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Objectives of the dissertation thesis

• Analyze the reliability of E-mode transistors with unintentional hole channel

• Prepare InAlN/GaN heterostructures with hole-type conductivity

• Analyze the structural and electrical properties of the prepared structures

• Based on the obtained results, assess the viability of the InAlN/GaN transistor

with hole conductivity
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1 Introduction

With technological progress comes the need for more power and faster data transmission

for all the electronic devices. Silicon - the most perfected and used semiconductor

material for several decades - is reaching is physical limits in both power and high

frequency applications.

GaN is one of the materials that could replace Si in various applications. GaN-

based high electron mobility transistors (HEMTs) are already commercially available,

there are even various consumer power adapters and chargers available in the market.

Wide band gap semicondcutors, particularly GaN and SiC are making their way into

the electric vehicles in the form of DC-DC converters [1]. In the RF applications, GaN

can be used in the 5G networks [2].

While GaN devices are already available, there is still an intense research in various

areas. GaN HEMTs are typically normally-on or depletion mode devices. It means that

at zero voltage on the gate electrode transistor is conducting current between source

and drain electrode. In case of a power or other failure of the control circuit this might

be dangerous, so there is a considerable effort to develop normally-off transistors.

There are various approaches to achieve positive threshold voltage - polarization

engineering, p-GaN gate or reduction of surface donors. Technological processes to

prepare these devices are much more difficult and often introduce problems that cause

reliability issues.

One part of the thesis deals with threshold voltage instabilities of normally-off device

prepared with a polarization engineering approach. Positive threshold voltage was

achieved by an addition of InGaN cap layer, which in turn creates an unintentional hole

channel in the heterostructure. The additional two-dimensional hole channel (2DHG)

is partly responsible for a threshold voltage shift in the opposite direction to what was

observed for normally-on HEMTs.

There is also an effort to monolithically integrate control circuits with power cir-

cuits. To replicate CMOS-like logic circuits on GaN, transistors with both electron

and hole channels are necessary. High performance transistors with 2DHG are still a

challenge as they suffer from low mobilities and hole densities compared to the devices

with 2DEG.

The second part of the thesis deals with the creation of the hole channel in the

6



InAlN/GaN heterostructure. Magnesium, a p-type dopant, was used to attempt to

increase hole density in the channel.

Mg doping of In-rich InAlN layers was investigated further in the third part of the

thesis, where InAlN was doped to increase the resistivity in order to use it as a buffer

layer. However, the results might provide insight into Mg doping of other layers with

different In content.
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2 Theoretical background

2.1 III-N Semiconductor materials

III-N semiconductors are materials consisting of one or more elements from III-group

element (Al, Ga, In) and nitrogen.

Due to large bandgap, high breakdown voltage, and high electron mobility, theses

materials can be used in high power and high frequency electronics. III-nitrides are

direct semiconductors and their bandgap can be adjusted from UV to IR, making them

viable material for various optoelectronic applications. Other properties are depicted

in Fig. 2.1 in comparison with other materials.

Figure 2.1: Summary of selected semiconductor properties of GaN, Si and SiC [3].

InxAl1-xN is an interesting ternary alloy in the III-N group semiconductors. By

changing In content, bandgap can be tuned from 0.7 eV for InN up to 6.02 eV for

AlN. Moreover, InAlN can be lattice matched to GaN at x=0.17. In that case 2DEG

is created solely due to spontaneous polarization, with fewer dislocation because of

no strain [4]–[6]. InAlN as a barrier layer might also provide improvement over Al-

GaN/GaN HEMTs [7].

2.2 Polarization Effects

Wurtzite strucutre has polarization axis parallel to c-axis (0001). Due to slight devia-

tions of the real crystal lattice from the ideal wurtzite lattice, there is a macroscopic

spontaneous polarization present [8]. This polarization creates internal electric field.

8



If we grow different material on GaN, we introduce lattice strain to the heterotruc-

ture. This creates piezoelectric polarization, which can have either direction, depending

on the strain whether it is compressive or tensile.

Gradient of the polarization at the interface induces a sheet charge density. Free

charge carriers will compensate this polarization induced sheet charge density. If the

sheet charge density is positive electrons will accumulate on the interface, creating

2DEG, if the sheet charge density is negative, holes will accumulate and create a

2DHG [9].

2.3 Threshold Voltage Instabilities

Positive Bias Temperature Instabilities (PBTI) and Negative Bias Temperature Insta-

bilities (NBTI) are a reliability concern in modern semiconductor technologies. They

can impact the functionality and lifetime of integrated circuits, leading to performance

degradation, reduced operational speed, and potential device failure.

There are various causes of threshold voltage instabilities. Some of the most severe

are caused by oxide traps or interface traps between oxide and semiconductor. Band

diagrams of Al2O3/AlGaN/GaN heterostructure with oxide and interface traps are

depicted in Fig. 2.2 [10].

Figure 2.2: Band diagram of Al2O3/AlGaN/GaN heterostructure. (a) at VGS = 0V

heterostructure is in thermal equilibrium, (b) at VGS = 3V empty traps above Fermi

level are filled with electrons and (c) at VGS = −5V with various possible emission and

capture processes [10].

Typical PBTI measurement is presented in Fig. 2.3. During the stress period,

the threshold voltage experiences a positive drift as a result of electron trapping in
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the interface and oxide traps. Subsequently, during the recovery phase, the threshold

voltage undergoes a shift towards negative values as electrons are emitted from the

traps. However, it should be noted that the threshold voltage does not completely

return to its initial position (represented by the dashed line) due to the presence of

traps with longer time constants compared to the measurement time.

Figure 2.3: Threshold voltage drift measurement by the MSM method. Stress period

is on the left and recovery period is on the right.

10



3 State of the art

3.1 Normally-off transistors

Normally-off transistors are needed for logic circuits [11] and safe operation of high-

performance switches [12], because they default to off-state in case of a failure of the

control circuit. There are several approaches to achieve higher positive voltage without

sacrificing the quantum well channel. Some of them are p-GaN capping [13], fluoride

implantation to barrier [14], [15], reduction of surface donor density [16] or polarization

engineering [17], [18].

Polarization Engineering

Polarization engineering uses the polarization induced electric fields in III-nitrides to

manipulate energy bands. One of the options is to use InGaN on top of AlGaN/GaN

heterostructure [17] (Fig. 3.1).

Figure 3.1: (a) Schematic diagram of polarization engineered InGaN/AlGaN/GaN

HEMT and (b) its band diagram [17]

Fluoride Implantation

In this technique fluoride ions are introduced under the gate area using fluoride based

plasma treatment or ion implantation [15]. Devices are subsequently annealed after

gate deposition to mitigate the plasma damage. Negatively charged fluoride ions shift

threshold voltage to positive values.

Gate Recessing

Normally-off operation can be achieved by using very thin AlGaN layer in an Al-

GaN/GaN heterostructure [19]. Gate recess method uses standard AlGaN/GaN het-
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erostructure with thick AlGaN layer, where AlGaN is etched to very thin thickness to

decrease 2DEG density in the channel. Etching only under the gate improves RON ,

because 2DEG channel in the access regions is unmodified [20].

AlGaN can be entirely etched creating so called ”True-MOS” [21]. Threshold volt-

age should be more stable in such devices, but electron mobility is lower. Comparison

between typical MISHEMT (metal insulator semiconductor HEMT) and True-MOS is

depicted in Fig. 3.2.

Figure 3.2: Schematic diagram MISHEMT (a) and True-MOS (b) [21].

p-GaN Gate

For a standard AlGaN/GaN heterostructures with Schottky gate, quantum well at the

interface between AlGaN and GaN lies below Fermi level at 0 gate bias, which leads

to normally-on operation. By adding p-GaN cap layer, presence of free holes raises

the conduction band up to achieve normally-off operation [22]. Fig. 3.3 represents the

principle of p-GaN/AlGaN/GaN device in comparison to AlGaN/GaN device.

3.2 Hole Channel Transistors

GaN-based transistors for various high-power and high frequency application are al-

ready well established [23]. However, there is still a need for a monolithic integration of

power circuits with control circuits [24]. For that CMOS technology on GaN is needed.

While the technology for the n-channel devices is relatively mature, p-channel devices

still require major research effort to be comparable.

Hole channel without quantum well

There have been several attempts over the years to prepare MOSFETs with a pn

junction consisting of p-GaN and n-GaN. Both p and n-channel devices were integrated
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Figure 3.3: Schematic representation of (a) AlGaN/GaN HEMT with Schottky gate,

(b) p-GaN/AlGaN/GaN HEMT with Schottky gate and (c) band diagrams of these

heterostructures. P-GaN cap raises the conduction band up, leading to normally-off

operation. Thickness of Al0.15Ga0.85N thickness is 15 nm. Band diagram was simulated

by commercially available Poisson solver [22].

on a single wafer [25]. Si was implanted under source and drain regions into p-type

GaN for the n-channel device and additional Mg was implanted under the contacts for

the p-channel device.

Inverted GaN/AlGaN/GaN heterostructure

In this approach, the heterostructure consists of GaN buffer, Al(In)GaN backbarrier

and GaN channel. 2DEG is created at the bottom interface and 2DHG is created on

the top interface. Al content in AlxGa1-x is usually around 0.4 [26], which is on a

higher end of standard GaN HEMTs with Al molar fraction between 0.2 and 0.4 [27].

GaN channel should be doped with Mg to increase the valence band to allow for hole

accumulation [28]. AlGaN might be replaced with InGaN [29], [30]. Schematic diagram

of the heterostructure with corresponding band diagram is pictured in Fig. 3.4.

AlN/GaN platform

In this approach GaN is grown on a AlN buffer layer (Fig. 3.5). Due to polarization

difference 2DHG is created at the interface. Mg doping is not necessary in this case.

Hole mobility in the channel is ∼20 cm2V-1s-1 at room temperature with a 2DHG sheet

density of 5×1013 cm-2 [31].

Additional 2DEG channel can be produced by growing an additional AlN layer on
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Figure 3.4: (a) Cross-section of a GaN/AlGaN/GaN heterostructure with 2DEG and

2DHG. (b) Simulated band diagram of the heterostructure with Mg doping in blue and

without Mg doping in light gray color[28].

Figure 3.5: AlN/GaN heterostructure with a simulated band diagram [31]

top the GaN [32], with a possibility to grow 2DEG and 2DHG channel devices on the

same wafer. Similarly to the GaN/AlGaN/GaN heterostructure, but reversed.

AlGaN/GaN superlatice

Hole channel devices have been prepared using p-AlGaN/p-GaN superlattices [33].

Sheet density in the hole channel was increased up to ∼ 5 × 1013 cm-2 with moderate

hole mobility of ∼ 10 cm2V-1s-1.

InAlN/GaN heterostructures

Another approach with non-inverted InAl(Ga)N/GaN, without parasitic 2DEG was

proposed in recent paper [34]. InxAl1-xN with x ∼ 0.17 is lattice matched to GaN.
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Further increase of x creates compressive strain in InAlN, which in turn generates

piezoelectric polarization with opposite orientation to spontaneous polarization. In-

rich InAlN with even higher x > 0.32 and piezoelectric polarization can reverse total

polarization and create 2DHG at the interface. Comparison of GaN/AlGaN/GaN

heterostructure with In-rich InAlN/GaN heterostructure is presented in Fig. 3.6.

Figure 3.6: Band diagram of (a) GaN/AlGaN/GaN heterostructure and (b) In-

AlN/GaN heterostrocture simulated by 1D Schrödinger-Poisson solver. Adapted from

[34].

Quaternary InAl(Ga)N instead of InAlN is proposed for two reasons. Al molar

fraction is decreased by Ga, which in turn increases the polarization charge without the

need to increase In molar fraction. Total polarization for In0.3GaxAl1-xN is calculated

in Fig. 3.7. Ga can be incorporated into the layer by a Ga memory effect [35], [36],

which is usually negative effect, but in this case it is desired.

Figure 3.7: Calculated spontaneous, piezoelectric and total polarization for

In0.3GaxAl1-xN.

This work will further explore this approach.
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3.3 Mg Doping

In 2014, Nobel prize for physics was awarded to Isamu Akasaki, Hiroshi Amano and

Shuji Nakamura ”for the invention of efficient blue light-emitting diodes which has

enabled bright and energy-saving white light sources” [37]. Manufacturing of blue

LEDs is possible thanks to successful doping of GaN with Mg [38].

Mg remains the only viable candidate for p-type doping in GaN despite the rela-

tively large activation energy 135-250 meV [39]–[42] compared to the activation energy

of < 30 meV [43] for the n-type dopant Si.

During growth, Mg is incorporated into the layer in a form of stable and metastable

electrically inactive Mg-H complexes [44]. Mg is then incorporated into the Ga position

MgGa by thermal treatment [45] from the metastable Mg-H complexes. Mg acts as an

acceptor in this position. Only a few percent of all the Mg in the layer is electrically

active (Fig. 3.8) [41].

Figure 3.8: Hole density (open circles) and effective dopant concentration (full circles)

as a function of Mg measured by SIMS. [41].

At higher Mg concentration of more than ∼ 1019 cm-3 selfcompensation takes effect,

limiting the effective hole concentration even further. Mg acts as a double donor in

interstitial position [46].

Acceptor concentration can be further improved by other techniques. Polarization

16



induced doping was used in [47] increase hole concentration by growing AlGaN with

gradually increasing Al molar fraction. Hole concentration is increased by up to 5 orders

of magnitude at low temperature compared to bulk p-GaN by growing AlGaN/GaN

superlattice [48]. For the implanted Mg, ultra high pressure annealing at 1 GPa at

1673 K yielded 78% Mg activation [49].

Ohmic contacts on p-GaN are still under intense research as seen in several review

papers [50], [51]. Ni/Au is usually used with annealing both in N2 and O2. Pt is some-

times used as it provides higher work function. Areas under contacts are sometimes

overdoped with Mg to improve ohmic contact formation [52].
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4 Material and Methods

Growth and processing

• Metalorganic chemical vapor depostion (MOCVD) - MOCVD is a method

for deposition of single crystalline thin films. All samples in this work were grown

by AIXTRON 3x2 CCS (Close coupled showerhead) system.

• Processing - All the samples were prepared using conventional processing tech-

niques. Photolithography was performed using SUSS MicroTec MJB4 mask

aligner with a UV-LED light source and AZ5214E photoresist. Mesa isolation

was performed by reactive ion etching (RIE) in SiCl4-based plasma in Oxford

Plasmalab 100 Inductively Coupled Plasma (ICP). ICP was not used during the

etching. Metal deposition was performed by e-beam evaporation in AJA Orion

8E. Indium contacts for Hall measurements were prepared by manually pressing

∼5 mm In spheres on the sample. Rapid thermal annealing (RTA) was performed

in AnnealSys ASMicro.

Structural analysis

• X-Ray Diffraction (XRD) - XRD is an experimental technique used to deter-

mine the crystalline structure of a crystal

• X-Ray Photoelectron Spectroscopy (XPS) - XPS is a spectroscopy tech-

nique used to analyze the chemical analysis of the sample surface. It can detect

atomic composition and detect chemical states of the atoms that are present on

the surface.

• Ultraviolet Photoelectron Spectroscopy (UPS) - UPS is a similar method

to XPS, except that ultraviolet light is used instead of X-rays. Because of lower

photon energy, only valence electrons are emitted, but the energy is measured

more precisely.

• Auger Electron Spectroscopy (AES) - AES is a surface-sensitive analytical

technique used to investigate the elemental composition and chemical state of

materials.
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• Secondary Ion Mass Spectroscopy (SIMS) - SIMS is an analytical technique

used for surface and depth profiling of materials.

• Scanning Electron Microscopy (SEM) - SEM is an imaging technique. It

provides high-resolution imaging of sample surfaces using a focused beam of elec-

trons.

• Transmission Electron Microscopy (TEM) - TEM is an imaging and ana-

lytical technique that provides detailed structural and compositional information

at the atomic scale.

• Atomic Force Microscopy (AFM) - AFM is a powerful imaging and charac-

terization technique used to investigate the topography, surface morphology, and

physical properties of materials at the nanoscale.

Electrical characterization

• Transfer length method (TLM) - TLM is a technique used to determine

sheet resistance of a semiconductor and contact resistance of the ohmic contact

metalization.

• Hall - Van Der Pauw - Combination of Van der Pauw method and Hall ef-

fect is used to measure semiconductor resistivity, mobility and majority carrier

concentration. Fig. 4.1 represents Hall measurement on a lower quality sample.

Each color represents different combination of voltage and current polarities. Hall

voltage difference between different magnetic fields is very small. For the black

and red points simple analysis would yield a p-type sample. For the blue points,

sample would be n-type. For the purple points, if we take into account only points

at non-zero magnetic field, sample would be n-type. If we measured Hall voltage

only at positive magnetic field, sample would be p-type and if we measured Hall

voltage only at negative magnetic field sample would be n-type. Hall measure-

ment on this sample is inconclusive. In the next chapters, when we mention Hall

measurement was inconclusive, it means that something similar was measured as

in Fig. 4.1.
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• Mercury Probe - Mercury probe testing is a fast and nondestructive technique

used to measure the electrical properties of semiconductor devices.

• Measurement-stress-measurement (MSM) - MSM technique is employed

for the characterization of threshold voltage instabilities

Figure 4.1: Example of a Hall measurement on a lower quality sample.
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5 Results and discussion

5.1 Part I - Normally-off transistor with unintentional 2DHG

Results from this chapter were published in [53].

Previously our team has been developing normally-off transistors with various ap-

proaches [16], [18]. One of our approaches is to use a Al2O3/InGaN/AlGaN/GaN

heterostructure (Fig. 5.1). In this approach high negative polarization at the In-

GaN/AlGaN interface is used to pull the conduction band up, depleting the 2DEG

conductive channel. However, there is an additional unintentional 2DHG at the In-

GaN/AlGaN interface. This hole channel has a significant effect on the threshold

voltage VT H instabilities.

Figure 5.1: Schematic diagram of the cross-section of the prepared MOSHEMT (left)

and simulated band diagram of the heterostructure under the gate (right).

The measured atomic percentages of the constituent atoms from XPS depth profiles

correspond very well with the intended composition of 40% Al in the AlGaN layer and

12% In in the InGaN layer.

The evolution of the Ga2p3 binding energy peak (Fig. 5.2) in time provides addi-

tional insight into the valence band shape in the heterostructure. The Ga2p3 peak first

rises with the etching time and then falls after 20 s of etching. This evolution of the

binding energy corresponds very well with the shape of the valence band maximum in

the calculated band diagram (Fig. 5.1) and could confirm the presence of the correct

polarization charges in the heterostructure.

Transfer characteristics of the devices are presented in Fig. 5.3. Positive hysteresis

of ∼0.5 V is apparent from Fig. 5.3a and b. There is a significant increase of the
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Figure 5.2: (a) XPS Ga2p3 spectra recorded at different etch times and (b) binding

energy of each peak’s maximum, plotted as energy difference from valence band. Inset

depicts the band diagram without n+ GaN and Al2O3 with measurement depths high-

lighted. Etching rate is only approximate since it was calibrated for GaN layers. Peak

shifts correspond to the calculated energy band diagram, confirming the presence of

polarization charge.

gate current above VGS > 2 V. This increase was found to be consistent with Fowler-

Nordheim (FN) tunneling. Assuming effective mass of the tunneling electrons to be

mox = 0.75me [54], we calculated barrier height ϕB = 2.3eV and ϕB = 2.8eV , depend-

ing on the fitted curve. Obtained tunneling barrier height is in good agreement with

the Al2O3/InGaN conduction band offset of 2.4 eV assumed in the simulated band

diagram [18].

Transfer characteristics in Fig. 5.3 exhibited an atypical threshold voltage shift,

which was suspected to be the result of the 2DHG at the InGaN/AlGaN interface.

Interface states have been shown to negatively impact the threshold voltage instabilities

in MOSHEMTs [16], [55].

Measurement-stress-measurement technique [56] was employed to further analyze

this behavior. In our experiments we used stress time Tstress from 0.1 s up to 50 s with

a recovery time Trecovery of 50 s. Stress voltage Vstress was 2.5 V and measurement

voltage Vmeas was 2 V.

Figure 5.4 [53] illustrates the observed drift of the threshold voltage (VT H) on the

measured sample. Threshold voltage VT H shifts to positive values during stress. Then,
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Figure 5.3: (a) Transfer and transconductance characteristic of a transistor, (b) Drain

current and gate leakage current of a transistor in logarithmic scale, (c) Fowler-

Nordheim plot, with a tunneling mechanism through Al2O3 oxide in an inset.

during recovery, VT H shifts back to negative values, but ends beyond the starting value

at even more negative VT H . We propose a model where 2DHG plays an important role

in the VT H instability. Schematic representation of the capture and emission processes

is presented in Fig. 5.5. In comparison to the normally-on device shown in Figure 2.3

from Chapter 2.3, the measured shift in VT H was unexpected.

At thermal equilibrium 2DHG at the InGaN/AlGaN interface is filled with holes

(Fig. 5.5a). There is no current flow between drain and source because 2DHG is

depleted in the access regions because of the n+ GaN cap.

During stress, 2DEG at the AlGaN/GaN interface is populated with electrons.

Electrons from 2DEG may be injected into InGaN. Interface traps at the Al2O3/InGaN

interface that are now below Fermi level are filled with electrons. Holes in the InGaN

remain even though 2DHG is below Fermi level, because of a large barrier on both

sides (Fig. 5.5b).

Electrons and holes in InGaN may recombine and generate photon with an energy

equivalent to the InGaN bandgap of ∼3 eV (Fig. 5.5c).

Generated photon may be reabsorbed by the interface trap, emitting an electron.

Electron is emitted to the conduction band. From there it can tunnel through the

triangular oxide barrier via Fowler-Norheim tunneling (Fig. 5.5d). FN tunneling was
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Figure 5.4: Threshold voltage VT H drift in the normally-off Al2O3/InGaN/AlGaN/GaN

MOSHEMT. Rising value of ∆VT H means threshold voltage VT H drifts towards positive

values and vice versa [53].

observed on the IV curves in Fig. 5.3

Negative charge is removed from the gate stack by this process. VT H should drift

towards positive values, which was the observed behavior during stress period of the

MSM measurement.

During recovery, gate stack returns to thermal equilibrium, but fewer holes remain

in the 2DHG, increasing total negative charge in the gate stack (Fig. 5.5e). Some

interface traps may still be filled with electrons, further increasing the negative charge.

This would shift the threshold voltage VT H towards negative values in comparison to

the situation at the beginning of the measurement, which was again observed during

MSM measurement.
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Figure 5.5: Simulated band diagram and various emission and capture processes that

could be responsible for the measured threshold voltage drift. Band diagrams are

simulated under the gate at (a) thermal equilibrium, (b), (c), (d) during stress at

VGS > VT H and (e) at the end of recovery at VGS = 0V
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5.2 Part II - InAlN/GaN hole channel

To create a transistor with a 2DHG we decided to further explore approach explained in

chapter 3.2. In the paper [34] we proposed GaN/InAlN heterostructure with In content

higher than 32%. For additional experiments, this was considered a reference sample

MON 083. Sample MON 083 is an InAlN/GaN heterostructure grown on sapphire. To

further improve our heterostructure we needed to decrease the thickness to increase the

strain and to introduce Mg doping to increase the hole density in the quantum well.

Samples consisted of Al2O3 substrate, GaN buffer, InAl(Ga)N(:Mg) barrier layer

and from later growths InGaN:Mg cap. Growth parameters of all the grown samples

are listed in Tab. 1. Various modifications were perfomed: samples were thinned to

increase strain, temperature was modified to optimize the In content, additional GaN

channel layer was grown to improve InAlN/GaN interface.

Crystalline quality of the samples measured from XRD was not deteriorated as

presented for samples MON227-MON234 in Fig. 5.6.

Figure 5.6: XRD spectra of samples MON 227, MON 229, MON 232, MON 233,

MON 234. 2θ/ω scan on the left and rocking curve of the 0002 InAlN diffraction on

the right.

In content should be sufficient to flip the total polarization charge as measured from

the AES (Fig. 5.7).

For samples MON198-MON200, Fermi level was in the conduction band as mea-
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Sample InAlN

thickness

(nm)

InAlN growth

temperature

(°C)

Cp2Mg flow

(nmol/min)

InGaN

thickness

(nm)

InGaN growth

temperature

(°C)

MON 083 80 733 0 0 0

MON 198 65 737 260 0 0

MON 199 35 734 260 0 0

MON 200 35 734 50 0 0

MON 204 12 764 50 0 0

MON 205 11 764 260 0 0

MON 206 9 764 0 0 0

MON 208 7 765 → 830 0 0 0

MON 209 11 765 → 830 50 0 0

MON 210 12 765 → 830 260 0 0

MON 227 15 765 260 0 0

MON 229 12 765 260 2.5 720

MON 232 12 765 260 5 720

MON 233 12 765 260 2.5 737

MON 234 12 765 260 5 737

MON 238 12 750 50 0 0

MON 239 12 750 50 5 737

Table 1: Parameters of the growths.

sured from UPS (Fig. 5.8 and Fig 5.9)

Mg was present in the samples as measured by SIMS (Fig. 5.10). Mg concentration

might be up to 1021 cm-3.

Various ohmic contacts and contacts for Hall measurements were tested, however,

hole conductivity was not measured in any of the samples.

Two other approaches (AlN/GaN and GaN/AlGaN/GaN) were also tested without

success.
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Figure 5.7: AES spectra of samples MON 083, MON 198, MON 199, MON 200.

Figure 5.8: UPS spectra for samples MON 083, MON 198, MON 199, MON 200.
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Figure 5.9: EV (red), EC (blue) and EF (black) energy levels extracted from the UPS

spectra.

Figure 5.10: Selected secondary ions from SIMS spectra of samples MON 204,

MON 205, MON 206 and MON 209.

5.3 Part III - Mg doping of In rich InAlN

Results from this chapter were published in [57].
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Compared to the previous chapter, the aim was to grow a buffer layer for InN

channel transistor. Because of its high electron velocity, InN might be a candidate for

sub-THz electronics. MBE grown InN layers with a very high electron velocity were

previously measured in [58].

Indium content in the buffer layer should be as high as possible to minimize mis-

match between InAlN and InN. The buffer layer should be resistive so unintentional

donors should be compensated, for example by acceptors from Mg doping.

The XRD analysis presented in Fig. 5.11 reveals that when the CP2Mg flow was

increased to 80 nmol/min, there was a noticeable shift towards higher angles in the

(0002) diffraction of InAlN. This change was probably caused by a slight decrease in

the In molar fraction (by up to 0.03). Additionally, the full width at half maximum

(FWHM) of the signal increased, which was probably caused by the generation of

additional screw and edge type dislocations. For the 260 nmol/min and 180 nmol/min

CP2Mg flow, an additional secondary peak was observed, indicating phase separation

in the InAlN layer. Furthermore, a minor decrease in the growth rate was observed

upon the introduction of Mg doping.

Figure 5.11: 2θ/ω scan of the (0002) diffraction of the InAlN layers with different

Cp2Mg flow.

The elemental SIMS profiles of the InAlN sample, doped with a CP2Mg flow of

130 nmol/min, are presented in Fig. 5.12. MgO- and MgN- were detected with an

almost constant intensity, providing a constant doping profile across the whole layer.
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MgO- rises significantly towards the surface, which was also observed in the previous

chapter. SIMS calibration for the Mg ions was not performed, so extracting an atomic

concentration of Mg is currently not possible from the measured data. GaN- was not

detected in the sample, so the reactor was sufficiently clear of the gallium from previous

growths.

Figure 5.12: SIMS profile of a sample doped with a Cp2Mg flow of 130 nmol/min.

A typical grain mosaic structure [59], [60] of undoped InAlN is shown in Fig. 5.13. A

number of pits and surface roughness deterioration appeared with an increased Cp2Mg

flow of 30 nmol/min. Point defects disappeared as the flow of was further increased to

80 nmol/min in addition to enlargement of grains. Surface further deteriorated with

higher Cp2Mg flow and exhibited a number of misoriented grains.

Combining the results from XRD, AFM, SEM, and TEM analyses, it can be con-

cluded that the microstructure of InAlN layers was improved by introducing a low

Cp2Mg flow, leading to fewer pits and suppressed growth of misoriented grains. How-

ever, the sample with the highest Cp2Mg flow exhibited a high level of lattice disorder,

accompanied by a loss of continuous ”columnar” growth and the initiation of intense

growth of conical grains with significant out-of-plane misorientation.

Photoluminescence (PL) was also measured, but a useful signal was obtained only

from the undoped sample and the lowest doped sample. PL spectra are depicted in

Fig. 5.14. PL maximum on the undoped sample of ∼1.71 eV correlated well with the
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Figure 5.13: 5x5 µm AFM surface scans of InAlN layers with different Mg precursor

flow.

In molar fraction extracted from the XRD measurements. For the doped sample peak

shifted by ∼0.22 eV towards lower energies. FWHM of peak also increased from 258

meV to 466 meV. This might be correlated to the donor-acceptor pair reported for

GaN in [61] and an effective band gap narrowing caused by defect-related potential

fluctuations [62].

Figure 5.14: Room temperature PL spectra for the undoped InAlN sample and samples

with two different Mg precursor flow rates.

Ti/Al/Ni/Au contacts were evaporated for TLM measurements. Contacts were not

annealed, because we assume, that it will not be necessary for InN transistor. IV
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curves were linear in the measurement range from -5 V to 5 V. Contact resistance

and resistivity was extracted from the TLM measurements, the results are plotted in

Fig. 5.15.

Resistivity increase by two orders of magnitude between undoped sample and sam-

ple grown at 80 nmol/min Mg precusor flow. At this point, resistivity starts to saturate.

Contact resistance increased similarly, but contacts remained ohmic.

Figure 5.15: Contact resistance RC and resistivity extracted from TLM measurements

for samples with different Cp2Mg flow.

Hall measurements were performed on the undoped sample, and two lowest doped

samples from room temperature down to ∼4 K. Contacts were prepared in the Van der

Pauw configuration. Resistivity, mobility and concentration was extracted from these

measurements. The results are presented in Fig. 5.16

Similar to TLM measurements, resistivity increased by 2 orders of magnitude be-

tween undoped sample and sample grown with a Cp2Mg flow rate of 80 nmol/min.

Temperature dependencies along with mobilities and concentration provide additional

insight into the mechanism of the resistivity increase.

For the undoped sample, resistivity is almost constant from ∼4 K up to room tem-

perature. This suggests that the InAlN layer is degenerated with Fermi level in the

conduction band. Upon closer inspection mobility rises until ∼150 K and then falls
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Figure 5.16: Resistivity, concentration and mobility extracted from Hall-Van der Pauw

measurements on samples with 0, 30 and 80 nmol/min Mg precursor flow rate.

down towards 300 K. This might suggest scattering at ionized impurities at low temper-

ature and scattering at dislocations at high temperatures. However, this dependence

should follow T 3/2 at low temperature and T −3/2. Mobility changes only from ∼40.1 to

∼40.6 cm2V-1s-1, which might be too small, as the change is typically over several or-

ders of magnitude. Mobility should also fall towards zero if we assume Brooks-Herring

scattering at ionized impurities with a T 3/2 dependence, which is not the case here.

Therefore, there might be some other mechanism that would cause the measured shape

of the mobility. Concentration was very high around 4×1019 cm-3 and the sample was

firmly n-type.

For the sample with a Cp2Mg flow of 30 nmol/min, resistivity slightly increases

towards 0 K. This change was caused by a decrease in mobility. Mobility does not

fall down to 0, so this might still be considered a metal-like behaviour of a degen-

erated semiconductor. Compared to the undoped sample, mobility decreased from

∼40 cm2V-1s-1 to ∼5 cm2V-1s-1, which might be caused by defects introduced by Mg
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doping. This was the cause of the resistivity decrease, because concentration remained

almost the same with only 10% decrease compared to the undoped sample. Decrease

in concentration might be an effect of a minor compensation by acceptors from Mg.

For the sample with a Cp2Mg flow of 80 nmol/min, resistivity rises significantly

towards 0 K. Mobility decreased well below 1 cm2V-1s-1 and decreases with decreasing

temperature, probably because of more defects introduced by additional Mg dopants.

Concentration increased compared to previous samples, which might be caused by the

amphoteric behavior of Mg at higher concentrations. Sample was still n-type. Note that

data below 200 K for this sample might not be reliable, due to difficulty of measuring

Hall on samples with very low mobility.

To summarize, resistivity increase of two orders of magnitude might be enough for

a buffer layer in InN transistor. However, we see that even low Mg precursor flow rate

has a detrimental effect on the mobility of the InAlN layers. Cp2Mg flow rate of as low

as 80 nmol/min decreases mobility to almost 0 cm2V-1s-1. In the previous chapter we

used a much higher flow rate of 260 nmol/min. Even the 50 nmol/min flow rate might

be too high for the devices with hole channel, as that requires layers of good crystalline

quality.
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5.4 Summary and outlook

According to the paper published in 2019 [34], to prepare a hole channel InAlN/GaN

transistor should have been relatively straightforward. Only Mg doping was necessary

to improve hole density in the channel. However, we were not able to replicate any

p-type conductivity in any of the other samples.

From the results in part III, which were measured only after all the experiments from

part II, we see that Mg doping in quantities used in part II might be severely detrimental

to the quality of the grown layers. Furthermore, from the UPS measurement, we have

seen that Fermi level might be in the conduction band for much lower In content than

∼60% previously published in [63].

In the future, careful optimization of InAlN layer might be necessary to lower

intrinsic electron concentration, as the 2DHG in the heterostructure should be formed

even without Mg doping. Then Mg doping should be performed at much lower Cp2Mg

flows, which on the other might yield too low hole concentration, due to low activation.

After the presence of 2DHG would be confirmed, another issue may arise from

ohmic contacts optimization. Standard metalization stacks and annealing in O2 or N2

might not be enough to prepare high quality ohmic contact. Selective area growth of

Mg-doped GaN under the contacts might be necessary [64], to create overdoped layer

to improve the ohmic contact formation. However, this would require optimization of

SiN or some other passivation layer to serve as a mask during growth and optimization

of Mg doping in GaN, which would probably need to be grown at low temperature due

to low growth temperature of the InAlN layer.

Even with lower quality ohmic contacts, after achieving 2DHG, preparing a tran-

sistor should be achievable.
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6 Conclusion

This work deals with hole channel GaN-based devices and hole type conductivity in

these devices. Theoretical part provides an overview of experimental methods used in

this thesis and a summary of the state of the art of the normally-off transistors and

transistors with hole channel.

In the first part of the results, threshold voltage instabilities in the normally-off

Al2O3/InGaN/AlGaN/GaN MOSHEMTs were investigated. Peculiar threshold voltage

shift was measured in the opposite direction to the previously observed behavior on

other AlGaN/GaN HEMTs. VT H shift may have been caused by an unintentional 2DHG

on the InGaN/AlGaN interface. We proposed a model that could explain this behavior.

During stress, electrons may be injected into InGaN where they recombine with holes

from 2DHG and generate photon. Photon may be reabsorbed at the oxide/InGaN

interface states from where it emits electron into the conduction band. Electron can

tunnel through triangular oxide barrier via Fowler-Nordheim tunneling, which was

observed in the DC transfer characteristics. During recovery, some interface states

might remain occupied and 2DHG might be partially depleted. This would explain

both the positive VT H shift during the stress and negative VT H shift during the recovery.

InAl(Ga)N/GaN heterostructure with an intentional 2DHG was investigated in the

second part of the results. Hole conductivity was not observed in any of the samples,

so the results from the reference sample were not replicated. There are indications that

Fermi level might be in the conduction band and that Mg precursor flow might be too

high. Hall measurements were inconclusive, which might suggest very low mobility in

all the samples.

Mg doping of In-rich InAlN layers was investigated in the third part of the thesis.

Mg was used to increase resistivity by compensating intrinsic donors. Mg precursor

flow was increased from 0 nmol/min up to 260 nmol/min. Resistivity of the samples

increased by two orders of magnitude between undoped sample and sample with a Mg

precursor flow of 80 nmol/min. Resistivity was increased by a decrease in mobility to

almost 0 cm2V-1s-1 caused by the defects introduced by the Mg doping. This might

prove enough for a buffer layer in a transistor with InN channel.

InAlN layers severely degraded by Mg doping, which is an issue for the hole channel

transistor where high quality layer is needed.
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M. Kučera, and R. Kúdela, “GaAs Nanomembranes in the High Electron Mobility

Transistor Technology,” Materials, vol. 14, no. 13, p. 3461, Jun. 2021. doi: 10.3390/

ma14133461

Scientific papers in foreign non-impacted journals registered in Web of Sci-

ences or Scopus - ADMB

F. Gucmann, D. Gregusova, L. Valik, M. Tapajna, S. Hascik, K. Husekova, K. Frohlich,

O. Pohorelec, and J. Kuzmik, “DC and pulsed IV characterisation of AlGaN/GaN

MOS-HEMT structures with Al2O3 gate dielectric prepared by various techniques,” in

2016 11th International Conference on Advanced Semiconductor Devices & Microsys-

tems (ASDAM), IEEE, Nov. 2016. doi: 10.1109/asdam.2016.7805883

M. Tapajna, K. Husekova, O. Pohorelec, L. Valik, S. Hascik, F. Gucmann, K.

Frohlich, D. Gregusova, and J. Kuzmik, “Effect of HCl pretreatment on the ox-

ide/semiconductor interface state density in AlGaN/GaN MOS-HEMT structures with

MOCVD grown A12O3 gate dielectric,” in 2016 11th International Conference on

Advanced Semiconductor Devices & Microsystems (ASDAM), IEEE, Nov. 2016. doi:

10.1109/asdam.2016.7805931

39



Published invited papers from foreign scientific conferences - AFA
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Kúdela, “GaAs nanomembranes in device technology,” in SURFINT - SREN IV 2019,

Slovakia: Comenius University Bratislava, Jan. 2019, pp. 136–137, isbn: 978-80-223-

4811-9
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[10] M. Ťapajna, “Current Understanding of Bias-Temperature Instabilities in GaN

MIS Transistors for Power Switching Applications,” Crystals, vol. 10, no. 12,

p. 1153, Dec. 2020. doi: 10.3390/cryst10121153. [Online]. Available: https:

//doi.org/10.3390/cryst10121153.
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[34] S. Hasenöhrl, P. Chauhan, E. Dobročka, et al., “Generation of hole gas in non-

inverted InAl(Ga)N/GaN heterostructures,” Applied Physics Express, vol. 12,

no. 1, p. 014 001, Jan. 2019. doi: 10.7567/1882-0786/aaef41. [Online]. Avail-

able: https://doi.org/10.7567/1882-0786/aaef41.

[35] M. Hiroki, Y. Oda, N. Watanabe, et al., “Unintentional Ga incorporation in

metalorganic vapor phase epitaxy of In-containing III-nitride semiconductors,”

Journal of Crystal Growth, vol. 382, pp. 36–40, Nov. 2013. doi: 10.1016/j.

46



jcrysgro.2013.07.034. [Online]. Available: https://doi.org/10.1016/j.

jcrysgro.2013.07.034.
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[67] R. Kúdela, J. Šoltýs, M. Kučera, et al., “Technology and application of in-situ

AlOx layers on III-V semiconductors,” Applied Surface Science, vol. 461, pp. 33–

38, Dec. 2018. doi: 10 . 1016 / j . apsusc . 2018 . 06 . 229. [Online]. Available:

https://doi.org/10.1016/j.apsusc.2018.06.229.
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[77] O. Pohorelec, D. Gregušová, S. Hasenöhrl, et al., “Mg doping of InAlN layers,”

in ADEPT 2021 : 9th International Conference on Advances in Electronic and

Photonic Technologies, Slovakia: Univ. Zilina in EDIS-Publishing Centre of UZ,

Jan. 2021, pp. 147–150, isbn: 978-80-554-1806-3.

52


