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Abstract. In the field of power electronics, the compound semiconductors gallium ni-
tride and silicon carbide are dominating the market. Due to its beneficial properties, gallium
arsenide is gaining more and more importance. The aim is to manufacture devices based
on gallium arsenide for use in power electronics with comparable or better properties, but at
lower costs. In this work, a first GaAs PIN diode for 900 V operation is fabricated and charac-
terized. The temperature-dependent reverse breakdown behavior is investigated with the help
of TCAD simulations and high-voltage measurements. Based on these results, an analytical
model is generated which can reproduce this behavior. This enables further optimization of
the GaAs PIN diode to optimally meet customer’s needs.
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1. Introduction
Power electronic components are essential for a variety of applications in automotive, power

supply or telecommunications [1]. A basic device is the PIN diode, which as example is used
as a rectifier or as boost diode for power factor correction applications [2, 3]. In most cases,
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silicon (Si) is used to manufacture PIN diodes. In the area of power electronics, however, silicon
reaches its limits. Currently the semiconductor materials gallium nitride (GaN) and silicon car-
bide (SiC) are dominating the market [4]. Due to the large band gap and the high critical electric
field, it is possible to reduce the thickness of the active area for SiC devices by a factor of 10
compared to Si. However, only unipolar power devices with SiC are viable, since the large band
gap results in a very high junction voltage. Therefore, Si-based power devices are often preferred
for higher current applications.

With regard to the material properties the compound semiconductor gallium arsenide (GaAs)
has the potential to be a competitive alternative (see Table 1). One of the most important positive
properties is the high electron mobility, which is 6 to 7 times the value of Si and 10 to 12 times the
value of SiC. In addition, GaAs has twice the critical field strength compared to Si, a low intrinsic
carrier density and a low inherent carrier lifetime. This enables better performance of high power
devices. The development of a new high-speed epitaxial process enables the production of GaAs
devices with high electron mobility and low defect density. So, it is possible to produce GaAs
PIN diodes with a unique cost to performance ratio in comparison to SiC Schottky diodes or
Merged PIN Schottky (MPS) diodes.

Table 1. Material properties of Si, GaAs, GaN and SiC [4]
Si GaAs GaN SiC

Bandgap energy [eV] 1.12 1.4 3.49 3.26
Breakdown field [MV/cm] 0.3 0.4 3.5 3.0

Electron mobility at 300 K [cm2/V·s] 1400 8500 900 700
Saturated electron velocity [107 cm/s] 1.0 1.3 1.3 2.0

Relative dielectric constant 11.8 12.8 9.0 10.0
Thermal conductivity [W/cm·K] 1.5 0.5 1.7 3.5

In this work the fabrication and characterization of GaAs PIN diodes are described. For ap-
plications in power electronics, the diodes require a very low leakage current and high reverse
breakdown voltages. The detailed study of the temperature dependent reverse breakdown be-
havior is investigated with simulations and measurements. Based on these results an analytical
model is developed. For the forward bias condition an analytical model was already described
by Bhojani [5].

2. Diode Fabrication
The essential part of a PIN diode, especially regarding the blocking voltage, is the design of

the intrinsic layer, which can be altered by thickness and doping concentration [3]. Therefore,
an additional process like epitaxial layer growth on top of a substrate is needed. The simulta-
neous precise incorporation of dopant atoms allows the fabrication of specific doping profiles.
The Metal-Organic Chemical Vapor Deposition (MOCVD) process was used to manufacture the
GaAs diodes [6]. Metalorganic precursors with either Ga or As atoms are transported via car-
rier gas to the heated substrate. At the surface the precursor decomposes forming metal atoms
which adsorb at the substrate surface. Due to certain mobility of these atoms on the surface they
can move around until they desorb or replicating the substrate crystal itself. Layer growth at
the atomic level leads to perfect adaptation of the crystal lattice and gradual increase in mate-
rial thickness [7]. It is possible to feed other precursors in parallel to dope the material directly
and precisely during growth, like Se, Si, S and Te for n-type or Zn, C, Cd and Mg as p-type
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dopants [8–11].
For vertical GaAs PIN diodes, an epitaxial layer stack with a thickness of up to 100 µm is

grown on a highly p-doped 4-inch GaAs wafer, see (1) in Fig. 1.
The special designed doping profile combined with a high crystal quality allows the uti-

lization of the very good properties of GaAs like high electron mobility and high critical field
strength.

Fig. 1. Schematic process flow for fabrication of a vertical GaAs PIN diode using photolithogra-
phy, wet chemical etching, and metal evaporation.

The junction termination (2) is done by using a photolithography mask and an anisotropic,
wet chemical etching process. With a mixture of H2SO¬4:H2O2:H2O with ratio of 2:1:1 at 40
◦C and for approx. 100 minutes, the wafer was etched to a depth of more than 100 µm. Thus, the
epitaxial layer and therefore the pn junction, is completely isolated laterally between neighbored
diodes on the wafer. The shape of the trench forms a beveled edge to reduce the field strength en-
hancement at the surface region [3]. A second lithography and wet etching (3) is used to reduce
the emitter area by a shallow etch step which also smooth corners coming from process (2). The
cathode metallization (4) is done by using another photolithography mask and a proper surface
preparation by wet chemical oxide removal with 10 % HCl. Subsequently, the eutectic gold-
germanium alloy is evaporated, followed by a nickel barrier and a silver contact layer. The anode
metallization (5) on the rear side uses a Nickel, Palladium, Silver stack evaporated without mask-
ing on the whole rear of the wafer after a soft Argon plasma surface treatment. The formation of
ohmic contacts on both sides is done in a one step process using rapid thermal annealing for 60 s
at 400 ◦C.

Fig. 2. Microscopy image of a GaAs PIN diode.
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A rapid thermal processing tool with nitrogen atmosphere is used, where the sample is placed
in a SiC coated susceptor. The non-metallic surface is coated with a polyamide layer (6) which
protects the junction termination during the final packaging and application. Wafer sawing is
used to fabricate dies with 3.6 × 3.6 mm2, visible in Fig. 2, which can be used for conventional
packaging in TO-247 or TO-263 as example.

3. Reverse Breakdown Behavior

3.1. TCAD simulations
We performed 2D TCAD (Technology Computer Aided Design) simulations with Atlas from

Silvaco [12], which offers a wide variety of parametrized 2D models for many compound semi-
conductors including GaAs.

For the 900 V GaAs PIN diode we carried out simulations at different temperatures and re-
verse bias conditions. With rising temperature, the leakage current increases due to additional
thermally activated charge carriers. This is a typical behavior of all semiconductor diodes since
the intrinsic conductivity increases with increasing temperature [13]. Furthermore, the break-
down voltage increases with rising temperature, assuming that no self-heating takes place (see
Fig. 3).

Fig. 3. Simulated IV-characteristic of a reverse biased 900 V GaAs PIN diode [15].

3.2. High-voltage measurements
The measured first generation diodes were fabricated at 3-5 Power Electronics and are spec-

ified up to 900 V [14]. The high voltage measurements were performed on wafer-level and for
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separated diodes on a probe station with thermal chuck. Thereby it was possible to characterize
the diodes in a wide temperature range from –40 ◦C to +150 ◦C, which is a typical range for
automotive applications. The anode was contacted by a kelvin probe, while the cathode was
contacted via the chuck. By using triaxial cables, a very good resolution of the saturation current
down to 10 pA could be achieved. The measurement itself was carried out with two high-power
Source-Measurement-Units (SMU) from Keithley [15], which can generate voltages up to 3 kV.
The measured IV-curves are shown in Fig. 4.

As expected from the TCAD simulations and from theory, the leakage current increases with
increasing temperature. An increase in the breakdown voltage with increasing temperature, as
can be seen in the TCAD simulation, cannot be confirmed in the measurements. The reason for
this is the edge termination of the device which leads to a breakdown at the edge of the device
[16] at higher temperature. This could be proven by use of microscope images.

Fig. 4. Measured IV-characteristic of a reverse biased 900 V GaAs PIN diode. Current limited
to 1 mA due to equipment compliance.

3.3. Comparison between simulation and measurement
Due to the edge effect, a comparison between measurement and simulation is only reasonable

for the lower temperatures of –40 ◦C and –20 ◦C, when breakdowns occur at the pn junction and
not at the edge (see Fig. 5).

Causes for deviations can be related to the technology or to the simulation models for GaAs.
Since this work was carried out on diodes of the first generation [14], problems such as the edge
effect cannot be ruled out. This is no longer a concern in the latest diodes [17], which will be
part of future work.

Additionally, the models for the avalanche breakdown are only valid in certain temperature
ranges or have been calibrated for those. In order to enable a wide temperature range for appli-
cations in the automotive industry, corresponding models must be further developed.
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Fig. 5. Measured IV-characteristic of a reverse biased 900 V GaAs PIN diode. Current limited
to 1 mA due to equipment compliance.

3.4. Analytical model

Based on the TCAD simulations and measurements of the GaAs diodes an analytical model
has been developed which can reproduce the behavior in reverse bias. The critical point is the
temperature dependence of the saturation current and the breakdown voltage itself. With the help
of the multiplication coefficient M [18], the total current I can be described as follows:

I = IS ·M. (1)

The saturation current IS in a semiconductor diode is caused by diffusion of minority carriers
from the neutral region into the depletion region. This current is almost independent of the
blocking voltage, but strongly dependent on the temperature. For this reason and in addition to
our previous work [19] the Arrhenius equation [20] is chosen as fit function:

IS = A · e(−EA/(kb·T ). (2)

The pre-exponential factorA and the activation energy EA are fit parameters, kb is the Boltz-
mann constant and T is the temperature. The multiplication coefficient was modeled with the
following approximation after Miller [21]:

M =
1(

1− | V
VBD
|n
) . (3)

The fit parameter n is between 2 and 6. From the TCAD simulations it can be seen that the
breakdown voltage VBD increases almost linearly with increasing temperature:

VBD = m · T + b. (4)
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Slope m and interception point b of the linear function can be determined by fitting. Since
only a few measurement data show a sharp breakdown, the simulation data were used in the first
step. Fig. 6 shows a fit of (4) as well as the respective breakdown voltages for the corresponding
temperatures.

Fig. 6. Plot of the breakdown voltages from the TCAD simulations for the individual tempera-
tures (blue markings) and the linear fit function (green).

Using equation (2) the temperature dependence of the saturation current was fitted. To do
this, the natural logarithm was formed, and ln(IS) was plotted against 1000/T . With the help of
a linear fit A and EA can be determined (see Fig. 7).

Fig. 7. Arrhenius plot of the temperature-dependent saturation current with the values from the
TCAD simulations (red markings) and the corresponding fit functions (black).
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Due to the Arrhenius function, it is possible to cover all temperature ranges with just one
function.

In addition, a fit was made for the coefficient n in equation (3) to calculate the multiplication
coefficient M . All fit parameters are shown in Table 2.

Table 2. Parameters of the analytical model for simulating a reverse-biased GaAs diode
Parameter Value Unit

m 1.633
b 1083.08 V
A 3694.44 A
EA 0.763 eV
n 3.5

After fitting the simulation results, the reverse behavior was calculated by the analytical
model using the extracted fitting parameter. The comparison between simulation and analyti-
cal model is shown in Fig. 8.

Simulation and analytical model are in good agreement. Equation (3) shows a pole at break-
down voltage, so the analytical model is not valid beyond this point. Since real diodes are ex-
posed to thermal destruction during breakdown, there is no need to describe this behavior and is
therefore not focus of this work.

Fig. 8. Comparison between simulated (solid line) and analytically fitted (symbols) IV-
characteristics of a GaAs diode in reverse direction for different temperatures.

The analytical model can also be used to describe the measurement data. However, a new
parametrization is required due to the differences between measurements and TCAD simulations
as shown in Fig. 5. Furthermore, we limit the model to the temperature range of –40 ◦C to
–20 ◦C since the breakdown mechanism changed for higher temperatures in our experiments.
In addition, we had to skip the temperature dependency of the saturation current due to reso-
lution limitations of the applied measurement equipment. This is a typical problem for high
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power SMUs [15]. According to Fig. 9, measurement data and the analytical model are in good
agreement at –40 ◦C and –20 ◦C. The steep rise at breakdown is significantly smoother in the
analytical model.

Fig. 9. Comparison between measured (solid line) and analytically fitted (symbols) IV-
characteristics of a GaAs diode in reverse direction for different temperatures.

The analytical model enables a quick simulation of the IV-characteristic of a GaAs diode in
reverse direction including temperature dependency in the saturation current and in the break-
down voltage. To further improve the analytical model, the forward bias condition must also be
covered. The integration of the Bhojani [5] model is currently being examined. To optimally
meet user’s/customer’s needs, model extensions to capture the impact of geometry are in devel-
opment, also for next generations of GaAs diodes with new developed edge termination [17].

4. Conclusions
In this work, a first GaAs PIN Diode for 900 V operation has been investigated. For appli-

cations in power electronics, it must be ensured that the reverse biased diodes have a very low
leakage current and high breakdown voltages. In addition, the diode must be functional over a
wide temperature range for use in electric vehicles. To optimize this, the temperature-dependent
behavior was examined with TCAD simulations and high voltage measurements. Because of the
edge termination the measurements for higher temperatures do not show a sharp breakdown.

Based on the results from simulations and measurements an analytical model has been devel-
oped. The model describes the temperature-dependent behavior of a reverse biased GaAs PIN
diode. The model was parameterized by fitting the breakdown voltage VBD and the saturation
current IS in a wide temperature range from –40 ◦C to 150 ◦C. In comparison with simulations
and measurements, the model shows a good agreement for low temperatures. An extension of
the model with geometry parameters is conceivable to describe the physics of the PIN diode even
better.
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