


Figure 5. 17 Conduction band distribution at different bias condition.

Figure 5. 17 shows the two-dimensional electron conduction band profile throughout the
AlGaN/GaN heterojunction, with different bias conditions. If no source to drain bias is applied,
the slice on the conduction band profile is identical to what was obtained from 1D simulation.
Once the drain bias is on, 2DEG channel is lifted at the source side to guide the movement of
electrons. With the increase of gate pinch voltage, the channel under the gate is raised to hold the
carriers travelling from source to drain. The need for high resistivity bulk GaN is also inferred in
these pictures. If extra carriers exist in the bulk, it could generate considerable parallel current

since the slope of conduction band there is still large.
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Figure S. 18 Cross-section potential distribution at different bias condition.

Figure 5. 18 is the cross-section potential profile for the HFET at the same bias
conditions. The 2DEG channel tends to stay at the constant potential, while the increase on gate
pinch off voltage will break this uniformity. The higher the gate voltage, the deeper the depletion
region will be. The increase on drain voltage would also enhance the gradient of potential change
near the gate edge. It is clear from in Figure 5. 18 that the electrical field always has a maximum
value near the gate edge. The increase of gate or drain bias will push this maximum field position

close to the gate, where the breakdown is believed to occur if enough high voltage is applied'*.
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Figure 5. 19 Electrical field in the channel with different bias conditions.

Large gate or drain bias input caused the simulation program failure without approaching
reliable convergence. The calculated Jacobian matrix is close to singular, so its inversion is ill-
conditioned. Also, from Figure 5. 20, where the calculated IV characterization is plotted, we can
see the current shows no saturation tendency. The non-linearity of carrier velocity over electrical

field at large bias conditions should be considered to provide better accuracy.
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Figure 5. 20 Simulated IV characteristics, drain bias from 0.5 V to 3.0 V, gate bias is -0.25V, -0.5V and -1.0V.

5.6.2 Results from other simulation software

If we look into the commercial two- or three-dimensional device simulators, some

150, 151 152, 153,

industrial CAD software and university-developed applications > have been
successfully employed for Si-device applications. In contrast to the silicon devices, where both
process and device level simulation tools form a continuous virtual workbench from material
analysis to chip design, III-V simulation mainly is still focused on device physics.

APSYS from Crosslight Inc is a general purpose 2D finite element analysis and modeling
software especially designed for compound semiconductor devices (with silicon as the special
case) in simulating their electronic and optoelectronic performances. The energy band structure

is calculated by solving Schrodinger equation using 8-band k.p model within a high precision

finite differences grid. For GaN devices, polarization charges are incorporated during the



simulation. The kernel of APSYS simulator also solves the non-equilibrium drift-diffusion
equations. The tunneling current transport mechanism through the quantum well and barrier is
also modeled. Three different carrier recombination mechanisms have been implemented,
namely direct-, SRH- and Auger-recombination, which can be used for LED and LD device
simulations.

For a specified semiconductor, we must first build up the micro files to specify the
material properties such as mobility, saturation velocity, electron affinity, refractive index, and

thermal conductivity. For example, the mobility model for GaN we used here is doping and field

dependent:
Himax ~ Hmi

N — ) + max min
/Lln( ) lleln 1+(N/Nr)a
Equation 5. 43

Ho

F)=—"7"—

/un( ) 1+IUOF/Vsat

Equation 5. 44

Where v, is the saturation velocity, N, is the reference doping concentration, 4, 4,4 a are

predefined parameters. The polarization that induces sheet carriers has to be treated as the

bonded interface charge existing at the bottom of barrier. Some of the parameters used are listed

below:
Parameter Value Comment
€ 9.5 Dielectric constant
X 4.07 Affinity

Vsat 1.91x107 cm/s Electron saturation velocity




a 0.66 Used in Equation 5.34
' = — —
Umin 295x(300/7) em/Vs Minimum mobility
1.5 1 111
Umax 1461x(300/7) cm/Vs Maximum mobility
N, 10" ¢cm? Reference density
A, 107 s Electron Auger coefficient
T 10" Electron life time
Psp 8x10" cm™ Spontaneous polarization
Ppy 4x10" cm™ Piezoelectric polarization

Table 5. 3 Some parameters defined in the micro file of APSYS for the HFET simulation.
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Figure S. 21 Device structures and dimensions used in the APSYS simulation.

Three different kind of device structures are simulated based on AlGaN/GaN structure:
conventional HFET, HFET with field plat and recess gate HFET. The cross-section device
geometries are illustrated in Figure 5. 21. The AlGaN barrier thickness is 25 nm and the gate
length is 0.5um, and channel length is 4.5um. For the n+ cap recess gate HFET, the barrier is un-
doped and the n+ GaN is 30 nm thick with 10" cm™ doping. For the field plate HFET, the plate
is extended to the drain side with the length of 0.6pum. All devices are biased under Vps = 10V,
Vgs=-5V. The simulated potential and field distribution for each device are shown in Figure 5.

22.
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Figure 5. 22 The potential contour and field distribution along the AIGaN/GaN interface for (a) conventional

HFET; (b) n+ cap recess gate HFET; (¢) HFET with field plate under Vps =10V, Vgs=-5V bias.

It can be observed from the potential contour figures that, due to the existence of 2DEG,
the electrical field distribution is very concentrated near the gate edge. For the conventional
HFET structure, the maximum field exists at the gate edge toward the drain side reaching
8.5x10° V/cm, which stress the material to a considerable extent and easily cause break down to

fail the device. The recess gate device structure doesn’t show much help in reducing this field,



while the field at the gate-source side reduces a little. The HFET with field plate structure, as
seen from the simulation results, efficiently helps to dispense the contour line near the gate edge.
The maximum field at the 2DEG channel decreases to 6.0x10° V/cm, which is about 29% lower

than the conventional structure.



Chapter 6 Conclusions

6.1 Summaries

The GaN HFET device growth, fabrication, characterization, and modeling have been
investigated extensively in this work. The process development and optimization for both AlGaN
and AlInN barrier devices have been experimented to achieve low defect density, high carrier
mobility and large output power. Regarding the device characterization and modeling, both
equivalent circuit analysis and quantum drift-diffusion modeling are studied. The simulations
based can provide us plenty of useful information especially for the microwave application and
device structure optimization.

To exploit the potential of GaN and related alloy on device application, high quality epitaxial
film is a must. The device operation poses strict requirements on insulate buffer layer, making
many prevalent growth techniques like epitaxial lateral overgrowth inapplicable for HFET. Here,
we utilize semi-insulating AIN layer on Sapphire substrate as the buffer, and optimize the growth
for the GaN layer on top of it. In summary, the growth of GaN involves three steps, namely the
nucleation, the epi-growth and the channel growth. It is beneficial to use the growth conditions at
the nucleation stage that favor the formation of large, isolated GaN islands so that the density of
edge-type dislocations are lowered. The next step is carried out with high growth rate to reduce
the background doping preventing the formation of parallel conduction path. The top 300 nm
GaN layer that serves as the electron channel is grown at high pressure to reduce the
incorporation on deep level impurities and enhance the mobility of 2DEG. Very thin AIN spacer
has been verified to better confine the carriers, reducing the alloy scattering and improve the

mobility. The spacer thickness is critical and the optimum number is about 1 nm. For barrier



layer, AlGaN is deposited at high temperature, for which the Al composition is controlled mainly
by V/III ratio. On the other hand, the AlInN growth requires precisely control on temperature to
achieve the exact Indium composition and the lattice-matched Al g:Ing ;sN barrier structure was
successfully grown.

High carrier transport performance has been observed on both kinds of barrier structures,
generally with the mobility of 1,200 cm’/Vs @ 300K and 10,000 cm?’/Vs @ 12K for AlGaN
barrier; and 1,500 cm®/Vs @ 300K and 20,000 cm*/Vs @ 12K for AlInN barrier respectively.
The total sheet carrier density is around 1~2x10" em?, depending on the doping, composition
and barrier thickness. The HFET devices, which are fabricated using the optimized processes,
have achieved the good DC to RF performances. The AlInN device has larger saturation current
up to 800 mA/mm and higher transconductance about 220 mS/mm. We believe the reliability of
AlInN HFET is superior since the reduction of the stress within the barrier. The RF performance
of both type of devices are similar, with the highest cut-off frequency around 20 GHz.

Furthermore, new device structures have been experimented including recess-gate HFET and
MISHFET with various gate insulators. The recess-gate device is caped with n+ doped GaN.
Two different process techniques have been tested: selectively dry etch method and the SiO,
masked re-growth method. However, the DC characteristics of recess-gate device didn’t show
much advantage over the conventional one. The MISHFET structures, on the other hand, have
the improved the DC and RF characteristics. With the help of SiO,, Si3Ny4, ZrO, and PZT gate
insulators, gate leakage current was significantly reduced, enabling the device to work under
enhanced mode. The improvement on RF performance of MIS structure, we believed is due to

the passivation to block the surface states, especially with the high dielectric constant dielectrics.



Device behaviors are thoroughly simulated. This research was carried out on circuit level
category and device physics category. Various small signal device models have been well
established for Si and GaAs transistors, but not quite applicable for GaN HFET yet due to the
high contact resistances and defect related dispersion effects. An 18-element equivalent model
was proposed in this work, and the circuit parameters were extracted by various means including
cold-FET measurements and hot-FET calculations. A hybrid extraction method has been
developed combining the parasitic capacitances extracted from cold pinch-off measurements,
and the rest of the parameters obtained from the optimization procedure based on the working-
bias measurement data. The average S-parameter simulation error is around 5% over the
frequency range from 2GHz to 20GHz. This method was also validated with the initial value
independence and the multi-bias measurements. Therefore, we believe it is more suitable for the
GaN HFET small signal modeling.

The quantum drift-diffusion modeling of HFET, on the other hand, was based on band
structure of GaN material and description of current transport mechanism. A solver to give self-
consistent solution of Schrédinger-Poisson equations has been developed. The influences from
interface polarizations, surface donor states and electromechanical coupling effects have been
included during the modeling. The one-dimensional study on different heterojunction strucutres
is verified via experiments, especially on AlInN HFET. Furthermore, basic IV and CV
characteristics can be calculated, considering the recess resistance and self-heating effects. Two-
dimensional simulation was also developed, fulfilling numerical calculation on partial
differential Schrodinger-Poisson equations, drift-diffusion current, and current continuity
equations. Visualizing the potential and field distribution cross-sectional profiles over the device

channel region can be drawn from this modeling. We also compared various device structures



including the conventional, the recess-gate, and the field-plate HFET using APSYS software. It
shows that field-plate structure is more promising in effectively dispensing the highly

concentrated field around the gate edge that may fail the device by breakdown.

6.2 Future works

The improvement on the reliability of GaN HFET is the foremost important task for the
realization of commercial application, which requires efforts on both process side and design
side. With the availability the free-standing GaN bulk materials, the research trend is moving
toward to the homo-epitaxy GaN growth on those substrate, which undoubtedly could provide
much better GaN layer for HFET. Therefore, the improvement of the device performances relies
mainly on the quality of different barrier layers or novel device structures.

The lattice-matched AlInN barrier is a good candidate in obtaining higher standard of
device reliability, as stated in our research. However, the existence of Ga-rich layer on the top of
spacer will separate the 2DEG into two channels and significantly lower the sheet carrier density.
The formation of this extra layer is probably caused by the parasitic deposition of GaN during
the long temperature-ramping down. In order to eliminate this parasitic layer, modifications to
our current growth scheme are needed. On the other hand, the incorporation of Indium into the
device structures is another efficient way to improve the device performance. The InGaN
channel device structures is one of the candidates to provide higher sheet electron concentration

and better 2DEG confinement'>

. The typical room temperature mobility of Ing ¢4Gag9sN channel
heterojunction was found to be around 800~1100 cm?/Vs, still having much room to improve.
The effort may need to focus on the reduction of interface roughness'>® and in-plane localization

effect due to the Indium segregation'’. The trace amount incorporation of Indium into the spacer

or barrier layer might be also a help, as often used in GaAs devices. The main advantage of the



In-doping is to improve the spacer/barrier crystalline quality and interfacial abruptness of the
heterojunction. Also the In-doping growth scheme avoids the drastic change in temperature and
carrier gas, which help to maintain the optimized growth conditions on the known structures.

As for the device process, it has been reported that the field plate structure can help to
enhance the output power density, the breakdown voltage and power adding efficiency, as
confirmed also from our simulations. We need to set-up the fabrication procedures for the field
plate device structures, which may involve optimization on the e-beam lithography. Furthermore,
a more systematic study on the recess-gate HFET devices is needed. The selective dry etch
conditions that we tested so far deteriorate the I-V characterization, and further optimization can
be exerted on different plasma combination, reduced etch power, and post etch treatments
including KOH, HCl solutions or N plasma .

In order to provide precise description on DC to RF range behavior of the device, the
large signal modeling for GaN HFET is the only way. If the amplitude of input signal is
increased considerably, it will shift the quiescent operating point of the transistor and the output
drain current no longer changes linearly. Many changes on nowadays large signal modeling
methods have to be implemented for GaN devices accounting for the dispersion effects. As for
the drift diffusion modeling on GaN devices, some simplifications and assumptions I currently
build can be substituted to incorporate better descriptions on the carrier transport behavior and on
the charged defects. Besides, implementation on the fast parallel computing algorithm is also

important for more precise simulation.
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