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An InP-based heterodimensional Schottky diode for terahertz detection™
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Abstract: We present an InP-based heterodimensional Schottky diode (HDSD), which has so far never been re-
ported in the literature. Compared to a GaAs-based HDSD, the InP-based HDSD is expected to have better high fre-
quency performance and operational conditions resulting from its higher mobility and concentration of 2D electron
gas (2DEG) as well as its smaller Schottky barrier height. The cutoff frequency of the InP-based HDSD obtained
by the AC measurement is more than 500 GHz, which shows its potential application in terahertz detection.
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1. Introduction

Terahertz (THz) radiation, which lies in the frequency gap
between microwave and infrared radiation, is a significant re-
search topic in recent years because of its promising applica-
tions in communication!!, security[2], biological and medical
sciencesl®], earth and space sciences(*! and basic sciencel®! etc.
Just like terahertz sources, terahertz detection is an essential
part of terahertz technology.

A conventional Schottky barrier diode (SBD)!®), which
has a low forward drop and a very fast switching action,
is a practical detector which operates at room temperature
whereas other detectors such as the hot electron bolometer
(HEB)!" and superconductor—insulator—superconductor (SIS)
mixer receiver!®! operate at cryogenic temperatures. The de-
tection mechanism using SBD is the rectification of the radia-
tion induced AC signal due to the barrier nonlinearity®!. More
details regarding the common experimental arrangement can
be obtained in Ref. [10]. However, the high frequency perfor-
mance of a conventional SBD for terahertz detection is still
limited by the RC product (with reference to Eq. (1)), although
its operation at over several terahertz has been reported!! '], G
and Ry in Eq. (1) represent the junction capacitance and series
resistance respectively.
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A heterodimensional Schottky diode (HDSD) is a unique
kind of SBD with a 3D metal-2D semiconductor Schottky
junction, and has been proposed for a long time. Shur et
al 112716l had designed and fabricated an HDSD in the early
1990s and put forward some modeling theories. Since the
Schottky junction is a lateral Schottky junction (LSJ), the de-
pletion region of the HDSD expands in the direction of the
channel and thus the effective channel length is decreased and
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can even be modulated by an applied voltage. The series re-
sistance can be described by the expression in Eq. (2), where
Mn and n are the mobility and density of electrons in 2D elec-
tron gas (2DEQG), L is the channel length and L4 is the length
of the depletion region, S is the lateral Schottky junction area
and R, is the ohmic contact resistance. So the high nu, prod-
uct of the 2DEG will lead to a small series resistance R;. On
the other hand, the small lateral Schottky junction area S will
lead to a small junction capacitance C;. Both the small series
resistance and the small junction capacitance make the cutoff
frequency higher than conventional Schottky diode (with ref-
erence to Eq. (1)). Thereby it is feasible to apply it in terahertz
detection.
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Additionally, other similar heterodimensional devices,
such as heterodimensional FET, heterodimensional FET with
split drain!!7) and Schottky grated resonant tunneling transistor
(SGRTT)['8] were also reported.

Most of the material systems referred to above are based on
GaAs while the device presented in this paper is based on InP.
There are two potential advantages of an InP-based HDSD in
comparison with a GaAs-based HDSD. Firstly, the 2D electron
gas (2DEG) in an InP heterostructure has a higher mobility and
density so that the series resistance is smaller (with reference to
Eq. (2)). This will lead to a higher cutoff frequency. Secondly,
since InP has a smaller Schottky barrier height, the operational
conditions are expected to be around the zero bias voltagel'®],
which will lead to advantages such as a simple system and low
power consumption!2. Up to now, an InP-based HDSD has
never been reported in the literature.
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2. Device design and fabrication

The layer sequence and structure of the InP HDSD is illus-
trated in Fig. 1. A high cutoff frequency f; is the most critical
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Fig. 1. Layer sequence and structure of the InP HDSD.

parameter of the InP HDSD for the purpose of terahertz detec-
tion. So, according to Egs. (1) and (2), the device design such
as the material design, device structure and process technology
are all optimized to obtain the highest cutoff frequency f;, i.e.
the smallest R j. product within our fabrication ability.

First of all, the InAlAs/InGaAs/InP heterostructure should
be designed to have a high mobility and density of electrons
in a 2DEG. The heterostructure was grown by molecular beam
epitaxy on a 2-inch semi-insulating InP substrate. The electron
sheet charge density of 2DEG was 3.2 x 10?2 cm™2 and the
mobility was measured to be 8560 cm?/(V-s) at room temper-
ature.

As to the device structure, the channel length L should
be short to reduce the series resistance R, (With reference to
Eq. (2)), but it is limited by our fabrication ability. As a re-
sult of this tradeoff, the designed channel length L is 2 pum.
Considering that the air bridge can reduce the parasitic capac-
itancel?!, the anode air bridge should be introduced in the de-
vice structure as illustrated in Fig. 1. In addition, the anode and
cathode pad were designed to be separated from each other with
a long distance for reducing both the potential parasitic capac-
itance and the risk of forming a short circuit. Furthermore, for
the measurement of the AC characteristics of this device, a co-
planar waveguide (CPW) configure was designed for on-wafer
test.

A 400-nm-thick SiOxN, was deposited by plasma en-
hanced chemical vapor deposition (PECVD) as a protection
layer. The ohmic contact was then defined and the SiOxN,
layer was etched by reactive ion etching. Ohmic contact
metals, GeAuNiAu, were deposited onto the nt layer by
electron-beam evaporation followed by rapid annealing. Af-
ter the Schottky contact was defined, the SiO.N, layer and
the InGaAs/InAlAs layer were etched in turn to form a trench
through the 2DEG layer. The lateral Schottky contact was
formed by sputtering the Ti/Pt/Au layer onto the surface
of the trench. The wafer surface was sputter coated with
10 nm/150 nm Ti/Au as a seed layer. The contact pad and fin-
ger were formed by electroplating a 3-um-thick gold layer and
removing the undesired Ti/Au layer by wet etching. Finally
the SiOx Ny, layer, InGaAs/InAlAs layer, InP layer and InAlAs
layer were removed one by one to isolate individual devices on
the same wafer and form the air bridge simultaneously.

D57 x1.8k 50 um

Fig. 2. SEM image of InP HDSD.

3. Results and discussion

The SEM image of the device fabricated is shown in Fig. 2.
The channel length is measured to be 1.6 um, a little shorter
than the designed 2 um due to the effect of lateral etching.
Meanwhile the air bridge under the finger is easily identified
in Fig. 2.

The DC characteristics of the device were measured by an
Agilent 4256A. The I-V characteristic shown in Fig. 3 is con-
sistent with the typical /—V curve of a Schottky diode. The
breakdown voltage is more than 5 V and the current density
at 9 V is 120 kA/cm?. The high forward voltage drop is at-
tributed to imperfect ohmic contact resistance due to the fact
that the doping level of the cap layer is 5 x 10'® cm™3 and the
layer thickness is only 10 nm. Furthermore, it has also been re-
ported that by alloying over a long time rather than the rapid
annealing we used here can form a better ohmic contact!?2,

Then an AC measurement of up to 40 GHz was carried out
by vector network analyzer (VNA) after calibrating the VNA
by the standard short-open-load-through method. Considering
that the typical small signal equivalent circuit comprises junc-
tion capacitance, series resistance and other parasitic compo-
nents(?3], we used a specific small signal equivalent circuit with
the topology shown in Fig. 4 to simulate the AC characteris-
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Fig. 3. I-V characteristics of InP HDSD.
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Fig. 4. Small signal equivalent circuit of the on-wafer InP HDSD.

tic of the on-wafer device. Wherein, C; and R, represent the
junction capacitance and series resistance of the intrinsic InP
HDSD respectively, while C,, and R, are parasitic components
caused by the on-wafer CPW configure.

After simple optimization, the simulated S parameter (the
dashed line) matched well with the measured S parameter (the
solid line) as illustrated in Figs. 5 and 6. The optimized C; is
12.6 {fF while the optimized R; is 22.2 2. So we can calculate
the cutoff frequency of the intrinsic InP HDBD like this,

Jeutoft = = 569 GHz. (3)

2 Rs Cj

According to Shur et al.['2-14], HDSD sometimes exhibits
excess series resistance which is attributed to insufficient metal
plating in the anode trench and high ohmic contact resistance.
The same phenomenon also exists in the device we present
here. According to Eq. (2), the imperfect ohmic contact resis-
tance R. demonstrated above causes excess series resistance.
Meanwhile the insufficient metal plating can also be the cause
of excess series resistance since the 2DEG is several nanome-
ters thin. To improve the high frequency performance of InP-
based HDSD, we could take several measurements. We could
enhance the doping level as well as the thickness of the cap
layer, and use slow annealing instead of rapid annealing to re-
duce the ohmic contact resistance. Optimized fabrication steps
such as better metal plating in the trench will also be helpful.
Moreover, shunt conduction paths between the two pads should
be eliminated to control the parasitic capacitance. Since the cut-
off frequency of improved GaAs-based HDSD is reported to
be about 800 GHz at room temperature'2: 141, improved InP-
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Fig. 6. Measured S12 with simulated S, of the on-wafer InP HDSD.

based HDSD can be expected to have a cutoff frequency well
into the terahertz frequency range. So the InP-based HDSD we
present here has a potential application in terahertz detection.

4. Conclusion

In summary, HDSD based on an InAlAs/InGaAs/InP het-
erostructure has been designed and fabricated. The channel
length is 1.6 um and the SEM illustrates a clear air bridge un-
der the finger. The measured /—V curve behaves as expected
while the cutoff frequency obtained by the AC measurement is
more than 500 GHz. All these features show its potential ap-
plication in terahertz detection. Some measures to improve the
performance of this device have also been suggested.
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