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ABSTRACT

Evaluating the MIS- and Schottky- Gate Structures for N-polar GaN-HEMTSs

Wenjian Liu

GaN-based high electron mobility transistors (HEMTs) and monolithic microwave
integrated circuits (MMICs) have emerged as a leading technology for power amplification at
high frequency. N-polar GaN-based HEMTs are very promising to achieve high output power
and high efficiency for solid-state millimeter wave power amplifiers. The advantages come
from both the GaN material, and the polarization engineering enabled by the N-polar
orientation. Harnessing these advantages, Romanczyk et al. reported a record-high 8.84
W/mm power density at 94 GHz from a N-polar GaN deep-recessed HEMT with a SiN gate
dielectric.

To further boost the high-frequency and high-power performance in N-polar GaN
HEMTSs, improving the gate structure is critical to enhancing both stability and gain during
device operation. This dissertation is devoted to the evaluation of gate structures on N-polar
GaN including MIS- and Schottky structures. Part of the evaluation is conducted through the
MIS-capacitor and Schottky diode structures to understand the interface properties. Another
part of the evaluation wis in the form of N-polar GaN deep recess HEMTSs to pursue the high
performance at 94 GHz.

A series of MIS- capacitors consisting of SiN and AISiO with different thicknesses on
N-polar GaN were fabricated to investigate their interface states. An improved model

combining the effects from interface states and bulk hole traps is proposed to extract the
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interface state density accurately. Based on the model, the Dit can be obtained by extrapolating
the trap density to a zero-thickness dielectric. The average Dit value and the bulk trap
parameters can be thereby quantified. The results, model and analysis presented provide new
insights into studying Dit of various dielectrics on GaN and other wide-bandgap
semiconductors.

Schottky barrier diode of ruthenium (Ru) deposited by atomic layer deposition on N-
polar GaN was investigated. The Schottky diodes showed near-ideal thermionic current
behavior under forward bias and reverse bias at various temperatures. The barrier height was
extracted to be 0.77 eV at room temperature. The combination of the 0.77 eV barrier and
thermionic current characteristic resulted in < 2 pA/cm? reverse current at -5 V, which is a
record-low value for N-polar GaN Schottky diodes.

ALD Ru gate was adopted into the N-polar GaN deep recess MIS- and Schottky
HEMTSs. The ALD Ru effectively fills the narrow T-gate stems aiding realization of shorter
gate lengths with lower gate resistance than in prior work. For the ALD Ru MIS-HEMTS, the
gate length was scaled down to 48 nm resulting in the demonstration of a record-high 8.1 dB
linear transducer gain measured at 94 GHz by load-pull techniques. This increased gain has
enabled a record 33.8% power-added efficiency (PAE) with an associated output power
density (Po) of 6.2 W/mm. The Ru/N-polar GaN Schottky-HEMT operating at W-band has
also shown good large signal performance. The fabricated Schottky HEMT with Lg of 60 nm
has a high peak extrinsic transconductance of 798 mS/mm with a gate leakage in pinch-off
below 3 x 10* A/mm at Vps = 5V. The Schottky-HEMT shows high PAE of 27.1% and Po of
4.87 W/mm at 94 GHz and Vps,o = 16V. The peak PAE is 31.8% with associated Po of 3.31

W/mm at Vpsq = 12V.
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Chapter 1. Introduction and Motivation

In this chapter, the introduction of the development from Gallium Nitride (GaN) materials to
the N-polar GaN high electron mobility transistors (HEMTS) are presented. In addition to its
revolutionary impact on photonics, GaN-based material system has also emerged as a leading
technology in electronics targeting high power and high efficiency applications. At mm-wave
frequency (30GHz-300GHz), N-polar GaN deep recess MIS-HEMTs stands out with
exceptionally high output power density and high efficiency through continuous
improvements in epitaxial structure and device design. With these optimizations, this
dissertation moved further on and focuses on evaluating different gate structures on N-polar

GaN and their utilizations in deep recess N-polar GaN HEMTs.

1.1 GaN Material System and Applications

GaN is a direct bandgap I11-V semiconductor, consisting of group-I11 element Gallium
(Ga) and group-V element Nitrogen (N). In its common wurtzite crystal structure, GaN has a
bandgap of 3.4 eV at room temperature, which has enabled many applications in photonics
and electronics. In photonics, GaN in combination with InGaN enabled blue light emission
and led to the invention of blue light emitting diodes (LED), which revolutionized the lighting
and display industry [1-3]. When GaN is alloyed with other group-11l elements Al and In,
GaxAlyIn;N (x+y+z=1) is formed and can be grown epitaxially. By adjusting the composition
of Ga, Al, In, the bandgap of GaxAlyIn;N can span from 0.6 eV (InN) to 6.2 eV (AIN) [4-6].
This bandgap range covers the light emission spectrum from infrared to deep UV as shown in
Fig. 1.1. With the technological advancement made in GaN-based LEDs, the lighting industry

has produced efficient and high-brightness LED products for indoor and outdoor lighting,



automotive lighting, disinfecting lighting and displays. Furthermore, driven by strong demand
in smart watches, mobile phones, TVs, augmented reality and virtual reality, advanced display
using micro-LED (u-LED) is predicted to soar from 0.6 billion dollars in 2021 to 21.2 billion

dollars in 2027 according to the Research and Markets report [7].
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Figure 1.1 Bandgaps of wurtzite GaN, AIN and InN and their alloys versus their lattice

constant at 300K [6].

Along with the improved material quality, reduced cost and enormous applications of
GaN photonics, the relatively mature Ga-polar GaN-based material system has also been
widely deployed in electronic devices, mainly for power conversion and radio frequency (RF)
solid state power amplification [8-10]. As listed in Table 1.1, GaN has outstanding properties
for high power and high-efficient electronic devices. Compared with other semiconductors
such as Si, GaAs and SiC, the 3.4 eV bandgap helps GaN electron devices operate at high
temperature, survive higher critical electric field and hold higher voltage for the same spacing.
In a typical AlGaN/GaN high electron mobility transistor (HEMT) structure, a polarization

charge is induced by the AlGaN/GaN interface, and a two-dimensional electron gas (2DEG)

2



is induced in GaN. The 2DEG has a high sheet charge density, in the order of 10** cm, high
electron mobility of ~ 2000 cm?/ (V s) and saturated electron velocity of ~2.5 x 107 cm/s. The
high sheet charge density, high electron mobility and saturated electron velocity result in high

current density and low on-resistance in GaN-based transistors.

Table 1.1 Material properties of related to power performance for different semiconductors

[8,11]
Eg(eV) | & Un(cm?/Vs) V(107 cm/s) | Exr(MV/em) | @(W/cm K)
Si 11 11.8 1350 1.0 0.3 15
GaAs 142 13.1 8500 1.0 0.4 0.43
4H-SiC 3.2 10 700 2.0 3.0 3.3-4.5
GaN 3.4 9.0 1200 (Bulk) 25 3.3 1.3
2000 (2DEG)
B-Ga203 4.9 10 300 11 8.0 0.11

GaN applications in power devices:

During electric power conversion from DC/AC to DC/AC, the switching behavior of
power electronics (typically in the frequency range of kHz to MHz) is not 100% electrically
efficient and will cause conversion loss. The conversion loss occurs in on-state, off-state and
on-off transitions. The loss is manifest in the form of heat and requires cooling systems. The
inefficient conversion decreases the battery life, needs more power generation, and could
potentially worsen global warming issue.

To achieve high efficiency during the power conversion, two basic requirements for
transistors are high breakdown voltage (Vur) and low on-state resistance (Ron) [12]. For a given

power needed to be transmitted, a high voltage implies a low current. With a low current, less



IR power is wasted as heat. For devices with a combination of low on-state resistance and
low switching capacitances, there will be less power consumed by the transistor itself during
the transition and on-state. Therefore, three characteristics -- high breakdown voltage, low
capacitance, and low on-state resistance, will make the transistors switch more energetically
efficient. GaN material system can be made into various device structures and achieve these
requirements due to its high critical electric field, high mobility, and high charge density.
Several high-efficient commercial GaN power electronics have entered the market, such as
miniaturized mobile device charging adapter, data center power supplies, etc. There is also
significant potential for GaN power electronics used in the power management of electrical

vehicles as GaN power devices are competitive with Si-based and SiC-based power devices.

GaN applications in RF power amplifiers:

While GaN power devices are typically used at frequency up to ~10 MHz, GaN
radiofrequency (RF) devices usually operates at higher frequency up to hundreds of GHz. As
the frequency increases, the power generation is becoming more and more challenging
especially at mm-wave frequencies. The combination of high current density, high critical
electric field and high electron mobility and velocity makes GaN well-suited for power
amplification at high frequency. Through a literature survey, the GaN HEMTSs have been
compared with other compound semiconductors in RF power amplification. As shown in Fig.
1.2, GaN in chip-level can generally provide higher output power than GaAs and InP at the

same frequency [13].
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Figure 1.2 Chip-level Output power density versus frequency for GaN, InP and GaAs from

literature [Credits to Dr. Brian Romanczyk and Dr. Matt Guidry]

Power amplification at high frequency requires several metrics to evaluate the device
performance. There are four typical parameters used widely as criteria: 1) current gain cut-off
frequency fr; 2) power gain cut-off frequency fmax; 3) output power density, Po; 4) power
added efficiency, PAE. fr and fmax are small-signal figures of merit. Intrinsic fr can be

mathematically expressed as:

1 v
fT,int = Py = (1.1)

T 2mLlg

where zis the electron transit time from source to drain, v is the velocity of electron travelling
through the gate and L is the gate length. fr reflects the time needed for electron travelling
from source to drain and can limit the speed of device operation. fr can also be expressed in
the language of capacitance and resistance. From the experimental data, fr will be extracted
when the magnitude of measured small signal short-circuit current gain /h21/? is extrapolated
to unity (0 dB) following -20 dB/dec line versus the frequency. Effectively scaling down Lg

will reduce the transit time and increase the fr.
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fmax is defined as the frequency where the Mason’s unilateral power gain (U) becomes unity
(0dB). In a field effect transistor device circuit model, the fmax can be derived as the formula
below:

f
fmax = L
J4U@+R9+Rdg

Rgs

(1.2)

+2T[fTRgng

From experimental measured small signal results, fmax can be obtained through the fitting line
of U versus frequency with -20 dB/dec line. High f;, small Rs, small Rq and high Rgs is
beneficial to obtain high fmax.

Typical power amplifiers operate at large signal with large voltage and current swing.
Po and PAE reflects the large signal performance of devices. Output power Po can be

approximately calculated as:

1
Py = 1 (VDS,Q — Viknee)lknee (1.3)

where Vps is the quiescent voltage, Vinee IS the knee voltage and lknee iS the maximum
saturation drain current during the device operation at the frequency. High Vps,q, oW Vinee
and high lknee Will be desired to maximize the output power.

PAE is defined as:

PAE =202 = (1 —-) 2 (1.4)

DC G Ppc

where the Po is the RF output power, P\ is the RF input power and Ppc is the DC power
consumption of the transistor at the operation frequency which is determined in large part by
the quiescent bias condition (Ips,g and Vpsg) of the device. G is defined as the gain, which

represents the ratio between Po and Pin. PAE illustrates the efficiency by which a transistor



converts DC and input RF power to a high output RF power. High gain at low quiescent bias
can lead to high PAE since the Ppc stays in low level.

To fulfill these four metrics above, GaN RF devices have been developed for the past
decades in both academic research and commercial products. In 1994, Khan et al. [14]
demonstrated AlIGaN/GaN HEMT with scaled gate length of 0.25 um and fr of 11 GHz and
fmax Of 140 GHz. In 1996, Wu et al. [15] reported the first AIGaN/GaN HEMT power
performance at 2 GHz and the device had P, of 1.1 W/mm and PAE of 18.6% with a 1 um
gate length. Furthermore, the SiN passivation to reduce the DC-RF dispersion and field-plate
to relieve the peak electric stress technology enabled a high-power density of 41 W/mm at 4
GHz in 2006 [16]. However, these two technologies added extra parasitic capacitance and
hindered the performance at higher frequencies. Development around the further gate scaling,
regrown source/drain contact and recess-trench gating helped researchers achieved Pout of
10.5W/mm and PAE of 33% at 40GHz [17], 13.7 W/mm with associated 40% PAE [18], and
a high PAE of 55% [19] in the past. At higher mm-wave frequencies, a GaN based MMIC
showed a peak PAE of 27% and Po of 1.7 W/mm at 83 GHz [20]. At 94 GHz, Brown et al.
demonstrated 24.2% PAE and 1.5 W/mm Po in a pre-matched device [21]. At 96 GHz, Niida
et al. reported 3.6 W/mm Po and 12.7 PAE using quaternary AlinGaN barrier [22].

In the market, companies provide various GaN-based RF products operating at high
frequencies. The advantages in high current density and high voltage swing at high frequency
enabled the GaN-based MMIC to operate with high efficiency in a smaller die area. As shown
in Fig. 1.3, For a similar Ka-band power amplifier, Qorvo GaN product has ¥4 area of GaAs

counterpart, while offering more power and more efficiency [23]. The miniature of circuit and



possible longer transmission distance due to high power are great advantages of GaN RF

electronics.
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Figure 1.3 The MMIC products from Qorvo for Ka band application using GaAs (left) and GaN
(right) technologies [23].

GaN-based RF electronics with high power and high efficiency at high frequency can
be deployed in various applications including 5G communications, virtual reality/augmented
reality (VR/AR) data transmission, imaging, and long-range radar detection. One of the
potential exciting applications for GaN-based amplifiers at high frequency would be the
satellite communication. In June 2020, SpaceX applied for the use of the E-band (60 GHz —
90 GHz) in their Gen2 constellation, which is expected to incorporate up to 30,000 satellites
and cover the entire globe [24]. In this frequency range, GaN-based MMICs hold great

potentials to fulfill the requirements of SpaceX satellite constellations.

1.2 N-polar GaN Epitaxial Structure and mm-wave Transistors

For the GaN RF electronics discussed above, their device structures are based on the

Ga-polar GaN epitaxial structure. There are some trade-offs for the Ga-polar related devices



to deliver high output power and high efficiency at high frequencies (eg. mm-wave and higher
frequency). To achieve higher frequency operation, fr needs to be high and Le should be
decreased as in Eq. 1.1. Small Lg will decrease the Rgs and thus fmax in Eq. 1.2 will be reduced
with small Le while other parameters kept the same. This prevents the simultaneous
achievement of high fr and high fmax due to the lack of good aspect ratio (Le/h). Therefore,
both L¢ and h need to be reduced at the same time so that fr can be improved and fmax will not
be degraded. However, small h in Ga-polar will introduce less 2DEG in the channel, which
may lower the current density and diminish the power performance. Therefore, the scaling of
h and L in Ga-polar structure causes a tradeoff and is hard to decrease simultaneously while
maintaining other parameters necessary for efficient power amplification especially for

dimensions required for mm-wave power amplification.
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Figure 1.4 The output power density for GaN technology at mm-wave frequencies [13, 25].

As shown in the Fig. 1.4, the traditional Ga-polar devices performance have saturated
for the past decade at around 2 W/mm of efficient output power density at mm-wave

frequencies [25]. The trade-off existing in Ga-polar GaN-HEMTSs could be alleviated by the
9



design of N-polar GaN HEMTs and the output power density can be increased by a great
amount as will be described as following.

N-polar GaN has a reverse polarization field as the Ga-polar GaN. The charge inducing
layer is the bottom AlGaN layer and doping as shown in Fig. 1.5. This solves the fundamental
tradeoff between Lg and h in the Ga-polar case. To be specific, h can be reduced in the N-
polar case along with the Lc while the charge density of the 2DEG in the channel remains

high.

Electron Energy (eV)
substrate

0 10 20 30 40
Distance from surface (nm)

Figure 1.5 (a) N-polar GaN on substrate and (b) band diagram for a typical N-polar GaN epitaxial

structure.
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Even with the enhanced scaling afforded by N-polar GaN, compared with the Ga-polar
GaN HEMTSs, the design of N-polar GaN HEMT needs a comprehensive set of optimizations
of material growth and device fabrication to be able to fully harness its potential.

A breakthrough of N-polar GaN deep recess HEMT done by B. Romanczyk et al.
demonstrated superior Pout of 8.84 W/mm and associated PAE of 27 % at 94 GHz by load-
pull measurements [26, 27]. The output power density of 8.84 W/mm is around 400%
improvement than other Ga-polar HEMT devices and has remained the record output power
density at 94GHz as shown in Fig. 1.4. The technical aspects on the deep recess N-polar GaN
MIS-HEMT will be discussed here to elaborate the state of arts in detail. The understanding
on that device and further possible improvements will be explored and are the focus of this
thesis. The device has sophisticated design of epitaxial structure (Fig. 1.6) and fabricated

device structure (Fig. 1.7) as described below.

5 nm MOCVD SiN

47.5 nm GaN Cap

2.6 nm Al, ,,Gag 5N Cap

e 20M.GAN. Channel ... . 2REG,
0.7 nm AIN
10 nm Alj 55Gag 6N
20 nm Graded Al,Ga;N:Si
Backbarrier

Fe-doped GaN Buffer

Figure 1.6 The epitaxial structure of N-polar GaN used in ref [26].
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The epitaxial structure optimization includes miscut SiC substrate, back barrier, channel
thickness as shown in Fig. 1.6. The AlGaN/GaN cap layer is discussed in the fabricated
device structure.

e Miscut substrate
The miscut substrate (or vicinal substrate) was introduced in N-polar GaN growth to tackle
the low surface mobility of the group-11l adatoms on N-polar surface and minimize the
formation of hexagons in the grown films [28, 29]. In 2007, S. Keller et al. [30] developed the
use of vicinal c-plane sapphire substrates with 0.5° - 4° toward a-plane and m-plane to grow
N-polar GaN and reported smooth surface morphology. Further analysis revealed 4°
misorientation could reduce the number of edge dislocations significantly. The epitaxial
structures of N-polar GaN thin film used in this dissertation were grown on the miscut sapphire
or SiC substrate with 4° misorientation. SiC substrate is typically better than sapphire for

pursuing high-power and high efficiency, due to its better thermal conductivity.

e Back barrier
During the N-polar thin film MOCVD growth, considerations in the back barrier design are
important to achieve high mobility in the channel and minimize the dispersion from the back
barrier. The iron doped GaN buffer first set the Fermi level in the buffer layer through the Fe
dopant pinning. The negative polarized GaN/AlGaN interface may introduce deep donor
traps, which could act as a source of dispersion when the Fermi level moves close to the
valance band of the back barrier [31, 32]. The Si doping in the GaN and AlGaN graded layer

was used to keep the Fermi level away from the valence band at the bottom GaN/AlGaN
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interface [33]. Following the Si-doped layers, 10nm UID AlGaN and 0.7nm AIN were used

to suppress the ionized dopant and alloy scattering effect on the 2DEG in the channel.

e Channel thickness

The thickness of the channel layer needs to be shrunk down for a better aspect ratio and high
frequency operations. As the channel thickness decreases, the mobility of the 2DEG in the
GaN channel also decreases due to the centroid of the 2DEG movement towards to the back
barrier. The mobility would decrease rapidly when the channel thickness is less than 10 nm
[13, 34]. Besides, enhanced surface depletion reduces the 2DEG sheet charge density as

channel thickness is narrowed down. Thus, the channel thickness was selected to be around

12nm.
Gate
ource / MOCVD SiN rain
Ohmic Ohmic
Regro GaN Cap Regro
AlGaN Cap

GaN _Channel _ 2pEc

AlGaN Backbarrier

Isolation
Isolation

GaN Buffer

Miscut SiC Substrate

Figure 1.7 The device structure of fabricated N-polar GaN deep recess MIS-HEMT [26].
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The device structure optimization includes Ohmic contact, dispersion control using the
GaN cap layer and the self-aligned deep recess gate. The large-signal performance is

characterized using a W-band load-pull system.

e Regrown n* Ohmic contact
The N-polar orientation also benefits the Ohmic contact to the 2DEG [31]. Regrown n* GaN
contact is typically used in mm-wave GaN HEMTs for both Ga-polar and N-polar to minimize
the contact resistance. In Ga-polar case, the regrown n* will typically contact the edge of the
2DEG in the channel because the charge induce layer AlIGaN was etched away and 2DEG
does not exist below the regrown n*. However, in N-polar case, the 2DEG will still exist in
the GaN before the n+ regrown and a planar contact is formed between the 2DEG and the
regrown n*. The planar contact in N-polar case over the edge contact in Ga-polar case usually
reduces the parasitic source and drain contact resistances. The N-polar GaN deep recess

HEMTSs use MBE to regrow n+ GaN contacts.

e Dispersion control using GaN cap layer
Rather than conventional passivation using SiN or other dielectrics, the dispersion control in
the deep recess N-polar GaN HEMT is from the 47.4nm thick GaN cap above the AlGaN cap
layer. The innovative use of GaN cap on top of AlGaN simultaneously allows enhanced
conductivity in the access region and excellent DC-RF dispersion control [26, 35]. For the
enhanced conductivity, the GaN cap reduces the electric field in the channel and increases

both the sheet charge density and the mobility. For the DC-RF dispersion control, the 47.5 nm
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GaN cap layer separates the GaN surface from the 2DEG channel well and needs higher

threshold voltage to deplete the charge in the channel compared to SiN passivated devices.

e Self-aligned deep recess gate
There are two ways developed to realize the deep recess gate structure in N-polar GaN
HEMTSs, self-aligned by B. Romanczyk [26] and re-aligned by S. Wienecke [35]. Due to the
challenges of alignment tolerance and process variation during the device fabrications, self-
alignment fabrication procedure tends to be more desired and reliable. Even though there are
more flexibilities in device design in a re-align process, the large-signal results from re-aligned

deep recess N-polar GaN HEMTs seems not as good as the reported self-aligned devices.

e W-band load-pull characterization

Load pull measurement is a valuable method to characterize new and developing RF power
electronics with the flexibility to tune the load impedance. Large-signal performance at 94
GHz for N-polar GaN deep recess HEMT was measured by the W-band load-pull system
constructed by M. Guidry et al. [36]. The W-band load-pull system is a passive system with
source and load tuners. Through the detailed analysis and design of output matching range,
drive power and the device under test (DUT) Wg, the system is suitable for characterizing

high-power performance of N-polar GaN HEMT at 94 GHz.

1.3 Gate Structures in N-polar GaN Devices

Gate structure is one of the most important factors affecting the performance of a field
effect transistor as it controls the current in the channel. With the optimization on epitaxial
structure, ohmic contact and dispersion control in N-polar GaN HEMTSs, further improvement
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on the gate structure is becoming critical. The consideration for designing a gate structure
includes the gate length (Lg), gate to channel distance (h), gate stability and robustness
(trapping and breakdown voltage), gate leakage (lg), gate resistance (Rg) etc. On N-polar
GaN, researchers have used different gate structures to pursue performance for different
applications. For power electronic applications, O. Koksaldi et al. [37] demonstrated a field
plated gate using 10 nm SiN as gate dielectric and achieved breakdown voltage over 2000V
and low dynamic on-resistance. X. Zheng also reported the high combination of fmax*Vps,g in
a N-polar GaN HEMT with Lg of ~100nm [38]. For mm-wave applications, the N-polar GaN
deep recess MIS-HEMT by B. Romanczyk et al. demonstrated record-high output power
density and good efficiency at 94 GHz. The deep recess HEMTs has been using 5nm MOCVD
SiN as the gate dielectric with gate length more than 60 nm [26, 27].

In spite of the demonstrated great performance of the prior 94 GHz N-polar GaN
devices, there is still room to improve the gate related aspects. The MOCVD SiN or other gate
dielectric on N-polar GaN has not been explored systematically before and the knowledge on
that is needed to understand the quality of gate dielectric and strengthen the gate structure.
The trap related analysis will be needed to characterize the gate stability behavior for MIS-
structures. From the perspective of gain, further scaling the gate length in N-polar GaN HEMT
is desired. Schottky gating structure on N-polar GaN can reduce the gate to channel distance
and enable further scaling without causing severe short channel effects. Developing good
Schottky metal on N-polar is therefore another possible way to pursue high performance in
HEMT devices. While scaling down the gate length laterally and gate to channel distance
vertically can be used to improve the gain, the gate resistance challenges for small Lg will

need careful considerations. Scaling down the gate length in a deep recess structure using
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previous thermal evaporated Cr gate will be a big challenge due to the incomplete filling of
the T-gate stem and resulting high gate resistance. New gate metal deposition would be

necessary to reduce the gate resistance for highly-scaled devices.

1.4 Overview of This Dissertation

This dissertation evaluates different gate structures on N-polar GaN including MIS-
and Schottky structures. Part of the evaluation is conducted through the MIS-capacitor or
Schottky diode structures with attempts to understand the physics and interface properties.
Another part of the evaluation is in the form of N-polar GaN deep recess HEMTs to pursue

the high performance at 94 GHz.

In Chapter 2 and Chapter 3, MIS structures with MOCVD grown SiN and AlSiO on
N-polar GaN are studied in the form of capacitors. A series of metal-insulator-semiconductor
capacitors consisting of dielectric with different thicknesses on N-polar GaN have been
fabricated to investigate their interface states. An improved model is presented which can
extract the bulk hole traps in the dielectric under some simplifying assumptions for the first
time. By combining the effects from interface states and bulk hole traps, the interface state
density Dit can be extracted more accurately by extrapolating the trap density to a zero-
thickness dielectric. The average Dit value and the bulk trap parameters can be quantified. The
results, model and analysis presented here provide new insights into studying Di: of various

dielectrics on GaN and other wide-bandgap semiconductors.
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In chapter 4, the Schottky barrier diode of ruthenium (Ru) deposited by atomic layer
deposition on N-polar GaN is investigated. The Schottky diodes showed near-ideal thermionic
current behavior under forward bias and reverse bias at various temperatures. The barrier
height values extracted from both regions agreed well at each temperature and the barrier was
extracted to be 0.77 eV at room temperature. The difference between the predicted barrier
height (0.6 eV) and the experimental barrier heights (0.77eV) indicated the Schottky barrier
height was enhanced by 0.17 eV. The combination of the 0.77 eV barrier and thermionic
current characteristic resulted in < 2 pA/cm? reverse current at -5 V, which is a record-low

value for N-polar GaN Schottky diodes.

In Chapter 5 and Chapter 6, ALD Ru gate has been adopted into the N-polar GaN deep
recess MIS- and Schottky HEMTs. The ALD Ru effectively fills the narrow T-gate stems
aiding realization of shorter gate lengths with lower gate resistance than in prior work. For the
ALD Ru MIS-HEMTs, the gate length was scaled down to 48 nm resulting in the
demonstration of a record-high 8.1 dB linear transducer gain measured at 94 GHz by load-
pull. This increased gain has enabled a record 33.8% power-added efficiency (PAE) with an
associated output power density (Po) of 6.2 W/mm. The Ru/N-polar GaN Schottky-HEMT
operating at W-band has also been investigated and its good large signal performance is
reported. Thank to the direct Schottky contact between Ru and N-polar GaN channel, the
fabricated Schottky HEMT with Lg of 60 nm has a high peak extrinsic transconductance of
798 mS/mm with a gate leakage in pinch-off below 3 x 104 A/mm at Vps = 5V. The Schottky-

HEMT shows high power-added efficiency (PAE) of 27.1% and output power density (Po) of
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4.87 W/mm at 94 GHz and Vps,g = 16V. The peak PAE is 31.8% with associated Po of 3.31

W/mm at Vpsq = 12V.
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Chapter 2. An Improved Methodology for Extracting D;; at SisN4+/GaN

In this chapter, a series of metal-insulator-semiconductor capacitors consisting of SisNs
dielectric with different thicknesses on N-polar GaN have been fabricated to investigate their
interface states. The measurement value extracted from ultraviolet assisted capacitance-
voltage (UV-assisted CV) methods can be explained by the existence of spatially uniform hole
traps in SisNs. An improved model combining the effects from interface states and hole traps
in SisNg4 is proposed to extract the interface state density (Dit) accurately. Based on the model,
the Dit can be obtained by extrapolating the trap density to a zero-thickness dielectric. The
extracted average Di value of SisN4/GaN interface is ~3.8x10% cm eV! and the hole trap
concentration in SisNa4 is ~3.1x10* cm™. The results, model and analysis presented here
provide new insights into studying Dit of various dielectrics on GaN and other wide-bandgap

semiconductors.

2.1 Dielectrics on Semiconductor

Abrupt semiconductor surfaces contain a large amount of unterminated/dangling bonds,
which are chemically reactive. Compared to the band structure in the bulk semiconductor, the
band structure at the surface is modified and the states can exist in the otherwise forbidden
energy bandgap. The states are localized at the surface and called surface states. Surface states
include intrinsic states and extrinsic states. “Intrinsic” means these states would occur even
when the surface is an ideal crystal structure. These intrinsic states were first presented by
Tamm [1] and Shockley [2] and correspond to the wavefunction solutions to the Schrodinger
equation at the boundary of a periodic potential, which decays exponentially into the vacuum.
The wavefunctions of surface states were drawn from the conduction band and valence band

of the bulk crystal. In the energy bandgap, the states drawn from the conduction band tends to
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accept electrons hence are acceptor-like while the states drawn from the valence band tends
to donate electrons hence are donor-like. “Extrinsic” surface states are referred to the surface
states caused by non-idealities at the surface, like reconstruction, native defects, impurities,
dislocations or other structural defects [3-5]. These non-idealities depend on the environment
and conditions during material growth and device processing. Extrinsic surface states could
also introduce donor-like or acceptor-like states. These donor-like or acceptor-like states from
intrinsic or extrinsic surface states will be filled or emptied, which cause surface charge
transfer and help determine the Fermi level in the material.

When dielectrics are grown/deposited on the surface of semiconductors, there will be
multiple types of interface states formed at the dielectric/semiconductor interface. Compared
to the surface states of the semiconductor including intrinsic surface states and extrinsic
surface states, the interface formation process is further complicated and may generate
additional states. Over the past century, researchers have developed several models [6-12] to
describe semiconductor interface states, formed with either metals or dielectrics. However,
due to the complexity and subtlety, the endeavor to create a unified predictive theory on the
interface states has been frustrating [13]. Through the insights from surface states of
semiconductor, some conceptual understanding on the interface states can be obtained.
Assuming the dielectric is ideal and the same methodology as the surface state of
semiconductor is still applied, there could be also some intrinsic interface states existing at
the dielectric/semiconductor interface. At the same time, interface related non-idealities would
contribute to extrinsic interface states, including un-compensated dangling bonds, impurities,
irregular bonding, grain boundary and so on. It is worth noting that stacking two materials

together may introduce some two-dimensional defects when the contacting planes vary. Alike
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the surface states, the interface states can be heavily dependent on the processing treatment,
such as semiconductor surface cleaning/treatment, dielectric deposition conditions, post
deposition annealing, etc.

Furthermore, different from the relatively well-grown bulk semiconductors, the
growth/deposition of dielectrics is usually less ideal, and more defects can be formed in the
bulk dielectric. The growth of dielectric starts on the surface of semiconductor, which may
bring defects and stress on the dielectric thin films in the beginning. The structure of the
following grown bulk dielectric would be affected and deviate from ideal crystal structure, if
not amorphous. The origin of bulk dielectric defects could be native defects, impurities, grain
boundary or other structural defects. In high-k HfO2/SiO2/Si devices, bulk traps are usually
present in the HfO,. In 2003, Degreaeve et al. reported the bulk HfO trap density was around
10'6-10*" cm using charge pumping technique [14]. Some experimental and calculation
studies attributed the bulk traps in HfO2 to oxygen vacancy and oxygen interstitial [15-19].
Bulk traps could also be generated during device use as a result of positive bias temperature
instability or time dependent dielectric breakdown degradation mechanisms [20-21].

There are also some possible fixed/mobile charges formed at the interface and in the bulk
dielectrics. These charges remain the same charge and would not donate or accept extra
electrons. Their effects on the devices during dynamic operation are limited and would not be

included here.

2.2 Traps in Metal/Insulator/Semiconductor Structure

Under the context of the energy band diagram, the traps in Metal/Insulator/Semiconductor

(MIS) structure can be categorized based on their spatial distribution and energetic distribution
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as shown in Fig 2.1 assuming an accumulation bias condition. In this chapter, both near-
interfacial and interface traps are described as “interface traps/states” for the sake of model
simplification and physical understanding. Near-interface and interface traps are hard to
distinguish by typical electrical measurements, while in the 1990s Fleetwood et al. developed
a revised nomenclature as “border traps” and “interface traps” for defects to separate them in

metal/oxide/semiconductor (MOS) devices [22].

Near-interfacial/Interface traps

T T &

Energetic coordinate

semiconductor

metal insulator

Spatial coordinate

Figure 2.1 Schematic of traps in a Metal/Insulator/Semiconductor structure based on their

spatial distribution and energetic distribution assuming accumulation bias conditions.

Depending on their spatial and energetic locations, traps have different time constants and
will respond to different frequencies of applied signals. The time constant for state with energy
E is exponentially dependent on the energy difference Ec-E or E-Ev. The state in the mid-gap

usually has large time constant since it is energetically separated from both the conduction
28



band and valence band. The bulk trap with some distance to the semiconductor also has a time
constant interacting with the charge in the channel, which is exponential dependence on the
distance assuming an ideal barrier in the absence of hopping conduction.

The electrically active interface and bulk states will act as local traps, which would capture
or emit electrons as the Fermi level sweeps across the traps. The interaction between traps and
carriers affects the operation of transistors adversely. 1) One of the effects is lowering the
carrier mobility due to the extra electrical Coulomb scattering from the charged traps. 2) In
addition, these charged/discharged traps will contribute to a corresponding capacitance, shift
the threshold voltage and affect the carrier charge density in the channel. 3) Besides, the trap
states can serve as the steppingstones to cause high gate leakages through tunneling or hopping
conduction. In some extreme stress situations, these structural and electrical weak points

around the defects/traps may lead to early failures during device operations.

2.3 Interface States of Dielectric/WBG Semiconductor

Wide-bandgap (WBG) materials with bandgap in the range of 2~4 eV, such as GaN and
SiC, have boosted the power performance of electronics dramatically, providing high
operation voltage, low on-resistance, and high output power [23,24]. Developing high-quality
gate dielectrics on WBG semiconductors is crucial to achieve low gate leakage, high operation
voltage and stable electrical operations in metal-insulator-semiconductor field effect
transistors (MIS-FETSs) and metal-insulator-semiconductor high electron mobility transistors
(MIS-HEMTS) [25]. In GaN devices, the dielectric passivation layer is typically used in the
access region between the gate and source/drain region to mitigate the severe DC-RF

dispersion issue.
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The interface state density (Dit) of dielectrics on WBG semiconductors is one of the key
performance metrics to assess the quality of dielectrics. Due to the large bandgap of WBG
semiconductors, the time needed to charge/discharge the interface states close to the mid-gap
are much longer than other semiconductors with small bandgaps. In WBG semiconductor
based MISFETs and MISHEMTS, high Di: at the interface between the gate dielectric and the
channel is detrimental to device performance and can cause inefficient Fermi level response
and poor gate control [26]. Moreover, when poor-quality dielectrics passivate the access
regions, interface states with relatively large time constants can lead to current collapse and
reduce the maximum current [27-29].

In order to improve and optimize the dielectrics on WBG semiconductors, an accurate
method to evaluate Dit is required. Conventional Terman method, high-low frequency method,
and the conductance method, well-established for the SiO2/Si system [30], may not be an
effective way to measure the whole bandgap distribution for WBG semiconductors due to the
low minority carrier generation rate in WBG semiconductor systems [31]. Deep Level
Transient Spectroscopy and Deep Level Optical Spectroscopy [32,33] probe a fraction of the

gap depending on temperatures or the availability of incident light wavelengths [34].

2.4 UV-assisted C-V Methods and Thickness Series of MOCVD SiN

An effective and efficient approach developed for characterizing Dit on WBG
semiconductor systems is the photo-assisted high-frequency capacitance-voltage (C-V)
method [34-38]. Swenson et al proposed an ultraviolet-assisted capacitance-voltage (UV-
assisted C-V) technique for measuring the average Dit of MOCVD grown SiN on GaN [39].
The technique utilized the UV illumination to overcome the low minority carrier generation

rate in WBG semiconductor systems and utilized the benefit of SiN as a dielectric on GaN
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with a negative valence band offset compared with the GaN as a pathway of draining excess
holes out of the capacitor. Swenson however assumed that only the interface traps would
contribute to the voltage difference between the ideal dark curve and the shifted post-UV
curve. Based on the assumption, formulas to obtain Di: were derived and the Dit distribution
across the bandgap of GaN measured.

Specifically, in the method developed by Swenson et al, the effect from traps in bulk
dielectrics has not been discussed, which may result in an inaccurate extraction of Dit
[30,40,41]. In this following part of the chapter, through a series of metal-insulator-
semiconductor capacitors (MISCAPs) with various dielectric thicknesses, an improved
physical model and analysis is proposed to extract the accurately by accounting for the effects
of dielectric bulk hole traps using modified ultraviolet photo-assisted UV-assisted C-V
methods. The thickness series was designed to separate the contribution of the bulk traps and
interface states. The methodology is similar to the method for extracting the net fixed interface
charges between dielectric and semiconductor, which is widely used in studying
semiconductors. The MISCAPs consist of in-situ grown SisN4 (SiN) on N-polar GaN. SiN is
often used as the effective passivation dielectric for GaN HEMTs [29]. Moreover, devices
based on N-polar GaN utilizing SiN gate dielectrics have demonstrated tremendous potential
for high power and high frequency electronic applications [42,43]. Therefore, the accurate
determination of SiN/N-polar GaN is of great interest. Some figures and materials of the
following chapter was reproduced from [Wenjian Liu, Islam Sayed, Chirag Gupta, Haoran
Li, Stacia Keller, Umesh Mishra, “An improved methodology for extracting interface state
density at Si3N4/GaN.” Applied Physics Letters, 116, 022104(2020).], with the permission of

AIP Publishing.
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2.5 Epitaxial Structure and Device Fabrication

The epitaxial structure of the SiN on N-polar GaN is shown in Fig. 2.2(a). The
epitaxial layers are grown by metal organic chemical vapor deposition (MOCVD) on c-plane
sapphire substrates misoriented by 4° towards a-plane [44]. The doping concentrations for the
800 nm n* GaN and the 600 nm n- GaN are 2.5x10%* cm™ and 2.5x10” cm3, respectively. SiN
with different thicknesses (5 nm, 10 nm, 20 nm, and 30 nm) was grown in situ at 1030 °C.
The dielectric thickness was measured by X-ray reflectivity and ellipsometry. The difference
between them is within the range of 5%.

The cross-section schematic of the fabricated SiN on N-polar GaN MISCAPs is shown
in Fig. 2.2(b). In the fabrication process, the SiN was firstly etched by CF4/02-based ICP dry
etch and the n/n" GaN was etched by BCls/Cl,-based RIE dry etch, which etched into the n*
GaN layer by ~200 nm. Then the Ohmic contact to the n* GaN was formed when Ti/Au (25

nm/200 nm) was deposited as the gate and ohmic electrodes.
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UID GaN N-polar, 0.5 pm

(a ) c-plane sapphire, 4° towards a-plane

Ti/Au

SiN, 5 nm, 10 nm, 20 nm, 30 nm

n- GaN, 0.6 um, [Si]=2.5x10'7 cm3

Ti/Au Ti/Au

n+ GaN, 0.8 pm, [Si]=2.5x10'8 cm3

UID GaN N-polar, 0.5 pm

( b) c-plane sapphire, 4° towards a-plane

Figure 2.2 (a) The epitaxial structure grown by MOCVD; (b) The cross-section schematic of the

fabricated SiN on N-polar GaN MISCAPs.

2.6 Measurements and Energy Band Diagrams

All measurements were performed using an Agilent B1500 semiconductor device
analyzer equipped with medium power source/monitor units and multi-frequency capacitance
measurement unit. The frequency and amplitude of AC signals used for C-V measurement
were 1 MHz and 50 mV, respectively. The DC voltage was swept with a 30-mV voltage step
and a 0.6 V/s sweep rate. An EXFO OmniCure1000 spot curing system with a high-pressure
Hg lamp filtered between 320 nm and 500 nm was used as the UV illumination source. The

spectrum of the illumination source was shown in the Fig. 2.3 below.
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Figure 2.3 Output Spectra of Omnnicure 1000 vs. Omnicure 2000 (Courtesy of EXFO).

Omnicure 1000 was used in these measurements.

There are three main sweep steps for UV-assisted C-V methods as shown in Fig. 2.4
[34,35]. First, the voltage is swept from depletion to accumulation. At accumulation, the
device is held for 10 minutes to ensure all the traps are filled with electrons, which is
considered as the initial state. Second, another C-V sweep from depletion to accumulation is
implemented to register the initial state as the dark curve in Fig. 2.4 (a). The aforementioned
C-V sweeps are done under dark condition. Third, the device is held at -10 V bias and is UV-
illuminated to generate electron-hole pairs for 30 seconds with an incident power intensity
around 0.18 W/cm?. The free holes generated by UV are captured by the interface traps and
bulk dielectric traps, as shown in the energy band diagram Fig. 2.4 (b)[45]. Note that the
dielectric bulk hole traps are taken into consideration in the band diagram, which is generally

ignored and can cause inaccurate determination of interface state density value. The existence
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of hole traps in the SiN after the UV illumination is mentioned by previous studies [46-49]
but not analyzed.

In these band diagrams, assuming the hole trap concentration is low in SiN, for
simplicity we take its valance band and conduction band as straight lines. The electron quasi-
Fermi level (Ern) and hole quasi-Fermi level (Erp) split because of electron and hole
generation from UV illumination. After the UV exposure and under depletion electric field
with -10 V bias for 10 minutes or more, free holes leave the SiN and the SiN/GaN interface
through the gate contact as shown in Fig. 2.4 (c). The holes captured by interface states and
bulk hole traps can be measured by a following C-V sweep from depletion to accumulation,
which is referred as the post-UV curve in Fig. 2.4 (a). During this sweep, the interface states
will follow electron quasi-Fermi level, keep capturing electrons and become neutralized,
resulting in a capacitance ledge. As illustrated in Fig. 2.4 (d), while the interface states are
capturing the electrons, the dielectric bulk hole traps also capture the electrons and become
partially neutralized, thus contributing to the capacitance ledge as well. In Fig. 2.4 (d), The
hole quasi-Fermi level (Erp) varies a little as the electron Fermi level (Ern) moves across

interface states due to the interface Erp pinning [35].
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Figure 2.4 (a) UV-assisted C-V methods with three curves from sweeping, AVioal is the voltage
shift as a result of the captured holes at the interface and inside the bulk of dielectric, AV represents
the electron capture from the interface state and dielectric hole traps during post-UV sweeping; and

the energy band diagrams at different stage of the UV-assisted UV methods:(b) during UV exposure,
(c) after UV exposure, and (d) during post-UV sweeping.
Factors during the measurement settings
When applying the above methodology to investigate the bulk and interface traps,

some factors during the measurement setting could potentially impact the final outcomes.
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These factors include the UV illumination duration, Post-UV hold time and bias sweep rate,

which will be discussed separately as follows.

e The UV illumination duration
In the measurements, 30 seconds was used for the UV illumination duration. To
investigate the possible impact of the UV illumination duration time, additional experiments
with 10-second, and 1-minute duration were done. The shift Vi in the C-V curves between
the two CV sweep, the first measured in the dark prior to and the second post UV illumination,

nearly saturates for an exposure time of 30 seconds or more.

5

4 1
o (8] o
T T

| |

(Vtotal- Itota1(30 Sec))Ntota\(3O SeC) (OA))
[4)]

10 20 30 40 50 60
UV illumination {(second)

1
[
o

o

Figure 2.5 Vioal change (Viota-Viotal (30 second))/ Vietai(30 second) vs. illumination time (second)

plot with 10-second, 30-second and 60-second UV illumination.
For example, as shown in the Fig. 2.5, for the 10 nm SiN sample, the Viotal change with
respect to 30-second (Viotai-Viotal(30 second))/ Viotai(30 second), were -17.1% for 10-second,

2.3% for 1 minute. Further increases in the UV illumination did not contribute to the difference
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in Viota meaningfully. Therefore, the shift Vot can be treated to be saturated with 30 seconds

UV illumination applied.

e Post-UV holding time
After UV exposure, the devices were held at -10V bias for 10 minutes in the
manuscript. To address the recovery process, 10 minutes and 20 minutes hold time before
Post-UV sweeping were conducted. As shown in the Fig. 2.6. below, the 10min_Post-UV (red
dash line) and 20min_Post-UV (black dash line) curves are almost identical, which indicates
the recovery process will not affect the results in the analysis when no less than 10-minute
hold time is used. In order to show the two curves, the line width in below figure was selected

to be small. The almost identical Dark and Post-UV lines has negligible difference in the

resulted trap density values.
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Figure 2.6 Impact of 10 minutes (red solid and dash lines) and 20 minutes (black solid and dash

lines) hold time on the CV sweeps measured in the dark, prior to and post UV illumination.

38



e Bias sweep rate:

The AV represents the neutralization process by electrons during the C-V sweep. After
UV illumination, the trapped holes with positive charges exist at the interface and inside the
SiN bulk. The sweep rate has a slight effect on the measured trap density. For the 10 nm
sample, the measured average trap density measured slightly depends on the sweep rate: 4.93
x 101! cm2eV1 for 0.3 V/s, 4.89 x 10 cm2eV! for 0.6 V/s, 4.61x 10 cm?2eV! for 1.2 VJs,
as shown in Fig. 2.7. The slight difference would not have a significant effect the methodology

developed above. The data in this chapter was collected with the sweep rate 0.6 V/s.
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Figure 2.7 Measured average trap density vs. sweep rate. The sweep rates are 0.3 V/s, 0.6 V/s

and 1.2 V/s

2.7 Bulk Trap and Interface States
2.7.1 Extracting bulk trap concentration
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Based on the two measured curves, dark curve and post-UV curve, the interface state
density and dielectric hole trap concentration after UV illumination can be calculated. The
dark curve is shifted to match the capacitance value of post-UV curve in the deep depletion
regime as shown in Fig. 2.8 (a). The voltage shift, 4v,,.. , is the consequence from the total
captured holes. If the hole trap distribution in dielectric bulk is assumed to be homogeneous

with concentration n.,, the A4v,,,,, can be written as

- Q n;
AViotar = q jt + qz_lsttz , (2.1)

where q is the electron charge, Q, is the captured hole number at the interface, € is the
dielectric constant of SiN, ¢ is the thickness of SiN, A is the device area and n,, is the hole
trap concentration in SiN with unit cm=. The two terms in Eq. 2.1 reflect the contributions
from the interface and the captured holes in the bulk dielectric after the UV illumination. The
measured curves of MISCAPs with 10 nm and 30 nm SiN are shown in Fig. 2.8 (a) and Fig.

2.8 (b), whose 4v,,,,, are 0.8 V and 4.8 V, respectively.
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Figure 2.8 Capacitance-voltage curves of (a) 10 nm, (b) 20 nm and (c) 30 nm SiN MISCAPs

The measured A4v,,,,; values versus SiN thickness are plotted in Fig. 2.9. The red dot line
is the fitting curve assuming there is no hole captured in SiN while the blue solid curve

according to Eq. (1) assumes homogeneous distributed hole traps in the SiN. The excellent
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fitting of the latter with coefficient of determination R? = 0.9996 strongly indicates the
presence of spatially uniform-distributed hole traps in SiN. Furthermore, the n;, value is
extracted to be ~3.1x10'8 cm3. In a metal/oxide/nitride/oxide/silicon (MONOS) nonvolatile
memory structure, Aozasa et al. [] found the energy level of the hold trap was 0.8-0.9 eV
above the valance band and its density was 1-4 x10* cm=. Compared with the previously
mentioned bulk trap concentration of 10'6-10'" cm™ in HfO, reported in 2005 [14], the hole
trap concentration at the order of ~10'® cm™ in the MOCVD SiN is relatively high and could

be optimized further.
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Figure 2.9 measured AVt (black dots) versus the SiN thickness along with the linear (red

dashed line) and parabolic (blue solid line) fitting.

2.7.2 Extracting interface state density and bulk trap density
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In Fig. 2.4 (a), AV can be defined as the voltage difference between the post-UV curve
and shifted dark curve with the same capacitance value. The negative-charged electron
capturing during the post-UV sweep results in a larger bias voltage in order to achieve the
same capacitance and thus a positive 4V. As the gate bias swings to the accumulation regime,
the magnitude of semiconductor surface potential 1, gradually reduces and the interface
states below the electron quasi-Fermi level continue to populate with electrons and become
neutralized. Thus, AV keeps increasing as the corresponding capacitance increases.
Moreover, hole traps in dielectric also capture electrons and contribute to AV during the
change of ;. Then the total contribution of AV coming from the interface states and the hole
traps in SiN can be ePressed g

Ni¢

tn
AV = q cox+A fOT’;:)dx), (2.2)

where N;; is the number of captured electrons by interface states, C,, is the insulator
capacitance and equal to €A/t, C(x) isthe capacitance at the distance x from the metal and
equals to eA/x , n;, is the number of captured electrons by the dielectric hole traps per cm?®.
The first term and the second term in Eq. 2.2 are the contributions from electron capture by
(i) the interface states and (ii) the bulk dielectric, respectively. The interface state density D;;
is defined as the number change of captured electron by interface states per unit area following

the change of surface potential

dNit

it = axaps’ (2.3)

1, can be calculated by the GaN depletion region width from the measured series capacitance

composed by the insulator capacitance and the semiconductor capacitance. To connect Eg.
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2.3 with the AV , we take the derivative of AV in Eq. 2.2 with respect to y¢ and multiply by

Cox/(A X q) . The parameter is named as trap density D;

dnit
2dys

dnit
2dys

D, — Cox , 44V _ dNu
_

Axq  dyg - Axdyg Tt

=Dy + t (2.4)

where D, combines the effects from the interface states and the dielectric hole traps. The
second term in Eq. 2.4 represents the contributions from dn;,. /d, with unit cm=eV-1, which
is related to the dielectric hole trap distribution in the energy scale. D; has a linear relationship

with dielectric thickness if dn;./dy, remains constant.
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Figure 2.10 The Dy versus Ec-E curves of: (a) 10 nm, (b) 20nm and (c) 30 nm SiN MISCAPs;

The experimental D, for 10 nm, 20 nm and 30 nm SiN are shown in Fig. 2.10 (a), Fig.

2.10 (b) and Fig. 2.10 (c) along with their average D; in the range from Ec to Ec-2 eV, where

Ec is the energy of the co

nduction band bottom. The average D; is typically used to
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characterize the overall interface state density [36,38, 50]. The average D for 5 nm, 10 nm,
20 nm and 30 nm are 4.59 x10'! cm2 eV, 5.58x10! cm? eV, 7.04x10 cm2 eVt and
8.86x10'! cm™ eV, respectively. The Dt values are plotted against their corresponding SiN
thicknesses in Fig. 2.11.

As indicated in Fig. 2.11, the average D, values for different thicknesses are
summarized and D;; can be extracted according to EqQ. 2.4. The good linear fitting indicates
that the dn;./dy, has a constant value of 3.35x10%" cm™ eV, A possible reason for the
constant dn;./dy, can be explained as follows. For amorphous SiN, previous studies
demonstrated a “band tail” existing above the valance band, which can act as the hole traps in
a continuous form [51]. During the changing of i , the hole quasi-Fermi level only varies a
little bit because of the nearly pinning of Erp as in Fig. 2.4(d). Therefore, as a first-order
approximation, the change of hole occupancy with iy can be treated as a constant.

In the past, the wide utilization of SiN as charge trapping layer in the flash nonvolatile
memory inspired researchers to investigate the electron/hole traps in bulk SiN. There are
multiple experimental and calculation papers [53-57] which proposed various traps models
and their structural origins in amorphous SiN, while the accurate determination may depend
on conditions used in experiments and calculations. One of the models [54] explored the
silicon dangling bond as the charge trapping center using electron paramagnetic resonance
(EPR) and suggested that the electron/hole trapping is caused by charge state change in
preexisting positively/negatively charged Si sites. Kamigaki et al. [55] found signals from Si
dangling bond with unpaired electron by EPR and estimated the hole trap density to be one
order larger than the electron trap density. Further analysis proposed nitrogen vacancies in

amorphous bulk SiN is responsible for the hole traps. Within the framework of Quantum-
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Espresso simulation, Gritsenko et al. [56] calculated the model of nitrogen vacancy with

hydrogen passivation and obtained hole trap energy level 0.9 eV above valance band.
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Figure 2.11 The linear fitting of D; versus thickness. The y-axis intercept shows the Di; is

~3.8x10" cm2eV-L

The extracted value of the actual average D;, is around 3.8x10% cm eV, which is
lower than the measured D, without considering hole traps in SiN. Mizue et al. [37] did not
consider the effect from bulk Al2Os hole traps in Al,Os/AlGaN system and reported minimum
interface state density value of 1x10%*2 cm™ eV! near the bottom of conduction band using
photo-assisted CV methods, which is overestimated when compared with (1-3) x 10! ¢cm
eV [52]. Using UV-assisted C-V methods, Swenson et al. [35] also obtained the
overestimated interface state density value for SiN/GaN. The analysis demonstrated in this

study suggests the overestimated values can result by describing D: as the actual Dit.
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2.8 Summary

The methods developed in this chapter are very useful to study the dielectrics on GaN or
in general, WBG semiconductors, in terms of two aspects. First, the actual interface states
density can be extracted when the Dy fitting line is extrapolated to zero-thickness, which is the
exact interface ideally. Second, the parameters n;,, and dn;;/dy, can set up a comparable
value to evaluate the quality of the bulk dielectrics. To some extent, n;, is an overall indicator
for the bulk dielectric structural imperfections. Also, the dn;;/dy, can provide information
of dielectric trap distribution across energy scale. In all, the two aspects quantified in the study
can be critical for evaluating and improving the quality of dielectrics, which may determine
the gate leakage, breakdown voltage, DC-RF dispersion and reliability during device
operations.

In summary, we have analyzed the interface states of SiN on N-polar GaN systematically
through a series of dielectrics with different thicknesses. Our results indicated the existence
of uniform hole traps in bulk SiN after UV exposure. An improved model including the effect
of SiN hole traps is derived and applied to extract the accurate D;; value. The average D;; is
~3.8x10' cm? eV after extrapolated measured trap density to zero-thickness dielectric.
Also, new hole traps parameters in SiN from the analysis are proposed as potential evaluation
for the quality of dielectrics grown on semiconductors. The model and analysis can potentially
pave the way for accurate determination of D;; in dielectrics on GaN and can be extended to
other WBG semiconductor systems as well. Based on the accurate D;; data obtained from the

model, researchers are able to optimize the dielectrics on WBG semiconductors.
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Chapter 3. A systematic dielectric analysis of AISiO on N-polar GaN

The bulk and interfacial properties of aluminum silicon oxide (AlSiO) on N-polar GaN were
investigated systematically employing capacitance-voltage (C-V) methods on metal-oxide-
semiconductor capacitors (MOSCAPs) using a thickness series of the AISiO dielectric. The
fixed charge density, electron slow trap density and electron fast trap density located near the
interface were extracted to be -1.5 x 10'2¢cm, 3.7 x 10! ecm™ and 1.9 x 10" cm™, respectively.
Using ultraviolet (UV) assisted C-V methods, an average interface state density of ~4.4 x 10!
cm?eV! and a hole trap concentration in bulk AlSiO of ~8.4 x 10'® cm™ were measured. The
negative fixed interface charge makes it favorable to achieve a normally-off GaN transistor.
The analysis presented in this chapter provides a systematic and quantitative model to study
the properties of oxide dielectrics on wide bandgap (WBG) semiconductors, which can

promote the development of MOS-based WBG semiconductor devices.

3.1 AISiO on GaN

3.1.1 AlSiO on Ga-polar GaN
Aluminum silicon oxide (AlSiO) dielectric using high-temperature MOCVD in-situ
growth on Ga-polar GaN was first developed by S. Chan et al. at UCSB in 2016 [1]. The
selection of AlSiO involved considerations on the high band offset to reduce the possible
leakage current over the barrier and the high dielectric constant (relative to SiO») to reduce
the electric field stress in the dielectric [2]. As shown in Fig. 3.1, the calculated energy band
lineup with respect to GaN [3] suggests AloO3 and SiO; as attractive candidates with both

large positive conduction band and valence band offset. As a comparison, the experimental
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SiN band alignment has a negative valence band offset of -0.6 eV [4], as discussed in Chapter
1. While Al,O3 has relatively lower band offsets than SiO», the higher dielectric constant of
ADOs3 is an advantage. Alloying Si with tunable concentration into AI>O3 can form amorphous

AISi0 and allows the ability to tune these properties to meet specific applications.
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Figure 3.1 The calculated energy band lineup of SiO2 and AI203 with respect to GaN from [3];

the experimental SiN band alignment data is from [4].

In that study [1], the AISiO on Ga-polar GaN MOS-capacitors exhibited reduced
interfacial trap density, low gate leakage and ultra-low hysteresis, compared with the Al,O;3
dielectric. Later, Ito et al. [5] and Kikuta et al. [6] from Toyota Central R&D Labs conducted
low-temperature (250 °C) ALD method to deposit ex-situ AISiO (or “Al203/Si02

nanolaminates”) by stacking Al,O3 and SiO; layer by layer.
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Figure 3.2 The structure of OG-FET using MOCVD AlSiO as the gate oxide in the trench gate
structure [7].

In 2017, Gupta et al. reported the first demonstration of a GaN vertical trench
MOSFET using the AISiO as gate dielectric, which is called the OG-FET [7]. The structure of
OG-FET is shown in Fig. 3.2. After the gate region recess etch, the AISiO and GaN were
grown ex-situ on the trenched n*/p"/n” GaN surface to improve the vertical channel mobility
and hold high voltage. Due to the high quality of the AISiO/GaN grown by MOCVD, the
resulted normally-off vertical GaN FET showed excellent breakdown voltage of 1.2 kV and
an on-resistance of 2 mQ cm. These outstanding results with high breakdown voltage and

low on-resistance gained great attention among GaN power electronics researchers.

3.1.2 AlSiO on N-polar GaN
The successful growth of AISiO on etched Ga-polar GaN surface in a trench structure
inspired the possible application of AlSiO in the N-polar GaN deep recess HEMT structure,

which also has an etched trench gate structure. To investigate the interfaces between the
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MOCVD grown AISiO on Ga-polar GaN and N-polar GaN, Sayed et al. [8] conducted a
comparative study by the means of atom probe tomography (APT) measurements. Through a
laser-pulse mode to evaporate materials layer by layer, APT was used to collect the 3D
elemental information and evaluate the alloy distribution in the AlSiO layer and AISi0/GaN
interface. The one-dimensional concentration profile of Al, O and Ga was reconstructed from

the center of the measured 3D APT results and is shown in Fig. 3.3.
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Figure 3.3 The one-dimensional concentration profiles of Al, O and Ga along the growth

direction from the APT 3D reconstruction of (a) the N-polar sample and (b) the Ga-polar sample [8].

In Fig. 3.3, the AISiO/N-polar GaN with a positive surface polarization charge shows
a more abrupt interface, as compared to that grown on Ga-polar GaN with a negative surface
polarization charge. The abrupt interface for the N-polar AISIO MOSCAP has resulted in a
lower interface trap density and negligible frequency dispersion in C-V characteristics with
respect to the Ga-polar MOSCAP. Hence AlSiO on N-polar GaN can potentially be applied in
high-performance N-polar GaN-based transistors. The detailed understanding on the AlSiO

grown on N-polar GaN will be helpful.
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In the previous chapter and reported in other publications, we conducted
comprehensive studies of MOCVD grown SiN on N-polar GaN using capacitance-voltage (C-
V) methods [9, 10]. The basic framework to analyze the dielectric properties, such as the fixed
interface charge, interface states and bulk dielectric hole traps, was developed. In this chapter,
we summarize and extend these methods to study the dielectric AISiO on N-polar GaN.
Through a thickness series of AISiO on N-polar GaN MOSCAPs and capacitance-voltage (C-
V) methods, our comprehensive analysis includes fixed interface charges, near-interface
electron traps, dielectric built-in electric field, interface state density and bulk hole traps. The
approach pursued in this study can be widely applied to other dielectrics and boost the progress
of WBG semiconductor MOSCAPs and MOSFETs. Some figures and materials of the
following chapter was reproduced from [Wenjian Liu, Islam Sayed, Jana Georgieva, Silvia
Chan, Stacia Keller, Umesh K Mishra, A systematic and quantitative analysis of the bulk and
interfacial properties of the AlSiO dielectric on N-polar GaN using capacitance—voltage
methods. Journal of Applied Physics, 128, 074101(2020).], with the permission of AIP

Publishing.

3.2 Epitaxial Structure and Device Fabrications

The schematic structure of the MOSCAPs composed of AISiO with a silicon composition
of 37% grown on N-polar GaN is shown in Fig. 3.4. The N-polar epitaxial layers were grown
on c-plane sapphire substrates misoriented by 4° towards a-plane by metal organic chemical
vapor deposition (MOCVD). Prior to loading the substrate into the MOCVD chamber, three
cycles of UV-ozone and HF treatment were conducted, which was found to reduce the Si

concentration effectively [11,12]. The precursors used in this work were trimethylgallium
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(TMGa), ammonia (NH3), oxygen (Oy), trimethyl-aluminum (TMAI) and disilane (Si2Hg).
From bottom to top, the epitaxial layers included 1.5 um unintentionally doped GaN, 800 nm
n" GaN:Si with a doping concentrations of 2.5 x 10'® cm™, 600 nm n- GaN with unintentional
doping of 2.5 x 10'7 cm™ and the AISiO layer. The AISiO layers with different thicknesses (9
nm, 17 nm, and 25 nm) were grown in situ at 700 °C in our reactor which is capable of growing
both nitrides and oxides in the same run. The TMAI, SixHe, and O2 flows used for the AISiO

growth were 3.2 pmol/min, 3.2 pmol/min, and 4.4 mmol/min., respectively.

The fabrication process is similar to that of the SiN/N-polar GaN MIS-capacitor in
previous chapter. The MOCVD grown AlSiO was etched by the diluted buffered HF. Ti/Au
(25 nm/200 nm) was deposited by e-beam evaporation as the gate and ohmic electrodes after

the reactive ion etching (RIE) etching into n+ GaN.

Ti/Au

AlISiO, 9 nm, 17 nm, 25 nm

n- GaN, 0.6 um, 2.5x10*7 cm-3

Ti/Au Ti/Au

n+ GaN, 0.8 um, [Si]=2.5x10'8 cm3

UID GaN N-polar, 1.5 pm

c-plane sapphire, 4° towards a-plane

Figure 3.4 The cross-section schematic of the A1SiO on N-polar GaN MOSCAPs.
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C-V stress measurements were conducted to extract the near-interface electron fast and
slow trap densities. For the interface states and bulk hole trap study, ultraviolet (UV) assisted
C-V methods were used to overcome the issue of the low generation rate of holes in n-type
GaN as described in chapter 29, 13,14]. The frequency and amplitude of AC signals used for
C-V measurements were 1 MHz and 50 mV, respectively. The DC voltage was swept with a
35-mV voltage step and a 0.6 V/s sweep rate. All measurements were performed using an
Agilent B1500 semiconductor device analyzer equipped with medium power source/monitor
units and a multi-frequency capacitance measurement unit. An EXFO OmniCurel000 spot
curing system with a high-pressure Hg lamp filtered between 320 nm and 500 nm was used

as the UV illumination source.

3.3 Electron Traps and Fixed Charge at/near the Interface

3.3.1 Electron fast and slow traps near the AISiO/N-polar GaN interface

The slow and fast near-interface states are distinguished according to their different
electron emission characteristics. Interface states with fast emission characteristics are
referred to as fast traps and interface states with slow emission time characteristics are referred
to as slow traps. The densities of fast and slow traps were quantified by measuring the
hysteresis of C-V measurements.

The C-V curves of the AIS1IO MOSCAPs without and with voltage stress were measured
and shown in Fig. 3.5 (a) and (b). The MOSCAPs with different AISiO thicknesses were
measured up to different maximum positive voltages to maintain the same maximum electric
fields in AISiO. The maximum negative bias is -10 V for all three samples. The C-V
measurements included two stages. The first stage included sweeping the voltage from

depletion to accumulation, holding the voltage for 10 minutes stress under accumulation, and
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then sweeping the voltage backward from accumulation to depletion. The second C-V sweep

includes sweeping the voltage from depletion to accumulation and backward without any

voltage stress.
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Figure 3.5 C-V curves of AlSiO MOSCAPs (a) without and (b) with stress for different AISiO
thicknesses. The CV curves in (a) and (b) are plotted only from -3 to 5V for visual clarity. The solid
lines represent CV sweeps from depletion bias to accumulation bias (the forward sweep) and the

dotted lines represent CV sweeps from accumulation bias to depletion bias (the reverse sweep).

Since the first C-V sweep included additional 10 minutes voltage stress, the electrons
filled both the slow and fast near-interface states. Since the second C-V sweep did not include
voltage stress duration in accumulation, the electrons filled only fast near-interface traps.
Hence, the hysteresis (A4Vrg), measured from the second C-V curve, was used to estimate
density of fast near interface states. The hysteresis, measured from the first C-V curve, was

used to estimate the summation of density of fast and slow near interface states. The difference
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in the hysteresis from the first and second C-V sweeps gave the density of slow trap states.
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Figure 3.6 AVgg vs. AlSiO thickness as extracted from Fig. 2.5 without stress (red square) and

with stress (blue circle) and their fitting lines to obtain the net fixed interface charge.

The electron trap density Q7 can be expressed through [15-18],

Qr =CoAVis | (3.1)
where the C,y is the oxide capacitance biased to accumulation. The enhancement of AVrp after
stressing the MOSCAPs is evident when Fig. 3.5 (a) and (b) are compared. The AVrp values
are plotted in Fig. 2.6. The linear relationship and the good fit through the origin for both cases
of with and without stress indicate the validity of the Eq. 3.1, implying the near-interface
location of electron traps. The fast trap density was extracted to be 1.9 x 10" ¢m? and the
slow trap density excluding the contribution from fast traps is 3.7 x 10!! cm™. Compared with
SiN on N-polar GaN with 2.6 x 10'! cm™ fast electron trap density and 2.63 x 10'> cm™ slow

electron trap density [9], AISiO on N-polar has less slow and fast electron trap densities. The

almost one order of magnitude smaller slow electron trap density indicates that AISiO can

65



offer better flat-band and threshold voltage stability.

3.3.2 Net negative interface fixed charge and built-in electric field in the AISiO
The flat band voltages (Vrp) extracted from the forward sweep curves in Fig. 2.5 are
depicted in Fig. 2.7 and follow a linear dependence on the AISiO thickness. Assuming

negligible charges in the dielectric, the Vrp is given by [19],

qQF,net t
&oén | (3.2)

VFB = ¢ms -

where @ns 1s the work function difference between metal and semiconductor, Qge 1s the net
charge at the AISiO and GaN interface, ¢ is the dielectric thickness, ¢ is the electron charge, &

0, € r1 are the vacuum permittivity and relative dielectric constant of AlSiO (estimated to be

7.65 based on the 37% Si concentration in AlSi10), respectively.
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Figure 3.7 The extracted Vg vs. AlSiO thickness to obtain Qg pet.
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Through fitting with the Eq. 3.2, we obtain a net negative interface fixed charge of -
1.5 x 10'2 cm™ at the AlSiO/N-polar GaN interface, and the metal-semiconductor work
function difference is 0.325 V. The obtained work function difference is close to the ideal
value with Ti work function (4.33 eV) and n” GaN work function (~4.0 eV [20]). Compared
with the positive interface fixed charge in the Ga-polar case [16], the negative interface fixed

charge in the N-polar case is beneficial to design and achieve normally-off transistors.

MIS structure Ti AlSiO n- GaN

t d
Qm . Nd
Charge t
QF,net
Eassio
Electricfield
EPeak, GaN
S— EC
Band diagram I B
N -V

Figure 3.8 At zero bias, the charge profile, electric field and the energy band diagram of the

MOSCAPs.

Furthermore, the built-in electric field in the AISiO at zero bias (E4sio) can be calculated.
Based on the extracted Qrner and @ns, the charge profile, electric field and energy band diagram

are sketched in Fig. 3.8. From the diagrams, the charge neutrality and ¢us equations are:

Qn+Nyod=—Q et (3.3)
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where O is the sheet charge in the metal, Ny is the doping concentration in n-GaN, d is the
depletion region width in n-GaN, and ¢ ,» are the relative dielectric constant of GaN. After
solving the above Eq. 3.3 and Eq. 3.4 with respect to different dielectric thicknesses ¢, the
Eusio were calculated and summarized in Table. 3.1. The magnitude of the E.sio in all
samples are < ~0.1 MV/cm, while the peak electric fields in GaN (Eusio) are > ~0.22 MV/cm
suggesting a near balancing between the net interface charge and the ionized charge in n” GaN.
The possible reason behind this observation is the formation of compensating interface fixed
charges during the growth of AlSiO on N-polar GaN with the positive surface polarization
charge [9, 16]. It is noteworthy that the introduced negative fixed interface charges may
alleviate the electric field stress on AISiO when the GaN operates under some extreme electric

field.

Table 3.1 The calculated AlSiO built-in electric field values (| Eusio |), peak electric field values

in GaN (] Epeat, gav |) for different MOSCAPs.

t (nm) 9 17 25
d (nm) 54.9 56.5 58.5
Om (x10'? cm™) 0.42 0.37 0.33
| Eaisio | (MV/cm) 0.099 0.087 0.078
| Epeak, Gan | (MV/cm) 0.22 0.23 0.24

3.3.3 Sign of net interface fixed charge
There is accumulated knowledge on the net fixed interface charges at the interface of

different dielectrics on Ga-polar and N-polar GaN over the past years from Mishra group.
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Table 3.2 summarizes these values for the same kind of dielectrics, which were all in-situ
grown on GaN by MOCVD. While it is noted that the dielectric growth process on GaN may

not be same on the surfaces with two different polarities, the trend might still be indicative.

Table 3.2 Net interface fixed charge of SiN and AlSiO on Ga-polar and N-polar GaN

Ga-polar GaN N-polar GaN
SiN + 1x10'2 cm™ [21] -2.9x10"? cm™ [9]
AlSiO +4x10'2 ¢cm™ [2] - 1.5%10'? ¢cm™ [8]

From the Table. 3.2, the Ga-polar GaN tends to have positive net fixed interface charge
for both SiN and AlSiO while the N-polar one has the negative net interface charge. The
distinctive characteristic may be explained by the polarity of GaN and the associated surface
polarization charge. Ga-polar GaN has negative surface charge due to polarization while N-
polar GaN has positive one. During the growth of dielectric on the charged surface, some
“compensation” effect [22,23] may happen to minimize the total energy at the interface
between dielectric and GaN. This can result in the opposite sign of net fixed charge
corresponding to the surface charge. To be more specific, Ga-polar surface will induce net
positive fixed interface charge and N-polar one will induce negative fixed interface charge.
The possible correlation between the net fixed interface charge and the polarity of GaN is

interesting and deeper understanding beyond the hypothesis presented will be beneficial.

3.4 Interface States Density and Bulk Hole Traps in the AISIO

Using the ultraviolet (UV)-assisted Capacitance-Voltage (C-V) methods, we have

developed a methodology accounting for the hole traps in bulk dielectrics and accurately
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extract the interface state density. The methodology was applied to the SiN/GaN system which
has a negative valence band offset. Here, we expand the same methodology to the AISiO/GaN
system which has a positive valence band offset [2, 24] and illustrate the possible general

validity of the methodology.

Captured/
holes

Figure 3.9 The band diagram to show the process of trap ionization and hole capturing during

the UV exposure (forming of the hole inversion layer and populating the bulk hole traps).

Based on the UV-assisted C-V methods, the band diagrams are shown in Fig. 3.9, Fig.
3.10 and Fig. 3.11, to demonstrate the trap states at different stages and derive the
corresponding C-V related equations [10]. Different from the case of SiN on N-polar GaN,
the positive valence band offset of AISiO/N-polar GaN will introduce different behavior of
the C-V characteristics because of holes accumulated at the interface as shown in these band
diagrams. There were three C-V sweeps in the UV-assisted C-V methods. First, the voltage
was swept from depletion to accumulation, the device was held for 10 minutes under

accumulation to ensure all the traps are filled with electrons, and then the voltage was swept

70



backward to depletion. Second, the voltage was swept from depletion to accumulation again
and this CV sweep is the dark curve in Fig. 3.12, as the C-V sweeps were measured under
dark condition. Third, the device was held at -10 V bias and was UV-illuminated to generate
electron-hole pairs for 30 seconds with power intensity around 0.18 W/cm?. During the UV
exposure, as shown in Fig. 3.9, the holes generated by UV illumination accumulate at the
AISiO/N-polar GaN interface forming the hole inversion layer. The accumulated holes at the
interface ionize the interface traps and are captured by the bulk hole traps in AlSiO. The
detailed capture mechanism of holes currently is not fully understood but hole capture and
subsequent hopping as a potential mechanism is surmised. The electron quasi-Fermi level (Er,)
and hole quasi-Fermi level (Erp) split during to the UV-illumination.

In the Fig. 3.10, after the UV exposure, the device is held in depletion bias under the dark
environment, the total band bending in GaN increases when the forming of hole inversion
layer and populating of bulk hole traps complete. The hole quasi-Fermi level locates at the top

of the valance band of GaN at the interface.

Ec

AlSiO After UV Exposure

/ollonhed

Traps

Captured_-
holes

Figure 3.10 The band diagram to show the stabilized ionized traps and captured holes after the

UV exposure (completion of forming the hole inversion layer and populating the bulk traps).
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In Fig. 3.11, during the gate bias sweeping after the UV (Post-UV sweeping), the electron
and hole fermi level moving cause the neutralization of the interface states and the captured
holes in the bulk. The process involves the electron capturing at the interface and in the AISi0
bulk. At the interface, not only the ionized traps will capture electrons to become neutral, but
also the accumulated free holes will capture electrons as well. The total capturing of electron
can be reflected in the C-V sweeping curves. The third sweep from depletion to accumulation

is shown as the Post-UV curve in Fig. 3.12.

Ec  Post-UV sweeping

AISiO
Metal
//
Vbias I 78
Neutralized GaN Ern
Ei
Partially
Neutralized

Figure 3.11 The energy band diagrams during post-UV sweeping (neutralization of interface and

bulk traps).

Two C-V curves were measured prior to (Dark Curve) and post shining UV (Post-UV
curve) and have been shifted AV, to capture the information of holes captured/accumulated
at the interface and the bulk dielectric. The measured UV-assisted C-V curves for the
MOSCAPs with 9 nm, 17 nm and 25 nm AISiO are shown in Fig. 3.12 (a), (b) and (c),
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respectively. The voltage shift AV for them are 1.49 V, 3.66 V and 7.68 V, respectively. It
is noted that the shifting of Post-UV curve to fit the Dark curve at the deep depletion region
can introduce some small amount of inaccuracy because the exact same capacitance values in
the two curves are not possible to achieve from the measurement results. However, the small
amount of inaccuracy would not impact the extraction of D; or D;; since only the derivative of

AV to surface potential matters and a constant value shift has no effect on D; or D;.
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Figure 3.12 The measured C-V curves and shifted voltages AV for (a) 9 nm, (b) 17 nm and

(c) 25 nm AlSiO.
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The shifted voltage AV versus thickness of the AlSiO is depicted in Fig. 3.13 and was used
to fit the quadratic equation:

AV =0 o L
tota
EoEn A 2848, , (3.5)

where Qy is the number of captured and accumulated holes at the interface, 4 is the device
area and nuo is the uniform hole trap concentration in AlSiO with unit cm™. The nuo is
extracted to be 8.4 x 10'"® cm™ in the AlSiO. The structural origin of the hole traps can be
investigated further by the means of defects related first-principle calculations. For instance,

Choi et al [25] suggested several types of native defects and impurities as the origin of bulk

hole traps in the Al>Os.
10
8 |
~ [AVya = 0.0099t*+0.0580t
> 6 _ 18 -3
s N, =84 x10"cm
E
9
0 1 1 L | : 1 1 1 " |
0 5 10 15 20 25

t (nm)
Figure 3.13 The fitting plot of AV vs thickness used to extract hole trap concentration in

AlSiO.

Using the same methodology and code developed since Swenson et al and Yeluri et al,

the total calculated density of traps (D) v.s. the energy is obtained and plotted in Fig. 3.14. As
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shown in Fig. 3.14 (a), (b) and (c), the total calculated density of traps (D;) from photo-C-V

curves (black triangles) exhibits a typical “bump” behavior (hole ledge) near Ec, which is an

effect from the accumulated holes due to positive valence band offset and not related to

positive charges due to ionized traps [24]. This effect was excluded to obtain the D, (red dot),

which accounts for the contributions from interface state density and the hole trap in the bulk

8, 24].

—p— Dt from photo-CV
Dt after removing
the hole ledge

9 nm

( ) —p— D, from photo-CV
D after removing
1013 ¢ t i
the hole ledge
>_, .
o 10°° ¢ R,
£ % 17 nm
2 B
o
10! ]
D, = 1.52x10™2 cm2eV! M
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Figure 3.14 The D, from photo-C-V (black triangle) and the D; after removing the hole ledge

(red dot) of (a) () 9 nm, (b) 17 nm and (c) 25 nm AlSiO MOSCAPs

The relationship between total density of traps and interface states is expressed as:
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D, =D, +t I

t it

+t
Vs (3.6)

dn,, / d'//S, with unit cm>eV™!, is related to the dielectric hole trap distribution in

where the
energy scale. The extracted D; at AISiO/GaN from Fig. 3.15 is ~4.44 x 10" cm?eV™!. The
quantified interface state density here can play a role to study the DC-RF dispersion behavior
and the bulk hole traps concentration is useful to understand the performance of p-type devices.

Overall, the results and methodology above can provide more insights into understanding and

improving dielectric in terms of interface states and bulk hole traps.
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Figure 3.15 The D; extraction from D; vs thickness based on Eq. 3.6.

3.5 UV-assisted C-V Methodology for f-Ga>Os System

The UV-assisted C-V methodology in this chapter can be further expanded into other

wide bandgap semiconductor systems with positive valance band offset. Our collaboration
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with Zhe (Ashley) Jian and Prof. Elaheh Ahmadi from University of Michigan, explored the
application into A1>O3 and AlSiO on B-Ga,O3 with a bandgap of 4.9 eV [26, 27] to investigate
their bulk and interface properties. The major difference in the experimental settings would
be the UV illumination source with shorter wavelength to generate electron-hole pairs in 3-
Gay03, which was called deep UV-assisted C-V methods.

For AlbO3 on B-Gay0s study, the Al,O3 was grown by atomic layer deposition (ALD)
and the effects of ALD temperature and post-deposition annealing were studied. ALD at high
temperatures and PDA in O; at 500 °C can improve the breakdown voltage and reduce
hysteresis. Through the analysis on the bulk traps and interface state density developed above,
the interface state density and bulk trap density were extracted to be 1.34x 10'> cm™ eV™! and

2.98x 10" cm™ eVl respectively.

4.0 T T T

| y=0.093x+0.66
3, 32 R2=0.993 )
No) ‘
e 24} \
(&)
© 16} .
s ’
3 o
O 08E z" -

[*~D, = 6.63x10"" cm2eV-' |

oo
0 10 20 30

AISIO thickness (nm)
Figure 3.16 The linear fit of the average trap density as a function of AlSiO thickness in
AlSi0/B-Ga,0; MOSCAPs [27].

Furthermore, the ex-situ MOCVD grown AlSiO on B-Ga>O3 was also studied using
77



the similar methodology. The UV-ozone and wet chemical treatment was used as a surface
pre-treatment before the MOCVD growth on 3-Ga>Os3 and was found to help reduce the near-
interface traps. As shown in Fig. 3.16, the average interface state density and bulk trap density
were 6.63 x 10! cm? eV™! and 4.65 x 10! cm™ eV, Compared with the ALD AL,O3, the
AISiO on [B-Gay0s3 had better performance with half of the interface trap density in Al,O3/B-
Ga203. The bulk trap density of the AlSiO grown on B-Ga>Os3 is around one sixth of that in
Al>03/B-Gax0;. These excellent results indicate the high quality of the MOCVD ex-situ grown
AlISiO on B-GaxOs3 and its promising applications in future B-Ga>Os3 related research.
Moreover, the successful application into B-GaO3 of the developed UV-assisted C-V

methodology further reveals the possible universality of the methodology, which can be

expanded into other WBG system, such as AIGaN and diamond materials systems.

3.6 Summary

In summary, we have developed a systematic and quantitative analysis to understand the
interfacial and bulk properties of AISiO on N-polar GaN. Through a thickness series of AISiO
metal-oxide-semiconductor capacitors (MOSCAPs) and capacitance-voltage (C-V) methods,
the fixed charges, electron slow and electron fast trap densities located near the interface were
extracted to be -1.5 x 1012 cm?, 3.7 x 10! cm™ and 1.9 x 10" cm™, respectively. The built-in
electric field in AISiO was less than 0.1 MV/cm when the AlSiO layer was more than 9 nm
thick. Using UV assisted C-V methods, an average interface state density of ~4.44 x 10'! cm’
2eV-! and a hole trap concentration in bulk AISiO of ~8.4 x 10" cm™ is determined. The

analysis can serve as a methodology to study the properties of dielectrics on WBG
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semiconductors and to optimize MOS-based WBG semiconductor device performance.
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Chapter 4. Ru/N-polar GaN Schottky Diode

In this chapter, the Schottky barrier diode using ruthenium (Ru) deposited by atomic layer
deposition on N-polar GaN is investigated. The Schottky diodes showed near-ideal thermionic
current behavior under forward bias and reverse bias at various temperatures. The barrier
height values extracted from both regions agreed well at each temperature and the barrier was
extracted to be 0.77 eV at room temperature. The difference between the predicted barrier
height (0.6 eV) and the experimental barrier heights (0.77eV) indicated the Schottky barrier
height was enhanced by 0.17 eV. The combination of the 0.77 eV barrier and thermionic
current characteristic resulted in < 2 pA/cm? reverse current at -5 V, which is a record-low
value for N-polar GaN Schottky diodes. As a comparison, the Ru on Ga-polar GaN Schottky
barrier diode, which has a barrier height of 1.0 eV, exhibited a ~ two-orders of magnitude
higher leakage than Ru on N-polar GaN at -5 V due to other parasitic leakage mechanisms

specific to the Ga-polar orientation and process.

4.1 Schottky Structure on N-polar GaN

N-polar GaN based high electron mobility transistors (HEMTS) are very promising for
solid-state millimeter wave power amplifiers. The advantages come from the GaN material,
and the polarization engineering enabled by the N-polar orientation [1-3]. GaN has superior
material properties such as a large bandgap, high charge density, high electron mobility and
high electron saturation velocity, which are of great importance. In addition, the N-polar
orientation can provide extra benefits in a HEMT structure, such as low ohmic contact

resistance [4], strong back barrier [5] and improved scalability [6]. Harnessing these
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advantages, Romanczyk et al. [7] reported a record-high 8.84 W/mm power density at 94 GHz

from a N-polar GaN deep-recessed HEMT with a SiN gate dielectric.

To further boost the high-frequency and high-power performance in N-polar GaN
HEMTSs, scaling down the gate length while preserving a good aspect ratio is desirable to
achieve both high fr and fmax. In the record high Pout MIS-HEMT device, the total distance
from gate to channel (the centroid of 2DEG) includes 5nm thick SiN, a 2 nm AlGaN and a 9
nm GaN channel. Assuming a good aspect ratio of 5, the minimum expected scaled gate length
would be around 80 nm. The typically used gate dielectric added more distance from gate to
the channel and hindered the further scaling down of the gate length. It should be noted that
the thickness of GaN channel is hard to reduce further because the mobility of the 2DEG could
drop significantly. One way to further scaling down is to remove the gate dielectric and utilize
the Schottky-HEMT gate structure. By removing the gate dielectrics, Schottky-HEMTs in N-
polar GaN with gate directly above AlGaN can achieve a deeply scaled gate while preserving
a good aspect ratio. Without the gate dielectric, the gate length can be scaled down to 55 nm
given the same AlGaN/GaN thickness and aspect ratio. One would expect more gain and more

efficiency when the Lg scaling down is improved in a similar HEMT device.

Another advantage without using the gate dielectric would be that the possible
unreliability in the bulk of gate dielectric could be eliminated. In Chapter 2 and Chapter 3, the
analysis provided insights that the dielectric on N-polar GaN (or in general including other
semiconductors as well) has bulk traps and interface states. While the interface state also exists
at the metal/semiconductor interface in Schottky-HEMT structure, the close contact to the
gate electrode makes the charging/discharging process fast, which would follow the gate
signal and have only limited effects on the reliability of devices.
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However, it has been difficult to obtain a good Schottky barrier on N-polar GaN to
reduce the gate leakage in HEMTs. Rajan et al. [5] demonstrated a Ni gated N-polar
AlGaN/GaN Schottky HEMT but with a ~4 mA/mm high gate leakage. Hardy et al. [8] also
reported a ~3mA/mm gate leakage in a Pt/Au gated N-polar HEMT due to the poor Schottky
barrier on N-polar GaN. Other Schottky diodes with various metals on N-polar GaN [9-12]
have also shown low barrier height values associated with other parasitic conducting paths
(not fully understood), which led to unacceptably high reverse currents to be used in practical

HEMTs.

The Fig. 4.1 below summarized the reported barrier height values on N-polar GaN and
some associated reverse currents. Majority of the reported values are less than 0.7 eV except
one reported a barrier height of around 0.9 eV using Pt as the Schottky metal. It should be also
noted that the barrier heights for nominally same metal could be varying from different groups
depending on material quality and surface preparation before metal deposition. In a simple
theory, the ideal barrier height of a Schottky barrier can be determined by the metal work
function and the electron affinity of the semiconductor. In the case of GaN as the

semiconductor, the relationship can be expressed as:

¢p = ¢m — 2(GaN) (4.1)

where ¢g is the barrier height, ¢m is the metal work function and % (GaN) is the electron affinity
of GaN, which is typical chosen to be 4.1 eV for n” GaN at 300 K [30]. All the experimental

data points are below the line of ideal barrier height.
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Figure 4.1 The Schottky barrier heights and some reverse currents (with unit A/cm?) for metals

with various work functions on N-polar GaN from the literature.

The deviation from the ideal line can be explained by the interface charge transferring
and the formed interface dipoles. As discussed in the dielectric/semiconductor system of
Chapter 2, the intrinsic and extrinsic interface states also occur in metal on semiconductor
system and could complicate the barrier height behavior. The barrier height would be sensitive
to many factors including the material surfaces, processing treatment and metal deposition etc.
The barrier height variation for the nominally same metal could be explained by those factors.
More discussion on the deviation from ideal line will be presented in part “Enhanced barrier

height” of this chapter.

4.2 ALD Ru on N-polar GaN

This chapter presents the investigation of ruthenium (Ru) deposited by atomic layer

deposition (ALD) on N-polar GaN for use as a Schottky diode with this section detailing the
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process of Schottky barrier formation and the structure used. ALD Ru can provide excellent
filling in nanoscale T-gate stem trenches with high-aspect ratio while simultaneously offering
easy process integration as Ru can be etched by oxygen plasma. The successful use of Ru and
demonstrated reliability in dynamic random-access memory (DRAM) makes it a readily
available metallurgy in foundries [13]. As will be shown in the following part of the chapter,
the ALD Ru on N-polar GaN diode device has a 0.77 eV barrier height at room temperature
and thermionic current behavior. The barrier height values at various temperatures extracted
from the forward bias region and the reverse bias region agreed well. With the combination
of 0.77 eV barrier height and a thermionic current characteristic, the reverse leakage was < 2
HA/cm? at -5V, which is a record-low value for N-polar GaN Schottky barrier diodes. Besides,
the Ru deposited by ALD can fill the extremely scaled gate in N-polar GaN HEMTSs and
enable further advances in high-power and high frequency performance. Part of the figures
and materials in this chapter are reproduced © 2020 IEEE., with permission, from [Wenjian
Liu, Islam Sayed, Brian Romanczyk, Nirupam Hatui, Matthew Guidry, William J Mitchell,
Stacia Keller, Umesh K Mishra, Ru/N-Polar GaN Schottky Diode with Less Than 2 pA/cm?
Reverse Current, IEEE Electron Device Letters, 41, 1468-1472(2020).] and [Wenjian L.iu,
Islam Sayed, Brian Romanczyk, Nirupam Hatui, Jana Georgieva, Haoran Li, Stacia Keller,
Umesh K Mishra, Near-ideal Ru/N-polar GaN Schottky diode with ultralow reverse leakage,

Device Research Conference (DRC), July 2020, doi: 10.1109/DRC50226.2020.9135165.].
Epitaxial structure and device fabrication

The fabrication procedure of the circular Ru/N-polar GaN Schottky diode was shown
in Fig. 4.2. First, the N-polar GaN epitaxial layers were grown by metal organic chemical
vapor deposition (MOCVD) on a c-plane sapphire with a miscut 4 ° towards the a-plane
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[14,15]. As shown in Fig. 4.2 (a), the epitaxial structure consisted of an unintentionally doped
(UID) GaN buffer layer, an 800 nm n* GaN layer, a 600 nm n” GaN layer and a 5 nm protective
SiN cap layer. For comparison, a Ga-polar sample was also grown. The Ga-polar sample had
equivalent epi structure as the N-polar one, except a sapphire substrate without a miscut was
used (a conventional process). The doping values extracted from capacitance-voltage (C-V)
measurements for N-polar and Ga-polar n~ GaN were 2x10' c¢m™ and 3.7x10' cm?,
respectively. X-ray diffraction (XRD) rocking curves were measured to evaluate the quality
of the epitaxial structures since the full-width-half-maximum (FWHM) of symmetrical and
asymmetrical scans is proportional to screw and edge dislocations, respectively. The FWHM
of (0002) and (20-21) diffraction peaks were 320.4 arcsec and 644.4 arcsec on the N-polar
sample and were 300 and 464 arcsec on the Ga-polar sample. These corresponded to extracted

dislocation densities of approximately 1-2 x 10° cm™ for both samples, confirming their

equivalent and good quality.
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n- GaN, 2X10Y cm?3,
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(d)
40nm Pt/
450nm Au

40 nm ALD Ru
Ti/ n- GaN, 2X10%7 cm?3, Ti/
Au 600 nm Au

n+ GaN (Si), 2.5x108 cm™3
800 nm

UID N-polar GaN Buffer
Sapphire

40 nm ALD Ru

n- GaN, 2X10¥ cm?3,
600 nm

n+ GaN (Si), 2.5x10'8 cm™3
800 nm

UID N-polar GaN Buffer
Sapphire

(2)

ICP Ru etch ICP Ru etch
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40 nm ALD Ru

n- GaN, 2X10% cm?3,
(3) 600 nm

n+ GaN (Si), 2.5x10'8 cm?3
800 nm

UID N-polar GaN Buffer
Sapphire

Figure 4.2 The fabrication procedure of Ru/N-polar GaN Schottky diodes: (a) MOCVD-grown

N-polar GaN epitaxial structure; (b) 40nm ALD Ru as the Schottky contact metal; (c) the formation

of Ru/Pt/Au Schottky gate electrode; (d) final device structure of the circular Schottky diode. Ru/Ga-

polar GaN Schottky diodes were processed in the same way.

The N-polar and Ga-polar samples were fabricated together as described in the

following. In step (1) of Fig. 4.2, the GaN surface was exposed by the removal of the MOCVD

SiN using HF: HNOs solution. Then a 40 nm thick Ru Schottky contact metal was deposited

on the entire sample surface by ALD at 300 °C using Ex03Ru (Hansol Chemical, Korea) and

O2 precursors as shown in Fig. 4.2 (b). In step (2), anode probe metal Pt (40 nm)/Au (450 nm)

with a 100 um diameter was deposited using electron beam evaporation and a lift-off
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technique. In Fig. 4.2 (c), the excess Ru was etched using a O2/Cl>-based inductively coupled
plasma (ICP) etch using the Pt/Au electrode as a mask to define the anode contact. Finally,
step (3) included mesa etching by reactive-ion etching (RIE) and the deposition of non-
annealed Ti/Au (25 nm/200 nm) ohmic contacts to the n+ GaN by e-beam evaporation to
complete the circular Ru/N-polar GaN Schottky diode structure in Fig. 4.2 (d). There was a

30 um lateral spacing between the edge of the etched mesa and the anode metal.

4.3 Barrier Height
4.3.1 Forward bias region
Temperature-dependent DC current-voltage (I-V) curves are measured from 298 K
(room temperature) to 448 K with 25 K per step. Both the forward-bias region (Fig. 4.3) and

the reverse-bias region (Fig. 4.4) were used to extract the barrier heights at each temperature.

The I-V relation of a Schottky barrier diode can be expressed as [9]:
qVv
I =Ig(enkt — 1) (4.2)

In(Is/T?) =In(A*) — q¢pg/kT 4.2)

where Is is the saturation current density, n is the ideality factor, q is the electron charge, k is
the Boltzmann constant, T is the temperature, ¢s is the Schottky barrier height, and A* is the
Richardson’s constant. A* varies from 5 to 26.4 A cm™ K for GaN [9-11,16]. A typical value
of 24 A cm™ K2 was used in this analysis. Under a forward bias region with V > 3kT/q, the I-

V can be simplified as:

In(I) =In(ls) + qV/nkT (4.3)
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EqQ. 4.3 was used in the region from 0.15 V (to maintain V > 3kT/q) to 0.3 V (to avoid the
influence from the contact resistance). From the linear fit of In(l) versus V shown in Fig. 4.3,
the saturation current density from the forward bias region (Is) and the associated ideality
factor (n) were obtained at various temperatures. Then the barrier height values (¢sf) Were

calculated using Eq. 4.2 and plotted in Fig. 4.5 along with the ideality factor n.
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Figure 4.3 Temperature dependent DC I-V curves (solid lines) of the N-polar Schottky diode for
temperatures from 298 K to 448 K with 25 K per step under forward bias. At each temperature, the
saturation current density values were obtained by linearly extrapolating to zero bias in the log-scale
(dashed lines). The voltage (V) was applied on the Ru/Pt/Au electrode and the shaded regions

represent the voltage region where the fitting was conducted.

4.3.2 Reverse bias region
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In the reverse bias region from -1 V to -5 V (< -3 kT/q range), shown as the shaded
region in Fig. 4.4, the slow increase of the current plotted on a log-scale with the applied

reverse bias was consistent with the image charge induced barrier lowering effect [17, 18]:
In (1) = In(Is) + qA¢,(V)/kT (4.4)

where Age(V) is the imaging charge induce barrier lowering effect and treated as linear-
dependent on V here. Without any other parameters, In(l) from -1 V to -5 V was extrapolated

to zero bias to obtain the saturation current in the reverse bias region (Isr) as Fig 4.4 shows.
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Figure 4.4 Temperature dependent DC I-V curves (solid lines) of the N-polar Schottky diode for
temperatures from 298 K to 448 K with 25 K per step under reverse bias. The extraction process is
the same as the forward bias region and the shaded regions represent the voltage region where the

fitting was conducted.
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From Isrand Eq. 4.2, the barrier height value (¢#sr) was calculated as shown in Fig.
4.5. The consistent barrier heights from both forward bias region and reverse bias region
experimental data in N-polar GaN-based Schottky diodes indicate a near-ideal Schottky diode
behavior. The values of ideality factor n at different temperatures ranged from 1.06 to 1.10
and indicated a thermionic current behavior in the forward bias region. The barrier height ¢g,
r from the reverse saturation current value agreed well with ¢g r at each temperature, further

revealing that the current behavior in the Ru/N-polar GaN Schottky diode was thermionic in

nature.
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Figure 4.5 Barrier height values extracted from the forward bias region ¢s, ¢ and the reverse

bias region ¢s, r (left y-axis); ideality factor n (right y-axis) extracted at various temperatures from

298K to 448K for the Ru on N-polar GaN Schottky diodes.

As shown in Fig. 4.5, the barrier height of ~0.77 eV at 298 K, increased to ~0.85 eV
at 398 K and then dropped to ~0.82 eV a 448K. The positive temperature coefficient of the

barrier height from 298 K to 398 K can be explained by the interface barrier inhomogeneity
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in GaN related Schottky diodes as studied and reported by several researchers [19-21]. Using
the methodology described in ref [22, 23], our data can be explained by a standard deviation
value of 128 mV from an assumed barrier height Gaussian distribution. The negative
temperature coefficient is not common in GaN Schottky related publications. Yildirim et al.
[22] observed a negative dependence on temperature in C-V data and attributed it to the
bandgap shrinkage at high temperature. Lu et al. [24] obtained a bandgap temperature
coefficient of -1.08 meV/K for GaN. If the Schottky barrier height decrease was attributed to
bandgap shrinkage, our negative temperature coefficient was estimated to be ~ -0.6 meV/K

for conduction band edge downward and stays within a reasonable range.
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Figure 4.6 The room temperature 1/C? versus V with extracted doping of 2 x 10*" cm= and V5,
of 0.74 eV, from which the calculated barrier height value is in close agreement with value from I-V

extraction.

C-V measurements were also performed to extract the barrier height at room
temperature and the 1/C? versus V is shown in Fig. 4.6. From the 1/C2-voltage relationship,

built-in voltage Vyi of 0.74 eV was extracted and the barrier height of 0.81 eV was calculated
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[9]. The extracted barrier height from C-V (0.81 eV) was in close agreement with that

extracted from I-V measurement (0.77 eV).

4.3.3 Enhanced barrier height

In an ideal thermionic current conducting behavior, the current has an exponential
dependence on the barrier height as shown in Eq. 4.1 and Eq. 4.2. To obtain a low reverse
current, high barrier height plays a critical role to reduce the reverse current in an exponential
way. In prior N-polar GaN Schottky barrier studies, many of the efforts were put on these
metals with relatively high work function metal, including Au (work function 5.1eV), Pd
(work function 5.13eV), Ni (work function 5.15eV) and Pt (work function 5.65eV). The
reason can be simply described in Eq. 4.1. The equation assumes that the barrier formed is

purely caused by the energy levels of bulk properties of metals and the semiconductor.
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Figure 4.7 Adding the ALD Ru/N-polar GaN Schottky data point into Fig. 4.1

However, in fact there are multiple sources of interfacial interactions between the

metal and semiconductor which can cause the transfer of charges, form interfacial dipoles,
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form interfacial layers which can reduce/enhance the barrier height [17, 28]. Fig. 4.7
summarizes the data points of Schottky barrier height on N-polar GaN in the literature from
Fig. 4.1 and includes the Ru on N-polar GaN Schottky barrier data point. The dotted line
represents the ideal barrier height behavior without considering the interfacial charges.
Unfortunately, the points from other studies have lower barriers than the equation predicted
as these data points are below the ideal dotted line. The reduced barrier heights do not favor
the low reverse currents desired in Schottky-devices. The variations in the same metal can be
caused by non-idealities during the device fabrication, semiconductor growth or other surface-

related processes as discussed in the interface states part of chapter 2.

The Ru on N-polar GaN in our study is above the dotted line and has an enhanced
barrier behavior. The difference between the predicted and the experimental barrier heights
are 0.17 eV based on the Ru work function of 4.7eV. In an exponentially dependent behavior,
the extra 0.17 eV can reduce the saturation current by a factor of 746 (e%17€V/0.0257¢V) gt room
temperature with kT of 0.0257eV, which is roughly a 3-orders of magnitude reduction. With
attempts to understand the physics of the enhanced barrier height between Ru and N-polar
GaN, a simple model considering the interface charge (or interface dipole) will be helpful and

the schematic diagrams depicting the hypothesis are shown in Fig. 4.8 below.
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Figure 4.8 The schematics of charge, electric field and band diagram to show the effect of

interface charge on the barrier height.

Starting from the charge profile p, the electric field and energy band diagram can be
drawn to represent the effect of the interface charge. The charge neutrality is maintained with
the charge in the metal which is not shown in the diagram. Without the interface charge, the
barrier height would be the same as Eq. 4.1 predicted. Assuming there is some uniformly
distributed negative interface charge existing at the semiconductor surface with a charge
density of po and depth of &, the effective barrier height will be increased by the amount of
A®. Assuming the doping concentration in the n- GaN layer is Np and |0 |>>0Np, the A@can

be approximately given as follows [29]:

AD = —p, 5/ (2¢;) (4.5)



where the & is the permittivity of GaN. When the 0.17 V enhanced barrier height is taken into
the Eq. 4.5, the charge density po and depth of 6 can be estimated. For instance, a 6 of 1 nm
would indicate the pp of -1.67 x 10?° cm™ and 0.5 nm would give -6.69 x 10%° cm™, The total
amount of charge /po+&/ in the region is around 1.67 x 10% ¢cm, which is around the same
order of the polarization charge at the GaN surface. As a part of the interface between
semiconductor and metal, the physical origin of the negative interface charge is hard to
examine in a rigorous way and its exploration by the means of XPS will be presented in the

“XPS analysis” of this Chapter.

4.4 ALD Ru on Ga-polar GaN and N-polar GaN

4.4.1 Reverse leakage conduction
As a companion sample, the ALD Ru on Ga-polar GaN Schottky diodes were
processed along with the N-polar GaN sample. The comparison of the Schottky I-V

characteristics of Ru on Ga-polar and N-polar GaN at room temperature is shown in Fig. 4.9.
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Figure 4.9 I-V curves of Ru/N-polar GaN (red) and Ru/Ga-polar GaN (blue) Schottky diodes at

room temperature.
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For the Ga-polar device, the barrier height and ideality factor extracted from the
0.35~0.5 V forward bias region were 1.0 eV and 1.26, respectively. It is noted that the barrier
height of Ru on Ga-polar GaN is around 0.23 eV larger than that on N-polar GaN. Suemitsu
et al. [10] also observed similar barrier height difference of 0.21 eV in Ni on Ga-polar and N-
polar GaN. An effective Schottky barrier height model based on the different polarization-
induced surface charges with finite thickness was proposed to explain the relatively larger
barrier height in Ga-polar case by Suemitsu et al [10]. The current density from -1.5 V to 0.26
V was below the detectable limits of the instrument due to the 1.0 eV barrier height value.
However, unlike the ideal thermionic current characteristic observed for the N-polar GaN
diodes across the whole applied bias range, the reverse leakage of Ga-polar diode started off
lower due to the higher barrier height but was then overwhelmed by other leakage mechanisms
beyond -2.3 V. At -5V, the Ga-polar diodes had a reverse current of 1.36 x 10* A/cm?, while

the N-polar case with a 1.99 x 108 A/cm?.

The almost two-orders of magnitude higher leakage in the Ga-polar case suggests that
its dominant conducting mechanism under reverse bias was not thermionic current. Other
parasitic leakage mechanisms, such as trap-assisted tunneling, field-emission tunneling, and
hopping conduction through dislocations may contribute to the high reverse leakage [25-27].
The band diagrams presented in Fig. 4.10 schematically depicted the reverse current
conduction mechanisms and illustrated our hypothesis that other parasitic conduction in N-

polar GaN may be suppressed.
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Figure 4.10 The band diagrams reflect the reverse current behavior, where the green arrows
represent the dominant conducting mechanisms. (Left one for Ga-polar, right one for N-polar)

The comparison between Ru on N-polar and Ga-polar GaN Schottky diodes indicates
that both the barrier height value and the reverse current conduction mechanism are important
to achieve low reverse leakage. Prior to this study, the lowest reverse current reported in N-
polar GaN Schottky diodes was 10 A/lcm? at -1V with a 0.9 eV barrier height for a non-ideal
Pt/N-polar GaN Schottky diode [12]. In our study, because of the ideal thermionic current
characteristic, the Ru/N-polar GaN Schottky diode with a lower 0.77 eV barrier achieved 2 x

1077 A/cm? at -1V, which is a record-low reverse current among N-polar GaN Schottky diodes.

4.4.2 High reverse bias voltage

The high break-down voltage and stability at high electric fields can enable high
voltage swing at the drain bias and provide more output power density and higher efficiency
when applied into transistors. To study the break-down voltages in our experiments, we

applied up to -60V reverse bias on Ru/N-polar GaN. As shown in Fig. 4.11, the reverse I-V
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curve remains well behaved and there were no sudden instabilities before the current hit the
compliance, which represents the robustness of the Ru on N-polar GaN Schottky diode. To
estimate the tolerance of high electric field in the Ru/N-polar GaN Schottky diode, a
conservative -50 V is taken as the break-down voltage to calculate the maximum electric field

in the Schottky junction. The maximum electric field at the interface is around 2 MV/cm.
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Figure 4.11 The break-down measurement of Ru on N-polar (red) and Ga-polar (black) GaN

As a comparison, for the Ru on Ga-polar GaN, the break-down happened around -25V.
Even though the electrical behavior at extreme electric fields is hard to analyze due to the
activation of alternate current paths and ionization of traps (loosely referred to as leakage
paths), the difference between Ga-polar and N-polar is clear at the low and high electric field.
At the voltage below 3 V, the dominant reverse current in Ga-polar GaN case and N-polar
GaN is the thermionic current. After the transition around 3V, the parasitic leakage behavior
in Ga-polar started to become the major part and surpass the thermionic current in N-polar.

The transition in reverse current indicates earlier activation of leakage paths in Ga-polar case,
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To some extent, the break-down voltage test conducted in the study can only illustrate the
advantage of Ru/N-polar GaN over its counterpart Ru/Ga-polar GaN, while other metals on

Ga-polar GaN may demonstrate stable Schottky diodes.

4.5 XPS Analysis

The enhanced barrier height at the Ru/N-polar GaN interface is helpful to reduce the
reverse current exponentially. The negative interface charge can be invoked to explain the
enhanced barrier height from the perspective of charge transferring. However, the structural
and physical reasons may also be a reason and hence the chemical bonding or elements
analysis, is interesting to investigate. Even though some analysis methods can be used to study
the interface, fully understanding the physics of a complicated interaction at the interface is
not easy by any means. Here, the depth profile of the XPS study is used to track the O, Ru,

Ga elements and their bonding energy levels.

As determined by ellipsometry, around 43 nm Ru film was deposited at the N-polar
GaN surface by the ALD method. The Ru/N-polar GaN piece sample for XPS analysis was
co-deposited with the Schottky device sample. For XPS analysis, the sample was loaded into
the high vacuum XPS analysis chamber and etched by Ar ion cycle by cycle to obtain the
depth profile. The etch time per cycle was 10 sec and the etch rate of Ru was roughly 2.87
nm/ 10sec. A total 230 sec etching time was completed until the sample was well etched into
the GaN body. It is worth noting that the detection of the X-ray excited electrons can be
generated from the materials down to the 10 nm below the surface. The obtained XPS

spectrum is not the exact surface but over a range of around 10 nm from the surface.
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Figure 4.12 The XPS spectrums of each cycle during the Ar etching with notations on O1s,
Ru3d and Ga3d peaks.

The etch profile with binding energy spanning from 0 eV to 600 eV was shown in Fig.
4.12. The O1s peak (530 eV), Ru3d peak (284.8 eV) and Ga3d peak (20 eV) annotated in Fig.
4.12 was used to extract their atomic ratios. Other peaks are from different atomic energy
levels or Auger peaks. The depth profile of atomic ratio of O, Ru and Ga is shown in Fig. 4.13.
The first XPS spectrum before Ar etching indicated around 50% oxygen atomic weight, which
means the oxidation of Ru at the surface and some formation of RuO». After the first 10 sec
Ar+ etch, the oxygen ratio dropped significantly and stayed in the low level around 5 %
constantly. At the interface defined by the intersection of the atomic ratio of Ru and Ga, the

oxygen level is low, and the Ru peak is stable without an obvious peak shift.

104



Depth profile from O1s, Ru3d, Ga3d peaks
120

100
80
60

40

Atomic ratio (%)

20
——0—0—0—9— 000009009
0

0 50 100 150 200 250
-20

Etching time (second)

—8—01s Ru3d Ga3d

Figure 4.13 The depth profile of O, Ru and Ga atomic ratio from the analysis on Fig. 4.12

The consistency of low oxygen concentration and stable Ru peak seems to suggest the
chemical bonding at the interface is normal within the accuracy of the XPS tool used in the
study. There is no obvious oxygen involvement or other bonding with Ru at the Ru/N-polar
GaN interface. The negative interface charge at the Ru/N-polar GaN interface seems not
caused by the oxygen or other bonding with Ru at the levels detectable by XPS. The reasons
for enhanced barrier height would require other analysis methods or first-principle tools to

provide more insights.

4.6 ALD Pt on N-polar GaN

In an ultra-scaled deep recess structure, the ALD deposition methods will be beneficial
to fill the deep trench and provide low gate resistance. Among the available ALD conductive
materials in the nanofab facilities at UCSB, the Ru and Pt are the two possible options to study.

In the case of ALD Pt, on one hand, there are two possible disadvantages. One is the higher
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resistivity compared with Ru (Ru: 71 nQ m, at 0 °C; Pt: 96 nQ m, at 0 °C; ref [31]) and the

other is the difficulty to remove the excess ALD Pt. Due to the chemical inertness, etching of
Pt usually involves more ion bombardment, which may introduce undesired processing related
issues. On the other hand, Pt has a larger work function than Ru, which seems to be an
advantage. Based on the idealized calculation of barrier height, Pt was expected to provide

higher barrier height compared to Ru.
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Figure 4.14 The comparison between ALD Pt/N-polar GaN and ALD Ru/N-polar GaN

The ALD Pt on N-polar GaN was also studied and co-processed as the ALD Ru on N-
polar GaN. One difference is the deposition and etching of Pt. The deposition of ALD Pt is
using TMCpPt and O3 precursors. lon milling was used to etch away the excess Pt after the
gate hard mask. Other processing was the same as the ALD Ru on N-polar GaN study. From
the IV curve in Fig. 4.14, the Pt on N-polar GaN diode generally has higher current for both

forward bias and reverse bias regions. The barrier height extracted from the forward bias
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region was around 0.6 eV, which is close to the previous reported value [9]. The 0.6 eV is
around 1 eV lower than 1.6 eV calculated from ideal work function-electron affinity formula.
Similar as the discussion on Ru/N-polar GaN enhanced barrier, the reduced barrier height of

Pt/N-polar GaN can be also attributed to the interface charge/dipoles.

4.7 Summary

In this Chapter, Schottky diodes composed of Ru deposited by ALD on N-polar GaN
were investigated. The Schottky diodes exhibited a ~0.77 eV barrier height value at room
temperature and showed ideal thermionic current behavior in both forward and reverse bias
regions. The reverse current was less than 2 pA/cm? at -5V, which is the best among various
metals on N-polar GaN Schottky diodes reported. The Ru/N-polar GaN Schottky barrier diode
developed here is an initial step to achieve Schottky-HEMTs with a highly scaled gate length.
Along with more development, it can potentially enable further advances in N-polar GaN-

based solid state millimeter wave power amplifiers and circuits.
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Chapter 5. N-polar GaN Deep Recess MIS-HEMTs with ALD Ru Gates

This chapter discusses the W-band power performance of N-polar GaN deep recess MIS-
HEMTs using a new atomic layer deposition (ALD) ruthenium (Ru) gate metallization process.
The deep recess structure is utilized to control the DC-RF dispersion and increase the
conductivity in the access regions. The ALD Ru effectively fills the narrow T-gate stems
aiding realization of shorter gate lengths with lower gate resistance than in prior work. In this
work, the gate length was scaled down to 48 nm resulting in the demonstration of a record-
high 8.1 dB linear transducer gain measured at 94 GHz by load-pull. This increased gain has
enabled a record 33.8% power-added efficiency (PAE) with an associated output power

density (Po) of 6.2 W/mm at 94 GHz.

5.1 Gate Resistance Challenges While Scaling Down

In prior deep recess N-polar GaN MIS-HEMTs by Romanczyk et al. [1,2] and
Wienecke et al. [3] the gate metallization processes were done by E-beam evaporated
Chromium (Cr). While excellent device performance of 8.8 W/mm with an associated PAE
of 27.0% at 94 GHz was achieved, the foot gate length was limited to ~70 nm. One major
reason for these devices limiting further scaling is the rising gate resistance using E-beam
evaporation process. The gate resistance (Rg) vs. gate length (Lg) data was collected by Dr.
B. Romanczyk and is shown in Fig. 5.1. For devices with gate width (Wg) of 2 x 37.5 pm in
our typical n-feed T-gate structure, the gate resistance usually saturates around 2.5 Q2 when
the gate length is larger than ~70 nm. The gate resistance increases rapidly as the gate length
gets below ~60nm and is almost doubled to 5 Q when the Lg is reduced to ~40 nm. Further

TEM inspection shows that the filling of the stem of the high-scaled T-gate from the E-beam
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deposition process is not complete and a void exists in the stem. The incomplete filling of the
T-gate stem can cause the high gate resistance and reduce the gain significantly as the gate

length goes below 50 nm.

5
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= Deposited
£ 3
L)
e
1
0
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Figure 5.1 Gate resistance Rg vs. foot gate length L of E-beam evaporated Cr deposition.

(Credits to Dr. B. Romanczyk)

To achieve higher PAE in W-band, which was still primarily limited by gain, it is
necessary to scale down the gate length (L) while maintaining the deep recess structure. This
requires a transition away from the existing gate metallization process, which would fail for
gate lengths below ~60 nm due to incomplete filling of the stem of the T-gate using e-beam
evaporated Cr. In this chapter, we present a N-polar GaN deep recess MIS-HEMT using a
new ALD Ru metallization process to realize T-gates with 48 nm L and good control of gate
resistance. Part of the figures and materials in this chapter are reproduced © 2021 IEEE., with
permission, from [Wenjian Liu, Brian Romanczyk, Matthew Guidry, Nirupam Hatui,
Christian Wurm, Weiyi Li, Pawana Shrestha, Xun Zheng, Stacia Keller, Umesh K Mishra, 6.2

W/mm and Record 33.8% PAE at 94 GHz from N-polar GaN Deep Recess MIS-HEMTSs with
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ALD Ru Gates. IEEE Microwave Wireless Component Lett., vol. 31, no. 6, pp. 748-751, June

2021].

5.2 Epitaxial Structure and Device Fabrication

5.2.1 Epitaxial structure

The sample was grown by metal organic chemical vapor deposition (MOCVD) on a
miscut C-face SiC substrate. The epitaxial structure is shown in Fig. 5.2 and, from bottom to
top, consisted of a Fe-doped GaN buffer, a Si-doped graded AlGaN back barrier, a 12 nm
unintentionally doped (UID) GaN channel, a 3.6 nm AlGaN cap layer, a 47.5 nm UID GaN
cap layer and a 5 nm MOCVD SiN layer. TLM measurements indicated a sheet resistance of
288 Q/(1in the GaN-capped access region. Compared to prior work using 2.6 nm as the AlGaN
cap thickness, the 3.6 nm was selected with attempt to allow more over-etch during the

selective etch of GaN cap over AlGaN cap layer thereby increasing the process tolerance.

5 nmMOCVD SiN

47.5 nm GaN Cap

3.6 nmAly,;Gag 73N Cap

12 nm GaN Channel 2DEG

0.7 nmAIN

10 nm Alg 35Gag g:N

20 nm graded Al,Ga,_,N:Si
x: 5to 38%

10 nm GaN:Si

S.I. GaN Buffer

miscut SiC Substrate

Figure 5.2 The N-polar GaN epitaxial structure grown by MOCVD
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5.2.2 Device structure

Fig. 5.3 presents a cross-section of the fabricated device structure. The fabrication
process followed the previous self-aligned deep recess approach [1, 2] and was modified to
replace the e-beam evaporated Cr with ALD Ru as the gate stem metal. The excess Ru outside
the gate region was etched away using an O2/Cl, plasma [4]. Other relevant aspects of the
device fabrication include n+ contacts regrown by MBE, a5 nm MOCVD SiN gate dielectric,
and a final 24 nm PECVD SiN passivation layer. The detailed fabrication steps and some

optimizations are presented as follows.
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Figure 5.3 The N-polar GaN deep recess MIS-HEMT device structure with ALD Ru as the gate

metal.

5.2.3 Processing steps
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The device fabrication flow of N-polar GaN deep recess MIS-HEMT device structure
with ALD Ru gate metal can be divided into three parts including 1) source/drain n+ regrowth

and isolation; 2) gate recess and gate metallization; 3) Ohmic contact and passivation.

For the source/drain n+ regrowth and isolation part, Fig. 5.4 illustrates the detailed
process from step 1 to step 6. Starting from the epitaxial sample with 5 nm in-situ MOCVD
grown SiN protective layer (step 1), the sample the first undergoes hard mask deposition
consisting of ~10 nm ALD Al;03, ~330 nm PECVD SiO> and ~10 nm Cr metal deposited by
E-beam evaporator (step 2). The e-beam lithography (EBL) using UV-N photoresist (PR)
defined the nominal source to drain distance (Lsp). The pattern from EBL was transferred to
Cr mask using a Cl2/O.-based inductively coupled plasma (ICP) dry etch. Then the UV-N PR
was removed, and patterned Cr mask was left above SiO layer. A following high-power
CHF3/CF4/O2-based ICP dry etch transferred the pattern to SiO; and stopped within the Al.O3
layer due to the over etch of SiO2 needed. The etch selectivity (> 10) of SiO2 over Al>Os
allows~50 nm SiO2 over etch. Patterned Cr was removed by Cl,/O-based ICP dry etch after
the pattern was transferred to SiO.. The Al.Oz below SiO2 was wet etched by AZ300
developer and the MOCVD SiN layer was etched by CF4/O-based ICP dry etch, which would
not etch the GaN cap surface meaningfully. Next BCls/SFe-based ICP etch was used to etch
the GaN cap and selectively stopp in the AlGaN cap layer. The AlGaN cap layer was then
etched by low power BCl3/Cl>-based RIE and around 2 nm of the GaN channel was etched to

ensure the n+ GaN regrowth on GaN channel (step 3).
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Figure 5.4 The processing steps in part 1) source/drain n+ regrowth and isolation

Step 4 shows the schematic after the MBE n+ GaN regrowth, which included 20nm
UID GaN and 30 nm high Si-doped n+ GaN. SEM images showed some polycrystalline GaN
on top of the PECVD SiO2 hard mask. The SiN/AI,O3/SiO2/polycrystalline n+ GaN stacked
layers were stripped away in HF: HNOs (1:1) solution. Then 40 nm ALD SiO» was deposited
to protect the GaN surface (step 5). The isolation of device included ALD SiO; etch, regrown

n+ layer etch and ion implantation with the optical lithography PR patterns. After the removal

of PR and SiO2, 7 nm MOCVD SiN was deposited as protective layer (step 6).

118



PECVD SiO,

ALD ALLO,

. MOCVD Sill\l

|
‘I\ i GaN Cap Regro I‘.
| a AlGaN Ca a |
N GaN Channel 2DEG. ||,
55 ‘ K .
:1;: AlGaN Backbarrier < AlGaN Backbarrier
s
b
:::: GaN Buffer GaN Buffer
ol o2
Substrate
7. Hard mask for recess etch 8. Gate recess etch
Pt/Au
ALD Ru ALDRu
MOCVD SiN MOCVD SiN
r ' "
| | |
I‘I Regro GaN Cap Regro I‘I l Rregro GaN Cap Regro ‘I‘
/
| a AlGaN Ca aN iy a AlGaN Ca N |
u GaN Channel oo R s—— GaN Channel __ — 20EG... L.
AlGaN Backbarrier AlGaN Backbarrier
GaN Buffer GaN Buffer
9. Gate dielectricand ALD Ru gate 10. Gate electrode Pt/Au

Figure 5.5 The processing steps in part 2) gate recess and gate metallization

In Fig. 5.5, the gate recess and gate metallization part (from step 7 to step 10) start
with the hard mask deposition. ~10 nm Al>Oz and ~220 nm PECVD SiO> were deposited on
top of the MOCVD SiN (step 7). The recess dimensions are defined by the EBL using CSAR
as the resist for SiO; etch. Similar to step 3, the SiO2, Al.O3, SiN and GaN cap are etched
away in order till the etch stopped on the AlIGaN cap layer (step 8). The dimensions of exposed
AlGaN cap layer are defined as the foot gate length. In step 9, ~5 nm SiN gate dielectric was
deposited by MOCVD and ~45nm Ru metal was deposited by ALD as the gate metal on
MOCVD SiN. The ALD Ru gate metal is supposed to provide better filling in the stem trench

and reduce the gate resistance. The top-gate is patterned by EBL using UV-6 as resist. Pt/Au
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gate electrode is deposited by e-beam evaporation and lifted-off. The ALD Ru and Pt/Au

conclude the gate metallization (step 10).
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Figure 5.6 The processing steps in part 3) Ohmic contact and passivation

The last part is the Ohmic contact and passivation (from step 11 to step 14 in Fig. 5.6).
Using the top gate Pt/Au as a mask, the excess Ru is etched by Cl./O2-based high power ICP
dry etch. Excess SiN is also etched away using CF4/O2-based ICP dry etch (step 11). The hard
mask Al.O3/SiO> is removed in a buffered HF: H20 (1:4) solution while the MOCVD SiN is
barely etched. A “T”’-shape gate is formed (step 12). After the optical lithography for Ohmic
contact layer, SiN is etched by CF4/O2-based ICP etch and ~7 nm n+ GaN is etched by

BCls/Clz-based RIE etch. In step 13, prior to the Ohmic metal Ti/Au (20 nm/100 nm)
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deposition by e-beam evaporation, 60 seconds HCI: H.O (1:1) surface treatment is used.
Finally, PECVD SiN layer is deposited to passivate the device and achieve better dispersion

control (step 14).

5.3 DC Performance

5.3.1 TLM measurements
The total pad metal to the 2DEG contact resistance consists of the metal to n+ GaN
contact resistance, the n+ GaN resistance and the n+ GaN to the 2DEG contact resistance.
These values can be extracted from the TLM measurements with a series of separations. The

general equation can be expressed as:

Riotal = Rsheet + 2Rcontact

Where Riotal IS the measured resistance for various separations, Rsheet iS the sheet resistance of
the material and Rcontact IS the contact resistance from one side. The TLM extraction data are
shown in the figures below. Fig. 5.10 is used to extract the metal to n+ GaN contact resistance.
The y-interception of the n+ GaN TLM fitting line implies the contact resistance of 3.5 Q.
Given the metal pad width of 20 um, the metal to n+ GaN contact resistance is 0.07 Q mm

and the associated sheet resistance is 116 Q/[.
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Figure 5.7 The TLM measurements to extract the metal to n+ GaN contact resistance

The total contact resistance can be obtained through the fitting of GaN cap TLM
structures in Fig. 5.11. Similar to the extraction of metal to n+ contact resistance, the total
contact resistance from metal to 2 DEG is extracted to be 0.16 Q mm with metal pad width of
20 um and the associated epi sheet resistance is 288 Q/(1 with the epi pad width of 21 pm.
Compared with prior N-polar deep recess HEMT epi (around 220 Q/[ in ref [1, 2]), the epi
sheet resistance here is more than 25% higher. Even though the increased epi sheet resistance
is undesired, the results from this epi using ALD Ru gate metal showed great improvement in

PAE as shown in the following parts.
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Figure 5.8 The TLM measurements to extract the total contact resistance from metal to 2DEG.

5.3.2 Input and output DC characteristics

Unless otherwise stated, the reported devices have a Lg of 48 nm, gate to drain spacing
(Lep) of 220 nm, and source to drain (Lsp) of 340 nm. The gate has a width (Wg) of 2 x 37.5
um with a n-feed layout. The PECVD SiN passivation layer thickness is 24 nm, which is
founded to improve the output power density and PAE. The impact of different SiN

passivation will be discussed later in the Chapter.

The input characteristics are shown in Fig. 5.12 (a), demonstrating a peak extrinsic
transconductance (gm) of 440 mS/mm at Vps of 5 V and a current density of 1.34 A/mm at Vs

of 0 V.
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Figure 5.9 DC performance: (2) Ips-Ves input curves with peak extrinsic gm of 440 mS/mm at

Vps of 5V and 1.34 A/mm at Vg =0 V; (b) lps-Vbs output characteristics with Vg from -4 Vto 1 V.

In Fig. 5.12(b), an on-resistance of 0.49 Q-mm was extracted at Ves = 1 V. From
capacitance-voltage measurements, the sheet charge density in the channel is around 7 x 10*2
cm2, which is lower than in [10] and is attributed to lower doping levels in the as-grown epi
structure. The lower sheet charge density and its impact on device performance will be
discussed further in section “CV- measurement and high current density from TLM” of the

Chapter.

5.3.3 Breakdown voltage

To evaluate the breakdown voltage (Ver), a series of transistors with various gate to
drain distance (Lep) were characterized using the drain current injection method [5]. With a
constant 1 mA/mm drain current injected, the Vgr corresponds to the maximum Vps as the

gate voltage decreases to pinch off the channel.
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Figure 5.10 Vgr measured in a series of transistors with 1 x 25 um Wg and various Lgp using the
drain current injection method at 1 mA/mm. This Ru MIS-HEMT work (red start) is compared with

data from ref [1] (blue square).

The Ver Vvs. Lep response is presented in Fig. 5.13. Similar to our prior e-beam Cr
gated N-polar GaN deep recess MIS-HEMTS, the breakdown voltage with around 250 nm Lep
stayed in the range of around 40 V to 50 V. This work utilizing ALD Ru as the gate metal
does not cause the degradation of breakdown performance. Such a high breakdown voltage
with small Lep enables the large voltage swing while maintaining low resistance, which

produces high output power.

5.4 Pulsed 1-V and Small Signal Performance

5.4.1 Pulsed measurements
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As with previous N-polar GaN deep recess devices, the GaN cap layer and SiN
passivation layer on the access regions reduced the DC-RF dispersion significantly. Dual-
pulsed pulsed I-V measurements with a 650 ns pulse width and 0.02% duty cycle were
conducted on a device with Lsp of 500 nm Lg of 78 nm, and Wg of 2 x 37.5 um. The device
was biased in pinch-off (Vesq = -5V) and a Vpsg up to 15 V. In Fig. 5.14, the DC-RF
dispersion was low as expected from previous reported results. It should be noted that the
device showed the increase in current density under Ves g =-5 V and Vps g = 15 V conditions
compared to the DC bias conditions. The increase in the pulsed current was observed before
and can be introduced as anti-dispersion [6], which could be attributed to some positive charge
generated in the gate dielectric, depletion region or back barrier during the pulsed conditions.

The anti-dispersion could help achieve a high current density and thereby the power density.
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Figure 5.11 Pulsed I-V measurements with 650 ns pulse and 0.02% duty cycle under (Ves,o ,

Vosg)=(-5V,0),(-5V,5V), (-5V, 10V), (-5V, 15 V) conditions, along with DC curves.
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5.4.2 Small-Signal performance and gate resistance

The S-parameters were measured up to 67 GHz and used to extract the device’s
equivalent circuit parameters. After the probe pad was de-embedded via on-wafer open and
short structures, the gate resistance (Rg) values were extracted, based on the methodology in
[7] for a range of Lg from 78 nm to 36 nm with top gate length of 400 nm as shown in Fig.
5.15(a). As Lg scales down, Rg does not significantly change, which indicates that Rg is
predominantly determined by Pt/Au top metal (Fig. 5.3) and the better filling of ALD Ru
metal into the high aspect ratio T-gate stem trenches provides more transistor gain. For Fig.
5.15(b), the fmax achieves a maximum value at Le of 48 nm, which could be understood
through the trend of Rg and fr v.s. Lc. When the Lg scaling further down to 36 nm, the fr still

increases while the increase in Rg hindered the further increase of fmax.

30 40 50 60 70 80
L, (nm)
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Figure 5.12 (a) Gate resistance and (b) peak fmax and fr extracted from small signal

measurements for different Lg

To understand the gain at a typical bias current density used for W-band operation, the

bias was set to be 12 V Vp and -2.5 V Vg, under which the peak fmax was measured. In Fig.

5.16, based on the measured |h21)? (red circle) and the unilateral gain U (blue square) results,

fr and fmax Were extrapolated to be 112 GHz and 260 GHz, respectively. The maximum stable

gain (green triangle) is 10.7 dB at 67 GHz.
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Figure 5.13 Maximum available gain (MSG/MAG) measured at Vp = 12V and V¢ = -2.5V

128



5.5 Large-Signal Performance at 94 GHz

The 94 GHz uncooled continuous-wave (CW) large-signal data presented here was
obtained using a Maury Microwave passive tuner-based load pull system. The configuration
of this load pull system was detailed in [8]. The device was operated in class AB at quiescent
drain current (Ips,g) of 500 mA/mm, balancing the trade-off between gain and drain efficiency

to maximize PAE [9].

The load pull power sweeps at 94 GHz for Vps,q 16 V and 18 V are presented in Fig.
5.17(a) and (b). In Fig. 5.17(a), at Vps,o = 16 V, a maximum total output power of 26.2 dBm
(417 mW) was measured with an associated power-added efficiency (PAE) of 34.8%. To the
best of our knowledge, the 34.8% PAE represents the highest reported efficiency for a GaN
device in W-band. At the same time, the associated output power density is very high at 5.6
W/mm. When the Vps g is increased to 18 V in Fig. 5.17(b), the output power density rises to
6.2 W/mm with an associated 33.8% PAE. Possible augmentation in power density by further
increasing Vps,q is limited by the matching range of the load tuner in our measurement setup.
The record high PAE resulted from the high linear transducer gain (Gt) of 8.1 dB at 94 GHz,
a record for N-polar GaN, resulting from the scaled gate length that the ALD gate process

enabled. The key 94 GHz large signal results are also summarized in Table 5.1.
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Table 5.1 Summary of the 94 GHz large-signal results at Vpsq = 16V and 18V.

VDS‘Q rsource Fload GT,max Peak PO ASSOC PAE
V) (dB) | (W/mm) (%)
16 -0.64-0.18j -0.34+0.50j 8.1 5.6 34.8
18 | -0.64-0.18] -0.34+0.50] 8.1 6.2 33.8

Fig. 5.18 benchmarks our work with prior N-polar GaN devices and other Ga-polar
devices and MMICs in the literature. In Fig. 5.18(a), prior N-polar GaN devices [2, 10, 11]
using the deep recess structure and e-beam deposited Cr gate metal have reached very high
power densities up to 8.8 W/mm. The high PAE of 34.2 % was also achieved at 87 GHz [12].
With the new use of ALD Ru as gate metal, the N-polar GaN device in this work pushes the
efficiency to new heights while also demonstrating very high power density. The power

densities were slightly lower on this wafer compared to prior N-polar GaN due to lower than

usual 2DEG charge in this sample.
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Figure 5.15 Benchmarking (a) the Po-Vp and (b) the PAE-associated Po from this work with
prior N-polar devices and other Ga-polar GaN devices and MMICs in the literature. Ga-polar points
are referred in [1].

Despite of the lower power density in this work compared with some prior N-polar
devices, the performance is still exceptional and more optimized epitaxy with the new gate

process is expected to maximize both output power and efficiency.
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5.6 Effects of PECVD SiN Passivation

Previous study shows that further passivation using PECVD deposited SiN can reduce
the dispersion more, achieve higher output power density and improve the PAE [2]. However,
the PECVD SiN passivation layer will add extra parasitic capacitance and could reduce the
gain especially when the passivation layer is too thick. The effect of PECVD SiN thickness
on the gain was studied to understand the trade-off between dispersion and parasitic
capacitance caused by the passivation. The thicknesses of the PECVD SiN passivation layer
were 0, 40 and 24nm. The measurements were done on the devices in three steps: 1) without
passivation layer; 2) then 40 nm SiN passivation layer was deposited by PECVD; 3) lastly the

40 nm PECVD SiN passivation layer was thinned to be 24 nm by diluted buffered HF etch.

The pulse-1V measurement was used to characterize the dispersion behaviour with and
without passivation. While the device with 0 nm SiN passivation shows evident knee voltage
walk out, the 40 nm and 24 nm passivation both show better dispersion control as shown in
Fig. 5.19. The bias conditions include DC condition and (Ves,q , Vos,g ) = (0, 0), (-5V, 10 V)

pulsed conditions.

'—-‘ C (-5.00V,10.00V), [=~DC (-5.00V,10.00V)| f[=-"bc (-5.00V,10.00V)
= (0.00V.0.00V) t (0.00V.,0.00V) | t (0.00V,0.00V) |
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Figure 5.16 The Pulse-1V for the device with Lsp of 740 nm, Le of 78 nm and Wg of 75 um.

The device was measured with 0 nm SiN, 40 nm SiN and 24 nm SiN.
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Through small signal measurements, the passivation layer was found to decrease the
gain as expected. For the measured device with Lsp of 420 nm, Lg of 48nm and Wg of 75 pm
in Fig. 5.20, the maximum stable gain or maximum available gain (MSG/MAG) dropped from
10.6 dB to 10.1 dB at 67 GHz when the device is passivated with 40 nm PECVD SiN. The

thinning process from 40 nm to 24 nm helped recover most of the gain to 10.5 dB.
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Figure 5.17 The MSG/MAG of the device with Lsp of 420 nm, L of 48 nm and Wg of 75 pm.

The data was acquired at the peak fmax bias conditions.
The pulse-1V and small signal results clearly indicated that the thickness of PECVD
SiN passivation layer needed to balance the trade-off between dispersion and gain. The impact
on the 94 GHz power performance was studied through 94 GHz load-pull measurements. The
relatively low Vpsg of 12V was selected to ensure that the device can be measured several
times without degradation. In Fig. 5.21, the transducer gain Gr vs. input power Pin was plotted
for the series of SiN passivation layer. For all the Pin level, 40 nm passivation provided the

lowest Gt and illustrated the penalty from excessive passivation. In the low Pi, region,
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parasitic capacitance impacted the Gt most and 0 nm passivation gave the highest Gr. As the
Pin increased above 15 dBm, 24 nm passivation started to perform best, which is the result of

good dispersion control in a highly stressed environment.
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Figure 5.18 The transducer gain Gt vs. available input power measured by 94 GHz load-pull
measurements for different SiN passivation.

To show the benefits of a proper passivation, the power performance Poyt, DE and PAE
of 0 and 24 nm passivation layer were added in Fig. 5.22. At Vpsq of 12V, the peak Poyt and
PAE are both increased after the 24 nm passivation along with the gain improvement. The big
boost in peak PAE from ~30% to ~35% demonstrated the necessity to properly passivate the

device.
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Figure 5.19 The Pou, G, PAE and DE against the available input power from load-pull

measurements.

5.7 CV and High Current Measurements

The relatively low power density compared to the best result at 94 GHz is possibly
caused by the lower DC current density given the same Vps g and excellent dispersion control.
The C-V capacitor is measured at 100 kHz to obtain the sheet charge density under the gate.
As shown in Fig. 5.23, the sheet charge density at OV is less than 7 x 10%2 /em? with ALD Ru
as the gate metal. After taking the threshold voltage shift into consideration, the charge density
at Var (defined as Ve -V7) of 3V in this sample is 9.6 x 102 /cm? while the sample with best
Pout has 1.32x 10% /cm?. The charge density is around 30% lower in this ALD Ru gated

device and could explain the lower power density.
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Figure 5.20 The CV measurement of Ru/SiN/GaN capacitor structure.

Even though the 3.6 nm thick AlGaN cap as opposed to 2.6 nm AlGaN cap in the best
Pout sample may reduce the charge in the channel, our BandEng simulation indicates that the
reduced charge could mostly come from the back barrier Si-doping drift to lower

concentration.

A direct way to look into the low current density at high Vps g is to measure the TLM
structures with GaN cap and SiN layer. This structure does not have gate metal on top and can
exclude the effect from different gate metals (Cr vs. ALD Ru). The TLM with 500 nm Lsp is

biased to high voltages and close to current saturation.
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Figure 5.21 The current with voltage sweep on the access region TLM with 500nm Lsp.

Previous data from ref.?? is plotted in dash line and this work is plotted in solid line.

As the Fig. 5.24 shows, the current density in this sample is generally low for all the
bias. In the low bias region, the slope indicates the higher sheet resistance in this sample given
the similar contact resistance. The current density at 6V is around 25% lower than the previous
best Pout sample. Future experiments should be done on epi with high sheet charge density

and high current density, in order to pursue better output power density and efficiency.

5.8 Summary

A N-polar GaN high mobility electron transistor with deep recess structure and ALD Ru gate
metal demonstrated record high PAE of 33.8% and high power density of 6.2 W/mm at 94
GHz. The deep recess structure in conjunction with a thin SiN passivation has excellent
control over the DC-RF dispersion and the ALD Ru metal fills a narrow 48 nm trench gate,

providing high gain. This device combination in N-polar GaN HEMTSs pushes the high output
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power and high efficiency performance at mm-wave frequency into new possibilities. N-polar
GaN today is very promising for mm-wave power amplifiers and further development will

continue to improve performance.
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Chapter 6. Ru/N-polar GaN Schottky-HEMT

In this Chapter, a Ru/N-polar GaN Schottky-HEMT operating at W-band has been
investigated and its good large signal performance is reported. Thanks to the direct Schottky
contact between Ru and N-polar GaN channel, the fabricated Schottky HEMT with Lg of 60
nm has a high peak extrinsic transconductance of 798 mS/mm with a gate leakage in pinch-
off below 3 x 10* A/mm at Vps = 5V. The Schottky-HEMT shows high power-added
efficiency (PAE) of 27.1% and output power density (Po) of 4.87 W/mm at 94 GHz and Vps g

= 16V. The peak PAE is 31.8% with associated Po of 3.31 W/mm at Vpsq = 12V.

6.1 Prior W-band GaN HEMTs

N-polar GaN MIS-HEMTs have demonstrated excellent output power performance
with high efficiency at W-band (75-110 GHz). Compared with Ga-polar GaN HEMTS, either
in MIS-structure or Schottky-structure, N-polar GaN HEMTs have exploited additional
advantages from the reversed polarization. The advantages of the N-polar orientation are: a
strong back barrier, improved scalability and low ohmic contact resistance [1-5]. Furthermore,
the GaN cap layer in the deep recess N-polar GaN HEMT structure [6-8] can result in high
RF current density and low knee voltage by mitigating the DC-RF dispersion and increasing
access region conductivity. At 94 GHz, Romanczyk et al. [9] obtained record-high output
power density (Po) of 8.84 W/mm and an associated power-added efficiency (PAE) of 27%
in a deep recess N-polar GaN MIS-HEMT where SiN grown by metal organic chemical vapor
deposition (MOCVD) was used as the gate dielectric. In a similar MIS-HEMT device with an
atomic layer deposited (ALD) ruthenium (Ru) gate, Liu et al. [10] realized record-high PAE

of 34% and associated Po of 6.2 W/mm at 94 GHz.
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While N-polar GaN deep recess MIS-HEMTSs have achieved several records of power
performance at W-band, there is no demonstrated N-polar GaN Schottky-HEMTs with W-
band performance up to now. At W-band, scaling down the gate length while maintaining a
good aspect ratio is critical. Removing the gate dielectric used in GaN HEMTs would allow
for Schottky-HEMTs with greatly reduced gate-to-2DEG distance thus better aspect ratio and
further scaling. In Ga-polar GaN HEMTSs, all the W-band performance data points in the
literature are from their Schottky-barrier gated structure [11-20]. Fig. 6.1 shows the W-band
large signal performance of Ga-polar Schottky-HMET from literature and N-polar MIS-
HEMT from Mishra group. The Schottky-HEMT in N-polar GaN operating at W-band is still

missing and of great interest.
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Figure 6.1 The W-band large signal performance of Ga-polar Schottky-HMET from literature

and N-polar MIS-HEMT from Mishra group

However, the lack of a good Schottky metal on N-polar GaN with low reverse leakages
has hindered the advance of N-polar GaN Schottky-HEMTSs in the past. Various metals

including Pt, Ni, Pd, Cu etc., on N-polar GaN [21-24] formed low Schottky-barrier height
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associated with parasitic leakage mechanisms, which caused the high gate leakage. In Chapter
4, ALD Ru as a promising Schottky metal on N-polar GaN was demonstrated [25]. The formed
barrier between the Ru and pristine N-polar GaN surface is 0.17eV higher than the value
predicted by metal work function and GaN electron affinity [26]. Due to the enhanced barrier
height and the near-ideal thermionic current behavior, the Schottky diode had a record low
reverse current of less than 2 pA/cm? at Vg of -5V [25]. Additionally, the ALD method is well
suited to fill the high-aspect-ratio foot gate stem for the deep recess HEMT structure and

provide low gate resistance for short gate length needed at W-band [10].

Here, the use of ALD Ru as the Schottky gate in a scaled N-polar GaN deep recess
HEMT helps achieve good W-band load-pull power performance. Due to the good Schottky
contact between Ru and N-polar GaN, the fabricated Schottky HEMT with Lg of 60 nm has a
high peak extrinsic transconductance of 798 mS/mm and the off-state gate leakage is around
3x10* A/mm at Vgs = -4V and Vps = 5V. From the 94 GHz load-pull measurements, the N-
polar GaN HEMTSs showed high PAE of 27.1% and associated Po of 4.87 W/mm at Vpsq =

16V. The peak PAE is 31.8% with associated Po of 3.31 W/mm at Vpso = 12V.

6.2 Epitaxial and Device Structure

The sample was grown by MOCVD on a miscut SiC substrate. Fig. 6.2 presents the
epitaxial structure, composed of a semi-insulating GaN buffer using Fe for compensation, a
AlGaN back barrier which incorporated a graded section with Si doping, a 12 nm GaN
channel, a 3.6 nm Alo27Gao.7sN cap, a 47.5 nm GaN cap layer and a 5 nm MOCVD SiN
protective layer. The epi structure is the same as prior one used in ALD Ru N-polar GaN MIS-

HEMT in chapter 5, while they were grown at different days.
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Figure 6.2 The MOCVD grown N-polar GaN epitaxial structure used in N-polar GaN Schottky-

HEMT

The fabrication adopted the self-aligned deep recess process detailed in Chapter 5 as
Fig. 6.3 (a), which was changed to utilize ALD Ru as the Schottky gate metal. As shown in
Fig. 6.3 (b), prior to the deposition of the ALD Ru, the AlGaN cap above the GaN channel
was etched, resulting in the Schottky barrier formed on the GaN channel. The etching process
was done by low power BCIs/Clz-based RIE and around 1 nm of the GaN channel was etched.
It should be noted that the BCIls/Clz-based RIE etch could introduce different interface
properties between the Ru and N-polar GaN, compared with the interface in Ru/N-polar GaN

diode study in Chapter 4.
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Figure 6.3 The gate recess etching step comparison between (a) MIS-HEMT and (b) Schottky-

HEMT
A cross-section of the fabricated Ru/N-polar GaN Schottky-HEMT device structure is
shown in Fig. 6.4. The sheet resistance of the GaN-capped access region obtained by
characterizing TLM structures was measured to be 278 Q/[]. The sheet charge in the 2DEG
channel is around 1.1x10*® cm, which is lower than previous samples [8], caused by the
lower doping in the epi. The pad metal to the 2DEG contact resistance was 0.16 Q-mm and
the regrown n+ GaN to the 2DEG contact resistance is 0.03 Q-mm. The sheet resistance of

epi and contact resistance from metal to 2DEG are in align with the results from Chapter 5.
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Figure 6.4 The deep recess Schottky-HEMT device structure with ALD Ru gate metal on

N-polar GaN.

6.3 DC Performance and Gate Leakage

The reported devices have a 2 x 37.5 um gate width (Wg), a gate length (Lg) of 60 nm,

a source to drain spacing (Lsp) of 420 nm with a gate to drain distance (Lep) of 290 nm. In

Fig. 6.5 (a), The transfer characteristics demonstrated an excellent peak extrinsic

transconductance (gm) of 798 mS/mm at Vps of 5 V, which is more than 60% higher than that

of comparable N-polar GaN MIS-HEMTSs [8, 27].
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Figure 6.5 DC performance of the device with Lsp-420 nm, Ls-60 nm, Wg-2x37.5 um: (a) Ips-
Vs at Vps of 5 V with peak extrinsic gm of 798 mS/mm; (b) lps-Vos with Vg varying from -3V to 1
Vin 1V steps.

The increase of the peak gm value can be explained by the reduced gate to 2DEG
distance without the existence of the gate dielectric. The threshold voltage was extracted to
be around -0.9V. In Fig. 6.5 (b), at Ve = 1V, an on-resistance (Ron) from low Vps was extracted
to be 0.55 Q mm. The three terminal hard breakdown voltage was up to 40 V for transistor

with Lep of around 290 nm.
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Figure 6.6 Ip (red solid), and I (green dashed)-Vg in semi-log scale at Vps =5 V

In Fig. 6.6, The gate current (Ig) is around 3x10* A/mm at Vgs = -4V and Vps = 5V,
which is around one-order of magnitude less than previous Ni-gated N-polar GaN planar
Schottky-HEMT, with 0.7 um Lg [5]. Compared with the reverse current density in the Ru on
pristine N-polar planar GaN Schottky diode, the gate leakage in the deep recess Schottky-
HEMTSs is relatively high. In Ga-polar deep recess Schottky-HEMTS, relatively high gate
leakage was observed due to several possible reasons. Chu et al. [28, 29] proposed that the
surface charges on the thick GaN cap may lead to electric field crowding and high gate leakage.
It is also possible that the etched GaN surface may lower the barrier height and cause high
gate leakage [30-34]. Zhang et al. [35] used a new atomic layer etching technique to recess-
etch the gate and showed a more than 3-order reduction in gate current than conventional etch.
Besides, the possible leakage through the contact on the GaN cap sidewall may cause high
gate current. For our N-polar deep recess HEMTSs, the relatively high gate current is currently
under investigation and lower gate leakage is needed in the future, which can offer better

on/off ratio.
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Gate leakage and barrier

To investigate the gate current through the foot gate region GaN channel or the
sidewall GaN cap. The off-state gate current I vs. Vg in transistors with different gate lengths
from 6 pm to 1 pm was measured at Vps = 5V as shown in Fig. 6.7 (a) above. Then based on
Fig. 6.7 (a), I vs. gate length L at Vg of -3 V was plotted in the Fig. 6.7 (b). As the gate
length reduces, the gate current also reduces. Although the Ig vs. Lg is not a strict linear
behavior, the dependence on the Lg suggests the gate current is dominated by the leakage
through the foot gate for these relatively large Le dimensions. However, this analysis is
unreliable for a Lg of 60nm. For small gate length less than 100 nm, it is hard to separate the
contributions of the gate leakage at the edge from the gate leakage through the bottom foot
gate. The electric field around the edge is usually highest and could have exponentially
increased the gate leakage, which may dominate the simplest expectation of a linear

dependence of Lg length.
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Figure 6.7 (a) I vs. Vg in transistors with different gate lengths from 6 um to 1 um was

measured at Vps = 5V; (b) I vs. gate length L at Vg of -3 V from (a)

The barrier height between Ru and the virgin N-polar GaN surface on sapphire
substrate (Ru/GaN (N-polar) /Sapphire) was studied in ref. [25] and ref. [26]. In those papers,
the diode device structure was designed to specifically investigate the barrier height and the
conducting mechanism. The epi structure consisted of the n- GaN (to form Schottky barrier
with Ru, the anode) and the n* GaN as the cathode (to form uniform current flow into the
barrier). Accurate barrier height extraction from I-V and C-V data relied on the structure with

uniform current flowing and the n- GaN depletion.

However, the HEMT epi structure on SiC substrate used in this Chapter adopted lateral
2DEG as the current flow medium and the barrier height extraction based on the ideal
equations may not be rigorous. Therefore, the C-V structure from the HEMT epi structure can
be measured as an initial estimation on the barrier height values. Based on the forward bias
region in the CV structure, the saturation current (Is) was obtained through the extrapolation

to zero bias and the barrier height of the HEMT structure is extracted to be 0.41eV using the
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methods in ref. 25. The extracted lower barrier height indicates that the etching damages on

the surface of N-polar GaN could reduce the barrier height and increase the gate leakage.

6.4 Small Signal Performance and Pulsed I-V

The S-parameters under different bias conditions were measured up to 67 GHz using
a Keysight N5227A PNA calibrated by the LRRM method at the probe tips [36]. On-wafer
open and short structures were used to de-embed the probe pad. The fmax contour at various
Ves and Vps bias conditions was shown in Fig. 6.8 (a). The peak fmax occurred at Vgs of 0V,

Vps of 12V and Ips of 770 mA/mm.
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Figure 6.8 Small signal results for the device with Lsp-420 nm, Lg-60 nm, Ws-2x37.5 um: (a)
fmax contour plot with peak fmax biased at Vo= 0 V and Vp=12 V; (b) Gain-frequency plot at bias

point with peak fmax 262 GHz.

In Fig. 6.8 (b), the peak fmax from the gain-frequency plot was extrapolated to be 262
GHz via a 20 dB/decade slope from the unilateral gain (U). The associated fr was extracted to
be 115GHz from |h21. At the peak fmax bias conditions, the maximum stable gain in Fig. 6.8

(b) is 12.6 dB at 67 GHz. This small signal gain is around 2dB higher than that in the Ru MIS-
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HEMTSs with 48 nm Lg [10]. The peak fr was 131 GHz at Vs = 0V and Vps = 4V from the fr

contour.

Dual-pulsed pulsed I-V measurements with a 650 ns pulse width and 0.02% duty cycle
were conducted on a device with Lsp of 740 nm Lg of 60 nm, and Wg of 2 x 37.5 um. The
device was biased in pinch-off (Veso = -2V) and a Vps,o up to 10 V. In Fig. 6.9, the DC-RF
dispersion was low as expected from previous reported results and showed similar enhanced
current density at the high Vpsq of 10 V. Similar anti-dispersion behaviour is also observed

as the MIS-HEMTSs shown in Chapter 5.

T DC - (-2.00V,10.00V
— (0.00Vv,0.00V)
T T T T T I

| Ve:-2.0t0 0.5V, 0.5V step

Figure 6.9 Pulsed 1-V measurements with 650 ns pulse and 0.02% duty cycle under Vgsg =-2 V

and Vps,q = 10 V condition, along with DC and (Ves,0 , Vbs,q) of (0,0) curves.
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6.5 Large Signal Performance at 94 GHz

The quiescent current Ips g bias condition is investigated to optimize the PAE with the
tradeoff between gain and DE. In prior MIS-HEMTS, Romanczyk et al., [37] investigated the
impact of the bias conditions on the large signal performance including PAE, DE, Po and Gr.
It was found that a Ips, of around 500 mA/mm could maximize the PAE. Here, the Schottky-
HEMT is also biased at different Ipsg levels from 215 mA/mm to 579 mA/mm while the
quiescent voltage Vpsg is kept to be 12 V as shown in Fig. 6.10. 94 GHz load pull
measurements were conducted using the system described in [38]. For the high Ipsq of 579
mA/mm, a G at low input power could achieve around 7.5 dB when the device operates close
to class-A conditions. When the Ips,q level is less than 482 mA/mm, the amplifier operation
moves towards deep Class-AB and the Gr starts to fall off evidently. At these high current

Ips,q levels above 300 mA/mm, the Gt is compressed as the input power increases.

For low bias current at 215 mA/mm and 270 mA/mm, the initial gain expansion
behavior is observed in the N-polar GaN Schottky-HEMT, which we have not typically seen
before in N-polar GaN MIS-HEMT. Additionally, In Fig. 6.10 (b), the DE at low Ips is high
since the DC power consumption decreased during the deep Class-AB operation. The
combination of gain expansion and high DE at low Ipso could result in a higher PAE
compared to the case of high Ipsq. From Fig. 6.10 (d), the 215 mA/mm bias current gives

higher peak PAE and higher PAE across all output power.
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Figure 6.10 The 94 GHz load-pull power sweep measurements at different Ips o conditions (215,
270, 321, 376, 428, 482, 532, 579 mA/mm, with arrows showing the change from 215 mA/mm to
579 mA/mm) and fixed Vpsq of 12 V. The results (a) G, (b) DE (%), (c) Pout and (d) PAE (%) are

plotted against the output power Pout.

From Fig. 6.10, the G, Po, PAE and DE at different Ips g are taken at the output power
level corresponding to the peak PAE and these data points are plotted in Fig. 6.11. The peak
PAE generally increases as the Ips,o decreases while the associated output power varies a bit.

The maximum PAE of 31.9% happens at the low current density level of 215 mA/mm.
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Figure 6.11 Impact of the Ips o on large signal performance for the device at 12 Vpsq. Gr, PO,

PAE and DE are all taken at the P« corresponding to the peak PAE in the power sweep.

Power sweep results, including the output power (Pout), transducer gain (Gt), PAE and
drain efficiency (DE), for Vps,q 0f 12V, and 16V are shown in Fig. 6.12 (a) and (b). The device
was biased at a quiescent current (Ips,g) of 267mA/mm in class AB operation. The Ips,q of
267 mA/mm is selected to optimize the PAE through the tradeoff between the gain and the
drain efficiency based as discussed before. The reason for not selecting 215 mA/mm or lower
Ips,q IS due to the considerations on achieving peak output power density. In Fig. 6.12 (a), at
Vbs,g =12 V, a peak Po of 3.92 W/mm was measured with an associated PAE of 28.0% and
the peak PAE was up to 31.8% with an associated Po of 3.31 W/mm. When the Vpsq was
increased to 16 V in Fig. 6.12 (b), the output power density rose to 4.87 W/mm with an
associated 27.1% PAE. The peak Po and peak PAE happened at different input power (Pin)
levels. The key 94 GHz large signal power and PAE results with Vps g of 12V, 14V, and 16V

are also summarized in Table 6.1, along with their maximum transducer gain (Gt max).
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Figure 6.12 94 GHz load pull power sweep results with 267 mA/mm lpsq and Vps g of

(@) 12 Vand (b) 16 V.

Table 6.1 Summary of large signal results at 12V, 14 V and 16 V.

VDs,.Q G max Peak Po Assoc. PAE Peak Assoc. Po
(V) (dB) (W/mm) (%) PAE (%) (W/mm)
12 6.0 3.92 28.0 31.8 3.31
14 5.9 4.35 28.7 30.3 3.74
16 6.0 4.87 27.1 29.0 4.25

This N-polar GaN Schottky-HEMT targeting W-band performance was benchmarked
in Fig. 6.13 and demonstrating good performance. At W-band, this N-polar GaN Schottky-
HEMT generally has better power performance than all the Ga-polar GaN HEMTs. Compared

with the best N-polar GaN MIS-HEMTS, our Schottky device demonstrated slightly lower Po

and PAE at higher biases.
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Figure 6.13 Benchmarking (2) the Po-Vp and (b) the PAE-associated Po of this N-polar GaN
Schottky-HEMTs work at Vps,q = 12V (red solid), 14V (green solid), and 16V (purple solid) with the

literature from [8,10] including N-polar MIS-HEMTs and Ga-polar HEMTs.

In Fig. 6.13 (a), at the Vp of 12 V, the Schottky demonstrated similar power density
as the N-polar GaN MIS-HEMTSs, while the overall power and efficiency of the Schottky work
are less at higher Vps,q. The lower output power density and PAE can be caused by the lower

current density in the device and limited by the matching range in the load-pull measurement



system. With the demonstrated good vertical scaling in the Ru/N-polar GaN Schottky-HEMTs,
further optimizing the epitaxy and scaling-down the gate length is anticipated to provide more

output power density and better efficiency.
Load-pull result comparison between MIS-HEMT and Schottky-HEMT

While the N-polar GaN Schottky-HEMT demonstrated excellent improvement in gm,
there are many factors which can contribute to the reported large signal performance including
the access region resistance, channel resistance, bias conditions, impedance matching, etc.
Compared with the best output power density of 8.8 W/mm in prior MIS-HEMT in ref. [9],
the power density of the Schottky HEMT is limited by the relatively high sheet resistance in
the epi (278 Q/ [1 in Schottky-HEMT, 185 Q/ [ in the MIS-HEMT) and the lower current
density in the device. At the peak PAE condition and at Vps,g of 16V, the comparison with
the best PAE of 34% of another MIS-HEMT in ref. [10] is shown in Table 6.2. The average
output current (lout, unit: mA/mm) in the Schottky-HEMT work is lower and the transducer
gain is lower. The lower output current can be caused by the high gate current (lin, unit:
mA/mm), which prevents the gate from forwarding bias further and providing more charge in
the channel. The output characteristic in DC behavior (Fig. 6.5 (b)) also shows higher on-
resistance of 0.55 Q/mm in the Schottky-HEMT while MIS-HEMT has 0.49 Q/mm on-
resistance at the same V¢ of 1 V (Fig. 5.12 (b)). Another factor is the matching of device in
the 94 GHz load-pull system. For both MIS-HEMT and Schottky-HEMT, the load and source
impedance are not perfectly matched due to the tuning range limit of our load-pull system
[38]. The matching conditions for Schottky-HEMT is different from MIS-HEMT and the

mismatch will be more significant because the current density is lower, and the ideal matched
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impedance of load-line will be further out of the tuning range. The details of the comparison

are shown in the Table 6.2 below.

Table 6.2 Load-pull results comparison at the peak PAE between this Schottky-HEMT work and

previous MIS-HEMT in Chapter 5 (Ch. 5) at Vps o of 16 V.

Device

FSOLII’CG

T'ioad

Gt

lout

|in

DE Pout | PAE
dB (Vour V| mMA/mm |Vin V| mA/mm | % | W/mm %
MIS (-0.64 (-0.34
Ch. 5 0.18) 0.50) 529| 16.0 674.1 |-3.20| -0.0037 |4956| 5.35 34.9
Schottky
(This (-:0.57, (-0.26, 482| 16.0 6139 |-0.90| -7.1791 |43.20| 4.25 29.0
work) -0.39) 0.56)

6.6 Ru/AlGaN HEMT Results

In previous N-polar GaN Schottky HEMT structure with ALD Ru directly on the GaN

channel, the gate leakage was around 3x10 A/mm at Vg = - 4V, which was relatively high

compared to the leakage in diode structure and needed to be reduced. Here, a Schottky-HEMT

structure using the AlGaN cap layer on the GaN channel to form a Schottky barrier with the

ALD Ru is also investigated. The epi structure is the same as the one used in Ru/N-polar GaN

Schottky HEMT in Fig 6.2. and device structure are shown in Fig. 6.14. The gate leakage was

reduced to 2 x10° A/mm at Vg = - 4V, which is more than one-order less than that in the Ru

on GaN channel Schottky-HEMT. The N-polar GaN HEMT with Ru on AlGaN cap Schottky
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gates with gate length (Lg) of 60 nm, showed PAE of 22.8% and Po of 3.5 W/mm at 94 GHz

and Vps,q bias of 14V.

Pt/Au
ALD Ru On
N-polar AlGaN
~ ALD \i6cvD siN
Ru V4
S D
o r0 GaN Cap —
AlGaN Cap
_____GaN Channel 2DEG

AlGaN Backbarrier

GaN Buffer

Figure 6.14 The N-polar GaN deep recess Schottky-HEMT device structure with ALD Ru on

the AlGaN cap.

The reported devices have a source to drain spacing (Lsp) of 420 nm, a Lg of 60 nm
and a gate to drain distance (Lep) of 290 nm. The linear-scaled transfer characteristics are
shown in Fig. 6.15 (a), demonstrating a good peak extrinsic transconductance (gm) of
602 mS/mm at Vps of 3 V. In Fig. 6.15 (b), the drain current (Ip) and gate current (Ig) are
plotted in log-scale to compare the Ru on AlGaN cap Schottky-HEMT (Ru/AlGaN) here and
the previous Ru on GaN (Ru/GaN) Schottky-HEMT with the same Lg, Lsp and Lcp
dimensions. The gate current (lg) of Ru/AlGaN is around 2x10° A/mm at Vg = - 4V, which
is around one-order of magnitude less than previous Ru/GaN. The reduced gate leakage can
be explained by the increased Schottky barrier height formed between AlGaN cap and ALD

Ru.
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Figure 6.15 DC performance: (a) lps-Ves With peak extrinsic gm of 602 mS/mm at Vps of 3 V; (b)
In(solid lines), Ac/Adashed lines)-V¢ in semi-log scale at Vos = 3 V, Ru/AlGaN in red lines compared

with Ru/GaN in green lines.

The S-parameters were measured up to 67 GHz under different bias conditions. As
shown in Fig. 6.16 (a) and (b), the peak f; occurred at Ves = -0.5V and Vps = 4V and was
extrapolated to be 124 GHz via a 20 dB/decade slope from the unilateral gain U. The peak fmax
was 245 GHz at Vgs = -0.5V and Vps = 12V. The ft/fmax of 124GHz/245GHz is slightly less
than that of 131GHz/262GHz in Ru/GaN, which is related to the addition of gate to channel

distance from the AlGaN cap layer.
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Figure 6.16 Small signal results for the device with Lsp-420 nm, Le-60 nm, We-75 pm: (a) f;
contour with peak fmax at Vo= -0.5 V and Vp=4 V; (b) Gain-frequency at bias of peak f; 124 GHz; (c)
fmax contour with peak f; at Ve=-0.5 V and Vp=12 V; (b) Gain-frequency at bias of peak fmax 245
GHz;

Early 94 GHz load pull measurements were conducted and the power sweep for Vo,
12V was presented in Fig. 6.17. The device was operated in class AB at quiescent drain current
(lsse) of 500 mA/mm, which is the same as the bias conditions in N-polar MIS-HEMTSs. Other
bias conditions also gave similar large signal performance. A peak P, of 3.2 W/mm was
measured with an associated PAE of 22.8% while the peak PAE was 25.5%. Similar as the

discussion in ALD Ru/N-polar GaN Schottky-HEMT case, optimizing the measurement
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conditions and further scaling with the Ru on N-polar AlGaN Schottky-HEMTs are

anticipated to provide more output power and better efficiency.
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Figure 6.17 Load pull power sweep at 94 GHz with 500 mA/mm Ipsq and Vpsq of 12 V.

6.7 Summary

In this article, Ru/N-polar GaN Schottky-HEMT operating at W-band has been
investigated and its good load pull power performance is reported. Even though the Schottky
contact between Ru and the etched N-polar GaN, the fabricated Schottky HEMT with Lg of
60 nm has a peak extrinsic transconductance of 798 mS/mm and the gate leakage is around
3x10* A/mm. The Schottky-HEMT shows high PAE of 27.1% and Po of 4.87 W/mm at 94
GHz Vps,g = 16V. The measured peak PAE is 31.8% with associated Po of 3.31 W/mm at
Vps,o = 12V. The Ru/N-polar GaN Schottky-HEMT demonstrated here can be optimized
further and may provide an alternative path for N-polar GaN to be implemented in solid-state

millimeter wave power amplifiers and circuits.
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Chapter 7. Conclusions

To further boost the high-frequency and high-power performance in N-polar GaN
HEMTSs, the improvement on gate structure is critical. This dissertation is devoted to the
evaluation of gate structures on N-polar GaN including MIS- and Schottky structures. Part of
the evaluation is conducted through the MIS-capacitor and Schottky diode structures to
understand the interface properties. Another part of the evaluation is in the form of N-polar
GaN deep recess HEMTSs to pursue high performance at 94 GHz.

A series of metal-insulator-semiconductor capacitors consisting of SisNg4 dielectric
with different thicknesses on N-polar GaN have been fabricated to investigate their interface
states. The measurement value extracted from ultraviolet assisted capacitance-voltage (UV-
assisted CV) methods can be explained by the existence of spatially uniform hole traps in
SizN4. An improved model combining the effects from interface states and hole traps in SizsN4
is proposed to extract the interface state density (Dit) accurately. Based on the model, the Dit
can be obtained by extrapolating the trap density to a zero-thickness dielectric. The extracted
average Dit value of SisN4/GaN interface is ~3.8x10 cm? eV? and the hole trap
concentration in SizN4 is ~3.1x10'® cm=. The results, model and analysis presented here
provide new insights into studying Dit of various dielectrics on GaN and other wide-bandgap
semiconductors.

The bulk and interfacial properties of aluminum silicon oxide (AISiO) on N-polar GaN
were investigated systematically employing capacitance-voltage (C-V) methods on metal-
oxide-semiconductor capacitors (MOSCAPS) using a thickness series of the AISiO dielectric.
The fixed charge density, electron slow trap density and electron fast trap density located near

the interface were extracted to be -1.5 x 10 cm?, 3.7 x 10" cm? and 1.9 x 10 cm?,
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respectively. Using ultraviolet (UV) assisted C-V methods, an average interface state density
of ~4.4 x 10* cm2eV! and a hole trap concentration in bulk AlSiO of ~8.4 x 10 cm™ were
measured. The negative fixed interface charge makes it favorable to achieve a normally-off
GaN transistor. The analysis presented in this chapter provides a systematic and quantitative
model to study the properties of oxide dielectrics on wide bandgap (WBG) semiconductors,
which can promote the development of MOS-based WBG semiconductor devices.

Schottky barrier diode of ruthenium (Ru) deposited by atomic layer deposition (ALD)
on N-polar GaN is investigated. The Schottky diodes showed near-ideal thermionic current
behavior under forward bias and reverse bias at various temperatures. The barrier height
values extracted from both regions agreed well at each temperature and the barrier was
extracted to be 0.77 eV at room temperature. The difference between the predicted barrier
height (0.6 eV) and the experimental barrier heights (0.77eV) indicated the Schottky barrier
height was enhanced by 0.17 eV. The combination of the 0.77 eV barrier and thermionic
current characteristic resulted in < 2 pA/cm? reverse current at -5 V, which is a record-low
value for N-polar GaN Schottky diodes.

ALD Ru gate has been adopted into the N-polar GaN deep recess MIS- and Schottky
HEMTSs. The ALD Ru effectively fills the narrow T-gate stems aiding realization of shorter
gate lengths with lower gate resistance than in prior work. For the ALD Ru MIS-HEMTS, the
gate length is scaled down to 48 nm resulting in the demonstration of a record-high 8.1 dB
linear transducer gain measured at 94 GHz by load-pull. This increased gain has enabled a
record 33.8% power-added efficiency (PAE) with an associated output power density (Po) of
6.2 W/mm. The Ru/N-polar GaN Schottky-HEMT operating at W-band has also shown good

large signal performance. The fabricated Schottky HEMT with Lg of 60 nm has a high peak
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extrinsic transconductance of 798 mS/mm with a gate leakage in pinch-off below 3 x 10
A/mm at Vps = 5V. The Schottky-HEMT shows high PAE of 27.1% and Po of 4.87 W/mm at
94 GHz and Vps,g = 16V. The peak PAE is 31.8% with associated Po of 3.31 W/mm at Vps,g

=12V.
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