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This article investigates high dielectric constant gate insulators for GaN-based devices. Exploiting

TiO2 as a high-j insulator typically compromises leakage current and temperature stability of the

film. In this work, the authors compare TiO2 mixed with either Al2O3 or HfO2 to form composite

films Ti-Al-O and Ti-Hf-O, respectively, deposited by atomic layer deposition on both

AlGaN/GaN and InAlN/GaN substrates. The authors investigated the compositional effects of the

ternary compounds by varying the Al or Hf concentration, and the authors find that leakage current

is reduced with increasing Al or Hf content in the film; with a maximum Al-content of 45%, leak-

age current is suppressed by about 2 orders of magnitude while for a maximum Hf-content of 31%,

the leakage current is suppressed by more than 2 orders of magnitude compared to the reference

TiO2 sample. Although the dielectric constant is reduced with increasing Al or Hf content, it is

maintaining a high value down to 49, within the investigated compositional range. The crystalliza-

tion temperature of the insulators was also studied and the authors found that the crystallization

temperature depends on both composition and the content. For a Ti-Al-O film with Al concentra-

tion of 45%, the crystallization temperature was increased upward of 600 �C, much larger com-

pared to that of the reference TiO2 film. The interface trap densities of the various insulators were

also studied on both AlGaN/GaN and InAlN substrates. The authors found a minimal trap density

of 2:2� 1012 eV�1 cm�2 for the Ti-Hf-O compound with 35% Hf. In conclusion, our study reveals

that the desired high-j properties of TiO2 can be adequately maintained while improving other

insulator performance factors. Moreover, Ti-Hf-O compounds displayed overall better performance

than the Ti-Al-O composites. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4972252]

I. INTRODUCTION

Gallium nitride, a wide and direct bandgap semiconduc-

tor, has received much attention within the recent decades

for transistors applications in high frequency power ampli-

fiers1 and high power switches.2 However, the early transis-

tors with Schottky-gates had problems such as current

collapse and high gate leakage current. To relieve these prob-

lems, the Schottky-gate was replaced with a metal-insulator-

semiconductor-heterojunction (MISH). Thus, there have

been intense studies of insulator performance on GaN. A

few desired properties of insulators include high dielectric

constants,3 large conduction and valence band offsets to the

semiconductor,4 high crystallization temperature, low inter-

face trap densities at the insulator/semiconductor interface

and others. A high dielectric constant insulator is desired to

maintain maximum channel control, increase AC transcon-

ductance,5 and minimize threshold voltage shift.3 TiO2 is

attractive due to its high reported dielectric constant in the

range of 60–120;6–8 however, it suffers from high leakage

current and low crystallization temperature of 370 �C.9 A

method to improve these values while maintaining a high

dielectric constant is by forming a ternary compound such as

Ti-Al-O or Ti-Hf-O.10–12 By creating these ternary com-

pounds, adequate trade-offs with these factors can be

obtained. For example, as depicted in Fig. 1, although Al2O3

has a high crystallization temperature of 900 �C,13 it has a

low dielectric constant value of �9.14 TiO2, being on the

other half of these spectra, exhibits the opposite behavior.

Combining the two materials to create the ternary com-

pound, Ti-Al-O, may allow for an adequate tradeoff in these

factors under the “compromise region” depicted in Fig. 1.

Another popular insulator, HfO2, is also a potential material

to create a ternary compound Ti-Hf-O. To date, there is lim-

ited published work investigating the performance of these

ternary compounds on GaN semiconductors. To deposit

these compounds, we used atomic layer deposition (ALD),

which is among the more popular insulator deposition

methods due to its highly conformal process and its precise

deposition control.15 Moreover, ALD allows relatively easya)Electronic mail: lucyshi@uic.edu
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control and engineering of multicomponent film composition;

thus, a nanolaminate or composite film can easily be attained

by changing the numbers of alternating cycles of each compo-

nent. We investigate the compositional effects of either Al or

Hf inclusion in TiO2 by fabricating a MISH-capacitor struc-

ture using both AlGaN/GaN and InAlN/GaN substrates. By

varying the ALD cycle ratio of TiO2 and either Al2O3 or

HfO2, the composition of each film was varied. It was found

that there is an overall improvement in insulator performance

with increasing Al or Hf content, compared to a reference

TiO2 film. Gate leakage current was reduced by more than 2

orders of magnitude for the Ti-Hf-O compound with 35% Hf.

Dielectric constants of the ternary compounds were main-

tained at a high value with a minimum at 49. Through inter-

face trap density analysis, our studies revealed that the Ti-Hf-

O contained less interface traps than the Ti-Al-O compounds

at 2:2� 1012 eV�1 cm�2. Postdeposition annealing (PDA) of

the films revealed that the crystallization temperature of the

compounds was increased to up to more than 600 �C for the

Ti-Al-O film with 45% Al.

II. EXPERIMENT

To characterize the insulator qualities of Ti-Al-O and Ti-

Hf-O on GaN, circular MISH capacitors were fabricated. A

schematic cross-sectional image of the completed structure

is shown in Fig. 2. Device fabrication started with AlGaN/

GaN on sapphire (consisting of 1.5 nm GaN cap, 21 nm

Al0.25Ga0.75N barrier, 1 nm AlN interbarrier layer, GaN

channel layer, and sapphire substrate) and InAlN/GaN on

SiC (consisting of 2.0 nm GaN cap, 5.0 nm In0.17Al0.83N bar-

rier, GaN channel layer, AlGaN back barrier, and SiC sub-

strate) epi-wafers provided by CorEnergy Semiconductor

Technology Co., Ltd., and NXP Semiconductors, respec-

tively, cleaned by ultrasonication in acetone followed by

rinsing in methanol and isopropanol. Device isolation was

achieved by inductively coupled-plasma reactive ion etching

(ICP RIE) (PlasmaLab 100 Oxford) using an Ar/Cl2/BCl3
chemistry plasma. Ohmic contacts were formed by lift-off of

multilayered stack of Si/Ti/Al/Ni/Au (1/15/90/45/55 nm)

deposited by electron beam evaporation (PVD Varian).

Thereafter, ohmic behavior was achieved by rapid thermal

annealing at an optimized annealing condition at 825 �C in

N2 for 30 s. The transfer length measurements performed on-

chip indicated an average contact resistance of 0.42 X mm

for InAlN and 0.48 X mm for AlGaN.

Following the ohmic contact formation, ternary dielectric

deposition was achieved by thermal ALD (Arradiance Gemstar).

The ALD films were deposited on InAlN/GaN, AlGaN/GaN,

and Si witness samples. Prior to being loaded in the ALD

chamber, the samples underwent a cleaning treatment con-

sisting of buffered oxide etch 10:1 (NH4F:HF¼ 90:10%) dip

followed by deionized water rinsing. The Ti-Al-O and Ti-

Hf-O composite films were achieved by alternating TiO2 and

either Al2O3 or HfO2 cycles. Each TiO2, Al2O3, and HfO2

cycles were carried out using tetrakis(dimethylamido)tita-

nium/H2O, trimethylaluminum/H2O, and tetrakis(dimethyla-

mido)hafnium/H2O, respectively. All films were deposited at

200 �C at a deposition rate of 0.37 Å/cycle for TiO2, 1.12 Å/

cycle for Al2O3, and 0.85 Å/cycle for HfO2. TiO2 was depos-

ited as a reference control sample. To vary the composition,

1 cycle of Al2O3 or HfO2 was followed by a various number

of consecutive TiO2 cycles, i.e., 1-cycle of Al2O3 followed

by n-cycles of TiO2. The TiO2:Al2O3 and TiO2:HfO2 cycle

ratios studied were 10:1 and 5:1. Films of 2:1 cycles ratio

were also deposited, however, because of the large Al or Hf

concentrations in the films (>50%), they are not of great

interest for this particular study, in which a high Ti concen-

tration and therefore high k value is desired. To achieve the

final target thickness of �15 nm, the super cycles were

repeated. The thicknesses of the films were then measured

by x-ray reflectivity (XRR) (Bruker D8 Discover), and the

elemental composition was determined by x-ray photoelec-

tron spectroscopy (XPS).

Following the insulator deposition, the gate contacts were

patterned by e-beam lithography (Raith 150) using the

bilayer resist process, e-beam evaporation of Ti/Au (28/

110 nm), and metal lift-off. Last, to make electrical contact

to the covered ohmic contact regions, the insulator films

were etched from these regions using ICP RIE in an Ar/Cl2-

based plasma.

FIG. 1. (Color online) Diagram representing some properties of commonly

used dielectrics TiO2, HfO2, and Al2O3. Desired insulator properties

include high crystallization temperature, large dielectric constant, and

large conduction band offset to the semiconductor. Mixing TiO2 with

Al2O3 or HfO2 creates ternary compounds Ti-Al-O or Ti-Hf-O, which

may provide adequate tradeoffs in these respective properties under the

compromise region.

FIG. 2. (Color online) Cross-sectional schematic of AlGaN(InAlN)/GaN

MISH-structure.
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III. RESULTS AND DISCUSSION

Ti-Al-O and Ti-Hf-O films of compositions in the TiO2-

rich composition range were grown on the InAlN/GaN and

AlGaN/GaN substrates. Their elemental compositions were

evaluated from their XPS spectra and their thickness from

their XRR spectra. The results are summarized in the Table I.

The x-ray diffraction (XRD) measurements of as-

deposited films revealed that the amorphous structure of as-

deposited TiO2, Ti-Al-O, and Ti-Hf-O films persists in the

whole investigated compositional range. To determine the

temperature stability of the films, PDA was performed at

various temperatures in O2 ambient for 10 min and the XRD

spectra measured thereafter and shown in Figs. 3 and 4. The

presence of the peaks at 25.17� corresponding to the anatase

(101) TiO2 structure in the XRD TiO2 spectra shown in

Fig. 3 indicates that the films annealed at 350 �C and above

are crystalline. The other peaks present are the result of the

diffraction from the sample holder and the silicon substrate

as they are present during a bare Si/sample holder scan

shown in Fig. 3. After PDA at 450 �C, the TiO2:HfO2 (10:1)

starts to crystallize while the other composite films remain

amorphous [Fig. 4(a)]. After PDA at 600 �C, all composites

except the TiO2:Al2O3 (5:1) become crystalline [Fig. 4(b)].

In conclusion, the temperature stability of the composites is

increased by adding Al or Hf in the TiO2 and it is dependent

on both the dopant types, whether it is Al or Hf, and the %

composition.

The insulating properties of the ternary Ti-Al-O and Ti-Hf-

O films grown on InAlN/GaN and AlGaN/GaN substrates

were evaluated through current–voltage (I–V) measurements.

The leakage current density was measured for both AlGaN/

GaN and InAlN/GaN MISH capacitors and is plotted with

gate voltage swept from �7 to þ1 V with a 0.1 V step size

(Fig. 5). Although the leaky TiO2 reference sample shows a

high leakage current density, these values are commonly

reported in literature.10,16,17 A decreasing overall trend in

leakage current is observed with increasing Al or Hf-content

in the films. Compared to the pure TiO2 sample, leakage cur-

rent was reduced about 2 orders of magnitude using a 5:1

cycles ratio TiO2:Al2O3 composite film. However, the Ti-Hf-

O compounds demonstrate lower leakage values than the Ti-

Al-O compounds with the lowest being about 3 orders of

magnitude lower than TiO2 measured on InAlN/GaN. The

InAlN/GaN-based devices shows larger leakage values com-

pared to AlGaN/GaN due to the thinner barrier layer and

wider band-gap properties of the InAlN, which may create a

TABLE I. ALD films processing conditions, thickness and composition. 1:0 ratio (top row) is the reference TiO2 film. The TiO2 and Al2O3 or HfO2 ratios were

varied to produce different Al or Hf-content in the films.

Composition

Ratio TiO2 cycle(s)

Al2O3/HfO2

cycle

Ti-Al-O

thickness (nm)

Ti-Hf-O thickness

(nm)

Al-concentration

(Ti1-xAlxO)

Hf-concentration

(Ti1-xHfxO)

1:0 1 0 13.6 0% (TiO2)

10:1 10 1 17.0 13.4 36% (Ti64Al36O) 18% (Ti82Hf18O)

5:1 5 1 18.1 13.7 45% (Ti55Al45O) 31% (Ti69Hf31O)

FIG. 3. (Color online) XRD spectra of the TiO2 reference sample. The bot-

tom spectrum is a background scan from silicon substrate and sample hol-

der. Thereafter spectra correspond to as-deposited, annealed at 350 �C,

annealed at 450 �C, and annealed at 600 �C films.

FIG. 4. (Color online) XRD spectra of postdeposition annealed films: (a)

after annealing at 450 �C and (b) after annealing at 600 �C.
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lower conduction band offset to the insulator compared to

AlGaN.

Figures 6(a) and 6(b) show the capacitance–voltage

(C-V) characteristics of the Ti-Al-O and Ti-Hf-O dielectrics

measured on AlGaN/GaN [Fig. 6(a)] and InAlN/GaN [Fig.

6(b)] MISH capacitors, respectively. The voltage was swept

from 0 to �5 V using a 1 MHz AC signal with 10 mV ampli-

tude and 0.05 V/300 ms step size. A much sharper transition

in the depletion region was observed for the 5:1 TiO2:Al2O3

and TiO2:HfO2 cycle ratios sample compared to the TiO2

reference sample on both substrates. A noticeable feature

comparing the AlGaN/GaN and InAlN/GaN MISH capaci-

tors is a much sharper C-V depletion region sweep for the

former set of capacitors.

Dielectric constants were measured through the 0 V bias

accumulation capacitance values. For the reference TiO2 sam-

ple, a metal-insulator-metal capacitor was fabricated. From

the capacitance measured at low voltage 10 kHz signal, the

dielectric constant was directly measured to be 79 which

matches well to other reported values.7,8 The relatively high

dielectric constant of our ALD grown TiO2 may be, to some

degree, attributed to low film density.8 It also influences the

leakage current. Since the insulator forms a parallel plate

capacitor in series with the barrier layer capacitance, the

InAlN barrier layer capacitance can be calculated using the

TiO2 reference value. Thereafter, the remaining dielectric

constant values were calculated from the InAlN MISH

capacitors. The results are plotted in Fig. 7. Mixing TiO2 with

Al2O3 or HfO2 leads to a decrease in the dielectric constant,

as expected. The dielectric constants of the Ti-Al-O and Ti-

Hf-O composites studied here remain relatively high (around

50) compared to 9 or 21, as reported for Al2O3 (Ref. 14) and

HfO2,2 respectively. Counterintuitively, the k-values of the Al

doped films are higher than the Hf doped counterparts. It has

been shown that porous films with low density present high

dielectric constant (particularly at a low frequency) and high

leakage current density.8 We believe that the Ti-Al-O com-

posite films may be porous. This assumption is sustained by

higher thickness of the Ti-Al-O films compared with the

expected thickness according to the number of ALD cycles.

Also, low-density Ti-Al-O films explain the higher leakage

current densities measured on the Ti-Al-O MISH capacitors.

A quantitative analysis of interface trap density (Dit)

between the insulator and semiconductor is an important

characteristic of the compatibility of an insulator on semi-

conductors. Interface trapped charges can be caused by sev-

eral defects such as structural defects, impurities, and

dangling bonds.18 Dit values were extracted from the C-V

frequency dispersion in the second slope of the C-V sweep

FIG. 5. (Color online) Leakage current density of the ALD grown TiO2 (square symbol), Ti-Al-O (circle symbol), and Ti-Hf-O (triangle symbol) on (a)

AlGaN/GaN and (b) InAlN/GaN as a function of gate voltage.

FIG. 6. (Color online) C-V sweeps from 0 to�5 V for the dielectrics measured

on (a) AlGaN/GaN and (b) InAlN/GaN MISH capacitors. Measured using an

AC signal with 1 MHz frequency, 10 mV amplitude, and.05 V step size.
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using a similar process as reported in literature.19–21 As shown

in Fig. 8, a complete C-V curve features two slopes during a

sweep. The first slope (at �bias) is associated with the accu-

mulation of electrons at the InAlN(AlGaN)/GaN interface.

The second slope (at þbias) occurs due to the spill-over of

electrons through the barrier layer onto the insulator/semicon-

ductor interface. Based on the onset voltage shift in the second

slope (shown in Fig. 8 inset) with the measurement frequency

change, Dit values may be extracted. By measuring the onset

voltage shifts with respect to frequency, an average interface

trap density may be extracted using

Dit ¼
Cox

q

� �
� DV

DE

� �
;

where Cox is the insulator capacitance, q is the elemental

electron charge, DV is the measured voltage hysteresis, and

DE is the corresponding trap energy difference. The corre-

sponding trap energy difference can be calculated by

DE ¼ kTln
fi

fiþ1

� �
;

where k is Boltzmann’s constant, T is the measurement tem-

perature, and fi and fiþ1 are the two different measurement

frequencies. The corresponding average trap activation

energy is calculated by

Eavg ¼ kTln
rcNCv

2pfi

� �
þ DE

2
;

where rc, interface traps capture cross section, NC, effec-

tive density of states in the barrier layer conduction band,

and v, thermal velocity of electrons, are assumed22 to be

3.4 � 10�15 cm2, 2.2 � 1018 cm�3, and 2.6 � 107 cm/s.

The trap activation energy for the measured frequency

range of 1–10 kHz corresponds to 0.44 eV below the conduc-

tion band edge. The extracted Dit results are plotted in Fig. 9.

InAlN/GaN devices show larger trap densities compared to

their AlGaN/GaN counterparts. However, the trap density

appears to be decreasing with increasing Al or Hf-content in

the film with the Ti-Hf-O compound exhibiting better perfor-

mance than the Ti-Al-O compounds. Compared to values

reported in literature for Al2O3 and HfO2 on AlGaN/GaN

(Refs. 23 and 24) larger than 4 � 1013eV�1cm�2, the ternary

compounds appear to have lower trap densities. From the C-V

analysis in Fig. 6, it appeared that the TiO2 sample showed

larger stretch-out in the depletion region compared to the

compound films, suggesting a worse interface quality of the

former; thus, the Dit analysis confirmed these results.

IV. CONCLUSIONS

We have investigated the electrical properties of AlGaN/

GaN and InAlN/GaN MISH capacitors employing ALD

grown ternary Ti-Al-O and Ti-Hf-O compounds of various

compositions as an insulator. It was revealed that by increas-

ing the Al or Hf-content in the film, the leakage current was

FIG. 7. (Color online) Calculated dielectric constants of the Ti-Al-O and Ti-

Hf-O films as a function of TiO2:Al2O3/HfO2 ALD cycle ratio. The dielec-

tric constants are maintained at a relatively high value of 56 for TiO2:Al2O3

(5:1) and 49 for TiO2:HfO2 (5:1).

FIG. 8. (Color online) Full C-V sweep of TiO2:HfO2 (5:1)/AlGaN/GaN MISH

capacitor. The curve shows two slopes: the first at �4 V which is the accumu-

lation of electrons at the 2DEG followed by the second slop at þ0.7 V which

is a result of electrons spillover from the 2DEG through the barrier layer and

onto the insulator/semiconductor interface. Based on the onset-voltage shift

when frequency is varied, interface trap density values may be extracted. The

inset shows further detail on the second slope’s onset voltage shifts. Similar

curves are measured for the rest of the MISH capacitors but are not shown.

FIG. 9. (Color online) Interface trap density measured from the various

MISH capacitor structures through frequency-dependent C-V sweeps.
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reduced as much as �2–3 orders of magnitude for the Ti-Al-

O; however, the Ti-Hf-O films showed the lowest leakage

overall. Regarding the dielectric constant, the values were

held high at 56 and 49 for the Ti55Al45O and Ti69Hf31O com-

posites, respectively. It was shown that the crystallization

temperatures of the composite films were increased substan-

tially up to more than 600 �C for the TiO2:Al2O3 (5:1) film,

compared to a crystallization temperature <350 �C found for

pure TiO2. The correlations between the interface trap-

density of the films and the substrate material were also

determined through C-V frequency dispersion measure-

ments. The insulators deposited on InAlN/GaN showed

larger interface trap densities compared to the AlGaN/GaN

counterparts. While the ternary compounds showed improve-

ment in this aspect with increasing TiO2:Al2O3 or

TiO2:HfO2 ALD cycle ratio, the Ti-Hf-O composites showed

smaller trap densities compared to Ti-Al-O. In conclusion,

we have demonstrated the performance of ternary insulator

composites of various compositions on both AlGaN/GaN

and InAlN/GaN substrates. Through our analysis, we have

shown that the composites offered improved properties than

TiO2 while maintaining the attractive high-j properties of

this film. The Ti-Al-O composites offered a larger increase

in thermal stability, but the Ti-Hf-O films displayed lower

leakage current and lower interface trapped charges.
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