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Abstract

The revolutionary changes in the electronic industry came along with the invention of the
transistor in the middle of the 20" century. The first integrated circuits fostered the deve-
lopment of Silicon technology and made it the most reliable one. High frequency applications
were enabled by GaAs-technology and the invention of the high electron mobility transistor.
Third generation wireless systems with high frequency and high power signals brought new
technological challenges. These two partly contradictory demands on power and frequen-
cy require new technological approaches. Only wide-bandgap semiconductor materials with
a high critical field such as diamond, SiC or GaN can handle the requested powers and

temperatures at microwave frequencies.

Although the first studies of wide-bandgap materials go back to the 60s, the material quali-
ty at that time was not sufficient for the needs of the semiconductor industry. High defect
densities in the material, the lack of high-quality substrates and troubles with the doping
prevented device processing. The last technological breakthroughs led to the development
of extraordinary devices: blue lasers, high-power switches, rectifiers and microwave transi-

stors.

Despite the obvious progress in wide-bandgap material technology a lot of unsolved problems
persist. Diamond as a material with the best thermal conductivity still cannot be properly
doped. SiC-transistors exhibit limited transit frequencies, which restrict the number of po-
tential applications. The wide bandgap, the high saturation velocity of GaN and the high
electron density in the transistor channel made GaN heterojunction transistors promising
candidates for microwave high-power electronics. The best transistors achieve 12 W/mm at
10 GHz [1], 10 W/mm at 40 GHz [2] or 0.5 W/mm at 60 GHz [3].

Bulk GaN substrates are not yet available for the epitaxial growth of GaN and AlGaN layers.
Therefore, sapphire, SiC or Si are used as substrate materials. The lattice mismatch between
GaN and these substrate materials is up to 14 %, which results in a high defect density of
the GaN layer. SiC has the best thermal conductivity among these materials and hence, is

the most suitable substrate for transistors with high dissipated power. Since SiC substrates
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are available only in small diameters and at high cost, sapphire substrates are often used.
The poor thermal conductivity of sapphire limits the maximum current sustained by the
AlGaN/GaN heterojunction. Silicon substrates offer a compromise between low cost and
high thermal conductivity. However, much effort is still needed to overcome the parasitic

coupling of the Silicon substrate at high frequencies.

AlGaN/GaN high electron mobility transistors (HEMTs) are grown on sapphire substrates
by the 4" Physical Institute, Universitit Stuttgart. To overcome the lattice mismatch a
nucleation layer of AIN is deposited on the substrate prior to the 1 pm GaN layer. To form
the heterojunction with the two-dimensional electron gas a 30 nm AlGaN-layer with an Al
content of 30% is grown. Finally, a 3.5 nm GaN layer is deposited to improve the contact
resistance. The contact resistance evaluated with the transmission line model (TLM) is 0.6 —

0.8 Q-mm, which is comparable with literature values.

The band discontinuities between AlGaN and GaN and the high piezoelectric field in the
AlGaN layer result in a two dimensional electron gas (2DEG) at the AlGaN/GaN interface. In
contrast to an AlGaAs/GaAs heterojunction the 2DEG is created even without an additional
doping of the AlGaN layer. The electron concentration in the transistor channel is controlled

by the potential of the gate electrode.

The DC output characteristics of the AlGaN/GaN HEMTs have a negative slope in the
saturation region typical for high power transistors. At high voltages the dissipated power
heats the transistor channel, which reduces the drain current. This self-heating effect is more
pronounced if the thermal conductivity of the substrate is poor, and thus is an important
feature of the model presented in this work. The maximum drain current normalised to the
gate width is often compared to assess the quality of low power transistors. However, the
power dissipation of power transistors makes this comparison inadequate, since self-heating

is more important in transistors with larger gate widths.

The combination of a high maximum current and a high breakdown voltage in AlGaN/GaN
HEMTSs suggests a high RF output power. However, the measured RF power is often smaller
than expected from the DC measurements. In the literature this effect is known as ,power
collapse“. Different approaches have been proposed to explain this discrepancy. The lattice
mismatch between GaN and the substrate creates traps in the GaN buffer layer that can
capture electrons and reduce the drain current. The surface of the AlGaN layer is very
sensitive to small potential fluctuations. A ,virtual* gate can arise on the surface. This
negatively charged gate decreases the drain current. A passivation layer has been reported
to prevent the formation of the ,virtual“ gate and hence the current degradation, but can

increase the gate leakage current, if its quality is poor.
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S-parameter measurements from 100 MHz to 40 GHz at different operating points are used to
analyse the RF properties of the investigated AlGaN/GaN HEMTs. A physically motivated
transistor small-signal equivalent circuit has been used in this work to assess the device
performance and to improve the technology. Parasitic and internal equivalent circuit elements
can be separately deduced from measurements at different dedicated operating points. A
special routine for the automatic extraction of the gate parasitics has been developed, which
is necessary if the gate resistance is large. The small-signal equivalent circuit for multiple
operating points comprises the bias dependence of the nonlinear elements, which can be used

later on for large-signal modelling.

Successful circuit design requires stable, precise and compact device models, which are suit-
able for large-signal simulation. A model based on an equivalent circuit appears to be the
best approach for circuit design. Several authors have already published some modeling
results on AlGaN/GaN HEMTs [4]-[7]. Most models have been designed for transistors on
a substrate with good thermal conductivity such as SiC or Si, where the thermal effects are
less pronounced than in devices on sapphire substrates. However, sapphire substrates are
still commonly used, since they are available with larger wafer diameters and at lower cost.
In contrast to the previous work our large-signal model includes thermal effects from self- and
ambient heating. Most importantly, e.g. for the design of highly linear amplifiers, it accurately
reflects the transistor’s nonlinear behaviour, which produces harmonics and intermodulation
distortion. Very often, the nonlinearity is described by polynomial functions, which achieve a
good fit to the measured data within a selected region, but diverge outside. Since our model

does not use polynomials, it yields realistic values and robust convergence.

The large-signal equivalent circuit of the AlGaN/GaN HEMTSs presented here comprises an
electrical and a thermal circuit. The electrical circuit is derived from the small-signal equi-
valent circuit. The parasitic elements are voltage and frequency independent, whereas the
gate-source, gate-drain capacitances and drain-source current source depend on the opera-
ting voltages. The gate leakage currents are modelled with current sources governed by the
Shockley equation. An additional thermal network describes the self-heating effect in the
channel. It comprises the current source corresponding to the dissipated power, the thermal
resistance and the thermal capacitance. The voltage drop on the thermal resistance gives
the temperature rise in the channel. The thermal capacitance models the temperature based
dispersion. The temperature rise gives feedback to the drain-source current. The temperature
dependence of the drain current and parasitic resistances accurately reproduces the measured

data at different temperatures.
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The thermal resistance is calculated analytically, which allows to evaluate the channel tem-
perature and to optimise the transistor layout for heat removal. The heat equation is ana-
lytically solved using conformal mapping techniques and the approximation of a constant
heat spreading angle. The temperature dependence of the thermal conductivity is taken into
account with a Kirchhoff transformation. As an example the isothermal lines for a two-finger

transistor are given.

The model has the important advantage over other approaches, that all model parameters can
be directly extracted from the measured data, which significantly improves the convergence
of a subsequent numerical optimisation of the parameter set and furthermore allows for an

automatic procedure.

Model verification is performed under DC, small-signal and large-signal excitation in order
to verify the model under realistic conditions. Harmonic and intermodulation distortion mea-
surements are in good agreement with simulation data indicating the quality of the model.
Since the model equations and their voltage derivatives are continuous, the simulations are

stable even in the highly nonlinear regions.

The model is implemented as a symbolically defined device in the Advanced Design System
circuit simulator by Agilent Technologies, which is the standard software tool in the RF
industry. The model is available as a component of a design kit library and thus is ready for

use in circuit design.

In the future GaN-technology must be further improved to provide reproducible, stable
and reliable transistors. If the devices have achieved application-grade quality the model
for AlGaN/GaN HEMTs should be enhanced to cover the noise behaviour. The use and
verification of the model for integrated circuit design will be the next step in the model

development.




