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Abstract 

 

N-polar GaN-based HEMTs have shown tremendous promises for high-power high-

frequency (30-110 GHz) applications due to several advantages such as better pinch-off, low 

ohmic contact and better gate control. To further achieve higher frequency of operation while 

maintaining high power, the gate-to-channel distance and gate length need to be scaled down 

simultaneously to avoid short-channel effects (SCEs). However, extreme scaling of gate-to-

channel distance will result in higher gate leakage current which requires thick dielectrics and in-

turn reduces gate-to-channel distance and gate control. This requires high-k dielectric as gate 

insulator whose small effective oxide thickness (EOT) can suppress gate leakage while 

maintaining good gate control.  

This dissertation primarily is focused on developing HfO2 as gate dielectric for ultra-thin 

N-polar GaN HEMT application.  

In the first part of the dissertation, the impact of various surface cleaning, in-situ atomic 

layer deposition (ALD) pre-treatment, ALD deposition method and post-deposition annealing 

ambiance on interface properties of HfO2/ N-polar GaN was studied via UV-assisted C-V and 

current-voltage characterization methods. A combination of the BHF and piranha cleaning with 

UV-ozone pretreatment followed by thermal HfO2 improved the interface between HfO2 and N-

polar GaN quality significantly. Further annealing in O2 increased the breakdown voltage, and 

reduced the interface states compared to annealing in N2. The lowest average interface trap density 

was achieved to be 1.64 × 1012 cm-2 eV-1 with breakdown field of 3.14 MV/cm.  



 xv 

All the processes developed previously were used for fabrication of planar N-polar GaN 

MIS-HEMTs. The dual pulsed-IV measurements suggest that there are two competing 

mechanisms at play during device operations resulting in anti-dispersion and dispersion at the same 

time. Additionally, to reduce the DC-RF dispersion, N-polar deep recess (NPDR) HEMTS with 

HfO2 as gate dielectric have been explored. BCl3/SF6 selective dry etch was developed to realize 

deep-recess structure with thin AlGaN cap as etch stop layer. The HEMTs exhibited a peak 

saturation current of 1.1A/mm with fT=18.1GHz and fmax = 66.1 GHz. The HEMTs biased in class 

AB at VDS=9 V and IDS=100 mA/mm at 4 GHz frequency demonstrated a max output power of 

1.53 W/mm with associated PAE of 45.4%.  Pulsed IV measurements reveal that the deep recess 

structure did not exhibit DC-RF dispersion from surface traps present in drain access region. 

Rather the traps present in the gate dielectric cause dispersion which has been shown to depend on 

the thickness of the dielectric. In fact, the dispersion is less than 10% at a very thin dielectric of 

4.4 nm.  

It is reported that interfacial nitrogen vacancies at negative polarization interface (NPI) 

were the source of these hole/donor traps. Using the Silvaco TCAD simulation platform, for the 

first time, the effect of hole traps density and energy level on 2DEG density in N-polar HEMT 

structures was studied.  Comparing the calculated 2DEG density with that of experimental results,  

hole trap density and activation energy were estimated. The results showed that Si doping in both 

the barrier and at barrier-buffer interface effectively neutralizes the traps present throughout the 

epi-structure while simultaneously modulating the 2DEG charge density. Moreover, an epi-

structure was designed to enable aggressive scaling of the channel (5nm-thick) in N-polar GaN 

HEMTs while maintaining a large 2DEG density of approximately 2.6×1013 cm-2 with minimal 

parasitic. 
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Chapter 1  

Introduction 

1.1 RF Wireless Communication 

RF wireless communication is touching every aspect of life such as health, communication, 

and defense. In the military defense industry, radars in early warning system, counter measure 

warfare, etc. use a wide range of frequency spectrum from MHz to GHz. Terahertz imaging is used 

in food and plastic inspection to complex imaging machines used for health monitoring. Mobile 

communication base stations operate in lower GHz spectrum (~3.5 -25 GHz) with demand to go 

 

 

 

 

 

 

 

 

 

 

 Figure 1.1 RF frequency range and various applications (a) commercial (b) military applications. 

 

 Figure 1.2 RF frequency range and various applications (a) commercial (b) military applications. 
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towards higher frequency. With telecommunication traffic data being projected to grow 

significantly higher by early 2030, high resolution, faster data and low latency is the need of the 

hour. This in turn requires advanced electronics with higher frequency of operation and wide 

bandwidth. Many such electronics operate over a wide range of frequency spectrum and bandwidth 

and are rapidly evolving. For instance, only a few years ago, the telecommunication industry was 

debating the feasibility of 5G. In few years span, not only the standards has been decided, but also 

prototypes and field trials have already been demonstrated successfully. Now it is in use en-masse 

for commercial mobile communication. There is not a shred of doubt that the next decade belongs 

to 5G and RF. However, this poses several design challenges to the RF and device engineer. 

Electronics need to be compatible with a wide range of frequency and bandwidth. Power, 

efficiency, bandwidth, and speed all need to be taken into account. Emerging segments such as 

 
  
Figure 1.2 Projected market growth for RF front end.  
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satellite communication (SatCom) and consumer handsets present new opportunities as well as 

challenges. According to the market research, by Yole Développement (Yole), the power amplifier 

module is poised to grow from US$5.4 billion in 2019 to US$8.9 billion by 2025 with CAGR of 

11%. The overall RF front end connectivity market will grow to US$25.4 billion from US$15 

billion with CAGR of 11%.  

1.2 Key Performance Index  

1.2.1 High fT and fmax 

Current gain cutoff- frequency (fT) [2] and 

power-gain cutoff frequency (fmax [3]) are two 

important parameters for RF application. 

These two in turn, depend on many device 

parameters (Fig 1.3). To improve the 

frequency of operation, it is necessary to 

increase the trans-conductance of amplifier 

while reducing parasitic resistances and 

capacitances.  

 

 

𝑓𝑇 =
𝑔𝑚

2𝜋 {(𝐶𝑔𝑠 + 𝐶𝑔𝑑)(1 +
𝑅𝑠 + 𝑅𝑑
𝑅𝑑𝑠

) + 𝐶𝑔𝑑 ∙ 𝑔𝑚 ∙ (𝑅𝑠 + 𝑅𝑑)}
≈

𝑣𝑠
2𝜋𝐿

 

𝑓𝑚𝑎𝑥 =

𝑔𝑚
2𝜋(𝐶𝑔𝑠 + 𝐶𝑔𝑑)

√
4
𝑅𝑑𝑠

(𝑅𝑔 + 𝑅𝑠 + 𝑅𝑖) + 8𝜋 ∙ 𝑓𝑇 ∙ 𝐶𝑔𝑑(2𝑅𝑔 + 𝑅𝑠 + 𝑅𝑖)

 

 

Figure 1.3 Schematic of HEMT with various 

device parameters [116]. 
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1.2.2  Power and Efficiency 

RF transistors should be able to produce high power in the intended frequency of operation. 

For instance, for radar applications, the power requirement depends on the fourth power of 

distance. Power density is another parameter which impacts the device dimension and subsequent 

cost. Efficiency is another parameter which is essential for component count and thermal 

management of the entire system.  

Table 1.1 Material properties of various materials [4]. 

 Si GaAs GaP 4H-SiC Diamond GaN AlN 

Band gap (Eg) (eV) 1.1 1.4 2.3 3.2 5.5 3.4 6.2 

Thermal 

Conductivity 

(W/cm.K) 

1.5 0.5 1.1 4.9 20 1.3 3.9 

Melting Point (K) 1683 1513 1740 2830 3773 2791 3273 

Electron Saturation 

Velocity (cm/s) 
1 2 1.25 2 2.7 2.5 1.4 

Electron mobility 

(cm2/V.s) 
1400 8500 350 950 2200 1000 135 

Hole mobility 

(cm2/V.s) 
600 400 100 120 1600 30 14 

Dielectric Constant 11.8 12.5 11.1 9.7 5.5 8.9 8.5 

Breakdown Field 

(𝐸𝐶) (MV/cm) 
0.3 0.6 1 2 10 2.6 2 

JFOM  (
𝑣𝑠𝑎𝑡∙𝐸𝐶

2𝜋
) 

(normalized to Si) 

1 0.93  14  17  

BFOM  (
𝜀𝑠∙𝜇∙𝐸𝑔

3

2𝜋
) 

(normalized to Si) 

1 16  430  990  

 

Table 1.2 Material properties of various materials [4]. 

 Si GaAs GaP 4H-SiC Diamond GaN AlN 
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1.3 Why GaN 

So the question is: which material system will dominate the RF market? Gallium Nitride 

has surfaced as a candidate for high power and high frequency applications due to its unique 

properties, including a large bandgap of 3.4 eV, large breakdown electric field of 2.6 MV/cm, and 

high electron mobility and saturation velocity (Table 1.1 [4]) which provides following 

advantages:  

1.3.1 High Frequency of Operation 

As mentioned before, current gain cut-off frequency (fT) and power gain cut-off frequency 

(fmax) are the two most critical parameters for RF applications. High mobility and high 2DEG 

charge reduce the channel resistance in the device which improves the frequency. High 2DEG 

charge also improves the semiconductor-metal contact resistance by improving the channel access 

resistance. Moreover, GaN also possesses comparatively lower dielectric constant which reduces 

the parasitic capacitances in the device improving fT [2] and fmax [3] additionally.  

 

Figure 1.4 Johnson Figure of Merit (JFoM) for various material systems [1]. 
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1.3.2 High Power and Efficiency 

GaN has a larger bandgap and higher breakdown electric field which allows it to operate 

at significantly higher voltages as compared to other material systems such as Si, GaAs and InP. 

As device dimensions are scaled smaller to increase the operating frequency, this in turn 

deteriorates the breakdown voltage (BV) which limits the dynamic range of operation. The product 

of fT and BV is commonly referred as Johnson figure of merit (JFoM) which is used to benchmark 

various high-speed device technologies. GaN-HEMTs demonstrate the highest JFoM almost an 

order higher than Si and GaAs devices as shown in Fig. 1.4 [1].  

 Additionally, power is directly related to breakdown voltage. GaN, due to its wide 

bandgap, has a high critical electric field, and therefore, a larger breakdown voltage at a given 

frequency compared to other available high frequency semiconductor materials including Si, InP, 

and GaAs. Therefore, GaN-based transistors have demonstrated superior power performance over 

a wide frequency range (Fig. 1.5 [5]). The emergence of GaN technology operating at 28 V to 50 

 

Figure 1.5 A comparison of output power vs frequency for different 

material systems [5]. 
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V on a low RF loss, a high thermal conductivity substrate like silicon carbide (SiC) has opened up 

a range of new possibilities. 

1.3.3 Less Design Complexity 

The most power-consuming element of radio transmitter is the power amplifier (PA) (> 

60%). Hence any improvement in its power consumption and efficiency will have a significant 

impact on the entire circuit complexity. Since GaN has a high power density, it requires less 

number of amplifiers to achieve the same amount of gain and RF power output. For instance, as 

shown in Fig. 1.6 [6], in the case of GaAs, multiple amplifier stages and branching with seven 

amplifiers are required to achieve a specific power level. To do so, RF dividers and combiners are 

utilized to distribute and combine the output powers of each stage. However, since GaN has a 

higher power density, hence the same power can be achieved by cascading few GaN PAs. 

Additionally, GaN is preferable due to the following: (i) simplified circuitry by eliminating 

peripheral components, reducing power loss, hence improving efficiency (ii) GaN has higher 

power density, hence requires smaller devices compared to GaAs and thereby providing 

competitive cost benefits (iii) GaN has a higher thermal conductivity which may simplify the 

cooling requirements (iv) the high BV of GaN material system eliminates the use of RF limiter 

 

Figure 1.6 A comparison of multistage GaAs vs GaN Power amplifier (PA) [6]. 
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used to protect the LNA from high voltages  which 

reduces overall size and complexity. This can 

further be seen from Fig. 1.7 which illustrates the 

component count in a massive MIMO antenna for 

various device technologies [5]. 

1.3.4 Wide Temperature Range  

Low bandgap devices are particularly 

susceptible to high temperature failure. In the case 

of Si, at higher temperature, the intrinsic carrier 

concentration exceeds the doping level rendering the device inoperable which limits its operational 

temperatures below 100 °C. However, the intrinsic carrier concentration is about twelve orders of 

magnitude lower in GaN [7], which allows them to operate at high temperatures. The lower 

intrinsic carrier concentration also translates to lower intrinsic leakage current and low noise in 

GaN HEMTs. 

Similarly, at low temperatures, carrier freeze-out effect renders S-based devices inoperable. 

In contrast, 2DEG forms in the lower bandgap material in a GaN/AlGaN HEMT which does not 

freeze-out. Moreover, lower temperature improves the mobility of electrons. Deep space 

applications exploit this low temperature feature to design extremely low noise, high gain 

microwave devices. 

1.3.5 Reliability and Robustness 

Mean time to failure (MTTF) is a parameter used to characterize reliability and robustness of a 

device structure. GaN demonstrates one order higher MTTF compared to Si and GaAs  (Fig. 1.8). 

 

Figure 1.7 Component count for a  massive 

MIMO antenna [5]. 

 

 

Figure 1.77 Component count for a  massive 

MIMO antenna [5]. 
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In summary, GaN-based RF and power electronics are going to define many crucial “more-

electric” transportation systems and communication systems in near future. This relies on the 

enhanced efficiency in conversion processes afforded by wide bandgap materials from kHz to GHz 

frequency spectrum. In particular, there is a need for efficient solid-state power amplification to 

replace complex, low-efficiency multi-stage circuits and bulky and fragile vacuum tubes in defense 

applications. Additionally, in the era of internet of things (IoT), artificial intelligence and 

autonomous vehicles, there is an urgent need for high-power and high frequency transistors that 

can facilitate ultra-fast, highly reliable, and low latency wireless networks. To serve these needs, 

transistors which can provide a combination of high power density and high efficiency at high 

frequencies are required. Figure 1.9 summarizes the importance of various material parameters 

for  different applications [8] and illustrates the impact of GaN device characteristics on the PA 

metrics and system-level advantages [9]. 

 

Figure 1.8 Technology comparison of Mean-Time-To-Failure versus Channel Temperature. 

https://www.mpdigest.com/2019/10/24/gan-on-sic-is-driving-advances-in-radar-applications/. 

 

 

Figure 1.92 Technology comparison of Mean-Time-To-Failure versus Channel Temperature. 

https://www.mpdigest.com/2019/10/24/gan-on-sic-is-driving-advances-in-radar-applications/. 
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Figure 1.9 (a) Importance of various material parameters for various commercial applications [8]  

(b) Impact of GaN device Characteristics on system level advantages [9]. 
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1.4 Why N-polar 

GaN is most stable in a Wurtzite crystal structure as shown in Fig. 1.10. This crystal 

structure lacks inversion symmetry, with the polarization field in the material depending on the 

crystal orientation. When the crystal is oriented in the [0001] direction, it is terminated with Ga 

atoms on the surface and has negative net polarization, which is known as Ga-polar or Ga-face. 

On the other hand, the [0001̅] orientation is terminated with N atoms and has positive net polari-

zation, which is called N-polar or N-face. GaN-based optoelectronic and electronic devices for 

commercial applications have been mainly developed on Ga-polar GaN templates due to less 

complexity of epitaxial growth compared with that on N-polar [10–16]. Nonetheless, N-polar 

GaN-based HEMTs have several advantages over Ga-polar GaN-based HEMTs that make them a 

promising candidate for highly scaled devices. 

 

Figure 1.10 GaN Wurtzite crystal structure in (a) Ga-face (b) N-face, with 

spontaneous polarization vector. 

 

 

 



 12 

1.4.1 Strong Confinement from Back-barrier 

The epi-structure and corresponding band diagram with 2DEG wave-function for Ga-polar and N-

polar HEMT is shown in Fig. 1.11 [17]. As negative gate voltage is applied, it depletes the 2DEG 

channel and turns off the HEMT. In Ga-polar HEMT, the negative gate bias pushes the electron 

wave function away from the gate whereas in N-polar it is sandwiched by the underlying back-

barrier. This improves confinement results in a sharp pinch-off characteristics in N-polar HEMTs 

as well as reduces output conductance which improves the short channel effects (SCEs) of HEMTs.  

Several simulation studies [18,19] supported these predictions. 

 
Figure 1.11 Epi-structure, charge profile, and band diagram of typical Ga-polar (left) and N-polar 

(right) hetero-structures. The 2DEG forms below the barrier in Ga-polar. This is in contrast with 

N-polar hetero-structures in which the 2DEG forms on top of the barrier and leads to better 

confinement of the 2DEG, more gate control specially in scaled HEMTs, and lower ohmic contact 

resistance [17]. 
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1.4.2 Improved Scaling 

The current gain cut-off frequency depends on gate length (Lg) in the first order which can 

be enhanced significantly by reducing the gate length. However, this can lead to SCEs such as 

lowered output resistance, limited benefits in trans-conductance because of diminished charge 

control and threshold voltage variation with gate length [20][21]. SCEs can be alleviated 

significantly by proportionately scaling down the gate-to-channel thickness while simultaneously 

reducing gate length which is referred as high aspect ratio design [22][23][24]. In Ga-polar 

HEMTs, the 2DEG concentration depends on the AlGaN barrier composition and thickness [25].  

Higher the composition and thickness higher the 2DEG. Hence reducing the barrier thickness leads 

to a reduction in the 2DEG concentration which is not desirable as it increases the sheet and contact 

resistances. Therefore, a tradeoff exists between barrier thickness and RF frequency in Ga-polar 

HEMTs.  

On the contrary, the 2DEG concentration in N-polar HEMTs depends additionally on the 

back-barrier thickness, composition and doping [26]. Thus, it is possible to achieve a thinner 

channel required for high frequency applications while maintaining higher 2DEG by increasing 

the thickness or polarization of backbarrier. InAlN back-barriers are particularly attractive since it 

has higher polarization while being lattice-matched to GaN removing upper limit on the thickness 

of back-barrier due to strain limitation [27]. The additional back-barrier design breaks the trade-

off that exists with Ga-polar HEMT and provides designers with an additional knob to improve 

the HEMTs.  

1.4.3 Improved Ohmic contact 

As shown in Fig. 1.11(a), the top layer in Ga-polar HEMT is AlGaN which has a higher 

bandgap making it difficult to achieve a good ohmic contact with the 2DEG. One possible way is 
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to etch down the barrier layer under the source/drain ohmic contacts selectively. However this 

reduces the 2DEG  concentration as it depends on AlGaN barrier the thickness [25] as discussed 

previously.  

In contrast, the top layer is low band-gap GaN in N-polar HEMT which results in a lower 

contact resistance. Moreover, even smaller contact resistance can be achieved by using selective-

area ohmic regrowth. A non-alloyed metal–2DEG contact resistance of < 0.03 Ω·mm obtained in 

N-polar GaN HEMTs through selective-area regrowth of graded n+ InGaN has remained the lowest 

in III-nitride transistors to date [28]. In this work, an n+ InN was regrown in source/drain regions 

on N-polar HEMT structures. A very low Metal-to-InN contact resistance of 5 Ω.µm was achieved, 

which was attributed to the pinning of the conduction band of InN under the fermi level resulting 

in a surface accumulation layer with a 2DEG charge density of 1×1013 cm-2. However, InN on 

GaN results in the conduction band discontinuity of 1 eV, which can negatively affect metal-to-

2DEG contact resistance. This was resolved by introducing a graded n+ InGaN in-between, which 

brings the conduction band down because of formation of a 3D electron gas due to the positive 

 
Figure 1.12 (a) Band diagram of GaN/InN regrown region in N-polar GaN HEMT. A large 

bandoffset of 1eV exists at GaN/InN interface. (b) band diagram of GaN/gradedInGaN/InN 

regrown region [28]. 

 

 
Figure 1.184 (a) Band diagram of GaN/InN regrown region in N-polar GaN HEMT. A large 

bandoffset of 1eV exists at GaN/InN interface. (b) band diagram of GaN/gradedInGaN/InN 

regrown region [28]. 
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polarization of InGaN layer [28] as shown in Fig. 1.12. The graded layer was grown by reducing 

the Ga flux gradually while maintaining the temperature constant. The contact resistance of 23 Ω-

μm was achieved with 0-63% InGaN grading with doping 1×1019 cm-3 which can be further 

reduced by increasing final Indium percentage and doping.  

For applications that do not need such ultra-low contact resistance, regrown n+ GaN has 

been used for non-alloyed ohmic contacts. Regrowth of an n+ GaN is simpler than a graded InGaN 

film and can also result in low contact resistances ranging from 0.058 Ω-mm [29] to 0.16 Ω-mm 

[30] depending on the growth quality and doping concentration. It is important to note that non-

alloyed ohmic contacts are not only important to obtain low contact resistance, but also to eliminate 

non-ideal effects such as dispersion observed in N-polar HEMTs with alloyed contacts [31]. A 

very large degradation in saturation current was observed during pulsed-IV measurements on N-

polar HEMTs with alloyed contact due to the combination of a positive Vth shift and a degradation 

of the trans-conductance whereas non-alloyed contact measured in this study showed negligible 

dispersion [31]. 

1.4.4 GaN Cap in Access Region  

Planar GaN HEMTs suffer from surface trap related current collapse and knee walkout 

commonly known as DC-RF dispersion. During device operations, traps present on the surface can 

capture electrons and become negatively charged. These negatively charged traps act as a virtual 

gate and deplete the 2DEG channel underneath which increases the on-resistance and reduces the 

drain current. Traditionally, PECVD SiN passivation or field-plates have been utilized to reduce 

the dispersion which introduce additional parasitic capacitances rendering them undesirable for 

mm-wave applications. By introducing a GaN cap in the access region [32], it moves the surface 
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traps away from the channel and makes the pinch-off voltage in the access region more negative 

(-30V), consequently resulting in less DC-RF dispersion.  

Additionally, the GaN cap enhances the conductivity of the access regions for three 

reasons. The introduction of GaN cap layer reduces the vertical electric field in the access region 

as shown in the Fig. 1.13(b). This pushes the conduction band downwards in the channel which 

leads to an increase in 2DEG concentration. Moreover, the reduction in vertical electric field 

improves the lateral mobility. Third, the surface is moved away from the channel which reduces 

the surface scattering and further improves the mobility. These combined effects have shown to 

reduce the sheet resistance from 325 Ω/sq in the gate region to 220 Ω/sq in the access region in 

these NPDR structures.  

1.4.5 Reduced Leakages 

Since the Schottky barrier to GaN is lower than that on AlGaN, the early N-polar GaN 

HEMTs suffered from significantly larger gate leakage than that often observed on Ga-polar 

  
Figure 1.13 (a) Device cross-sectional schematic (not drawn to scale) and epitaxial layer profile 

of the N-polar deep recess (NPDR) MISHEMT with the foot-gate self-aligned to the GaN cap 

recess. (b) Energy band diagram comparing the vertical profiles under the gate electrode as 

compared to the access region with the addition of a GaN cap layer. 

 

  
Figure 1.199 (a) Device cross-sectional schematic (not drawn to scale) and epitaxial layer 

profile of the N-polar deep recess (NPDR) MISHEMT with the foot-gate self-aligned to the 

GaN cap recess. (b) Energy band diagram comparing the vertical profiles under the gate 

electrode as compared to the access region with the addition of a GaN cap layer. 
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HEMTs. A 25 nm thick 10% AlGaN cap layer was also introduced in these N-polar HEMTs to 

increase the Schottky barrier and reduce the gate leakage. This AlGaN cap layer in N-polar HEMT 

structures reduces the gate leakage not only by increasing the Schottky barrier height, but also by 

reducing the tunneling current under large reverse gate biases. The latter is a unique feature in N-

polar HEMT structures due to the opposite polarization field in these structures compared with 

that in Ga-polar HEMTs [31] (Fig. 1.14). Introducing the AlGaN cap layer resulted in a 

significantly lower gate leakage current with more than a three-fold increase in breakdown voltage. 

1.4.6 Comparison of Device Performance 

Reported Ga-polar HEMTs and monolithic microwave integrated circuits (MMICs) have 

demonstrated excellent performance from Ka-band (27-40 GHz) through W-band (75-110 GHz). 

 

Figure 1.14 A schematic of a Ga-Polar HEMT band diagram at (a) equilibrium 

and (b) with a reverse gate-drain voltage applied. (c) and (d) give the energy band 

diagram of a N-Polar HEMT with a thin AlGaN top-barrier at equilibrium and at 

a reverse gate-drain voltage bias, respectively  [31]. 

 

 

Figure 1.214 A schematic of a Ga-Polar HEMT band diagram at (a) equilibrium 

and (b) with a reverse gate-drain voltage applied. (c) and (d) give the energy band 

diagram of a N-Polar HEMT with a thin AlGaN top-barrier at equilibrium and at 

a reverse gate-drain voltage bias, respectively  [31]. 
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In Ka-band, HEMT devices offering 9.7 and 10.5 W/mm of output power (Po) and power-added 

efficiencies (PAE) of 43% and 33% at 30 and 40 GHz respectively have been demonstrated 

[33,34]. Devices have also been demonstrated with output power of 3.1 and 4.3 W/mm at 30-GHz 

with PAE of 52% by Moon et al [33]. MMICs of highly scaled devices have also been recently 

reported with a PAE of 59% at 32 GHz but the power density at the output stage was limited to 

440 mW/mm [35]. As frequency of operation increases, the output power and efficiency reduce 

due to trade-off between power and frequency that depends on the semiconductor properties such 

as bandgap and electron mobility. At 83 GHz, a MMIC with a peak PAE of 27% and Po of 1.7 

W/mm has been demonstrated [36]. At 94 GHz, a pre-matched device with 24.2% PAE and 1.5 

W/mm Po [37] was reported and at 86 GHz, Niida et al. have reported 3.6 W/mm with 12.7% PAE 

[38].   

Alternatively, as discussed before, N-polar HEMT offer additional degrees of freedom to 

design the devices due to its natural back barrier, inverted polarization and better confinement 

which is conducive to mm-wave application. Using N-polar GaN with deep recess gate structure, 

 
Figure 1.15 W-Band output power density of various GaN 

device technologies over time. Traditional Ga-polar 

AlGaN/GaN HEMTs have saturated around 2 W/mm 

while N-polar GaN has recently demonstrated 7.94 W/mm 

[17]. 

 

 



 19 

6.7W/mm at 94 GHz with 14.4% associated PAE using a realigned gate process and 27.8% PAE 

with 8W/mm at 94 GHz using a self-aligned gate process have been reported. This is more than 

twice of the output power typically measured on conventional Ga-polar GaN HEMTs with more 

than twice the efficiency as well (Fig. 1.15). Romanczyk et al. [39] have reported peak PAE of 

55.9% measured at 14 V with an associated Po of 5.3 W/mm and 52.5% PAE with 8.08 W/mm at 

20 V at 30GHz. No devices to date had demonstrated constant output power density over frequency 

range as expected in an ideal device (since power density is not a function of frequency; output 

power is). Romanczyk et al [39] have reported the N-polar device with 7.94W/mm output power 

at W-Band, Ka-Band and X-Band, the first device to do so. 

1.5 Dissertation Overview 

The goal of this dissertation is to explore high-k as dielectric for ultra-thin N-polar HEMT 

for mm-wave Applications. We have developed high quality thermal HfO2 ALD films on N-polar 

GaN and used this as dielectric to fabricate and characterize the N-polar HEMT which has better 

performance. 

Chapter 2 presents the dielectric study of HfO2 on N-polar GaN. Metal-Oxide-

Semiconductor capacitors (MOSCAP) were fabricated to study the interface and bulk properties 

of HfO2 using deep UV-assisted capacitance-voltage measurements. Different surface cleaning 

method, in-situ plasma activation, ALD deposition method and annealing environment was 

systematically studied to achieve better quality HfO2. The HfO2 /GaN MOSCAPs achieve small 

hysteresis, low interfacial trap density, low leakage current, and moderate breakdown electric field.  

Chapter 3 utilizes the developed HfO2 dielectric to fabricate N-polar MISHEMT. Several 

fabrication steps were developed in the cleanroom such as slow GaN etch to reduce the impact of 

plasma on surface states during etching thin layers, regrown source/drain to achieve low ohmic 
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contact, HfO2 etching using BCl3 plasma. DC, pulsed-IV, BV and small signal RF measurements 

were carried out to analyze and understand the operation of N-polar HEMT with HfO2 as dielectric. 

In Chapter-4, N-polar deep recessed HEMT (NPDR) were demonstrated with HfO2 as  gate 

dielectric. Additional fabrication steps were introduced such as selective BCl3/SF6 etch to achieve 

recess under gate and source/drain with smooth surface. HfO2 thickness series was performed to 

understand the effect of gate dielectric bulk traps on DC-RF dispersion. 

In Chapter 5, an attempt was made to develop a thin channel HEMT epi-layer with large 

2DEG concentration using Silvaco TCAD simulation. GaN/AlN digital alloy was used as 

backbarrier since AlN has higher polarization and digital alloy has better thermal conductivity 

compared to bulk GaN. Impact hole traps in GaN/AlN HEMT system was studied and various 

doping scheme with band engineering was used to eliminate its effect. The effect of various inter-

layer thickness, doping were studied to obtain an optimized structure with minimum parasitic over 

wide range of doping. 2DEG as high as 3×1013 cm-2 was achieved both from simulation and 

experimentally. However the mobility was extremely small (~600 cm-2/V.s). 
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Chapter 2  

Investigation and Optimization of HfO2 Gate Dielectric on N-polar GaN 

2.1 Introduction 

2.1.1 Why HfO2 

N-polar GaN HEMT has demonstrated much higher power density and efficiency which 

has positioned itself as a major contender for RF applications as discussed in the previous chapter. 

However, the demand for faster data, higher bandwidth is increasing which requires higher and 

higher frequency of operation. The frequency of operation can be further enhanced significantly 

by reducing the gate length. This however can lead to short-channel effects (SCEs) such as lowered 

output resistance, limited benefits in trans-conductance because of diminished charge control and 

threshold voltage variation with gate length [20][21]. However, SCEs can be alleviated 

significantly by reducing the gate-to-channel thickness while reducing gate length which is 

commonly referred as a high aspect ratio design [22][23][24].  This high aspect ratio scaling 

typically leads to higher gate leakage due to thinner barrier and higher electron tunneling 

probability. This leakage can be suppressed by a thick insulator layer between channel and gate 

metal; however, this reduces the gate capacitance. High-k dielectrics such as HfO2 are particularly 

advantageous in such scenarios since a thicker dielectric can be deposited without altering the gate 

capacitance. Hence it is important to develop a high-k dielectric with superior interface states and 

border traps to enable next-generation high-power high-frequency N-polar GaN-based transistors. 
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Several groups have studied high-k dielectrics, including HfO2, ZrO2, and HfZrO2 on Ga-

polar GaN HEMTs [40–52]. Saadat et al. [42] compared Al2O3, HfO2, and a stack of Ga2O3+HfO2 

as gate dielectrics. Their studies revealed that while HEMTs with Al2O3 gate dielectric show the 

best trans-conductance and dispersion performance, the Ga2O3 + HfO2 combination has the best 

maximum drain current density, low interface traps, and negligible hysteresis along with trans-

conductance that is comparable to that of standard Ni/Au/Ni Schottky-gated HEMTs because of 

the high capacitance of the high-k dielectric. Moreover, using Ga2O3 + HfO2 as the gate dielectric 

reduced the gate leakage by more than five orders of magnitudes compared with the HEMT 

without any gate dielectric. Chen et al [53] investigated ZrO2 as gate dielectric in Ga-polar GaN 

HEMTs and compared dc and RF characteristics of these HEMTs with those with Schottky contact 

gate. They showed that the MOS-HEMTs with ZrO2 gate insulator layer significantly reduced the 

gate leakage current and microwave performance of the devices. The device linearity was also 

improved due to its flat and wide trans-conductance (gm) distribution. Stoklas et al [54] studied the 

impact of atomic layer deposition (ALD) deposition technique using photo-assisted capacitance 

transients (photo-C-t) method and reduced the Dit value from 1×1013 cm-2 eV-1 to 2-3×1012 cm-2 

eV-1 by replacement of thermal-ALD with ozone-ALD. Jung et al [55] demonstrated a surface 

state density (measured using conventional Terman method) of 6.77×1011 cm-2 eV-1 at Ec-0.3 eV 

by in situ NH3 ALD plasma passivation. Chang et al [56] reported Dit of 5-10×1011 cm-2 eV-1 at 

mid bandgap at the interface between thermal ALD deposited HfO2/Al2O3 bilayer dielectric and 

GaN using conventional Terman method which is not accurate for wide bandgap semiconductors. 

All the aforementioned studies have focused on depositing the HfO2 dielectric on Ga-polar 

GaN. However, the polarity of GaN (Ga-polar vs N-polar) plays an important role in deciding the 

dielectric-semiconductor interface quality. It has been observed that N-polar GaN surface is more 
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reactive as compared to Ga-polar resulting in higher incorporation of impurities and higher surface 

states [57]. A recent study has also showed the GaN polarity impacts the interface sharpness 

between oxide and GaN, thus resulting in different capacitance-voltage (CV) characteristics [58]. 

Yang et al [59] have studied the effects of surface pretreatment, dielectric growth, and post 

deposition annealing on interface electronic structure and polarization charge compensation of Ga- 

and N-face bulk GaN. Meyer et al [60] is the only report on HfO2 on N-polar AlGaN-GaN HEMTs, 

in which they showed that HfO2‐insulated gate devices improved the reverse‐bias gate leakage 

current as compared to reference Schottky devices, however failed to pinch-off the device even 

with 1.5 µm gate length.  

2.1.2 Characterization Methods of Interface States 

Terman Method 

The Terman method compares the ideal capacitance-voltage (C-V) and the low-frequency 

C-V curves to calculate the interface states density from the deviation of two curves. This method 

is valid based on the assumption that (i) the semiconductor and dielectric material are both ideal, 

thus their C-V response can be predicted mathematically; (ii) the low-frequency C-V curve can 

entirely reflect the information on interface state density. No traps are present in dielectric bulk or 

near interface. The Terman method has been utilized to characterize the interface state density in 

silicon based devices for decades. Silicon has relatively small bandgap and relatively large 

minority carrier concentration which allows both the shallow and deep interface state to be ionized 

in manageable time scales.  

Given the non-ideality of the semiconductor and dielectric materials, the deviations of their 

material properties from the theoretical values are not avoidable. Thus, the high-low frequency 

measurement is employed to replace the numerical calculated C-V curve in the Terman method. 
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However, in the WBG material systems with negligible hole concentration and generation rates, 

the trap emission time is very long at room temperature. Specifically, previous research showed 

the electron emission time from the state located around EC-1.5 eV for GaN is estimated to be 107-

108 years at room temperature [61]. The high-low frequency method may still be used in the WBG 

system to a limited extent, as the minority carrier generation rate can increase at elevated 

temperatures. However, in order to create a comparable quantity of holes, the required high 

temperature would damage the device being tested. 

 AC Conductance method  

This method measures the conductance change due to the charging and discharging of traps 

responding to the Fermi level moving above to below the energy of the trap. This method is very 

useful when the emission time of the trap is on the order of 10 ms (100 Hz) or shorter. When the 

time constant of the trap is smaller than that, only shallow traps can respond and the conductance 

signal becomes noisy. Similar to the Terman method, the temperature is often increased to allow 

for the measurement of deep traps near mid-bandgap for the WBG material systems with the trap 

emission time on the order of years.  

 Deep Level Transient Spectroscopy (DLTS)  

The deep level transient spectroscopy is a very sensitive and accurate technique which 

measures the change in capacitance due to changes in traps occupancy. The device under test (DUT) 

is initially placed under reverse-bias (trap emptying pulse) to empty all the traps. Followed by a 

forward biased pulse (trap filling pulse) which results in traps capturing the carriers and getting 

filled. The DUT is then again placed under reverse bias (trap emptying pulse) by lowering the 

voltage to the initial voltage level. However, traps cannot respond to the change immediately due 

to its slow nature, rather emit electrons slowly over time. This results in a capacitance transient 
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over time which can be accurately measured. By repeating this reverse-forward-reverse pulse 

sequence over a temperature range for different rate windows, different trap characteristics such 

as capture cross-section, activation energy level, and density can be extracted using Aarhenius plot. 

DLTS measurement is spectroscopic in nature such that it can resolve and identify traps present at 

different energy locations since traps at different energy location emit carriers at different rates.   

It can also resolve between donor and acceptor traps. Traditional DLTS is typically capacitance 

based on depletion region (e.g. p-n junction or Schottky diode). However, other electrical 

parameters such as current (I-DLTS) or voltage (CCDLTS, DDLTS) can be used to monitor the 

transient response resulting from change in trap occupancy. Another advantage of DLTS over AC 

Conductance is, while AC Conductance uses an AC frequency at a specific DC bias, DLTS 

generally pulses from a bias that is significantly higher than the trap energy level to a bias that is 

significantly lower than the trap energy. However, major disadvantage of DLTS is that it takes a 

long time to sweep over a large range of temperature especially for wide-bandgap devices. 

However UV illumination can be used to excite traps in combination with traditional DLTS 

method which is known as deep level optical spectroscopy (DLOS). 

Deep UV-assisted Capacitance-Voltage Method 

Recently, the deep ultraviolet photo-assisted capacitance-voltage (DUV-assisted C-V) was 

developed as an alternative technique to extract Dit for wide-bandgap semiconductors [62–65]. 

This method is utilized in this chapter and will be elaborated in details. Similar to the Terman 

method, this method tracks the change in the occupancy of the traps, enabled by the capture of 

electrons first from the conduction band by empty interfacial states and eventually by generated 

holes that accumulated at the semiconductor/dielectric interface. This technique relies on deep 

ultraviolet (DUV) illumination applied to devices biased in depletion to ensure all traps can be 
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extracted from the C-V measurements. The energy of the deep UV light should be the same or 

large than that of the characterized semiconductor materials. The detailed procedure of this 

measurement will be elaborated in this chapter. 

2.1.3 Chapter Overview 

In the first part of this chapter, we investigated HfO2 on N-polar HEMT structure by 

performing frequency dependent capacitance-voltage measurements on metal-oxide-

semiconductor capacitors (MOSCAPs). The impact of annealing on the quality of HfO2 was 

studied. Moreover, we compared the CV characteristics of MOSCAPs with HfO2 deposited on 

GaN channel with that deposited on the AlGaN cap layer.  

In the second part of this chapter, the impact of various surface preparations, in-situ ALD 

plasma pre-treatments, deposition and annealing conditions on the Dit of HfO2 on N-polar GaN 

were investigated. Interface trap density (Dit), border trap density, breakdown voltage (BV) and 

dielectric constant were measured and optimized for HfO2/N-polar GaN MOSCAPs. 

2.2 As-deposited HfO2 on GaN HEMT Epi-structure 

2.2.1 Device Fabrication 

The N-polar HEMT structure used for this study is shown in Fig. 2.1 and was epitaxially 

grown by metal-organic chemical vapor deposition (MOCVD) on a miscut sapphire substrate. A 

graded Si-doped AlGaN backbarrier is typically used in these heterostructures to suppress current 

dispersion caused by hole traps at the interface with net negative polarization charge [66,67]. The 

details of growth are discussed elsewhere [68–70]. The 2nm-thick Al0.08GaN layer on top is to 

reduce the gate current leakage. MOCVD grown N-polar HEMT structures are typically capped 

in-situ with 5 nm-thick SiNx dielectric. The SiNx cap protects N-polar surface from being 
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roughened by the developer during the device fabrication [71,72]. It can also function as gate 

dielectric [32,72,73].  

For this purpose, the ohmic contacts were created by E-beam evaporation using a metal 

stack of Ti/ Al/ Ni/ Au (20/100/10/100 nm), which was then annealed at 820° C for 30 seconds in 

a N2 gas atmosphere. HfO2 was then blanket-deposited over the whole wafer, using plasma 

enhanced atomic layer deposition (ALD) with the chamber conditioned to 250 ̊C in Argon ambient. 

The dielectric thickness was verified using ellipsometry on Si pieces co-loaded as control samples. 

Sample-A was not annealed after HfO2 deposition, while sample-B and sample-C were annealed 

at 400 ̊C in a N2 gas atmosphere for 1 min and 5 min, respectively. This was followed by gate 

metal deposition (30 nm Ti/ 600 nm Au) via E-beam evaporation. Capacitor sizes on each sample 

ranged in diameter from 50 µm to 800 µm.  

  

Figure 2.1 Schematic of the structures studied in this work (a) HfO2 on SiN (b) HfO2 on AlGaN 

after removal of SiN and (c) HfO2 on GaN after removal of SiN and AlGaN cap layer. 

 

  

Figure 2.2 Schematic of the structures studied in this work (a) HfO2 on SiN (b) HfO2 on AlGaN 
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To investigate the impact of annealing on 

HfO2 quality, we first fabricated a set of 

MOSCAPs with 15 nm-thick HfO2 deposited 

directly on MOCVD-SiNx as shown in Fig. 2.1(a).   

2.2.2 Results and Discussion: 

Figure 2.2(a) demonstrates the 

representative CV profiles measured at different 

frequencies on Sample-A. CV profiles measured 

at frequencies below 800 kHz are drastically 

different from an ideal CV profile expected on a 

hetero-structure having a two-dimensional 

electron gas (2DEG). They do not show a 

saturated capacitance. Attempts to measure these 

devices at positive voltage were unsuccessful due 

to high ac current leakage. The 2DEG density 

extracted from these CV profiles is ~3x1012 cm-2 

which is much lower than that extracted from Hall 

measurement (~1.1x1013 cm-2) on this hetero-

structure. This indicates existence of slow trap 

states in HfO2, which can only respond at 

  

 

 

  

Figure 2.2 CV profile measured at 

different frequencies on MOSCAP-C with 

15nm-thick HfO2 which (a) was not 

annealed and annealed for (b) 1min and (c) 

5 min at 400 ̊C in N2. 

(a) 

(b) 

(c) 
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frequencies below 800 kHz. The 

positive shift in threshold voltage 

compared to the expected value of 

~8V also points to negative 

charges in dielectric. At 1 MHz, 

these traps can no longer respond 

and therefore the CV profile looks 

closer to an ideal one. By 

annealing HfO2 at 400 ̊C in N2 

ambient before gate metal 

deposition, the CV profile measured at 1 MHz remained unchanged, whereas the other CV profiles 

measured at lower frequencies become closer to an ideal curve (Fig. 2.2 (b) and (c)). As the 

measurement frequencies reduces, the pinch-off voltage of these MOSCAPs move toward more 

negative values. Annealing for 5 min did not change the MOSCAP characteristics significantly, 

and therefore, we annealed HfO2 for 1 min for all other devices discussed in this work. 

To determine HfO2 dielectric constant, a set of MOSCAPs were then fabricated varying 

HfO2 thickness from 0 nm to ~57 nm. Figure 2.3 shows CV profiles measured at 1MHz on these 

MOSCAPs. Figure 2.4 depicts 1/C as a function of HfO2 thickness, in which C is the capacitance 

density at 0V measured at 1MHz on these MOSCAPs. A dielectric constant value of 17 was 

extracted for HfO2 via linear fit to this plot which is close to the dielectric constants reported in the 

literature for HfO2 [74,75]. Using a linear fit to 1/C on MOSCAPs with different HfO2 thicknesses, 

which are otherwise fabricated identically, allows us to identify dielectric constant accurately 

 
Figure 2.3 CV profiles measured at 1 MHz on MOSCAPs 

with various HfO2 thicknesses. 

 

 
Figure 2.32 CV profiles measured at 1 MHz on MOSCAPs 

with various HfO2 thicknesses. 
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without making assumptions for dielectric constants of other underlying layers including GaN, 

AlGaN, SiNx, and the non-idealities at their interfaces. 

The 2DEG density was also extracted on these MOSCAPs by integrating the CV profile 

and is plotted as a function of HFO2 thickness. As depicted in Fig. 2.4, the 2DEG density decreases 

as the HfO2 thickness increases. This behavior can be explained by assuming fixed negative 

charges uniformly distributed in the HfO2. As HfO2 thickness increases, the total negative charge 

in HfO2 increases which results in 2DEG depletion. The Δ𝑉𝑡ℎ  due to the fixed negative charge in 

dielectric and reduction in 2DEG density is a positive value. On the other hand, increasing HfO2 

thickness leads to reduction of the capacitance density, and consequently, Δ𝑉𝑡ℎ < 0. Due to these 

opposite effects, the variation of threshold voltage as a function of HfO2 thickness is not 

monotonic.   

For ultra-scaled HEMTs, it is desirable to reduce the distance from gate to the channel as 

much as possible to eliminate short channel effects [22,76]. For this purpose, it is advantageous to 

deposit HfO2 directly on the HEMT structure and remove any dielectric with lower dielectric 

 
Figure 2.4 Capacitance measured at 0 V versus HfO2 thickness.  
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constant. Therefore, in the next step, we studied the impact of HfO2 deposited directly on the 

AlGaN cap (MOCVD-SiNx was removed) and GaN channel (MOCVD-SiNx and AlGaN cap were 

removed). For this purpose, MOCVD-SiNx was etched by diluted hydrofluoric acid (1:1 HF:DI) 

after formation of Ohmic contact, followed by HfO2 deposition on AlGaN cap (Fig. 2.1(b)). The 

sample was then annealed at 400 ̊C, followed by gate metal deposition as discussed earlier. To 

fabricate MOSCAPs with HfO2 deposited directly on the GaN channel (Fig. 2.1(c)), SiN was first 

removed using diluted hydrofluoric acid (1:1 HF:DI). We then removed the AlGaN cap and part 

of GaN channel using a low-etch-rate (~0.5 nm/min) chlorine-based inductively coupled plasma 

etching, resulting in a 14 nm-thick GaN channel. After dry etch, the surface was exposed to UV-

Ozone for an hour and then etched in HF for 30 sec to help remove surface damage caused by dry 

etching.  

As depicted in Fig. 2.5 (a), it was not possible to pinch-off MOSCAPs with HfO2 deposited 

on AlGaN cap and applying voltages beyond -6V led to very high leakage which made capacitance 

measurements beyond this voltage impossible. This could be due to reaction of oxide in HfO2 with 

Al in AlGaN cap and formation of a poor-quality Al2O3 interface during the annealing at 400 ̊C. 

 

Figure 2.5 CV profile measured at different frequencies on (a) MOSCAP-B and (b) MOSCAP-C. 

 

 

 

  

(a) (b)
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This poor-quality interlayer is full of traps which leads to the pinning of the fermi level. Therefore, 

by applying gate voltage, the fermi level in the channel does not move. On the contrary, when 

AlGaN cap layer was removed by low etch rate/low damage dry etching technique and HfO2 was 

deposited directly on GaN, normal CV profiles were measured. These MOSCAPs showed much 

lower pinch-off voltage which is due to a combination of higher gate capacitance, because of lower 

distance between gate and the channel, and a thinner GaN channel which leads to lower 2DEG 

density in the channel. A charge density of 4.9×1012 cm-2 was calculated on these MOSCAPs.  

2.3 HfO2 Characterization on GaN MOSCAPs 

2.3.1 Device Fabrication 

Metal-insulator-semiconductor (MIS) capacitors were fabricated to characterize the 

interface states between HfO2 and N-polar GaN. The fabrication process is shown in Fig. 2.6. The 

N-polar epitaxial layers were grown by metal organic chemical vapor deposition (MOCVD on 4° 

miscut c-plane sapphire substrates). From bottom to top, the epitaxial layers included 660 nm 

unintentionally doped GaN, 660 nm n+ GaN:Si with a doping concentration of  3.5×1018 cm-3  and  

530 nm n-GaN with a doping concentration of 2×1017 cm-3. Chlorine-based mesa etch was 

performed till n+ GaN layer was exposed, followed by evaporation of ohmic metal stack Ti/Au 

(30/200 nm). Several samples were fabricated with various surface pretreatments using wet 

 

Figure 2.6 Fabrication process flow of HfO2/N-polar GaN MIS structure. 

 

Table 2.1. Summary of the techniques that were employed for surface preparation, in-situ 

pretreatment, ALD deposition, and post-deposition annealing.

 

Figure 2.77 Fabrication process flow of HfO2/N-polar GaN MIS structure. 

 

Table 2.2. Summary of the techniques that were employed for surface preparation, in-situ 

pretreatment, ALD deposition, and post-deposition annealing. 

Sample # 1 2 3 4 5 6 7 

BHF (1:50) ✓ ✓      
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chemical etching combinations and UV-ozone prior to ALD deposition. The samples were loaded 

immediately into ALD chamber to minimize any native oxide formation and surface contamination. 

Various in-situ plasma treatments in the ALD chamber were implemented prior to deposition of 

20 nm-thick HfO2. The HfO2 was deposited via thermal- or plasma- ALD in a Veeco Fiji ALD 

reactor and the thickness was measured using ellipsometer on a co-loaded Si sample. After 

dielectric deposition, rapid thermal annealing (RTA) at 400°C was performed for 1 min on all the 

samples, followed by deposition of a gate metal stack (Ti/Au :20/200 nm). Table 2.1 summarizes 

the techniques that were employed for surface preparation, in-situ pretreatment, ALD deposition, 

and post-deposition annealing.  

2.3.2 Results and Discussion 

UV-assisted CV measurement was employed to calculate the interface state density 

following the methodology developed by Swenson et al [62]. CV measurements were taken at 

room temperature using a Keysight B1500 semiconductor parameter analyzer. The frequency and 

amplitude of AC signals were 1 MHz and 30 mV, respectively. The DC voltage sweep was set 

with a step voltage of 30 mV and a sweep rate of 0.6 V/s. A 365 nm lamp with an optical power 

Table 2.1. Summary of the techniques that were employed for surface preparation, in-situ 

pretreatment, ALD deposition, and post-deposition annealing. 

Sample # 1 2 3 4 5 6 7 

Surface 

preparation 

BHF (1:50) ✓ ✓      

Piranha (1:5) + BHF (1:50)   ✓ ✓ ✓ ✓  

Piranha (1:5)+ BHF (1:50) + 

UV/ozone 
      ✓ 

ALD Pre-

treatment 

No pre-treatment ✓       

TMA/N2 plasma  ✓ ✓ ✓ ✓ ✓ ✓ 

ALD 
HfO2 Plasma ✓ ✓ ✓ ✓ ✓   

HfO2 thermal      ✓ ✓ 

Annealing 

N2 ✓ ✓ ✓     

N2, then O2    ✓    

O2     ✓ ✓ ✓ 

 

 

Table 2.65 Effect of in-situ TMA/N2 plasma on various bulk and interface 

characteristics.Table 2.66. Summary of the techniques that were employed for surface 
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density of 0.13 W/cm2 was used as the UV illumination source for sufficient hole generation. The 

dielectric constant was determined from the accumulation capacitance obtained from the dark CV 

curve during the UV assisted C-V measurement as mentioned by Swanson et al [62]  and Liu et al 

[77]. The dark curve represents the ideal state of MOSCAP where all the interface traps are neutral 

(filled donor states). The average forward breakdown field (𝐸𝐵𝐷) (MV/cm) was also calculated by 

simply dividing breakdown voltage (BV) with dielectric thickness (𝑡𝐻𝑓𝑂2) using the following 

relation:  

𝐸𝐵𝐷 = 𝐵𝑉/𝑡𝐻𝑓𝑂2   (1) 

In the accumulation region, there is negligible voltage drop across the accumulation layer and 

almost all the voltage appears across the dielectric thickness. However, it is note-worthy that 

Electric field would be much higher at gate metal edges where breakdown first occurred compared 

with the center of gate metal as demonstrated by Roy et al [78] using silvaco TCAD simulation. 

However, this fact applies to all the samples and so the improvement in the breakdown field can 

be attributed to the improvement in the dielectric quality.  

To gauge the improvements by various methods implemented, a baseline sample (Sample 

1) that did not have any in-situ surface treatment was fabricated and characterized. The average 

density of states over the 0.15-2eV energy 

range were measured to be 7.24×1012 cm-2 

eV-1 which was very high and undesirable for 

device applications. The effect of self-

cleaning using in-situ tri-methyl-aluminum 

(TMA)/N2 plasma (Sample 2) prior to HfO2 

deposition was first studied and compared 

Table 2.2 Effect of in-situ TMA/N2 plasma on 

various bulk and interface characteristics. 

Sample 1 2 

Cleaning BHF (1:50) 

Pre-treatment 
No pre-

treatment 

TMA/N2 

plasma 

Dielectric constant 15.3 16.3 

BV field (MV/cm) 2.83 2.72 

Integrated Dt  

(x1012 cm-2) 
14.7 11.9 

Average Dt   

(x1012 eV-1 cm-2) 
7.24 6.33 

 

 

Table 2.136. Effect of Rapid thermal annealing 

ambience on bulk and interface 
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with the baseline sample 1. This method has been reported to suppress frequency dispersion and 

passivate the Al2O3/GaN, HfO2-InGaAs interfaces[79][80][81]. Both samples 1 and 2 were 

cleaned with (1:50) diluted BHF for 90 seconds before transferring into the ALD chamber. For 

sample 2, a five-cycle alternating N2/TMA pulse was applied in-situ on the surface prior to HfO2 

deposition. Each cycle consisted of a N2 plasma pulse (20 mTorr, plasma power of 100W for 2s), 

followed by a short TMA pulse (40 ms), and another N2 plasma pulse (2s) followed by Ar purge 

(2s) and N2 stabilization (10s) in sequence. After deposition, the samples were both annealed in 

N2 atmosphere [82]. The incorporation of N2/TMA as a surface pretreatment for sample 2  

increased the dielectric constant marginally from 15.3 to 16.3 and reduced the average interface 

states marginally from 7.24×1012 cm-2 eV-1 to 6.33×1012 cm-2 eV-1 as shown in Table 2.2.  This 

could be explained by possible removal of hydrocarbons and hydroxylates resulting in a cleaner 

surface.  

The effect of rapid thermal annealing (RTA) conditions was then studied. Sample 3 was 

annealed in N2 ambience, whereas sample 4 was annealed in N2 followed by O2 and sample 5 in 

pure O2 ambience. All three samples were cleaned with 1:5 diluted piranha (adding 10ml of 30% 

hydrogen peroxide solution to 50ml of concentrated sulfuric acid) for 5 min and 1:50 diluted BHF 

(adding 10ml of concentrated BHF solution 

to 500ml of DI water) for 90 sec followed 

by in-situ TMA/N2 plasma prior to plasma 

HfO2 deposition at 250 °C.  Annealing in 

N2/O2 (sample 4) and O2 (sample 5) 

resulted in a smaller Dit and higher 

dielectric constant and breakdown field 

Table 2.3. Effect of Rapid thermal annealing 

ambience on bulk and interface characteristics. 

Sample 3 4 5 

Annealing N2 

N2, 

then 

O2 

O2 

Dielectric constant 13.8 13.9 14.5 

BV field (MV/cm) 2.33 2.79 2.75 

Integrated Dt  

(x1012 cm-2) 
8.45 3.3 3.53 

Average Dt   

(x1012 eV-1 cm-2) 
7.56 4.5 5.76 

 

 

Table 2.183. Effect of Rapid thermal annealing 

ambience on bulk and interface characteristics. 
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compared with annealing in N2 only (Sample 3) as shown in Fig. 2.7 and Table 2.3.  The 

improvement in bulk properties of dielectric could be attributed to the reduction of oxygen 

vacancies as previously reported in oxide based dielectrics such as HfO2 and Al2O3 

[83][84][85][86][87]. 

Yeluri et al [63] reported a ledge in post-UV CV curve and a peak in Dit curve which has 

been attributed to accumulation of holes at Al2O3-GaN valence band interface due to positive 

valence band offset (VBO). Similar results have also been reported in other dielectrics and 

semiconductor material system with positive VBO [64][87]. Though HfO2 has similar positive 

band offset, such ledges were observed clearly in the samples that were not annealed in O2 (1, 2, 

3). However, the ledges were reduced significantly in oxygen annealed samples (Sample 4, 5, 6 

and 7) as shown in Fig. 2.8. Although only density of states profiles for samples 6 and 7 are shown 

in Fig. 2.8, similar behavior was also observed on samples 4 and 5. Previous studies showed that 

the reduced oxygen content or increased oxygen vacancies at interface leads to downward 

 

Figure 2.7 Forward bias Current-Voltage (CV) 

characteristics of N2 annealed (Sample 3), N2+O2 annealed 

(Sample 4) and O2 annealed (Sample 5). 
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movement of valence band of ALD-HfO2 with respect to GaN [88]. On the other hand, increasing 

oxygen content or reducing O-vacancies moves the valence band upwards reducing the VBO. A 

higher oxygen-content can reduce VBO as small as 0.51 eV which presents little barrier for hole 

confinement [88] and hence elimination of the ledge. This small VBO can further be helpful in 

improving reverse breakdown voltage by preventing an increase in the electric field in the 

dielectric due to hole accumulation [89]. Additionally,  it has been observed that UV-ozone surface 

treatment can be utilized for Al2O3/GaN band alignment engineering [90].  There is also a small 

peak in Dit profile (Fig. 2.8) near E-Ec = 0.3eV which has also been observed by Zhang et al [88] 

and was attributed to oxygen vacancies. 

The effect of ALD deposition technique was also studied through comparing the properties 

of HfO2 deposited using thermal-ALD (sample 6) and using plasma-ALD (sample 5). Both two 

samples were cleaned using (1:5) diluted piranha for 5 min and (1:50) diluted BHF for 90 sec 

followed by TMA/N2 plasma pre-treatment prior to ALD. The samples were then annealed in 

oxygen at 400°C for 1 min. The deposition of HfO2 using thermal ALD improved the breakdown 

 

Figure 2.8 Density of states (Dit) profile as the function of 

energy for Sample 1 (baseline), 6 and 7 (UV + Ozone). 

 

Table 2.198 Effect of various surface cleaning methods on 
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field from 2.75 MV/cm to 3.11 MV/cm and increased the dielectric constant from 14.5 to 15.1 

(Table 2.2 and 2.4). The interface state density for the thermal-ALD sample was 5.86×1012 cm-2 

eV-1, which is similar to the plasma-ALD sample (5.76×1012 cm-2 eV-1). The improvements in both 

dielectric and breakdown field values are possibly due to the absence of plasma damage for 

thermal-ALD. For the same reason, it was expected that the Dit of thermal ALD would be lower 

as compared to plasma, however it remained unchanged which needs further study. A possibility 

could be the residues of H2O resulting in chemical vapor deposition (CVD) type of growth during 

initial cycles. 

Finally, we studied the effect of UV-Ozone clean on interface states (Dt). The 

characterization results of UV-assisted C-V measurements of these samples are summarized in 

Table 2.4. The density of interface states profiles measured on these samples and the baseline 

sample (sample 1) are demonstrated in Fig. 2.8. Both samples were treated with (1:5) diluted 

Piranha etch and then treated with (1:50) diluted BHF solution. Sample 7 was treated additionally 

with UV-ozone ex-situ for 15 min. Then the samples were loaded into ALD chamber immediately 

and an in-situ N2/TMA plasma passivation was performed followed by thermal-ALD deposition 

of HfO2 at 250 °C. UV-ozone treatment (sample 7) significantly reduced the average surface states 

Table 2.4 Effect of various surface cleaning methods on 

bulk and interface characteristics. 

Sample 6 7 

Cleaning 
Piranha (1:5)+ 

BHF (1:50) 

Piranha (1:5) +  

BHF (1:50) + 

UV-Ozone 

Dielectric constant 15.1 15.9 

BV field (MV/cm) 3.11 3.14 

Integrated Dt  

(x1012 cm-2) 
4.89 1.46 

Average Dt   

(x1012 eV-1cm-2) 
5.86 1.64 

 

 

Table 2.230 Effect of various surface cleaning methods on 

bulk and interface characteristics. 

Sample 6 7 

Cleaning 
Piranha (1:5)+ 

BHF (1:50) 

Piranha (1:5) +  

BHF (1:50) + 

UV-Ozone 

Dielectric constant 15.1 15.9 

BV field (MV/cm) 3.11 3.14 

Integrated Dt  

(x1012 cm-2) 
4.89 1.46 

Average Dt   

(x1012 eV-1cm-2) 
5.86 1.64 

 

 

Table 2.231 Effect of various surface cleaning methods on 

bulk and interface characteristics. 

Sample 6 7 

Cleaning 
Piranha (1:5)+ 

BHF (1:50) 

Piranha (1:5) +  

BHF (1:50) + 

UV-Ozone 

Dielectric constant 15.1 15.9 

BV field (MV/cm) 3.11 3.14 

Integrated Dt  

(x1012 cm-2) 
4.89 1.46 

Average Dt   

(x1012 eV-1cm-2) 
5.86 1.64 

 

 

Table 2.232 Effect of various surface cleaning methods on 
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from 5.86 × 1012 cm-2 eV-1 to 1.64 × 1012 cm-2 eV-1. The lowest average surface states of 1.64×1012 

cm-2 eV-1 was measured on Sample 7 as shown in Fig. 2.8, which is four times less than the baseline 

sample 1 and the integrated Dit value was reduced by one order of magnitude. The near band-edge 

interface states are close to 6×1012 cm-2 eV-1 and drops to 4-5×1011 cm-2 eV-1 rapidly and remains 

constant throughout. This is the lowest surface states achieved in this study with a breakdown field 

of 3.1 MV/cm.  The lower Dit value reported in this paper using UV-Ozone cleaning could be due 

to the formation of a thin layer of Ga2O3 [90,91] which facilitates the subsequent HfO2 deposition 

which has also been reported in literature. Tingting et al [91] attributed the improvements in ohmic 

and Schottky contact to formation of an interfacial gallium oxide layer formed by UV-ozone 

treatment. Kim et al [90] showed that UV-ozone treatment increased the Ga-O content of surface 

and the Ga-O/Ga-N ratio increased with longer UV-ozone treatment which resulted in a more 

uniform Al2O3 dielectric deposition and improved the band alignment. First principle calculations 

performed by Zhang et al. [88] showed that oxygen vacancies increase the density of interface 

states which can lead to fermi-level pinning. Moreover, different oxygen vacancy level relates to 

different valence band offset and conduction band offset. UV-ozone treatment reduces oxygen 

vacancies by forming Ga-O bond (interfacial passivation layer) and alters the interface oxygen 

  

Figure 2.9 (a) C-V hysteresis (b) HF C-V for fast and slow trap estimation (c) Forward 

flatband voltage shift for Sample-7. 
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content  which can change the band offset [88]. This has been observed in our oxygen annealed 

samples as shown in Fig. 2.8 as described previously.  

The dielectric interface on sample 7 was further characterized via frequency-dependent CV 

measurements (Fig. 2.9(a)). The frequency dispersion remained negligible and CV hysteresis 

remained almost constant and extremely low (165 mV) at different frequencies which is also 

indicative of superior dielectric quality and interface. The very first measurement at 1MHz showed 

higher hysteresis value (280mV) which is specific to the first measurement and irrespective of the 

value of frequency. The hysteresis values reduced to ~165 mV for subsequent measurements and 

were repetitive across devices. This is due to the trapping of electrons by slow traps present at 

interface which shifts C-V curve towards right reducing hysteresis. However, the slow traps cannot 

release the electrons immediately for subsequent frequency measurements resulting in smaller 

hysteresis. The slow and fast near-interface traps, measured at 1MHz using the methodology in 

ref. [77], on Sample-7 were 1.39×1012 cm-2 and 5.78×1012 cm-2 eV-1, respectively as shown in Fig. 

2.9(b). The forward bias dependent flatband voltage shift was also measured at 1MHz using the 

methodology described in ref.  [92] to test the reliability of the dielectric. The gate voltage at weak 

accumulation voltage (VG = 1V, field = 0.045MV/cm) was assumed to be the baseline as shown 

in Fig 2.9(c). The flatband voltage was almost constant initially and increased rapidly as the gate 

voltage increased beyond 3V (1.4 MV/cm) due to charge injection into the dielectric.  

2.4 Conclusion 

In summary, we first studied ALD-HfO2 as dielectric on N-polar HEMT epi-structures by 

fabrication and characterization of HEMT-MOSCAPs. A significant difference was observed 

between the CV profile measured at 1 MHz and CV profiles measured at lower frequencies, when 

post-deposition annealing was not performed. A post-annealing at 400 °C in N2 seemed effective 
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to reduce frequency dispersion and obtain well-behaved CV profiles. A dielectric constant value 

of 17 was extracted for HfO2 via a linear fit to 1/C on MOSCAPs with different HfO2 thicknesses. 

HfO2 deposition on AlGaN cap led to pinning of the fermi level, perhaps due to chemical reaction 

between oxygen in HfO2 and aluminum in AlGaN and formation of a poor-quality Al2O3 at the 

interface. On the other hand, deposition of HfO2 on SiN or directly on GaN channel resulted in 

well-behaved CV profiles. However, the UV-CV measurements reveal the presence of high level 

of interface states between HfO2 and GaN MOSCAPs. Hence, the impact of various surface 

cleaning, in-situ ALD pre-treatment, ALD deposition method and post-deposition annealing 

ambience on interface properties of HfO2/ N-polar GaN was studied further via UV-assisted CV 

and current-voltage characterization methods. A combination of the BHF and piranha cleaning 

with 15 min UV-ozone pretreatment followed by thermal HfO2 deposition at 250°C improved the 

interface between HfO2 and N-polar GaN quality significantly. The lowest average interface trap 

density was achieved to be 1.64 × 1012 cm-2 eV-1 with breakdown field of 3.14 MV/cm. Annealing 

in O2 improved the breakdown, removed the peak in the Dit profile, and reduced the interface 

states. All the processes (piranha clean, BHF clean, UV ozone pre-treatment, N2/TMA plasma pre-

treatment, annealing in O2 environment) developed here are compatible with standard N-polar 

GaN-HEMT processing and can be used for fabrication of N-polar GaN HEMTs which will be 

discussed in the next chapter.  
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Chapter 3  

N-polar GaN MIS-HEMT with High-k ALD HfO2 as Gate Dielectric 

3.1 Introduction 

As mentioned in Chapter-1, to increase frequency of operation higher while maintaining 

high power, the gate length of the HEMT needs to be further scaled down. However, decreasing 

gate length alone leads to short-channel effects (SCEs) including increased output resistance, drain 

induced barrier lowering (DIBL) which leads to threshold voltage variation, and loss of trans-

conductance with decreasing gate length [20–22]. The SCEs can be mitigated to a significant 

extent by keeping aspect ratio constant, i.e. reducing the gate-to-channel distance and gate length 

simultaneously [22]. However, extreme scaling of gate-to-channel distance will result in higher 

gate leakage current which requires thick dielectrics and in-turn reduces gate-to-channel distance 

and gate control. This mandates to transition away from SiN dielectric, which has been primarily 

 
 Figure 3.1 (a) Schematic diagram of N-polar MIS-HEMT with 10.7 nm thick HfO2 as gate 

dielectric (b) C-V characteristics (green) and 2DEG charge density (green) measured on 

MOSCAP with 100 µm diameter, the blue curve shows the 2DEG concentration with gate bias 

voltage. 
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used in N-polar GaN HEMTs, to high-k dielectric such as HfO2 or ZrO2. Small effective oxide 

thickness (EOT) of these high-k dielectrics can suppress gate leakage while maintaining good gate 

control. As mentioned in chapter-2, we developed ALD HfO2 on GaN MISCAP with low interface 

states and border traps [93]. In this work, we have incorporated the same in our N-polar regrown 

MIS-HEMT fabrication and have achieved extremely low gate leakage with decent RF 

performance which shows promise for next-generation high-power high-frequency RF 

applications. 

3.2 Device Fabrication  

MOCVD-grown N-polar GaN HEMT epi-structure on miscut sapphire commercially 

available from Transphorm Inc. used for this study [94,95]. The schematic of the epi-structure and 

fabricated device dimensions are shown in Fig. 3.1(a). SiO2 and Al2O3 were used as the hard mask 

and etch stop, respectively, to define the source/drain regrown area and subsequently a UID-

GaN/n++ GaN (10 nm/60 nm) was regrown by plasma-assisted molecular beam epitaxy (PAMBE) 

for better ohmic contacts. Device isolation was achieved by ion implantation with Aluminum to 

form high-resistive region between devices. Then, the sample underwent a sequence of wet 

 

Figure 3.2  (a) Output characteristics and (b) Corresponding gate leakage  current for Vgs from -

8 V to 0 V with 2 V increments. The extracted Ron is 1.28 Ω-mm at Vgs = 0V.  
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cleaning, UV-ozone conditioning and in-situ ALD plasma treatment prior to deposition of thermal 

ALD HfO2 [93]. HfO2 was removed under the contact area using a BCl3-based dry etch and the 

surface treatment of hydrochloric acid wet etch was performed immediately before 30 nm/200 nm 

of Ti/Au metal deposition by electron-beam evaporation as source and drain electrodes. A very 

low Metal-to-GaN contact resistance of 0.1 Ω·mm was measured from un-passivated Transfer 

Length Measurement (TLM) because of the regrown UID/n++ GaN film which has a very low sheet 

resistance (Rsh) of only 69.5 Ω/sq. Finally, 30/420 nm of Ti/Au optical gate and contact pads were 

patterned via liftoff. The sample was then passivated with 120 nm PECVD SiN followed by 

bondpad etch to open windows for probing.  

3.3 Results and Discussion 

A combination of a capacitance-voltage (C-V) measurement (Fig. 3.1(b)) and gated TLMs 

(GTLMs) on passivated structure exhibited a 2DEG density of 1.58 × 1013 cm−2 with Rsh of 320 

Ω/sq, and mobility (μ) of 1416 cm2/V·s at VG = 0 V. DC measurements were performed on a 

device with WG = 2 × 50 μm, LG = 500 nm, LGS = 400 nm, LGD = 1.5 μm as shown in Fig. 3.2. The 

 

Figure 3.3 (a) Transfer characteristics (blue) and trans-conductance (green) at VDS = 3 V (b) drain 

current and gate leakage in semi-log scale. The subthreshold slope is 135.7 mS/dec. 
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output characteristics demonstrated a maximum IDS of 1.02 A/mm and an ON-resistance (RON) of 

1.28 Ω·mm at VGS = 0 V with typical self-heating behavior on sapphire substrate [96]. The transfer 

characteristics showed a peak trans-conductance (gm) of 254 mS/mm, pinch-off voltage (VP) of -

7.3 V and a subthreshold swing of 135.7 mV/dec at VDS = 3 V as depicted in Fig. 3.3. The device 

revealed an OFF-state current of 1.5 × 10-7 A/mm at VDS = 3V with ION/IOFF ratio of 7.6 × 106. The 

gate leakage current was measured to be extremely low (~10 nA/mm) and increased to 200 nA/mm 

with an increase in VGD = -11V as shown in Fig. 3.3(b). 

To determine the presence of surface traps, pulsed-IV measurements were conducted on a device 

with LSD of 600 nm and LG of 500 nm, and WG of 2 × 75 μm (Fig. 3.4) by using Keysight B1525A 

 
Figure 3.4 Dual Pulsed-IV measurement was measured with pulse width and duty-cycle 10 µs and 

0.1% respectively at various gate and drain quiescent voltages. Corresponding (a) ID-VD (b) ID-VG 

(c) gm and (d) normalized IDSS, RON, gm, VTH. 
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dual pulsed-IV setup with pulse width and duty cycle 10 µs and 0.1% respectively. The pulsed-IV 

gate and drain quiescent-bias voltages (VGSQ, VDSQ) started at cold-bias (0 V, 0 V) and then VGSQ 

was reduced to pinch-off voltage (-8 V, 0 V) of the device followed by the drain quiescent voltage 

increment in 5 V increments till 15 V as shown in Fig. 3.4. The gate and drain voltages were pulsed 

in each period from the quiescent voltages (VGSQ, VDSQ) to corresponding VGS and VDS value. Final 

ID values were measured by averaging the instantaneous drain current over the stable portion of 

the pulse. The maximum drain current for cold-bias (Fig. 3.4(a)) is slightly higher than the DC 

measurement (Fig. 3.2) due to absence of self-heating during pulsed IV measurements. Moreover, 

the drain current increased at quiescent points (-8 V, 0 V) and (-8 V, 5 V) before started collapsing 

later at VDSQ = 10 V and 15 V which suggests that there are two competing mechanisms at play 

during device operations. This behavior was also observed in trans-conductance measurements 

(ID-VG, gm and ∆Vth). This can be explained by a combination of donor traps under gate and surface 

traps in the gate-drain region. When the device is biased in the OFF-state (VGSQ = -8V), the donor 

traps under the gate get ionized and contributes additional electrons into the 2DEG resulting in a 

higher saturation current, more negative threshold voltage and higher trans-conductance. However, 

 

Figure 3.5 Breakdown voltage (BV) of device with different gate-drain 

distance (Lgd) with various gate lengths and corresponding error in BVs. 

 

 

Figure 3.62 Breakdown voltage (BV) of device with different gate-drain 

distance (Lgd) with various gate lengths and corresponding error in BVs. 

 

 

Figure 3.63 Breakdown voltage (BV) of device with different gate-drain 

distance (Lgd) with various gate lengths and corresponding error in BVs. 
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 when the drain field is high (VDSQ = 10, 15V), the surface traps near gate in the gate-drain region 

can capture electrons causing a virtual gate in the drain access region [97]. This virtual gate 

depletes 2DEG charges in the channel and results in reversal trend in IDSS and other parameters as 

shown in Fig. 3.4(d). 

Three terminal off-state breakdown voltage was measured using Drain current injection (DCI) 

method developed by Alamo et al [98] using Keysight B1500A Semiconductor Device Parameter 

Analyzer. In the DCI method, a fixed drain current of 1 mA/mm was injected while the gate-source 

of VGS. A total of 18 devices were measured for each value of Lgd. As shown in Fig. 3.5, though 

the mean BV increases with increase in Lgd the standard deviation for each Lgd is very high, which 

could be due to dielectric nonuniformity. The BV is higher than the N-polar GaN HEMTs with in-

 
Figure 3.6 (a) RF performance HEMT, Contour plots of fT and fmax w.r.t. VGS and VDS 

without pad de-embedding. 
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situ MOCVD SiN as gate dielectric with similar 2DEG concentration [31]. The cause of the 

premature breakdown could be because of higher vertical electric field due to higher 2DEG 

concentration, weak trappy HfO2/AlGaN interface. At high drain biases, the hot electrons can 

cause further damage to the interface voltage is swept from on-state to below pinch-off. The 

maximum drain voltage at which entire drain current switches entirely to gate current is defined 

as breakdown voltage (BV) irrespective of VGS. A total of 18 devices were measured for each 

value of Lgd. Though the mean BV increases with increase in Lgd the standard deviation for each 

Lgd is very high, which could be due to dielectric non-uniformity. The BV is higher than the N-

polar GaN HEMTs with in-situ MOCVD SiN as gate dielectric with similar 2DEG concentration 

[31]. The cause of the premature breakdown could be because of higher vertical electric field due 

to higher 2DEG concentration, weak trappy HfO2/AlGaN interface. At high drain biases, the hot 

electrons can cause further damage to the interface. 

The small-signal RF S-parameters were measured up to 18 GHz using a Keysight N5247B 

network analyzer calibrated to the probe tips via a Short-Open-Load-Thru (SOLT) calibration 

method from an off-wafer impedance substrate standard. The device with WG = 2 × 50 μm, LG = 

500 nm, LGS = 400 nm, and LGD = 1.5 μm demonstrated a peak fT = 19.1 GHz (fT × LG = 9.55 

GHz-μm) at VDS= 10V and VGS = -3V and a peak fmax = 69.5 GHz at VDS = 11V and VGS = -4V 

(Fig. 3.6).  Due to increase in the leakage current at higher bias points, the S-parameters could not 

be measured for higher VDS. The fmax and fT measured on this device are higher than those 

measured on the N-polar HEMTs with SiN as gate dielectric with similar dimensions and EOT 

[31]. 

Loadpull measurements were carried out at Prof. Umesh Mishra’s lab at UCSB using a 

continuous wave Maury microwave load pull system. The device was biased in class AB and the 



 49 

IDSS was swept at fixed VDSQ to find the peak power added efficiency (PAE). The IDSS at peak PAE 

was used for biasing point for the device for subsequent power measurements. The VDSQ was swept 

for power measurements till the gate leakage is high while keeping the IDSS constant.  The device 

observed a transducer gain GT of 9.56 dB, output power density Pout of 17.56 dBm and PAE of 

42.54% at IDSS=100 mA/mm and VDSQ=4V as shown in Fig. 3.7. The gate leakage started to 

increase exponentially after VDSQ=4V drain bias which prevented us from measuring at higher 

voltages. 

3.4 Conclusion 

We reported, for the first time, N-polar MIS-HEMT with HfO2 as gate insulator deposited 

with thermal ALD. Pulsed IV measurements revealed two competing trapping mechanisms in the 

device. The MIS-HEMT demonstrated very low gate leakage, higher trans-conductance and fT, 

fmax values as compared to the HEMTs with SiN as dielectric. This shows promises for ultra-thin 

channel high-aspect ratio HEMT devices for high frequency applications.  

 

 
Figure 3.7. Large signal performance of the device at 4 GHz. (a) Dependence Pout and PAE on 

VDS and Power performance at VDS =4 V, IDSS = 100 mA/mm. 

 

 
Figure 3.92. Large signal performance of the device at 4 GHz. (a) Dependence Pout and PAE on 

VDS and Power performance at VDS =4 V, IDSS = 100 mA/mm. 
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Chapter 4  

N-polar Deep Recessed (NPDR) HEMT with HfO2 as gate dielectric 

4.1 Introduction 

It was observed in the previous chapter that traps in the gate-to-drain access region are responsible 

for the DC-RF dispersion. As mentioned in the Chapter 1 [39,99], N-polar deep recess (NPDR) 

structures can reduce this dispersion significantly. The epi-layer schematic of a N-polar deep 

recessed (NPDR) HEMT is shown in Fig. 4.1. The only difference with planar HEMT is the in-

situ grown GaN cap region on top of AlGaN cap layer. This GaN cap layer is recessed etched 

during HEMT fabrication. By introducing a GaN cap in the access region [32], the surface traps 

are moved away from the channel and the pinch-off voltage in the access region becomes more 

negative (~ -30 V). Hence any change in surface potential in the access region would not change 

the channel potential, consequently resulting in significantly less DC-RF dispersion. Additionally, 

the GaN cap is advantageous as it enhances the conductivity of the access regions for three reasons 

  
Figure 4.1  Device cross-sectional schematic and epitaxial layer profile of the N-polar deep recess 

(NPDR) with HfO2 as gate dielectric (b)  Energy band diagram comparing the vertical profiles under 

the gate electrode as compared to the access region with the addition of a GaN cap layer 
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as described in Chapter 1: (i) The introduction of GaN cap layer reduces the vertical electric field 

in the channel as shown in Fig. 4.1. This pushes the conduction band downwards which leads to 

an increase in the 2DEG concentration. (ii) The reduction in vertical electric field improves lateral 

mobility. (iii) The surface is moved away from the channel which reduces the surface scattering 

and further improves the mobility. 

In this work, the NPDR HEMT structure is combined with high-k HfO2 for RF application. I also 

fabricated three different samples with a HfO2 thickness series to understand the effect of HfO2 

thickness on various HEMT characteristics if any. 

4.2 Device fabrication 

The device fabrication process is almost similar to planar HEMT except for a few additional 

intermediate steps due to the in-situ GaN cap in NPDR HEMT epi-structure. SiO2 and Al2O3 were 

used as the hard mask and etch stop layer, respectively, to define the source/drain regrown area. The 

 

Figure 4.2  (a) Output characteristics and for Vgs from -8 V to 0 V 

with 2 V increments. The extracted Ron is 1.28 Ω-mm at Vgs = 0V.  
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GaN cap was etched with a selective BCl3/SF6 dry etch which has 20:1 selectivity with AlGaN layer 

resulting in a smooth surface.  Subsequently a UID-GaN/n++ GaN (10 nm/60 nm) was regrown by 

plasma-assisted molecular beam epitaxy (PAMBE) for better ohmic contacts. Device isolation was 

achieved by ion implantation with Aluminum.  Subsequent I-V measurements of isolation test 

structures revealed 3.4 nA/mm leakage current in buffer.  A recess etch was then performed under the 

gate area using BCl3/SF6 selective dry etch using, followed by a sequence of wet cleaning, UV-ozone 

conditioning and in-situ ALD plasma treatment prior to deposition of thermal ALD HfO2 [93]. HfO2 

was removed in source and drain regions using a selective BCl3-based dry etch, followed by 

 
Figure 4.4 (a) RF performance HEMT, Contour plots of fT and fmax w.r.t. VGS and VDS 

without pad de-embedding. 

 

 

fmax = 66.1 GHz

ft = 18.1 GHz

 

Figure 4.3 (a) Transfer characteristics (blue) and trans-conductance (green) at VDS = 3 V (b) drain 

current and gate leakage in semi-log scale. The subthreshold slope is 111.2 mS/dec. 

 

 

Figure 4.32(a) Transfer characteristics (blue) and trans-conductance (green) at VDS = 3 V (b) drain 

current and gate leakage in semi-log scale. The subthreshold slope is 111.2 mS/dec. 
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hydrochloric acid wet etching prior to deposition of 30 nm/200 nm of Ti/Au metal stack by electron-

beam evaporation. Metal-to-GaN contact resistance of 0.4 Ω·mm was measured from un-passivated 

Transfer Length Measurement (TLM) because of the regrown UID/n++ GaN film which has a very low 

sheet resistance (Rsh) of only 101 Ω/sq. Finally, 30/420 nm of Ti/Au optical gate and contact pads were 

patterned via liftoff. Unlike the planar HEMTs, the sample was not passivated with PECVD SiN since 

in-situ GaN cap acts as a passivation layer. 

4.3 Results and Discussion 

DC measurements were performed on a device with WG = 2 × 50 μm, LG = 500 nm, LGS = 400 nm, 

LGD = 1 μm as shown in Fig. 4.2. The output characteristics demonstrated a maximum IDSS of 1.02 

A/mm and an ON-resistance (Ron) of 1.44 Ω·mm at VGS = 0 V with typical self-heating behavior 

on sapphire substrate [96]. The transfer characteristics showed a peak trans-conductance (gm) of 

274 mS/mm, pinch-off voltage (VP) of -4.6 V and a subthreshold swing of 111.2 mV/dec at VDS = 

3 V as depicted in Fig. 4.3. The device revealed an OFF-state current of 1.5 × 10-7 A/mm at VDS = 

3V with ION/IOFF ratio of 6.8 × 107.  

 
Figure 4.5. Large signal performance of the device at 4 GHz. (a) Dependence Pout and PAE on 

VDS and Power performance at VDS =9 V, IDSS = 100 mA/mm. 
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The small-signal RF S-parameters were measured up to 18 GHz using a Keysight N5247B network 

analyzer calibrated to the probe tips via a Short-Open-Load-Thru (SOLT) calibration method on 

an off-wafer impedance substrate standard. The device with WG = 2 × 50 μm, LG = 500 nm, LGS = 

400 nm, and LGD = 1 μm demonstrated a peak fT = 18.1 GHz (fT × LG = 9.55 GHz-μm) at VDS= 

10.5V and VGS = -1.5V and a peak fmax = 66.1 GHz at VDS = 12.5V and VGS = -2.5V (Fig. 4.4).  

Loadpull measurements were carried out at Prof. Umesh Mishra’s lab at UCSB using a continuous 

wave Maury microwave load pull system. The device was biased in class AB and the IDSS was 

swept at fixed VDSQ to find the peak power added efficiency (PAE). The IDSS at peak PAE was 

used for biasing point for the device for subsequent power measurements. The VDSQ was swept for 

power measurements till the gate leakage is high while keeping the IDSS constant.  The device 

observed a transducer gain GT of 9.84 dB, output power density Pout of 21.84 dBm and PAE of 

45.4% at IDSS=100 mA/mm and VDSQ=9V as shown in Fig. 4.5. The gate leakage started to increase 

exponentially after 9 V drain bias which prevented us from measuring at higher voltages.  

 
Figure 4.6 Dual Pulsed-IV measurement was 

measured with pulse width and duty-cycle 10 µs and 

0.1% respectively at various gate and drain quiescent 

voltages.  
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To determine the suppression of surface traps, pulsed-IV measurements were conducted on the 

same device with Keysight B1525A dual pulsed-IV setup with pulse width and duty cycle of 10 

µs and 0.1% respectively. The pulsed-IV gate and drain quiescent-bias voltages (VGSQ, VDSQ) 

started at cold-bias (0 V, 0 V) and then VGSQ was reduced to higher than pinch-off voltage (-6 V, 

0 V) of the device followed by the drain quiescent voltage increment in 5 V increments till 20 V 

as shown in Fig. 4.6. The gate and drain voltages were pulsed in each period from the quiescent 

voltages (VGSQ, VDSQ) to corresponding VGS and VDS value. Final ID values were measured by 

averaging the instantaneous drain current over the stable portion of the pulse. As can be seen from 

Fig. 4.6(a), the device shows both anti-dispersion and dispersion as discussed previously. This 

behavior was also observed in transfer measurements (ID-VG, gm and ∆Vth) as can be seen in Fig. 

4.6(b). Similar behavior was observed in various other measured devices. 

 
Figure 4.7 CV hysteresis and IdVg hysteresis for sample-A, B & C with 10.1 nm, 7.1 nm, 4.4 nm 

HfO2 thickness respectively. The hysteresis decreases with increase in HfO2 thickness. 
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4.4  HfO2 Thickness series 

As discussed earlier, the in-situ GaN acts as self-passivating layer in the access region. However, 

the devices still showed significant dispersion. The reason could lie inside HfO2 dielectric. To 

further investigate the reason for such high dispersion, three NPDR HEMTs with three different 

HfO2 thickness (10.1 nm, 7.1 nm, 4.4 nm) were fabricated. Since the HEMTs were fabricated 

together and only difference is the dielectric thickness, any variation in characteristics between the 

samples can be attributable to gate dielectric. These set of samples were treated with piranha 

solution for 5 min as compared to 1 min for the previous deep recess samples. 

All three samples exhibited charge density of 1.6-1.8x1013 cm-2. The regrown contact resistance 

was 0.25-0.3 ohm-mm. C-V hysteresis was measured to be 0.46V, 0.3V and <0.05V for samples 

with 10.1 nm (sample A), 7.1 nm (sample B), 4.4 nm (sample C) HfO2 thickness, respectively. 

Similarly, the ID-VG hysteresis decreased with HfO2 thickness as shown in fig 4.7. 

Pulsed-IV measurements were carried out to understand the source of DC-RF dispersion observed 

earlier. Drain saturation current in the on-state (IDSS at Vg=0V), dynamic Ron, peak 

transconductance at VD=3V (gm), change in threshold voltage (Vth) was observed in the pulsed-

IV measurement. Three devices D4, E4, F4 with different gate-to-drain distances of 1 um, 1.5 um, 

2 um, respectively, were measured for all three samples (Sample-A, B,C) to understand the effect 

of gate-drain field on DC-RF dispersion. The surface traps are activated by the field present 

between gate and drain which reduces with LGD. Therefore, for a fixed (VGSQ, VDSQ), device D4 is 

expected to have the highest field in the access region, while device F4 is expected to have the 

lowest field. The pulsed-IV results are shown in Figs. 4.8 and 4.9. The parameters (IDSS, Ron, Vth) 

remain almost unchanged between the devices D4, E4 and F4 at various gate and drain quiescent 

biases as shown in figure 4.8 (a,b,c). Similar behavior was also observed in sample-B and sample-
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C. This indicates that although the surface electric field between gate and drain is varying 

significantly, it has no effect on the channel which proves the effectiveness of the deep recessed 

architecture. 

Figure 4.9 presents the same DC-RF dispersion data for a particular device across different samples 

which have different HfO2 dielectric thickness as mentioned before. As can be seen, on sample-A 

which has the thickest (10.1 nm) HfO2, the normalized IDSS varies significantly for different bias 

 

Figure 4.8 Normalized IDSS, normalized dynamic Ron, and Vth shift was measured for three 

devices D4, E4, F4 which has 1µm, 1.5µm, 2µm gate-to-drain distance for three samples with 

three different gate dielectric thickness (a)10.1nm, (b)7.1nm, (c)4.4nm. All the parameters were 

almost same indicating that traps in the gate-to-drain region does not cause DC-RF dispersion 
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points. The maximum deviation is around 30% from cold vias (VGSQ=0V, VDSQ=0V). Moreover, 

most of the deviation (~20%) from cold bias occurs during gate lag (VGSQ= -6V, VDSQ=0V). The 

subsequent change in IDSS is small as the drain quiescent voltage VDSQ increases from 0V to 20V. 

The IDSS shift is directly correlated to the negative shift in threshold voltage. As the gate and drain 

quiescent voltages increase, the threshold voltage shifts in negative direction causing the IDSS to 

increase. This shift is the highest in thicker HfO2 and vice versa. It is important to observe that the 

 

Figure 4.9 Various parameters (Normalized IDSS, normalized dynamic Ron, and Vth shift) were 

compared for three samples (Sample-A, B & C) with three different gate dielectric thickness 

10.1nm, 7.1nm, 4.4nm respectively for same devices (a) D4 with Lsd=1 µm (b) E4 with Lsd=1.5 

µm (c) F4 with Lsd=2 µm.  
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dynamic Ron did not change across samples which indicates that the channel resistance in the 

access region remain unaffected by surface electric field indicating no effect of traps on channel. 

This behavior was also observed in other two devices namely E4 and F4 which indicates that there 

are bulk traps present in the HfO2 which is thickness dependent and affects the DC-RF dispersion. 

These traps also cause the leakage current through the dielectric resulting in premature breakdown 

of device. As a result, the device with 4.4nm HfO2 thickness breaks down at VDD=5V. 

Additionally, this explains the BV measurement that BV is not dependent on gate-to-drain distance 

LG. 

The loadpull measurements were carried out at University of California, Santa Barbara using a 

Maury microwave system at 4GHz as shown in Fig. 4.10. The large signal load pull was limited 

by premature dielectric breakdown for all three devices. However, the sample-A demonstrated 

 

Figure 4.10. Large signal performance at 4 GHz for three samples (Sample-A, B & C) with 

three different gate dielectric thickness 10.1nm, 7.1nm, 4.4nm respectively for same devices. 

Dependence Pout and PAE on VDS and Power performance at different VDS, IDSS = 100 mA/mm. 
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better performance than the previous deep recess HEMT as shown in Fig. 4.5. This could be 

because of the cleaner surface because of  longer piranha treatment of the sample before HfO2 

deposition.  

4.5 Conclusion 

In summary, we reported first demonstration of N-polar deep recessed HEMT with HfO2 as 

dielectric.  The device exhibited peak saturation current of 1.1 A/mm, external transconductance 

274 mS/mm, and ION/IOFF ratio of 6.8 × 107. The device demonstrated a small signal current gain 

cut-off frequency of 18.1 GHz and power gain cut-off frequency of 66.1GHz. Loadpull 

measurements reveal that max out power achieved was 1.53W/mm at with PAE of 45.4% at 

IDSS=100 mA/mm and VDSQ=9V. The device may offer more power capability with improvement 

in HfO2 dielectric. PulsedIV measurements reveal dependence of dispersion on traps present in 

HfO2 dielectric which affects the threshold voltage, hence the peak saturation current. 
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Chapter 5  

Design of Ultra-scaled-channel N-polar GaN HEMTs with High Charge Density: A Study 

of Hole Traps and Their Impact on Charge Density in the Channel 

5.1 Introduction 

 It is now well-stablished fact that donor-like surface states provide electrons to the channel 

in Ga-polar AlGaN/GaN hetero-structures [100]. Therefore, doping the barrier with n-type donors 

such as silicon (Si) is not required to form 2DEG in Ga-polar HEMT structures. It is also shown 

that n-type doping of the barrier is not required to form 2DEG in N-polar HEMT structures [101]. 

However, in contrast to Ga-polar HEMT structures, a large DC-RF dispersion and anomalous 

output conductance [102] were observed when the barrier was not Si-doped in N-polar GaN 

HEMT structures. It is shown that the observed current dispersion is attributed to hole/donor traps 

60 meV above the valence band (VB) at (Al, Ga) N/GaN interface with net negative polarization 

charge [103]. In the absence of n-type doping in the back-barrier, the VB becomes very close to 

the fermi level and consequently the hole traps are ionized (similar to Fig. 5.1(b)), imaging more 

charge in the channel leading to a larger DC current. These traps cannot respond at high 

frequencies causing current collapse [16][103]. Similar donor/hole trap was also found at 

InGaN/GaN interface with negative polarization charge and was measured to be ~70 meV from 

VB via deep level transient spectroscopy (DLTS) with a trap density of at least 4×1011 cm-2 [104]. 

There are also reports of deep hole traps present at 700 meV [105]and 790 meV [106] in 

InGaN/GaN multiple-quantum-well (MQW) LED system and shallow donor levels at 77 and 91 

meV in AlGaN/InGaN/GaN LED system [107]. Very recently, using positron annihilation 
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spectroscopy [108], interfacial nitrogen vacancies (VN) present at negative polarization interface 

(NPI) were determined to be the source of these hole/donor traps. Nevertheless, so far, there has 

been no rigorous study on the relationship between the hole traps and 2DEG density in N-polar 

HEMT structures.  

In this work, we have adapted the epi-structure in Ref [24][109] which has been reproduced 

in Figure 5.1 with band diagram and charge distribution. We studied the effect of hole traps density 

and energy level on 2DEG density in N-polar HEMT structures using the Silvaco TCAD 

simulation platform.  Here, we show that exclusion of the hole traps in the 2DEG calculations 

leads to an underestimation of 2DEG density in N-polar GaN HEMT structure, especially for 

barriers with high Al content. Comparing the calculated 2DEG density with that of experimentally 

measured on N-polar GaN HEMT structures grown by plasma-assisted molecular beam epitaxy 

(PAMBE), we found an estimation for the hole trap energy and density in AlN/GaN NPIs. Si 

doping profiles were then examined to prevent ionization of hole traps. A barrier structure was 

designed to achieve high charge density in ultra-scaled N-polar HEMTs. 

  

 

Figure 5.1 Schematic cross-section of epi-layer, (b) the band diagram with donor trap at Et = 

715 meV for Nt = 3×1013 cm-2, (c) different charges present in the structure along c-axis. Traps 

are assumed to be present at AlN/GaN NPIs. Ionized hole traps are positively charged. 

 

  

 

Figure 5.2 Schematic cross-section of epi-layer, (b) the band diagram with donor trap at Et = 

715 meV for Nt = 3×1013 cm-2, (c) different charges present in the structure along c-axis. Traps 

are assumed to be present at AlN/GaN NPIs. Ionized hole traps are positively charged. 

 

  

 

Figure 5.3 Schematic cross-section of epi-layer, (b) the band diagram with donor trap at Et = 

715 meV for Nt = 3×1013 cm-2, (c) different charges present in the structure along c-axis. Traps 

are assumed to be present at AlN/GaN NPIs. Ionized hole traps are positively charged. 
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5.2 Simulation Framework 

The strain-dependent material structure, spontaneous and piezoelectric polarization were 

included in the simulation to introduce the correct polarization charges at the heterointerfaces. 

Built-in models in Silvaco Atlas were utilized to set the polarization (POL.SET3) and band 

parameters (KP.SET3) for GaN and AlN material systems [110–112]. N-polar epi-structure was 

implemented by setting negative polarization scale in the model. The interface traps present at 

AlN/GaN NPIs have been added to the models with characteristic energy level (Et) and density 

(Nt). Fermi-dirac carrier statistics with incomplete ionization of impurities and Shockley-Read-

Hall (SRH) recombination model were incorporated in the simulation. The Schottky contact on 

GaN channel and cathode under GaN buffer have been implemented as floating electrode which 

is best simulated by specifying current boundary conditions. Newton solver was used to obtain 

convergence for the Poisson’s equation at each mesh-node to calculate charge density. 

5.3 Results and Discussion 

5.3.1 Hole Traps and Their Impacts on 2DEG Density 

The schematic cross-section of the AlN/GaN HEMT structure studied in this section is 

shown in Fig. 5.1(a).  The back-barrier consists of 13 period AlN/GaN (0.5 nm/1.5 nm) digital 

alloy (equivalent to a 26 nm-thick Al0.25Ga0.75N film). A digital alloy barrier has been previously 

used to prevent growth interruptions [109][113]. The 2DEG present in 10nm-thick GaN channel 

is separated from the back-barrier by a 0.5nm-thick GaN spacer and a 2nm- or 4nm- thick AlN 

interlayer. UID doping for GaN and AlN layers were assumed to be 5×1016 cm-3 and 5×1017 cm-3, 

respectively. 
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The band diagram corresponding to this N-polar GaN HEMT structure with a 2nm-thick 

AlN and assuming hole traps with a density and energy of 3×1013 cm-2 at 715 meV at NPIs is 

illustrated in Fig. 5.1(b). These values are randomly chosen for the sake of illustration; however, 

a wide range of trap densities and energies have been studied and will be discussed in this 

manuscript. The barrier height on GaN surface was assumed to be 0.3eV, which is consistent with 

what has been observed experimentally for N-polar GaN bare surface [114]. There are 14 NPIs in 

this heterostructure. The corresponding charges present in the structure, including polarization 

charges, 2DEG, and ionized hole traps are shown in Fig. 5.1(c). It was reported experimentally 

that even in the absence of n-type doping, a large-density 2DEG (more than 1013 cm-2) can be 

formed in N-polar HEMT structures [101][109]. This negative charge must be compensated by an 

equal amount of positive charge to maintain charge neutrality. In the absence of n-type doping in 

the epi-structure, one source of positive charges is the unintentional oxygen doping present in AlN 

and GaN, but this is insufficient to provide large density of 2DEG. Additionally, in the absence of 

Si-doping, due to polarization field, the VB becomes very close to the fermi level at NPIs, which 

would in theory lead to formation of a hole gas. Instead, hole/donor traps at these interfaces become 

ionized (positively charged), providing the positive charge required to satisfy charge neutrality in 

the system.  

The epi-structure in Fig. 5.1(a) was simulated for a wide range of trap densities (1012 cm-

2- 8×1013 cm-2) and the corresponding band diagram is illustrated in Fig. 5.2(a). For very low trap 

densities (e.g. 1×1012 cm-2), the ionization of only one trap is not sufficient to compensate the 

2DEG, as a result, trap-14 crosses the fermi level and gets fully ionized. As the valence band comes 

closer to fermi level, several traps at different NPIs cross the fermi level resulting in complete 

ionization of these traps (Fig. 5.2(b)). For instance, for a trap density of 1×1012 cm-2, traps at NPIs 
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from 10 to 14 are all completely ionized, and the rest of the traps are partially ionized (Fig. 5.2(c)). 

However, for trap densities equal and beyond 3×1013 cm-3, the fermi level gets pinned at trap-14, 

and the VB cannot get closer to the fermi level. As an example, for a trap density of 8×1013 cm-2, 

trap numbers 13 and 14 are only partially ionized which provides sufficient amount of positive 

charge to satisfy charge neutrality in the system. Figure 5.2(c) demonstrates the percentage of 

ionized traps for three different trap densities at each NPI.  As shown in this figure, traps present 

at interface-14 play a major role in 2DEG modulation at all trap densities and trap energies.    

The trap ionization profile changes significantly as the AlN interlayer thickness increases. 

Increasing AlN thickness is required in ultra-scaled channel N-polar GaN HEMT structures to 

maintain a large 2DEG density in the channel. Figure 5.3(a) illustrates the band diagram for the 

N-polar HEMT structure shown in Fig. 5.1(a) having 4 nm-thick AlN interlayer with varying hole 

trap density at the NPIs. The positive electric field in AlN interlayer pulls up the VB as AlN 

thickness increases. Therefore, in contrast with 2nm-thick AlN interlayer, in this case the VB at 

NPI-1 becomes very close to the fermi level (Fig. 5.3(b)). Hence, the entire valence band 

throughout the interlayer and the digital alloy back-barrier gets closer to fermi level. Figure 5.3(c) 

demonstrates the percentage of ionized traps for three different trap densities at each NPI. For a 

 

Figure 5.2 (a) Band diagrams for epi-structure described in Fig. 4.1 (a) with 2nm-thick AlN 

interlayer assuming hole trap with energy of 715 meV and different trap densities at NPIs for 

barrier height of 0.3 eV at GaN channel surface, (b) magnified band diagram near VB at barrier-

buffer interface, (c) Density of ionized traps shown for all the 14 NPIs, for three different trap 

densities throughout the epi-structure. 

 

 

Figure 5.17 (a) Band diagrams for epi-structure described in Fig. 4.1 (a) with 2nm-thick AlN 

interlayer assuming hole trap with energy of 715 meV and different trap densities at NPIs for 

barrier height of 0.3 eV at GaN channel surface, (b) magnified band diagram near VB at barrier-

buffer interface, (c) Density of ionized traps shown for all the 14 NPIs, for three different trap 

densities throughout the epi-structure. 

 

 

Figure 5.18 (a) Band diagrams for epi-structure described in Fig. 4.1 (a) with 2nm-thick AlN 

interlayer assuming hole trap with energy of 715 meV and different trap densities at NPIs for 

barrier height of 0.3 eV at GaN channel surface, (b) magnified band diagram near VB at barrier-

buffer interface, (c) Density of ionized traps shown for all the 14 NPIs, for three different trap 

densities throughout the epi-structure. 
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trap density of 1×1012 cm-2, traps near NPI-1 and NPI-14 are fully ionized, while a significant 

portion of hole traps at other NPIs are also ionized as shown in Fig. 5.3(c).  As we increase trap 

density beyond 3×1013 cm-3, the fermi level gets pinned both at trap-1 and 14 and fully ionized 

whereas traps at other NPIs remain unionized. This contrasts with the previous case of 2 nm AlN 

interlayer in which only the traps near NPI-14 was ionized, and the traps at NPI-1 remained far 

below the VB.  

The 2DEG density as a function of trap energy for various trap densities was calculated in 

the 10 nm-thick channel N-polar GaN HEMT structure shown in Fig. 5.1(a) with 2 nm and 4 nm-

thick AlN interlayer and in the results are shown in Figs. 5.4(a) and (b), respectively. For a certain 

trap energy, the 2DEG density increases as the trap density increases. This increase is more 

prominent for hole traps at higher energy levels. Moreover, the additional trap ionization in the N-

polar GaN HEMT structure with 4 nm-thick AlN interlayer modulates the 2DEG charge more 

significantly as evident from Figs 5.4(a) and (b). For 2 nm-thick AlN interlayer, there is little 

variation in 2DEG charge density with trap density. However, for 4 nm-thick AlN interlayer, the 

variation is significant due to additional trap ionization near the channel and mid-barrier.  As a 

result, higher trap density and trap energy lead to higher trap ionization and hence higher 2DEG 

  

Figure 5.3 (a) Band diagrams for epi-structure described in Fig. 4.1 (a) with 4 nm-thick AlN 

interlayer assuming hole trap with energy of 715 meV and different trap densities at NPIs for 

barrier height of 0.3eV at GaN channel surface, (b) magnified band diagram near VB at barrier-

buffer interface, (c) Density of ionized traps shown for all the 14 NPIs for three different trap 

densities throughout the epi-structure. 

 

 

  

Figure 5.32 (a) Band diagrams for epi-structure described in Fig. 4.1 (a) with 4 nm-thick AlN 

interlayer assuming hole trap with energy of 715 meV and different trap densities at NPIs for 

barrier height of 0.3eV at GaN channel surface, (b) magnified band diagram near VB at barrier-

buffer interface, (c) Density of ionized traps shown for all the 14 NPIs for three different trap 

densities throughout the epi-structure. 

 

 

  

Figure 5.33 (a) Band diagrams for epi-structure described in Fig. 4.1 (a) with 4 nm-thick AlN 

interlayer assuming hole trap with energy of 715 meV and different trap densities at NPIs for 

barrier height of 0.3eV at GaN channel surface, (b) magnified band diagram near VB at barrier-

buffer interface, (c) Density of ionized traps shown for all the 14 NPIs for three different trap 
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density. Figure 5.4(c) shows 2DEG density as a function of trap energy level for an N-polar GaN 

HEMT structure with 4 nm-thick AlN interlayer and various channel thicknesses. As expected, 

2DEG density increases by increasing the channel thickness. The 2DEG charge shows almost 

linear dependence with trap energy level which is consistent across the GaN channel thickness. 

Figure 5.4(d) depicts 2DEG density as a function of trap density assuming trap energy level of 

215 meV. At lower trap densities, the 2DEG density increases with trap density. This can be 

explained by the band diagrams shown in Figs. 5.2(b) and 3(b). At lower trap densities, since the 

traps can cross the fermi level without the fermi level getting pinned, the electric field in the AlN 

  

Figure 5.4. 2DEG vs donor trap energy varying trap density for AlN interlayer thickness of (a) 

2 nm and (b) 4 nm for epi-structure described in Fig. 4.1(a) with 10 nm channel thickness. (c) 

2DEG vs donor trap energy, assuming Nt= 3×1013 cm-2 (d) 2DEG vs donor trap densities, 

assuming Et = 215 meV for epi-structure described in Fig. 4.1(a) with 4nm-thick AlN interlayer 

and varying GaN channel thickness. 
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interlayer and the channel reduces by increasing trap densities which leads to an increase in 2DEG 

density (Figs. 5.2(b) and 5.3(b): black to green line). However, for a sufficiently large trap density 

( 1×1013 cm-2), the fermi level gets pinned at the trap level (Figs. 5.2(b) and 5.3(b): purple to 

grey line). Therefore, the electric field in the channel remains unaltered by further increasing the 

trap density. As a result, the 2DEG density saturates and remains unchanged by further increasing 

the trap density. For instance, for trap level at 215 meV, the 2DEG is almost constant for trap 

densities larger than 3×1013 cm-2.  

5.3.2 Estimation of Hole Trap Density and Energy Level at AlN/GaN NPI  

As mentioned earlier, hole trap energy and density have not yet been measured for 

AlN/GaN NPIs. In this work, a set of samples with epi-structure shown in Fig. 5.1(a) with 4nm-

thick AlN interlayer and GaN channel thicknesses of 7 nm, 10 nm, and 15 nm were grown via 

PAMBE on 5×5 mm2 semi-insulating N-polar GaN substrates commercially available from NGK 

 

Figure 5.5 2DEG density as a function of GaN channel 

experimentally measured (red circles), simulated including hole traps 

with 0.3 eV barrier height, density and energy of 3×1013 cm-2 and 280 

meV w.r.t. valence band (blue squares), and simulated without 

including traps (green stars). 
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insulators LTD. in a Veeco GenXplor MBE system. The details of growth conditions are explained 

elsewhere [24]. The 2DEG density was measured on these samples using Van der Pauw Hall 

measurements and is depicted in Fig. 5.5. The 2DEG density for these structures was simulated 

without including traps, which led to an underestimation of charge density in N-polar GaN HEMT 

structures as shown in Fig. 5.5. A barrier height of 0.3 eV was assumed on the N-polar GaN surface 

for all these calculations. Low barrier heights (0.3 eV and 0.15 eV) have been reported previously 

on the N-polar GaN surface [114]. We then included hole traps in the model and calculated the 

2DEG density varying trap energy and trap density. A good agreement between experimental data 

and calculated values was reached assuming hole traps with a density and energy of 3×1013 cm-2 

and 280 meV with respect to the valence band, respectively.  

5.3.3 Si Doping to Prevent Hole Trap Ionization 

As discussed above, hole traps are a significant source of electrons in N-polar GaN HEMT 

structures with large 2DEG densities. However, these hole traps are slow and cannot respond at 

high frequencies, and therefore are detrimental for device operations as they cause non-idealities 

such as current collapse and anomalous output conduction [16]. It is therefore crucial to supply 

enough electrons via Si doping in N-polar GaN HEMTs to push the hole traps down and far from 

the fermi level to prevent them from being ionized [103]. For this purpose, we have examined 

three sets of Si doping profiles. 

In series-A, a 15 nm-thick Si-doped GaN layer was inserted below the back-barrier (Fig 

5.6(a)). Figures 5.6(b) and (c) show the corresponding band structure for 2 nm-thick and 4 nm 

AlN interlayer, respectively, assuming hole traps with a density of 3×1013 cm-2 at 280 meV from 

the VB. As illustrated in Fig. 5.6(b), in the structure with 2nm-thick AlN interlayer, a Si 

concentration of 8×1017 cm-3 is not sufficient to fully compensate the 2DEG charge to maintain 
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charge neutrality. Therefore, the VB remains very close to the fermi level which is still pinned to 

the hole trap at NPI-14. For a sufficiently high Si doping concentration (9×1018 cm-3), all the traps 

are neutralized and VB moves away from the fermi level. Further increasing the Si doping 

concentration (1×1019 cm-3) does not increase the 2DEG charge, rather it brings the conduction 

band closer to fermi level in the GaN buffer layer creating a parallel channel (Fig. 5.6(c)). As a 

  

Figure 5.6 (a) Series-A: doping in 15 nm thick GaN at the interface between the digital-alloy 

barrier and buffer layer; corresponding band diagram for AlN interlayer thickness of (b) 2 nm, 

(c) 4 nm for various doping level at Et = 280 meV with Nt = 3×1013 cm-2 (d) 2DEG density as 

a function of Si doping concentration. 
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result, the 2DEG density has little dependence on series-A delta doping as the electric field both 

in the GaN channel and AlN inter-layer remains constant (Figs. 5.6(b) and (c)) and it remains 

relatively constant for different doping concentrations (Fig. 5.6(d)). A similar trend was observed 

in the epi-structure with 4 nm-thick AlN interlayer. As opposed to the previous case, there is no 

optimum Si doping concentration to neutralize the traps at all the NPIs. The series-A delta doping 

has little effect on traps near the channel. The trap at NPI-1 cannot be compensated by this strategy 

even at extremely high doping concentrations which forms parasitic channel in the buffer. 

Therefore, the fermi-level remains pinned at trap-1 for all different Si doping concentrations, 

meaning this doping scheme is not suitable for thick AlN interlayer.  

In series-B (Fig. 5..7 (a)), the entire AlN/GaN digital barrier was doped with Si. The 

corresponding band diagrams for hole traps at 280 meV with varying Si doping concentration are 

shown in Fig. 5.7(b) for a N-polar HEMT structure neutralizes most of the hole traps (NPI-1 to 

NPI-13) effectively except traps at NPI-14 which remains ionized even for very high doping 

concentrations. By increasing the Si doping beyond 5×1018 cm-3, the trap at NPI-1 becomes 

neutralized allowing the VB to move down and away from the fermi level. Therefore, further 

increasing Si concentration reduces the electric field in the AlN interlayer and modulates the 2DEG 

  

Figure 5.7 (a) Series-B: doping in digital-alloy barrier, (b) corresponding band diagram for 4 

nm AlN interlayer with different doping density for Et = 280 meV, Nt = 3×1013 cm-2   and (c) 

2DEG density as a function of Si doping concentration in barrier (series-B) and at the back-

barrier GaN buffer interface (series-A). 
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(Fig. 5.7(c)) unlike series-A doping where the 2DEG density was almost independent of doping. 

Moreover, as we increase the doping concentration in the barrier, the conduction band comes closer 

to the fermi level resulting in the formation of a parallel channel inside the barrier. This sets a limit 

to the doping level and hence the 2DEG density in the channel.with 4 nm-thick AlN interlayer. At 

low Si doping concentration, the hole traps remain ionized and the band diagram remains relatively 

unaltered, and therefore, the 2DEG density does not change. Increasing the Si doping 

concentration. 

As discussed above, series-B doping scheme compensates traps at channel-barrier interface 

whereas series-A doping profile effectively compensates traps near barrier-buffer interface. 

Moreover, the barrier doping modulates 2DEG effectively, unlike series-A doping scheme where 

the 2DEG density was almost independent of doping concentration.  Therefore, it is imperative to 

dope both barrier and the buffer (Fig. 5.8(a): series-C doping scheme) in order to take advantage 

of both. As shown in Fig. 5.7(b), a doping concentration of 4×1018 cm-3 can compensate the traps 

at NPIs in the middle of the barrier. However, it is not enough to compensate the traps at NPI-1 

and NPI-14. A Si doping concentration of 6×1018 cm-3 is sufficient to neutralize all the traps. 

Increasing the doping further to 8×1018 cm-3 leads to formation of parallel channels in the barrier. 

  

Figure 5.8 (a) Series C doping strategy: doping in both back-barrier and the buffer layers, (b) 

corresponding band diagram for 4 nm AlN interlayer with different doping density for Et = 280 

meV, Nt = 3×1013 cm-2 and (c) corresponding 2DEG variation with back-barrier doping. 
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This is not desirable for fabrication of HEMTs since the channel formed within the barrier has low 

electron mobility due to ionized impurity scattering.  Therefore, the window for optimum doping 

concentrations seems to be extremely narrow using this Si doping scheme. 

To increase the range of optimum Si doping concentrations in the barrier, we propose band 

engineering in which entire band diagram can be manipulated by controlling the thickness of each 

individual layers as shown in Fig. 5.9(a) and 5.9(b). The aim of controlling the thickness of each 

layer in the barrier is to maintain the entire band diagram edges at one energy level unlike Fig. 

5.7(b) and 5.8(b). The conduction band at barrier-buffer interface is decided by the series-A delta 

doping in 15nm thickness at that interface. From Fig. 5.7(b) or 5.8(b), the conduction band needs 

to be moved up to avoid parallel channel as it is too close to fermi level. Since GaN layers have 

negative electric field inside, increasing GaN thickness at the bottom of the barrier will move the 

conduction band away from fermi level.  In a similar manner, the band edge and conduction band 

 

Figure 5.9 (a) Optimized epi-structure with Series-C doping, blue colour shows changed 

thickness of layers from structure in Fig. 4.1(a). (b) band diagram, (c) 2DEG is independent of 

trap density and energy over a wide range since all the traps are neutralized by Si doping, (d) 

2DEG vs GaN channel thickness for the optimized design series-C doping of 8×1018 cm-3, Nt = 

3×1013 cm-2 at Et = 280 meV, (e) A wide range of doping (6×1018 cm-3-1×1019 cm-3) shows lower 

parasitic and zero trap ionization. 
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inside AlN interlayer is almost fixed by the 2DEG density since even small change in band banding 

in channel can result in large change in 2DEG charge. From Fig 5.7(b) or 5.8(b), it is apparent to 

bring the conduction band closer to the fermi level which is achieved by increasing thickness of 

AlN and reducing thickness of GaN layers in the barrier around that area due to the positive and 

negative electric field inside AlN and GaN respectively. This helps to achieve almost uniform band 

structure in the barrier while reducing the formation of parasitic channels and allowing to increase 

2DEG density by increasing the doping level (Figs. 5.9 (b) and (c)). As a result, a wide range of 

doping from 6×1018 cm-3 (MBE Si cell temperature 1167 °C) to 1×1019 cm-3 (MBE Si cell 

temperature 1185 °C) can be employed to keep both trap ionization and parasitic channel charges 

below 5% as illustrated in Fig. 5.9(e). As shown in Fig. 5.9(d), this optimized design of epi-

structure enables maintaining a very large 2DEG density (~3×1013 cm-2) in N-polar GaN HEMT 

with ultra-scaled 5 nm-thick channel. 

5.4 Conclusion 

In summary, we studied the impact of hole traps on 2DEG density in N-polar GaN HEMT 

structures. We showed that excluding hole traps when calculating 2DEG density results in an 

underestimation of charge density in these heterostructures. Comparing simulation results with 

experimental data, we estimated a hole trap with a density of 3×1013 cm-2 at 280 meV above the 

valence band at AlN/GaN NPIs. To prevent these hole traps from ionization, we proposed and 

studied three different doping schemes. The results showed that Si doping in both the barrier and 

at barrier-buffer interface effectively neutralizes the traps present throughout the epi-structure 

while simultaneously modulating the 2DEG charge density. Moreover, an epi-structure was 

proposed to enable aggressive scaling of the channel (5nm-thick) in N-polar GaN HEMTs while 

maintaining a large 2DEG density of approximately 2.6×1013 cm-2. 
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Chapter 6  

Future Work 

6.1 N-polar Deep Recessed HEMT with HfZrO2 as gate dielectric 

Recently, negative capacitance has 

been demonstrated by multi-layer 

HfO2 and ZrO2 on Si with an ultra-

thin SiO2 interlayer Figure. 6.1 (a) 

[115]. Simultaneous existence of 

lateral polar (orthorhombic FE) and 

non-polar film (tetragonal AFE) thin 

film system flattens the energy vs 

polarization landscape which 

increases permittivity of the overall 

system which is known as negative 

capacitance. This negative 

capacitance has shown enhancement 

in gate capacitance with lowering the 

effective oxide thickness (EOT). 

Moreover, it presents with an 

advantage of one order lower 

leakage current.  This gate dielectric 

 
 

 
Figure 6.1 (a) Energy vs polarization diagram for 

ferroelectric, non-ferroelectric and subsequent negative 

capacitance from combined (ferroelectric+non-

ferroelectric) material [115] (b) Device cross-sectional 

schematic and epitaxial layer profile of the N-polar deep 

recess (NPDR) with HfZrO2 as gate dielectric 
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stack can be explored to achieve capacitance enhancement, lower leakage and extremely thin EOT 

for GaN material system to address ultra-thin GaN HEMT for gate (frequency) scaling. The 

proposed device structure is shown in Figure. 6.1 (b). 

6.2 Improvement in HfO2 leakage: 

The high leakage in HfO2 prevented the device in achieving full potential such as in load-pull 

measurements. The leakage and breakdown characteristics of ALD HfO2 needs further 

investigation. Inserting a thin layer of SiN or Al2O3 on AlGaN could further improve the interface 

and potentially reduce the gate leakage.  Doping HfO2 with Silicon to increase the crystallization 

temperature needs to be investigated as well. Even though the HfO2 was developed for GaN, the 

actual application is on AlGaN surface. We believe that the Hf interacts with Aluminum in AlGaN 

to create an intermixing layer which needs to be investigated. (NH4)2S is widely used in GaAS 

HEMT fabrication to passivate GaAs surface which can be also explored to passivate GaN surface 

before dielectric deposition. 

6.3 Regrown Ohmic contact improvement: 

Resistances especially ohmic source/drain contact resistance are critical parameter for both DC 

and RF characteristics of HEMTs. The contact resistance was 0.1ohm-mm for planar HEMT which 

increased to ~0.3 ohm-mm for deep-recess HEMT. This could be due to the introduction of 

additional BCl3/SF6 selective dry etch which creates roughness on etch stop layer. The etch is well 

optimized for sub-micron features, however, etch rate is much slower and non-uniform for large 

features which creates roughness. The dry etch parameters especially gas ratio needs to be studied 

for large features to create a smooth surface. 
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6.4 Scaled HEMTs for high frequency application: 

The HEMTs discussed in the thesis consists of optical gates with 500-700 nm dimensions. 

However, to further increase the operating frequency, the gate length needs to be scaled down 

below 100 nm. Ebeam T-gates are typically used in RF HEMTs to achieve high fT while reducing 

Rg with large gate top to achieve high fmax as shown in Figure 6.2. Tall T-gates are necessary to 

minimize the fringe capacitance from the wide gate top to gate and drain.  

 

  
Figure 6.2  (a) Device cross-sectional schematic and (b) 

SEM image of high aspect ration N-polar deep recess 

(NPDR) HEMT with T-gate [117] 
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