reverse /-V characteristics
of different structures with a junction diameter of 3 um. The
GaAs SBD with different structures has the breakdown voltage
of the order of —9.8 V for the inverted trapezoidal epitaxial
cross-sectional structure and —9.1 V for the normal structure,
respectively. The inverted trapezoidal epitaxial cross-section
SBD shows the advantage of a high breakdown voltage due to
reducing the path of tunneling current caused by the high elec-
tric field at the edges. The leakage current caused by electron

tunneling is significantly lower than that of normal SBD. Sim-
ulated results based on the MIS model and the measurement
results show a good agreement as shown in Fig. 4. The dif-
ference between the simulation and the measurement results
of the inverted trapezoidal epitaxial cross-section structure in
Fig. 5 is mainly caused by different corrosion rates of a circu-
lar mesa in each direction during the wet etching process.
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Fig. 4. Forward I-V characteristics of the inverted trapezoidal epitaxial cross-
section SBD and normal SBD with a diameter of 3 um in linear-scale and
semi-log-scale.

Figure 6 shows the measured C-V characteristics of dif-
ferent structures with a junction diameter of 3 um. The ex-
tracted junction capacitances at zero bias (Cjp) of the inverted
trapezoidal epitaxial cross-section structure are 11.8 fF and
12.4 {F for the normal structure, respectively. To better show
the correction of the varactor characteristics of the diode by
the inverted trapezoidal epitaxial cross-sectional structure, the
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reverse C—V characteristics of diodes of different structures are
displayed under the 1/C? scale. Combining with the open re-
port of the interface state capacitance in Refs. [15,17], we can
provide a simple analytical expression to describe the capaci-
tive behavior of SBD,

G(V) =Cpo/ (1=V /)", &)

where M is the grade coefficient and is ideally fixed at 0.5. The
value of M can reflect the varactor performance of the diode
within a certain range. The diode varactor ratio increases as M
increases. The normal SBD has a narrow spreading depletion
layer near the edge of the anode electrode, which results in a
reduction in the varactor ratio of the diode with the M of 0.47.
The inverted trapezoidal epitaxial cross-section structure can
effectively eliminate a spreading narrow depletion layer near
the edge of the anode electrode caused by the accumulation
of electrons. The inverted trapezoidal epitaxial cross-section
SBD demonstrates a better variable capacitance characteristic
with the M of 0.52. Furthermore, we use the capacitance mod-
ulation ratio (Cpax/Cmin) to characterize the varactor charac-
teristics of different diode structures, where Cy,.x and Cpy, are
the junction capacitance at a bias voltage of 0.5 V and —5 V.
The capacitance modulation ratio for the inverted trapezoidal
epitaxial cross-section structure and the normal structure with
a junction diameter of 3 um are 7.61 and 6.70, respectively.
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Fig. 5. Reverse I-V characteristics of the inverted trapezoidal epitaxial cross-
section SBD and the normal SBD with a diameter of 3 um in linear scale.

The effect of this optimized varactor characteristic is
more obvious in SBDs with small Schottky junction diame-
ters. In order to investigate the physical mechanism of SBDs
with small Schottky junction diameters, electrical simulations
are carried out to precisely extract the capacitance characteris-
tics at different reverse bias voltages and distribution of elec-
tric field and space charge. Figure 7 shows the simulation C—
V characteristics of different structures with a junction diam-
eter of 1 um. The Cjp of the inverted trapezoidal epitaxial
cross-section structure and the normal structures are 1.31 {fF
and 1.47 {fF with M of 0.54 and 0.44, respectively. The capac-
itance modulation ratio for the inverted trapezoidal epitaxial

cross-section structure and the normal structure are 7.61 and
5.49.
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Fig. 6. The C-V characteristics of inverted trapezoidal epitaxial cross-section
SBD and normal SBD with a diameter of 3 um in linear-scale and 1/C2-scale.
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It can be seen in Fig. 8 that the inverted trapezoidal epi-
taxial cross-section structure eliminates the spreading narrow
depletion layer. The electrons that originally packed around
the anode in the normal structure are squeezed down along the
edge of the etched epitaxial layer, which changes the shape
of the depletion layer. This change not only eliminates the
high electric field region at the edge of the anode but also con-
strains the depletion layer to change only in the vertical di-
rection, thereby improving the varactor characteristics of the
junction capacitance. This phenomenon is more pronounced
in small Schottky junction size SBDs.

We also simulate a 190 GHz frequency doubler with a 3D
full-wave simulation software high-frequency structure sim-
ulator (HFSS) and circuit simulation software advanced de-
sign systems (ADS) to verify the inverted trapezoidal epitax-
ial cross-section structure at the application level, as shown
in Fig. 9. Figure 10 shows the simulation results that in
the saturation power range the inverted trapezoidal epitaxial
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cross-section structure has a higher frequency doubling the ef-
ficiency of 35% compared to that of the normal structure of
30%, which contributes to its better varactor characteristics.
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Fig. 10. Simulation results of the doubling efficiency of the 190 GHz
frequency doubler based on two diode structures.

4. Conclusion

This paper reports a new type of diode structure with an
inverted trapezoidal epitaxial cross-section structure. The in-
verted trapezoidal cross-sectional profile of the epitaxial layer
is achieved by ICP dry etching and dissolution wet etching.
Compared to that of the normal structure, the grading coef-
ficient M increases from 0.47 to 0.52, and the capacitance
modulation ratio (Cpax/Cmin) increases from 6.70 to 7.61.
The inverted trapezoidal epitaxial cross-sectional structure is a
promising approach to improve the variable-capacity ratio by
eliminating the accumulation of charge at the Schottky elec-
trode edge. A 190 GHz frequency doubler based on the in-
verted trapezoidal epitaxial cross-section SBD also shows a
doubling efficiency of 35% compared to that of the normal
SBD of 30%. There is a good prospect in the future that the
THz frequency multiplier applies to the inverted trapezoidal
epitaxial cross-section SBD.
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