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Abstract

The successful high quality epitaxial growth of a lead zirconate titanate (PZT) thin film on
GaN offered available experimental samples for this research, where the physical effects of the
PZT layer integrated in AlGaN/GaN HEMTs were investigated. Device simulation results indi-
cate that the two-dimensional electron gas (2DEG) density at the AlIGaN/GaN interface scales
linearly with the polarization of PZT. It has been found how the permittivity of PZT influences
the breakdown voltage depends on whether PZT is regarded as an insulator or semiconductor.

PZT has been confirmed to be conducting by I — V measurements. A deviation was observed
between the two I — V curves within a dual sweep, which can be related the difference of PZT
polarization in the two opposite sweep directions. Devices with 0.52 Zr composition exhibited
the largest reduction of on-resistance (R,,) when the gate voltage was increased from -1.5 V to
0 V. This can be explained by the largest difference between remnant polarization (P.) and satu-
ration polarization (P;) of PZT with 0.52 Zr composition. Devices with 0.52 Zr composition also
showed the highest gate leakage, which can be explained by the hole induced gate leakage pro-
posed in this thesis. Breakdown measurements appeared to show some improvement in our
HEMTSs compared to conventional counterparts reported in the literature, though more dedicated
test structures are needed to analyze these more carefully.

Keywords: Ferroelectrics, HEMT, PZT, polarization, power, composition.
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1 Introduction

1.1 Motivation

Power electronics offer a wide range of applications ranging from power supply systems to
motor vehicle drives, fuel cell converters, inverters, and high-frequency heating. The market as a
whole was about $20 billion in 2012, and power electronics will remain one of the most attrac-
tive branches of the semiconductor industry over the next decade [1]. As in most other electron-
ics areas, silicon also has been the predominant semiconductor in power electronics to date [2].
However, wide bandgap materials like gallium-nitride (GaN) has received significant research
interest due to its unique material properties including a wide energy bandgap and high electron
mobility, which enable the operation of electron devices at higher voltages and large energy sav-
ings compared to silicon counterparts. Consequently, GaN-based high-electron mobility transis-
tors (HEMTs) featured with a two-dimensional electron gas (2DEG) are emerging as promising
candidates for high voltage, high power and high frequency applications.

Intensive investigations have been carried out on GaN-based HEMTs and significant progress
has been made. Recently the integration of lead zirconate titanate (PbZr, Ti;_, 05 or PZT) with
GaN has attracted the attention in the scientific community, because of its ferroelectric properties
such as a large remnant polarization and a large dielectric constant. However, the large lattice
mismatch between PZT and GaN makes the epitaxial growth of PZT on GaN challenging [3].
Promisingly, high quality epitaxial growth of a PZT thin film on an AIGaN/GaN HEMT has
been achieved by Dr. L. Li ef al. from the inorganic material science (IMS) group of University

of Twente, utilizing MgO as a buffer layer to overcome the lattice mismatch [4]. The schematic



cross-section of such a PZT-on-GaN ! HEMT is shown in Fig. 1.1. Their work offers an oppor-

tunity to investigate the interesting physical effects from such a PZT layer.

MgO
Gate g

Source PZT Drain

AlGaN

GaN

Fig. 1.1. A schematic cross-section view of a PZT-on-GaN HEMT fabricated by the IMS
group of University of Twente. The MgO layer was utilized as a buffer layer to overcome the
lattice mismatch between AlGaN and PZT.

1.2  Objectives

Since the epitaxial growth of PZT on an AIGaN/GaN HEMT has been challenging until the
achievement of the IMS group. Few research regarding this field have been initiated. The PZT
layer could have an influence on the output characteristics, transfer characteristics, and off-state
breakdown characteristic. For example, the large dielectric constant of PZT might be helpful to

increase the breakdown voltage (BV), which is an advantage in the high power application. If the

!'In a real device, there is another GaN buffer layer between PZT and AlGaN. This is why the de-
vices are called “PZT-on-GaN” HEMTs. This GaN layer is in principle not important for the general
functioning of the HEMT, but for the passivation and contacting. For simplicity, such GaN layer is not
shown in Fig. 1.1.



polarization of PZT can increase the 2DEG density, then a decreased on-resistance (R,,) can be
expected, which is desirable because the energy dissipation can be reduced accordingly. On the
contrary, if R, is increased, the integration of PZT could be a disadvantage. In addition, it has
not been confirmed whether PZT behaves like an insulator or semiconductor after it is integrated
in an HEMT, nor is it clear whether it can break down. Therefore, the objective of this research
is to investigate the physical effects from the PZT layer integrated on an AlGaN/GaN HEMT.
Main research questions include:

(1) Does PZT act like an insulator or semiconductor in an PZT-on-GaN HEMT?

(2) What is the effect of PZT on the on-state behavior, e.g., on-state currents, on-re-

sistance, threshold voltage, and gate leakage?
(3) What is the effect of PZT on the breakdown voltage?

(4) How does the Zr composition of PZT influence the characteristics mentioned above?

1.3 Methodology
The research methodology includes a literature survey, technology computer aided design
(TCAD) simulations using Silvaco Atlas, DC electrical characterization using the Keithley in-

struments, and data processing and analysis by Matlab.

1.4  Outline of this thesis

This thesis first provides an introduction to the topic, including the background, motivation,
objectives, and methodology (already discussed above in Chapter 0). The following contents
start with Chapter 2, a literature survey on the technology of HEMT and the properties of PZT. It
is followed by Chapter 3, a description of the process details and specifications of the samples

measured in this thesis, as well as the measurement setup. Chapter 4 discusses the TCAD simula-



tion, followed by Chapter 5 where the electrical characterization results and discussions are pre-
sented. The thesis ends with Chapter 6, the conclusions with several recommendations for the fu-

ture research. The simulation script can be found in Appendix.



2 Literature survey

2.1 Fundamentals of high electron mobility transistors

The first HEMT device was reported in 1980 [5], based on the aluminium-gallium-arse-
nide/gallium-arsenide (AlGaAs/GaAs) heterostructure. Due to the fact that AlGaAs has a lower
electron affinity, hence higher conduction band than GaAs, there is a conduction band offset be-
tween the two semiconductor layers. As a result, a potential well is formed at the hetero-interface
and the electrons are confined in this potential well, which is known as two-dimensional electron
gas (2DEG). The cross-section of the structure and the band diagram are shown in Fig. 2.1 [6].
Such devices are typically used for high frequency applications, such as for mobile communica-
tion. However, for high-voltage (power) devices used for de-dc conversion for instance wide

bandgap materials such as gallium-nitride (GaN) are interesting.
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Fig. 2.1. Schematic structure of an AlGaAs/GaAs HEMT and the cor-
responding energy band diagram [6].

Properties of semiconductor materials relevant to power devices include the bandgap (Ej),

critical field strength (E,), carrier mobility () and thermal conductivity [7]. The maximum volt-

age that can be supported by a power device before the onset of significant current flow is called



the breakdown voltage (BV'), which is governed by the avalanche breakdown phenomenon. Ava-
lanche breakdown typically occurs when the electric field within any local region of a power de-
vice approaches E, [8]. Consequently, in order to obtain a high BV, a high E, is needed. The re-
lationship between E, and E; has been derived by means of a least square method for direct-gap
semiconductors, which can be described by [9]:

E. =238 x 10% E;*®. (2.1
Ideally, HEMTs are desired to have a high breakdown voltage and low on-state resistance (R,;,),
but they cannot be achieved at the same time. The tradeoff between BV and the specific on-state
resistance Ry op 18 given by Equation (2.2) [10]

BV?

= 22
quQsE.” 22

Ron,sp =

where q is the elementary charge and Q, is 2DEG density.

2.2 AlGaN/GaN HEMTs

Compared to GaAs with a bandgap of 1.43 eV, GaN has a wider bandgap of 3.4 eV and thus a
higher critical electric field, of which the typical value is 3.3 MV/cm (330 V/um) [11]. Therefore
GaN-based HEMTs have an advantage over GaAs-based ones for high voltage applications.
Moreover, III-N materials also exhibit strong spontaneous polarization and piezoelectric effects,
which lead to a higher 2DEG density compared to similar 2DEGs in an AlGaAs/GaAs hetro-
structure.

GaN as well as AlGaN has a wurtzite crystal structure. The orientation of the GaN crystal can
be Ga-faced or N-faced, as shown in Fig. 2.2 [12]. Because of the intrinsic asymmetry in the III-
N wurtzite lattice, dipoles are formed which result in both spontaneous and piezoelectric polari-

zation. It has been found empirically that the orientation of high-quality nitride films grown by



metalorganic chemical vapor deposition (MOCVD) is typically Ga-faced. The spontaneous po-
larization (P, ) of GaN and AlGaN was found to be pointing from Ga-face to N-face [13],
meaning that for Ga-faced AlGaN/GaN heterostructures the spontaneous polarization is negative,
as shown in Fig. 2.3 [14]. Both experimental [15] and theoretical [13] results have indicated that
the piezoelectric polarization (P,,) is negative for tensile and positive for compressive strained
barriers, respectively. Since GaN has a larger lattice constant than AlGaN, the AlGaN layer
grown on the GaN layer is tensile, and accordingly Py, is parallel to P, for AIGaN barrier, as

shown in Fig. 2.3.

Ga-face N-face

[0001]

Substrate Substrate

Fig. 2.2. Schematic drawing of the crystal structure of wurtzite Ga-face and N-face GaN [12].

G; AlgGa) face Al Gﬂ P.rp Pp:
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N N
Ga AllGa
N N
Ga Al/Ga
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Fig. 2.3. Direction of spontaneous polarization (Pg,) and piezoelectric polarization (P,,) for
GaN (left) and for AlGaN (right) [14].



Therefore, besides the conduction band offset between GaN and AlGaN, P, and P, are also
involved in the formation of the 2DEG. The polarization effect of the AlGaN layer grown on a
GaN buffer induces positive polarization charges in the AlGaN layer at the AIGaN/GaN inter-
face, and negative polarization charges at the top of AlGaN layer. Thus a polarization induced
built-in electric field is formed. Consequently the energy band of AlGaN is tilted and electrons
will move towards the location with lower energy. The process is demonstrated in Fig. 2.4 [16].
When contacting the GaN layer, the electrons will flow into the GaN side and accumulate at the

interface.
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Fig. 2.4. Energy band of AlGaN which is tilted due the polarization induced elec-
tric field. The electrons then move to the lower energy position [16].

The total polarization-induced sheet charge at the AlIGaN/GaN interface is given by [17]

0 (x) = APy (x) + 2 <e31<x> — e35(x) 613(")) X (M> (2.3)

c33(x) AGan
where x is the aluminum composition of the alloy, es; (x), e35(x), c13(x), and c33(x) are the
relevant piezoelectric and elastic constants for AlyGa;_xN, AP, (x) is the difference in spontane-
ous polarization of the AlGaN barrier and GaN buffer, and a(x), as,y are the lattice constants of

AlyGa;_4«N and GaN respectively. The 2DEG density n,4 can be calculated by the charge control



model [17]. The calculation result suggests n,,; depends on Al composition x as well as the bar-
rier layer thickness t;, as shown in Fig. 2.5 [17]. As the barrier thickness is increased, n,q4 in-
creases and gradually approaches g, (x). Higher Al composition results in larger o, (x) and

larger 1,4, and n,q4 can easily reach 1013 /cm?. Typically the 2DEG density for GaN based

HEMTs is several times higher than that for GaAs based ones [18].

20 T T T T T T T T T T
- Polarization sheet charge
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Fig. 2.5. The dependency of 2DEG density on Al composition x and the barrier layer thick-
ness t,. As the barrier thickness is increased, the 2DEG density gradually approaches the po-
larization sheet charge density o, (x) [17].

23 PZT

Lead zirconate titanate PbZr, Ti;_,05 % (abbreviated as PZT) is a solid solution of PbZrO5 and

PbTi0; compounds. It has an ABO; type perovskite structure where A is a metal ion with a +2

2 Previously x has been used to represent the aluminum composition in AlIGaN. Considering the
fact that it is not convenient to adopt another symbol, thus x is also used for the composition of Zr. Read-
ers can easily tell its meaning according to the context.

9



valence (e.g., Pb) and B is a metal ion with a +4 valence (e.g., Ti, Zr). The crystal structure is
shown in Fig. 2.6 [19]. Below the Curie temperature (T¢), PZT exhibits superior ferroelectric
properties such as high remnant polarization (P,) [20], high dielectric constants &, and low coer-

cive field * [21].

UPb2r Q0% eTi*t Zr4t

T<Tc

Fig. 2.6. Perovskite structure of PZT [19].

The properties of PbZr, Ti; _, O3 depend the Zr composition and temperature, accord-
ing to a PbTiO3- PbZrO5 phase diagram [22]. The diagram indicates that there is a morphotropic
phase boundary (MPB) in the PbTiO3- PbZrO; system at a Zr/Ti ratio of about 52/48. The rem-
nant polarization (P,), saturation polarization (F;), and relative permittivity (&) are enhanced
near the MPB. It was revealed that these properties also depend on the orientation of PZT films,
as shown in Fig. 2.7 [23]. The thickness of the PZT ranged from 200 nm to 300 nm, and the
measurements were conducted in the vertical direction, i.e., along the direction of the PZT thin
film growth. It can be seen from Fig. 2.7 that both P. and P of {111}-oriented films peak near

the MPB composition. The coercive field of PZT with x = 0.52 was reported to be 40 kV/cm

3 Conventionally the coercive field is represented by the symbol E., which is in conflict with the
critical field. To avoid misunderstanding, it is clarified that E refers to the critical field in this report. In
the situation where coercive field is referenced, its full name will be used instead of the symbol.

10



[23]. The polarization-electric field (P — E’) loop of PbZr 5, Tiy 4503 was measured by Dr. L. Li
as well, but in the lateral direction, as shown in Fig. 2.8 [4]. Extracted from the P — E loop in
Fig. 2.8, P. is around 20 uC/cm?, P, is around 36 uC/cm?, and the coercive field is around 26

kV/cm.

1500
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xin Pb(Zr xTil.x)Os xin Pb(erTil_x)03

Fig. 2.7. Saturation polarization P, (a), remnant polarization P, (b), relative permittivity &, (c),
and the ratio of P, to P; (d) as functions of PZT thin film composition and orientation [23]. The
measurements were in the vertical direction, i.e., along the direction of the PZT thin film growth.

By comparing Fig. 2.7 with Fig. 2.8, it can be found that the polarization values in the vertical
direction is different from that of the lateral direction, which implies that PZT is strongly aniso-
tropic. The ferroelectric perovskites are traditionally considered insulating materials mostly due

to the ionic nature of the chemical bonds. Nevertheless, PZT has been revealed to behave like a

11



p-type semiconductor with standard Schottky contacts with metals [24]. Therefore it would

might bring interesting effects when integrated in an HEMT.

60
40
20

P (nC/em?)
o

=204

—e— 1uc
—s—7nm 1
—e— 78nm ]

40
60

200 100 O 100 200
Electric field (kV/cm)

Fig. 2.8. Hysteresis loop of PbZrg 5, Tij 4403 measured in the lateral direction by Dr. L. Li
from the IMS group [4]. Extracted from the P — E loop, . is around 20 uC/cm?, P, is around
36 uC/cm?, and the coercive field is around 26 kV/cm.
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3 Experimental

3.1 Process details

The PZT-integrated HEMT samples investigated in this research were provided by the IMS
group of University of Twente. An MgO layer was used as a buffer layer in order to achieve epi-
taxial growth of PZT on a AlGaN/GaN HEMT structure [4]. The pulsed laser deposition (PLD)
technique was utilized to produce strain free epitaxy of a monolayer MgO ultrathin buffer layer
on AlGaN/GaN, and then the subsequent epitaxial growth of PZT thin film. The crystal orienta-
tion of GaN, MgO and PZT were observed to be (0001), (111) and (111) respectively. Further-
more, the lattice constants of the PZT films was found to be identical to the bulk PZT, which in-
dicated that the PZT films grown on MgO were stress free [4]. The metals used for electrodes

were Al/Ti for source and drain while Au/Ti for gate.

3.2 Device specifications
A single HEMT sample is referred to as “device” in this report. The following parameters are
the same for all devices. The Al composition of Al,Ga;_xN is 0.2. The thickness is 20 nm for Al-

GaN and 1500 nm for GaN. The length of gate L, was fixed to 2 um. The gate width (W) is 30
pm. The devices vary in Zr composition of PbZr, Ti;_4 03, source-drain spacing (Lsg), gate-drain
spacing (Lgq) and the overlap between electrodes (source and drain) and PZT. There are three

different Zr/Ti ratios (i.e., three Zr compositions) in total, which are 20/80, 52/48 and 80/20 (x =
0.2, 0.52 and 0.80 respectively). The devices with same Zr composition are fabricated on one
chip, with each chip assigned a unique label. The investigated samples including corresponding
Zr/Ti ratios are summarized in Table 3-1. The chip with Zr/Ti ratio of 52/48 is shown as an ex-

ample in Fig. 3.1 (a).

13



Table 3-1 Summary of the investigated samples including chip labels and Zr/Ti ratios

Chip Label | Zr/Ti ratio | PZT thickness
08282016-1 20/80 100 nm
08262016-3 52/48 50 nm
08282016-4 80/20 100 nm

Each chip contains devices with Lgq ranging from 2 yum to 9 um and L, ranging from 1.5 um
to 3 um. All three chips have the identical layout of devices, as shown in Fig. 3.1 (b). Each de-
vice is labelled with three numbers separated by dash lines, which indicate the source-gate spac-
ing, gate-drain spacing and metal-PZT overlap, respectively. For instance, the device label “2-3-

1” means that Lgg =2 um, Lgq = 3 um and the overlap is 1 um.

i

000006 eco000CO0N
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(2) (b)

Fig. 3.1. The photo of the chip on a PCB (a). The mask layout of the devices on the chip (b). The
chip and its layout was provided by the IMS group (Dr. L. Li, Prof. G. Koster). The bonding was
done by T. Schut, with courtesy.

14



3.3 Measurement setup
3.3.1 On-state measurements

The on-state measurements were performed on the PM 300 probe station with Keithley 4200-
SCS, as shown in Fig. 3.2 (a). For I — V45 measurements, the source voltage (V;) was fixed to 0
V and the drain voltage (V) was swept from 0 V to 6 V and then back to 0 V (dual sweep) with a
step of 0.05 V, when the gate voltage (V) was setto -2V, -1.5V, -1 V,-0.5V, and 0 V, respec-
tively. For I4 — Vs measurements, the source voltage (V) was fixed to 0 V and the gate voltage
(V) was swept from -5 V to 5 V and then back to -5 V (dual sweep) with a step of 0.1 V, when

the drain voltage (V) was set to 0.25 V and 1 V, respectively.

(b)

Fig. 3.2. The photo of PM 300 probe station (a), Keithley 8010 (b) on the top, and Keithley
2657A (b) at the bottom.

3.3.2 Off-state breakdown measurements
The maximum voltage supply of Keithley 4200-SCS is 210 V, which was expected to be not

sufficient to measure the breakdown voltage in our HEMTs. Thus it was substituted by the

15



Keithley 2657A model, a high power system source meter, as shown in Fig. 3.2 (b) at the bot-
tom. Besides, for safety precautions, the probe station had to be replaced by the Keithley 8010
model, which provides a safe, low noise, and complete environment for high voltage measure-
ments, as shown in Fig. 3.2 (b) on top. When the lid of Keithley 8010 is lifted, the power supply
will be automatically cut off to ensure safety. Moreover, another source meter was needed to
supply a voltage to the gate for a three-terminal breakdown measurement.

However, unlike a probe station where the needles are to be positioned on the bond pads of the
devices, the measurement with the Keithley 8010 is much more complicated. The chip had to be
first glued on a PCB, and then the bond pads of the devices on the chip had to be connected to
the narrow metal stripes through wire bonding (thin Al line), as shown in Fig. 3.1 (a). The next
step was to solder one end of a wire to a hole on the PCB, according to the PCB layout. The final
step was to connect the other end of the wire to an electrode on the Keithley 8010 test board. Ob-
viously, three times of wire bonding and soldering are required for the three-terminal breakdown
measurement of each device. Considering the fact that the bonded wires are fragile and that the
breakdown could occur between the wires if they are too dense, solely the breakdown voltage of
the gate-drain diode was measured instead of the three-terminal measurement.

The Keithley 8010 was connected to the Keithley 2657A, and a communication link was built
between Keithley 2657A and a computer. The test script builder (TSB) was used to program the
instrument and perform the measurements automatically. The gate potential V, was set to 0 V and
drain potential V3 was swept from 0 V to 1500 V with a step of 0.5 V. The current limit was set

to 300 nA and the measurement would stop if it was reached.
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4 TCAD simulations
The purpose of the simulations is to investigate the physical effects induced by the PZT layer
grown on GaN in an AlGaN/GaN HEMT and provide explanations to the observed effects from
experiments. The technology computer aided design (TCAD) software used for simulations was
the two-dimensional (2-D) device simulation tool Silvaco Atlas, version 5.21.3.C. The character-
ization parameters investigate include the 2DEG density, on-state resistance (R,,), threshold

voltage (Vy,), and breakdown voltage (BV).

4.1 Model construction

ATLAS

Data from GaM_initial.str

Gate
0

o
n

Microns
n

o5 AlGan
GaM
si02
Cenductor

Fig. 4.1. The cross-section of the simulated devices.

The physical model of the simulated device was based on the real geometric size of the sample
“2-3-1” as mentioned in Chapter 3.2. The cross-section of the simulated device is shown in Fig.

4.1, where Lge =2 pum and L,q = 3 um. The thickness of PZT layer was set to 100 nm and the
g g

17



width of source and drain was 1 um. The vertical spacing of the mesh lines is 4 nm near the
PZT/AlGaN interface and 0.4 nm near the AIGaN/GaN interface. The horizontal spacing of the
mesh lines is 0.1 um. These geometric parameters above apply to all simulations discussed in
this report unless stated otherwise. To reduce the complexity of the physical model, several sim-
plifications were adopted. The overlap of source/drain with PZT was ignored. The MgO layer
was not added between PZT and AlGaN. The gate was designed as a planar electrode. Thus in

this report such simplifications are assumed not to fundamentally affect the simulation results.

PZT
OpzT
® ® @
AlGaN 0. (%)
* ) @ " @ O
N2d
GaN

Fig. 4.2. Tllustration of opzt and g, (x) of the simulated device.

The material of PZT was not found in the Silvaco library, thus it was substituted by a semicon-
ductor (germanium) , with relevant parameters modified in the “material” statement in the simu-

lation script to match the parameters of PZT. Despite the ferroelectric properties of PZT, for con-

* In the early stage of the simulation PZT was substituted by nitride. Later on both measurements
and related literature indicated that PZT behaves like a semiconductor. Therefore in the final stage of the
simulations germanium was adopted as the material for PZT in most cases.
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venience sake its physical parameters (remnant) polarization and relative permittivity were con-
sidered to be constant. To simulate the total polarization sheet charge g, (x) at the AIGaN/GaN
hetrostructure, an interface charge of 1.05 X 1013 cm™2 was added at the AlIGaN/GaN interface.
The value of o, (x) was taken from Fig. 2.5 where x = 0.2. To inspect the effects from the polari-
zation of PZT, an additional interface sheet charge was placed at the PZT/AlGaN interface
(opzT) to simulate the PZT polarization sheet charge, as shown in Fig. 4.2. Considering the fact
that the polarization of the PZT layer is subjected to an external electric field, which will be pro-
vided by gate bias in this case, gpzt Was restricted in the area under the gate electrode. In terms
of the sign of gpyt, it should be positive if the direction of PZT polarization is parallel to that of

the spontaneous polarization of AlGaN and negative if the former is antiparallel to the latter.

Table 4-1 Parameters used in Atlas simulation [26][27][28].

Parameter GaN AlGaN PZT
Affinity (eV) 431 3.82 3.5
eg300 (eV) 3.4 3.96 3.3
align 0.8 0.8 —
permittivity 9.5 9.5 600
mun0 (cm? V-1s1)5 |20 10 25
mup0 (cm?V-1s™1) |10 10 25
vsat (107 cm s~ 1) 1.9 1.1 —
nc300 (1018 cm=3) 1.07 2.07 140
nv300 (10'° cm~3) 1.16 1.16 34

3 In order to make the simulation results comparable to those of experiments, the electron mobil-
ity (mun0) of GaN and AlGaN were fitted against opy to 20 and 10 respectively, which is of course
much too low compared to reported values (900 cm?V-!s™! for GaN and 600 cm?V-!s™! for AlGaN). Possi-
bly, the contact resistance of the devices was too high.
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As for the important parameters used in Atlas simulation, the work function was set to 5.0 eV
for gate (Ti/Au) and 4.2 eV for source and drain (Ti/Al) [25]. The value of gpz1 was set to 0.4 X
103 cm™2 to make the simulation results comparable to experiments, and this value applies to
all simulations except for the simulations where opy1 was swept. The range of the sweep will be
specified in the corresponding chapter. The other parameters used are listed in Table 4-1
[26][27][28]. Fermi-Dirac model was used for the carrier statistics. The impact ionization was

assumed to occur only in GaN and Selberherr’s model was adopted.

4.2 1-V characterization

The I3 — Vg5 characteristics of the simulated PZT-on-GaN HEMT is shown in Fig. 4.3 (a).
The source voltage was set to 0 V and drain voltage was swept from 0 V to 15 V, where gate
voltage was -2V, -1 V, 0 Vand 1 V respectively. The Ig — Vg characteristics is shown in Fig.
4.3 (b). The source voltage was set to 0 V and gate voltage was swept from -10 V to 1 V, where

drain voltage was 0.25 V and 1 V, respectively.

Device simulation: Id — Vds curves Device simulation: Id — Vgs curves
0.6 0.14 -
%V =2V
V=1V 012
05 vV =0V
gs
%V =1V 01k
04r
0.08 [
< <
£ o3 £
o _© 0.06

L o L
02 5e **a&w****%%%**x—x—x—xﬂ#%** 0.04
X
%

0.02 -
0.1

Fig. 4.3. The plot of Iy — Vg5 curves for different Vg (a) and Iq — Vg curves for different Vg
(b) of the simulated PZT-on-GaN device.
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From Fig. 4.3 (a) it can be seen that the simulated device exhibits typical output characteristics
with good saturation properties. Fig. 4.3 (b) shows a typical transfer characteristics with a thresh-
old voltage around -3 V, which is close to the typical value of -4 V exhibited by depletion-mode

AlGaN/GaN HEMTs [29].

4.3 Band diagram and 2DEG density

The purpose of this simulation is to study how the polarization of PZT influences the band off-
sets of the AlGaN/GaN heterostructure and the 2DEG density. Without any bias on the elec-
trodes, opzr was swept from —3 X 1013 cm™2 to 3 X 1013 cm™2. After running the script, the
structure file was produced and then the information of band offsets and 2DEG density could be
extracted from the cutline of the structure file.

The comparison of band diagram at the AIGaN/GaN heterostructure for three PZT polarization
conditions is shown in Fig. 4.4. The three polarization conditions are “Antiparallel” for opyp =
—3 %X 1013 cm™2, “Zero” for opzr = 0 and “Parallel” for opyr = 3 X 1013 cm™2, respectively.
The distance between the conduction band and Fermi level determines the electron concentra-
tion, in particular at the AlGaN/GaN interface the electrons accumulate. The deeper the penetra-
tion of the conduction band into Fermi level, the higher is the 2DEG density. Fig. 4.4 indicates
that a PZT polarization which is parallel to the AlGaN spontaneous polarization could increase
the 2DEG density.

Furthermore, the dependency of n,4 on opyt Was extracted, as shown in Fig. 4.5. It can be
seen that n,, increases linearly when opyt increases. Since n,4q governs the on-resistance and
threshold voltage, this trend further suggests that R, and Vy;, should decrease when gpzt in-

creases parallel to spontaneous polarization of the AlGaN layer.
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—>— Fermi level
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0.01 0.015 0.02 0.025 0.03 0.035 0.04
Depth (um)

Fig. 4.4. Comparison of conduction band diagrams at the AIGaN/GaN heterostructure for
three PZT polarization conditions. The band energy was extracted from the cutline on each
structure file. The coordinates of the cutline end points are (4,0) and (4,0.1), see Fig. 4.1. The
legend “Antiparallel” stands for opzy = —3 X 1013 cm™2, “Zero” for pzy = 0 and “Parallel”
for opzT = 3 X 1013 cm™2. The black curve is the Fermi level.
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Fig. 4.5. The dependency of 2DEG density on opyzt.
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4.4 On-resistance and threshold voltage

To investigate the dependence of Ry, on Lgq, Iq — Vgs curves were plotted for Lgg =2 um, 3
um, 5 um, 7 um and 9 um respectively, as shown in Fig. 4.6 (a). The slope the fitting line in the
linear region was taken as R,y,. The relation between R, and Lgq is shown in Fig. 4.6 (b) and it
can be seen that R, increases linearly with Lgg.

The influence of PZT polarization on R, and V;, was inspected and their dependence on gpzt
are demonstrated in Fig. 4.7 (a) and Fig. 4.7 (b) respectively. Vi;, was determined using the ex-
trapolation in the linear region (ELR) method [30], i.e., finding the Vys axis intercept of the linear
extrapolation of the I — Vs curve at its maximum slope point. Both R,,, and Vi, decreases when

opzT Increases, which confirms the prediction in Chapter 4.3.

Device simulation: |, — V,_ curves for different L 15
s gd
0.4
| 14
0.35 - N
X
% 13
03f e
o
y 125
0.25 - Vg =0V =
< <
E o2t 5 "
o x
015 e bggT2 um or
—%— Lgd=3 pm
01 Lyg™5 um or
—%— Lgd=7 pm
0.05 ——Lgy=9 um 8r
0 ! 7
0 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9
Vas V) Lyg (um)
(a) (b)

Fig. 4.6. The plot of Iy — Vg4 curves for different Lgq, where Vo =0 V (a). The dependence of
Rop on Lgg (b). The reciprocal of the slope of the Igs — Vg5 curve where Vgg = 1 'V was adopted
for determining the R,,,.
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Fig. 4.7. The dependence of R, on opz1 (a). The dependence of Vy, on apzt (b).

4.5 Subthreshold swing
The subthreshold swing (S) is defined as the gate voltage required to change the drain current

by one order of magnitude, per decade, which can be expressed by

AV,

* = dlogly)”

4.1)

It reflects the easiness to switch from off-state to on-state. For the metal-oxide-semiconductor

field-effect transistor (MOSFET), S can be calculated by [31]

kT C4
S = " (In10) (1 + c_> (4.2)

(0):¢

where k is Boltzmann’s constant, q is the elementary charge, T is the temperature, Cq is the de-
pletion layer capacitance, and C,y is the gate-oxide capacitance. It has a theoretical limited of 60
mV/dec at room temperature. However for GaN HEMTs, experimental values of S have been re-
ported to be 175 mv/dec [32] and 324 mV/dec [33]. In order to obtain the subthreshold swing of
the simulated device, the Iq — Vg curves in Fig. 4.3 (b) were plotted in logarithmic scale, as

shown in Fig. 4.8. The reciprocal of the slope of the linear fitting in the subthreshold region was
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taken as S. It can be seen that S is about 112 mV/dec for Vyg = 0.25 V and 130 mV/dec for V45 =

1V.

Device simulation: Id — Vgs curves

100 T T T T T T T
100 S=129.8215 mV/dec x V=025V
» X Vds=1 \Y%
< ]
E 1010F S = 111.7434 mV/dec .
_U X 4
X
X X
X%
X X
1015 ok .
X X o xox
[ X X X % X
X
10-20 | | | | | | | |
7 6 5 4 -3 2 1 0 1
V__ (V)

gs

Fig. 4.8. The Ig — Vg plot on logarithmic scale for different different Vg5 of the simulated
PZT-on-GaN device. The linear fittings were performed in the subthreshold region. The value
of S is about 112 mV/dec for Vs = 0.25 V and 130 mV/dec for V4s =1 V.

4.6 Breakdown voltage

The breakdown voltage was investigated through simulation as well. To extract the breakdown
voltage, the devices was simulated in off-state where the gate voltage was set to -5 V and source
voltage set to 0 V. The drain voltage was swept from 0 V to 2000 V to obtain the Iy — Vg4 curve,
and the intercept with x axis where the slope of the curve is maximum was adopted as BV. The

off-state Iy — Vg5 curves for different Lgq were obtained, as shown in Fig. 4.9 (a) on linear scale
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and Fig. 4.9 (b) on logarithmic scale. It can be seen from Fig. 4.9 (a) that BV increases as Lgq in-

creases. The dependence of BV on Lgq is plotted in Fig. 4.10, which suggests that BV scales line-

arly with Lgg.
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Fig. 4.9. The off-state I§ — V45 curves on linear scale (a) and logarithmic scale (b) with Lgq =2

um, 3 um, 5 um and 7 um respectively.
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Fig. 4.10. The dependence of BV on Lggq.
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It has been reported that a GaN-based HEMT in which the metal gate overlaps a high dielec-
tric constant dielectric exhibits an increased BV [34], compared to one without the dielectric.
Thus in this report it would be interesting to investigate how the permittivity of PZT (& pz7) in-
fluences BV. However, during the simulations it was found that whether PZT is treated as semi-
conductor or insulator would lead to different results, which will be demonstrated separately in
the following paragraph.

In the case where PZT was considered as an insulator, silicon nitride was used for the PZT
layer. In addition, several geometric parameters of the model were modified, including a shift
down of the gate ® from PZT top surface to the PZT/AlGaN interface and the reduction of GaN
thickness ’ from 1500 nm to 300 nm. In the other case where PZT was viewed as a semiconduc-
tor, germanium was used for the PZT layer and the geometric parameters were consistent with
the former case. Similar to the acquisition of the off-state Iy — Vg5 curves for different Lgg, this
time Lgq was fixed to 3 um and & pzr was set to 600, 1000 and 1400 respectively. The results
are shown in Fig. 4.11, with Iy — V4 curves for different & pz1 where silicon nitride was adopted

for the PZT layer on linear scale (a) and logarithmic scale (b), and germanium adopted for the

PZT layer on linear scale (c) and logarithmic (d).

% If not shifted down, the gate will be separated from the AlGaN/GaN layer by the insulating ni-
tride.

"It was found that there would be current flowlines throughout the bulk GaN, if the thickness of
GaN remained 1500 nm, which should not be the real case. After reducing the GaN thickness to 30 nm,
the current would be limited to the narrow region near the AlGaN/GaN interface.
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Device simulation: off-state Id — Vds curves for different €
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Fig. 4.11. Off-state Iy — Vg5 curves for different & p;1 where silicon nitride was adopted for the
PZT layer on linear scale (a) and logarithmic scale (b), and germanium adopted for the PZT layer
on linear scale (c¢) and logarithmic scale(d).

It can be seen from Fig. 4.11 that BV increases as &, pzt increases when PZT is regarded as in-
sulator, while BV does not scale with & pzr when PZT is regarded as semiconductor. In order to
further investigate the reason, the distribution of the lateral electric field (E,) along the conduc-
tion channel was examined, which was extracted through a horizontal cutline near the GaN top

surface at the moment of breakdown, as shown in Fig. 4.12. The peak value of E,, in both Fig.
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4.12 (a) and (b) is around -320 V/ um, which is in accordance with the theoretical critical field of

GaN. However the distributions of E, in two cases differ from each other.

Device simulation: Ex distribustion along GaN surface Device simulation: Ex distribustion along GaN surface
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Fig. 4.12. The distribution of lateral electrical field (E,) along the conduction channel, where sil-

icon nitride was adopted for the PZT layer (a) and germanium adopted for the PZT layer (b). The

position x = 0 corresponds to the gate edge and x = 3 corresponds to the drain edge. The coordi-
nates of the cutline end points are (5,0.021) and (8,0.021) in Fig. 4.1.

In Fig. 4.12 (a) the uniformity of E, distribution is increased by a larger &, p1, thus results in
a higher BV. In other words, given the same drain voltage before breakdown, a larger & pzr
leads to a flatter distribution of E,, and smaller peak value of E,, and consequently the device
with the smallest & pz1 will first breakdown and the devices with higher &, pz1 can withstand

higher drain voltages until the critical field is reached. The similar effect has been reported as the

dielectric modulated reduced surface field (RESURF) [35].

As a comparison, in Fig. 4.12 (b) the E, distribution is almost the same for all three & pz1 con-
ditions, which is in accordance with the result in Fig. 4.11 (b) that the values of BV are close to
each other. This finding implies that the distribution of E,, is not or little subjected to the permit-

tivity of the layer deposited on AlGaN if it is conducting. Instead, it is flattened because of the
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current flow of the layer. This principle is applied in the semi-insulating RESURF to increase BV

[36] [37].
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5 Electrical Characterization

The electrical measurement results are presented in this chapter. It starts with the subsection of
functionality check of all devices on the chips, followed by the output characteristics, transfer
characteristics, and ended with off-state breakdown. In each subsection, the characterization re-
sults are analyzed and compared amongst the devices. Due to the large amount of devices and
related data, it is not practical to address all of them in this report. Therefore, certain “typical”
devices will be selected as an example. For convenience sake, the devices in the same row on a
chip will be referred to as “series”. For instance, series “2-X-1" refers to the devices with varying
Lgq while Lgg fixed to 2 um and the overlap fixed to 1 um. The comparisons will be conducted
amongst the devices within the same series, as well as the ones with the same label but on differ-
ent chips (i.e., different Zr compositions). To present a clearer view, some I — V' curves are plot-
ted in a single sweep, although they were measured in a dual sweep. Unless stated otherwise,

these I — V curves are based on data in the second half of the dual sweep.

5.1 Devices functionality check

During the initial preliminary on-state measurements it was found that not all devices were
functioning properly. In the Iy — Vs measurement, some devices did not show the gating effect,
i.e., the drain current remained almost constant and did not change with gate voltage. For the
I4 — V45 measurements, several devices exhibited a rapidly growing drain current which reached
the compliance when V3 was only 0.25 V. These deviant devices were not functional and not
suitable for the analysis. Therefore it was necessary to check the condition of all devices, and
only the ones of which both Iy — Vg5 and Iq — Vs characteristics were normal would be viewed
as properly functioning. The test results are summarized in Table 5-1. The labels in shadow rep-
resent the deviant devices that are not properly functioning. It should be mentioned that Table
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5-1 is only valid for on-state characterization before the breakdown measurements, because some

of the devices were destroyed during breakdown.

Table 5-1 Functionality check of the devices (only valid before breakdown measurement). Refer
to Fig. 3.1 (b) for the chip layout.

08282016-1 (100 nm 20/80)
2-5-1 2-3-1
2-5-0.5 2-3-0.5
1.5-4-0.5

3-3-0.5 3-2-0.5
3-3-1 3-2-1

| 2-3-05 |
| 1.5-4-0.5 |
| 3405 | 3-3-05 |
|

2-2-0.5
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5.2 Output characteristics

Devices in series “2-X-1"" on chip “20/80” and “52/48” are taken as an example to illustrate
the output characteristics of the PZT-on-GaN HEMTs. The results for chip “20/80” are shown in
Fig. 5.1. The comparison of I4 — Vy4s curves of series “2-X-1" is shown in Fig. 5.1 (a), with a
dual sweep of V4 from 0 V to 6 V and then back to 0 V. For device “2-3-17, the I — V45 and
Iy — Vg5 curves at different Vg are shown in (b) and (d), respectively, together with the extraction

of Ry, in (c). Similarly, the results for chip “52/48” are shown in Fig. 5.2.
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Fig. 5.1. The overview of the output characteristics of the measured devices on chip “20/80.

The comparison of I — V45 curves of series “2-X-1"" is shown in (a) with a dual sweep of V4,

where Vos =-1.5 V. The Ig — Vg5 curves of device “2-3-17 at different V5 are shown in (b), to-
gether with the extraction of R, in (¢) and Iy — Vys curves in (d).
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Fig. 5.2. The overview of the output characteristics of the measured devices on chip “52/48.
The comparison of I — V45 curves of series “2-X-1"" is shown in (a) with a dual sweep of V4,
where Vo =-1.5 V. The Ig — Vg5 curves of device “2-3-17 at different V5 are shown in (b), to-

gether with the extraction of R, in (¢) and Ig — Vg5 curves in (d).

It can be seen in Fig. 5.1 (a) that the five devices in series “2-X-1" on chip “20/80” exhibit
typical Iy — Vg5 characteristics with both a linear region and saturation region. Moreover, a devi-
ation can be found between the two curves within a dual sweep, and such difference is more ob-
vious for devices with a shorter Lgq. This could be related to the flip of the horizontal polariza-
tion of PZT, which is caused by the direction change of the lateral electric field at the turning

point of the dual sweep. Since Vs is the same for all devices in series “2-X-17, the lateral electric
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field can be higher for devices with shorter Lgq, and thus results in stronger influence on the hor-
izontal polarization. For device “20/80 2-3-1”, the saturation current is around 0.09 mA, which is
comparable to the simulation result in Fig. 4.3 (a). In Fig. 5.1 (b) the saturation current is increas-
ing with Vs, however the intervals between the adjacent curves are not identical. Fig. 5.1 (d)
shows a low gate leakage, which suggests that PZT can be conducting. According to Fig. 5.1 (c),
R,y is calculated as 11.0 kQ at Vg = -1.5 V. Since the gate with is 30 um and the device pitch for
“2-3-17is roughly 7 pum, Ryp g 18 calculated to be 23.1 m(Q - cm?.

However, the I — V45 curves for devices on chip “52/48” in Fig. 5.2 (a) do not show a satura-
tion behavior. Instead, I continues to increase when Vg, is beyond the saturation point. This ob-
served trend is very likely to be linked to the channel length modulation (CLM) effects. The
CLM effect for AlGaN/GaN HEMTs has been reported and modeled in related researches [38].
Compared to Fig. 5.1 (d), Fig. 5.2 (d) shows a much higher gate leakage, which increases line-
arly with Vy,. The same behavior is also observed for the other series on chip “52/48”. Compar-
ing Fig. 5.2 (b) to (d), it can be seen that for device “2-3-1" at Vgs =6V, I4 is around 0.11 mA
while I, already reaches -0.016 mA, which accounts for almost 15% of 4. This finding implies a
substantial conduction current flow through PZT for devices on chip “52/48”, which obviously is
not desired. According to Fig. 5.2 (¢), Ry, for device “52/48 2-3-1" is calculated as 23.4 kQ) at
Vgs = -1.5 V, which is almost twice the value of device “20/80 2-3-17".

The on-resistance of the other devices in series “2-X-1"" on chip “20/80 are calculated the
same way as device “20/80 2-3-1” shown in Fig. 5.1 (¢). The function of R,,, on Lgg is plotted in
Fig. 5.3. It can be seen that R, scales with Lgq when Lgq is larger than 5 um. Nevertheless, it

remains to be the same when Lgq is below 5 um, which is contradictory to both theoretical analy-

sis and the simulation result presented in Fig. 4.6 (b). Possible explanations could be that there
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was a misalignment of the masks during the lithography process and the real geometric size may
not be what was expected. It could also be that a large lateral electric field induced by a short Lgg
alters the horizontal polarization of PZT and thus influences the 2DEG density. In addition, a
variable contact resistance could severely affect this trend. Consequently, R, stops scaling

down with Lgg.
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Fig. 5.3. The function of Ry, on Lgq for series “2-X-17 on chip “20/80”, with Vs =-1.5 V.

Devices on chip “80/20” have similar output characteristic to those on chip “20/80”. The ex-
tent of CLM effect is between the devices on chip “20/80 and “52/48”. For device “80/20 2-3-

0.5, the gate leakage has a magnitude of 10™> mA and R, is around 20.7 kQ when Vs = -1.5

gs —

V.
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5.3 Transfer characteristics

In consistence with the previous characterization, the same devices are taken as an example to
illustrate the transfer characteristics of the PZT-on-GaN HEMTs. The comparison of Iq — Vg
curves of the devices in series “2-X-1" are shown in Fig. 5.4 (a) for chip “20/80” and Fig. 5.4 (b)
for chip “52/48” respectively, where V45 = 0.25 V. To investigate more parameters, device
“20/80 2-3-1" and “52/48 2-3-1” are selected for illustration purpose. For device “20/80 2-3-17,
the characterization results are summarized in Fig. 5.5, with the Iq — Vg curves at different Vg
on linear scale in (a) and logarithmic scale in (b), the Ig — Vi curves at different Vys in linear
scale in (d) and logarithm scale in (e), the plot of gy, as a function of Vs in (c), and the plot of

logq0(Iq) — Vgs for calculation of S in (f). The data for device “52/48 2-3-1" are shown the same

way in Fig. 5.6.
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Fig. 5.4. The comparison of Iy — Vg curves of the devices in series “2-X-17 for chip “20/80” (a)
and “52/48” (b) with a dual sweep of V5, where Vs = 0.25 V.
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Fig. 5.5. The overview of the transfer characteristics of device “20/80 2-3-17. Iy — Vg curves for

different Vg5 on linear scale (a) and logarithmic scale (b). Ig — Vs curves for different Vg on lin-

ear scale (d) and logarithmic scale (e). g as a function of Vg (). logyo(Ig) — Vgs curve for cal-
culating S (f).
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Fig. 5.4 shows that the devices exhibit a typical I — Vs characteristic when Vg is lower than
1 V. Some devices shown an obvious deviation of the two curves within a dual sweep and the
shape resembles a hysteresis loop, but other devices show little deviations. Therefore, it is diffi-
cult to confirm whether it is caused by the changing polarization of PZT or random measurement
errors/process variation. For device “20/80 2-3-1” in Fig. 5.5 where V35 =0.25 V, Vi, 1s about -
2.7 V and the saturation current is about 0.026 mA. For device “52/48 2-3-1” in Fig. 5.6, Vi, is
about -2.5 V and the saturation current is about 0.022 mA. The measured threshold voltages are
close to the simulation results of -3 V in Chapter 4.2. It should be mentioned that the ELR
method is still adopted here to the determine V;;,. However, as can be seen in Fig. 5.5 (¢), g, is @
multi-extreme value function of Vg, and some other devices show the same behavior. In such sit-
uation, the first appeared extreme value is taken.

Further, Fig. 5.4 shows that I3 begins to drop when Vg is beyond 1.4 V. The cause can be
found in Fig. 5.5 (d) and Fig. 5.6 (d), where I; suddenly rises when Vg is around 1.4 V. Further-
more, by checking Fig. 5.5 (d) and (e) together, it can be confirmed that the I; — Vg curve has a
typical rectifier diode feature. This behavior has been reported as “diode forward turn on” [39] in
a conventional AlGaN/GaN HEMT without PZT, where the gate (anode), AlGaN/GaN layer and
drain (cathode) form a Schottky barrier diode (SBD). When Vs is beyond the diode forward turn-
on voltage (Vi) which is typically between +1 V to +2 V, the SBD will be in forward operation.
For the case of the PZT-on-GaN HEMTs the PZT layer acts as a semiconductor and therefore in
this material an SBD can be formed [40] [41]. For the PZT-on-GaN HEMTs in this report, Vg is
around 1.4 V. The occurrence of the “diode forward turn on” behavior in PZT-on-GaN HEMTs
indeed confirms that PZT is conducting, because the carriers have to cross through the PZT

layer.
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Another peculiar phenomenon is the leakage current of the “52/48” devices observed in Fig.
5.6 (a) and (b), where Iq is still substantial despite the fact that Vg is below -3 V. In addition, Iy
decreases with increasing Vys when it is below -3 V. Correspondingly in Fig. 5.6 (d) and (¢) I is
relatively high. Since Fig. 5.5 (d) and (e) have revealed an SBD between the gate and drain, it
should be switched off under reverse bias. Based on this point, the non-zero part of I, in Fig. 5.6

(d) and (e) could originate via another conduction path.

(fOV T—SV O.ZSVT

ot ~
PZT 1
OCOSONIT
GaN h* Lh*_h*
AlGaN

@ @ @ @«®Wa @

GaN

Fig. 5.7. The description of the hole induced gate leakage hypothesis. A Schottky barrier di-
ode has formed between gate and drain. In a real device, there is a very thin GaN layer be-
tween the PZT layer and the AlGaN layer. When Vs = -5V, opzr is estimated to be -5 X
10'* cm™2. Therefore, holes could accumulate in the thin GaN layer and form a conduction
channel with PZT.

Therefore, a hypothetical “hole induced gate leakage model” has been proposed in this report
to explain the behavior of devices on chip “52/48” described above. The model is shown in Fig.
5.7. The SBD which will be switched off when Vs < 1.4 V. Considering the vertical coercive
field is roughly 40 kV/cm (4 V/um, see Chapter 2.3) and the thickness of PZT is 50 nm, then the
voltage drop over the PZT layer required to convert the direction of PZT polarization is 0.2 V.

Therefore when Vg = -5 V the vertical polarization of PZT should be pointing towards the gate,
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thus opyt Will be negative. The value of gpyt for devices on chip “52/48” can be estimated from
the saturation polarization (F;) of PZT with the 0.52 Zr composition, which is roughly 80
uC/cm?, see Fig. 2.7 (a). Therefore opyy is estimated to be -5 X 101* cm™2. Because of the neg-
ative and large gpyzt, holes can accumulate in the thin GaN layer and then form a conduction
channel with PZT, which could be the origin of the gate leakage. This explanation is self-con-
sistent with the fact observed in Fig. 5.6 (a) that I decreases with increasing Vg when Vg < -3
V, since an increasing gate voltage will reduce the number of holes at the conduction channel. As
a comparison, the saturation polarization of PZT with 0.2 Zr composition is reported to be half
the value of PZT with 0.52 composition. Therefore, in this case gpzt may not be strong enough
to make the holes accumulate and I is close to zero.

In terms of subthreshold swing, S is around 88 mV/dec for device “20/80 2-3-1”, which is
comparable to the theoretical limit of 60 mV/dec and the simulation result of 112 mv/dec. This
result suggests that device “20/80 2-3-1" has a satisfactory switching characteristic. For device
“52/48 2-3-17, theoretically S cannot be calculated because Vy, is out of the linear region. How-
ever, if ignoring the limitation by V4, S incredibly large around 2729 mv/dec, which could be

caused by the dramatically high gate leakage current, obviously not desired.
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5.4 Off-state breakdown
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Fig. 5.8. Breakdown voltage measurement of device “2-3-1"" and “2-5-1" on chip “20/80”. The
measured Ig; — Vg curves on linear scale (a) and logarithmic scale (b).
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Fig. 5.9. Breakdown voltage measurement of device “2-3-1" and “2-5-1" on chip “80/20”. The
measured Igg — Vg curves on linear scale (a) and logarithmic scale (b).

It was found that breakdown measurement was destructive and the devices were destroyed af-
ter breakdown. In order not to destroy all devices, only four devices were measured. Due to the

complexity of wire bonding and the Keithley instrument used for the measurement, the gate-
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drain breakdown was measured instead of a three-terminal breakdown. The breakdown voltage
measurement result is shown in Fig. 5.8 for devices on chip “20/80” and Fig. 5.9 for devices on
chip “’80/20”, with Iqg — V4g curves on linear scale in (a) and logarithmic scale in (b). A current
criterion of 0.1 mA is used for defining BV, i.e., the Vg where I4g reaches 0.1 mA is adopted as
BV. The results are BV =483 V, 421V, 382 V and 330 V for device “20/80 2-3-17, “20/80 2-5-
17, “80/20 2-3-0.5 and “80/20 2-5-0.5” respectively.

However, a two-step breakdown can be observed from Fig. 5.8 and Fig. 5.9, as well as a poor
scaling of BV with Lgq, which could be caused by degradation of the device or poor edge termi-
nation (see Fig. 3.1 (b)). The possible poor edge termination could be attributed to the rectangu-
lar mask layout designs. Therefore, more dedicated test structures are needed to have a better re-

sult and analysis. To confirm whether the PZT layers can increase BV, a reference device with-

out PZT is needed.
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Fig. 5.10. Summary of BV of HEMTs with various Lgq from literature [43].
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According to related literature, BV has been observed to be 1370 V with Lgq = 18 um and W
=100 pum [42] and 1402 V with Lggq = 20 um and W = 200 pm [43]. More results of BV for vari-
ous Lgq from literature are summarized in Fig. 5.10. The comparison of the BV observed in this

report and from literature is shown in Table 5-2.

Table 5-2 Comparison of breakdown voltages observed in this report and those from literature.

From experiments of this report

From literature

20/80 80/20

Lo 3 5 3 5 | 5] 18] 20

BV (V) 483 | 421 | 382 | 330 [ 300 | 1370 | 1402
BV/Lgq (Vium) | 1610 | 842 | 127 | 66 |60.0] 76.1 | 70.1

As can be seen from Table 5-2, the ratio of BV/Lgq is much lower than the ideal GaN theoreti-
cal critical field (E. = 330 V/um). Possible explanations could be the imperfections arising out of
the growth of GaN [44]. In addition, E, for the lateral breakdown may not be as high as 330
V/um due to the anisotropic property of GaN. Nevertheless, in terms of BV/Lgq ratio, the results
of device “20/80 2-5-1" and “80/20 2-5-1" are close to the reported values from literature, and

the ratios of the other two devices are higher.
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5.5 Summary
A comparison of R,,, for various devices are summarized in Table 5-3, where the label “Dif-

ference” is defined as AR, = Ronyvgs=-15v = Ronyge=0v- For all devices, it can be found that

ARy, > 0, in other words, R,, reduces with V;

os» Which is in agreement with theory. Furthermore,

a clear trend is that AR,,(52/48) > AR,,(80/20) > AR,,(20/80) and that R,,(52/48) is almost

halved when V¢ increases from -1.5 V to 0 V. This reduction is very likely to be related to the

PZT polarization, besides the increasing Vgs.

Table 5-3 Comparison of R, for various devices

231 2-5-1
R, (kQ) Vgs =_-15V Vgs =0V | Difference Vgs =-15V Vgs =0V | Difference
20/80 11.0 9.9 1.1 10.8 9.8 1.0
52/48 23.4 11.9 11.5 23.3 10.7 12.6
2-3-0.5 2-5-0.5
R, (kQ) Vgs =-15V Vgs =0V | Difference Vgs =-15V Vgs =0V | Difference
80/20 20.7 16.1 4.6 16.2 12.7 3.5

As described in Chapter 5.3, opzr should be negative and correspond to Ps when Vg =-1.5 V.
When Vg is increased to 0 V, apzt should be still be negative and correspond to F.. Therefore, a
larger difference between Py and B corresponds to a larger difference between opzr when Vgg = -
1.5 V and opz when Vs = 0 V. According to the simulation results in Chapter 4.3 and Chapter
4.4, opyt 1s proportional to ny,gq which governs R,,,. Consequently, a larger difference between P
and P results in a larger decrease of Ry, when Vg is increased from -1.5 V to 0 V. Fig. 2.7 (d)
suggests P./P;(52/48) < P./P;(80/20) < P./P;(20/80). Together with Fig. 2.7 (a) and Fig. 2.7 (b),
it can be calculated that P, — P.(52/48) > P, — P.(80/20) > P, — P.(20/80), which is in agreement

with the trend of AR, (52/48) > AR,,(80/20) > AR,,(20/80).
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A comparison of the extent of CLM effect, gate leakage, and Vy;, is summarized in Table 5-4.
The compared devices are “20/80 2-3-17, “52/48 2-3-1”, and “80/20 2-3-0.5”. Table 5-4 suggests
that the device with the Zr/Ti ratio of 52/48 has the severest CLM effect, the largest gate leakage

in both Iy — Vys and I — Vg characteristics. Furthermore, it also exhibits the largest difference

of Vi, between the two sweep directions, which could be caused by the PZT polarization.

Table 5-4 Comparison of the CLM effect, gate leakage, and V4, of three devices.

Extent Magnitude of I, Magnitude of I,
. Vin (first | Vi, (sec- .
of CLM | inl, — V4 curve in I; — Vg curve
g half) ond half)

effect when Vg, = 6V when Vgs <V

;‘_’;ﬁ) Low 107° mA 2.7V 27V 107° mA
| High 1072 mA 33V | 25V | 102~10"'mA
Y20 | Medium 1075 mA 23V | 27V | 10°~10°mA
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6 Conclusions and recommendations

6.1 Conclusions

Novel PZT-on-GaN HEMTs were investigated in this work. Through literature study, it has
been found that the polarization of PZT in the vertical direction differs from that in the lateral di-
rection, which implies that PZT is strongly anisotropic. PZT thin films with 0.52 Zr composition
have been reported to have the largest P. and P, as well as the largest difference between the two
values.

The devices were simulated using Silvaco TCAD. The simulation result of band diagram sug-
gests that a PZT polarization which is parallel to the AIGaN spontaneous polarization can shift
down the conduction band energy near the AlIGaN/GaN interface, thus increase the 2DEG den-
sity. Furthermore, it has been found that n,4 scales linearly with gpzt, which in turn tunes R,
and V. Through the simulation of breakdown voltage, BV was observed to increase with the
permittivity of PZT (dielectric RESURF) when it was regarded as an insulator, due to a flatter
lateral electric field distribution caused by a higher & py7. While BV remained almost the same
(semi-insulating RESURF) when PZT was regarded as a semiconductor.

PZT has been confirmed to be conducting by I — V measurements. A deviation was observed
between the two I3 — V45 curves within a dual sweep, which could be related to the flip of the

horizontal polarization of PZT. By comparing the difference of R, between Vo5 =-1.5 V and Vg

=0V, it has been found that AR, was the largest for 0.52 Zr composition, which can be ex-
plained by its largest difference between P, and F;.

A typical Schottky barrier diode characteristics was observed from Iy — I

s curves. The de-

vices with 0.52 Zr composition exhibited the highest gate leakage and strongest CLM effect,
while the devices with 0.2 Zr composition showed the lowest gate leakage and weakest CLM
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effct. A hypothetical “hole induced gate leakage model” has been proposed to explain the sub-
stantial gate leakage below the threshold voltage for 0.52 Zr compostion. The deviation between
the two Iq — Vs curves within a dual sweep was observed in most devices, which could be linked
to the different PZT polarization in the two sweep directions. A multi-peak gy, — Vg5 behavior
has been observed in most devices.

The gate-drain breakdown voltages have been measured, which ranged from 330 V to 483 V.

The BV/Lgq ratios were comparable to, or even better than those from literature. A two-step
breakdown and a poor scaling of BV with Lggq were observed in Iqg — Vgg curves. More dedi-

cated test structures are needed to have a better result and analysis. To further investigate
whether the PZT layer can increase the BV of the device, a reference device without PZT is nec-

essary.

6.2 Recommendations

It is recommended that the reference devices without PZT should be fabricated in the future
research, in order to have a direct comparison. Besides, it is unknown whether the PZT layer can
breakdown. Therefore, the breakdown voltage of the PZT layer in both lateral and vertical direc-
tion should be measured with dedicated test structures. Further, the vertical polarization parame-
ters of the PZT layer should be measured with special test structures, which can be used for anal-
ysis. To have a better result of R,,,, contact resistance of the devices should be measured with
dedicated test structures and then deducted from the total resistance. To have a better result of
BV, it is recommended that the rectangular mask layout should be replaced by those with a cylin-
der shape to avoid the possible poor edge termination. The samples investigated in this report
were fabricated in 2016, thus degradation could occur. Therefore, the preparation of the samples

should be arranged close to the time when measurements are planned. Finally, considering the
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fact that wire bonding is fragile, it should be avoided if possible. A recommendation is to add
metal interconnect ions on the chip during fabrication, which extend to the edge and can be eas-

ily connected to a customized PCB.
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Appendix
Deckbuild simulation input
go atlas

# AlGaN/GaN HEMT with tAlGaN=20nm, tGaN=1500nm, tPZT=100nm, Lgd=3 micron
set tPZT=0.1

set gdspacing=3

# pz refers to the net polarization charge at AlIGaN/GaN interface

set pz=1.05¢e13

# pzPZT refers to the PZT polarization charge at bottom surface of PZT

set pzZPZT=0.4¢13

set meshratio=0.5

mesh space.mult=1.0 width=30

# Define mesh in horizontal direction
x.mesh loc=0.00 spac=0.2

x.mesh loc=1.00 spac=0.1
x.mesh loc=3.00 spac=0.1
x.mesh loc=5.00 spac=0.1

x.mesh loc=5+$gdspacing spac=0.1
x.mesh loc=6+$gdspacing spac=0.2

# Define mesh in vertical direction

y.mesh loc=-1*$tPZT spac=0.01/$meshratio
y.mesh loc=0 spac=0.002/$meshratio
y.mesh loc=0.02 spac=0.0002/$meshratio
y.mesh loc=1.52 spac=0.5/$meshratio
y.mesh loc=1.62 spac=0.004/$meshratio
y.mesh loc=3.0  spac=0.15/$meshratio

region num=I1 material=algan y.min=0 y.max=0.020 x.comp=0.2
region num=2 material=gan y.min=0.020 y.max=1.52 substrate
region num=3 material=oxide y.min=1.52

region num=4 material=germanium y.min=-1*$tPZT y.max=0

# Define electrodes

electr name=gate x.min=3 x.max=>5 y.min=-1*$tPZT y.max=-1*$tPZT

electr name=source x.min=0 x.max=1 y.min=-1*$tPZT y.max=0.1

electr name=drain x.min=5+$gdspacing x.max=6+$gdspacing y.min=-1*$tPZT y.max=0.1
electr name=substrate bottom

interface charge=$pzPZT s.s y.min=0 y.max=0 x.min=3 x.max=>5
interface charge=$pz s.s y.min=0.02 y.max=0.02
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models print sth fermi incomplete

# Adjust material parameters

material material=gan affinity=4.31 mun0=20 eg300=3.4 NC300=1.07e18 nv300=1.16e19 \
mup0=10 vsatn=1.9¢7 align=0.8 permittivity=9.5

material material=algan affinity=3.82 mun0=10 eg300=3.96 NC300=2.07¢18 nv300=1.16e19 \
mup0=10 vsatn=1.1e7 align=0.8 permittivity=9.5

material material=germanium eg300=3.3 mun0=25 mup0=25 affinity=3.5 permittivity=600
NC300=1.4¢20 NV300=3.4¢20

impact selb material=gan

# Adjust workfunction gate

contact name=gate workfunction=5
contact name=source workfunction=4.2
contact name=drain workfunction=4.2

# Variables which should be plotted in case of TonyPlot
output con.band val.band band.param flowlines charge traps \
e.mob h.mob e.vel ex.vel ey.vel h.vel hx.vel hy.vel gss polar.charge

# Start calculations

method gummel newton gum.init=5 single carriers=0 autonr
solve  init

save outfile=HEMT _initial.str

tonyplot HEMT initial.str

HH T T R T
# Calculation of I-V curves, omitted here #

HHHEHHHHHIH

quit
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