
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Gold‑free contacts on Al x Ga 
1‑x N/GaN high electron mobility
transistor structure grown on a 200‑mm diameter
Si(111) substrate

Tham, Wai Hoe; Ang, Diing Shenp; Bera, Lakshmi Kanta; Surani Bin Doimanan; Bhat,
Thirumaleshwara N.; Kajen, Rasanayagam S.; Tan, Hui Ru; Teo, Siew Lang; Tripathy,
Sudhiranjan

2016

Tham, W. H., Ang, D. S., Bera, L. K., Surani Bin Doimanan, Bhat, T. N., Kajen, R. S., Tan, H. R.,
et al. (2016). Gold‑free contacts on AlxGa1‑xN/GaN high electron mobility transistor
structure grown on a 200‑mm diameter Si(111) substrate. Journal of Vacuum Science &
Technology B, 34(4), 041217‑. doi:10.1116/1.4952403

https://hdl.handle.net/10356/89018

https://doi.org/10.1116/1.4952403

© 2016 Science and Technology of Materials, Interfaces and Processing (formerly American
Vacuum Society). This paper was published in Journal of Vacuum Science & Technology B
and is made available as an electronic reprint (preprint) with permission of Science and
Technology of Materials, Interfaces and Processing (formerly American Vacuum Society).
The published version is available at: [http://dx.doi.org/10.1116/1.4952403]. One print or
electronic copy may be made for personal use only. Systematic or multiple reproduction,
distribution to multiple locations via electronic or other means, duplication of any material
in this paper for a fee or for commercial purposes, or modification of the content of the
paper is prohibited and is subject to penalties under law.

Downloaded on 23 May 2023 10:31:27 SGT



Gold-free contacts on AlxGa1-xN/GaN high electron mobility transistor
structure grown on a 200-mm diameter Si(111) substrate

Wai Hoe Tham and Diing Shenp Anga)

Division of Microelectronics, School of Electrical and Electronic Engineering, Nanyang Technological
University, 50 Nanyang Avenue, 639798 Singapore

Lakshmi Kanta Bera,b) Surani Bin Dolmanan, Thirumaleshwara N. Bhat,
Rasanayagam S. Kajen, Hui Ru Tan, Siew Lang Teo, and Sudhiranjan Tripathyc)

Institute of Materials Research and Engineering, A*STAR (Agency for Science, Technology, and Research),
2 Fusionopolis Way, #08-03, Innovis, 138634 Singapore

(Received 3 November 2015; accepted 9 May 2016; published 7 June 2016)

The authors report on the fabrication and characterization of low-temperature processed gold-free

Ohmic contacts for AlxGa1�xN/GaN high electron mobility transistors (HEMTs). The HEMT

structure grown on a 200-mm diameter Si(111) substrate is used in this study. Using the Ti/Al/NiV

metal stack scheme, the source/drain Ohmic contact optimization is accomplished through the

variation of Ti/Al thickness ratio and thermal annealing conditions. For an optimized Ti/Al stack

thickness (20/200 nm) annealed at 500 �C for 30 s with smooth contact surface morphology, a

specific contact resistivity of �6.3� 10�6 X cm2 is achieved. Furthermore, with gold-free Ni/Al

gates, the fabricated HEMTs exhibit ION/IOFF ratio of �109 and a subthreshold swing of �71 mV/dec.

The demonstrated gold-free contact schemes thus provide a solution toward the implementation of

GaN-based HEMT process on a Si foundry platform. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4952403]

I. INTRODUCTION

GaN-based high electron mobility transistor (HEMT) has

become a promising candidate for high-power and high-

frequency applications due to the superior properties of GaN

such as wide band gap, high breakdown field, high channel

velocity, and high sheet carrier density.1 Conventional GaN-

based heterostructures are grown on sapphire and silicon car-

bide (SiC) substrates. However, due to the limited substrate

size and cost of SiC, the semiconductor industry is currently

focusing on GaN-based materials and device development

on the more cost effective option such as silicon substrates.

The availability of larger diameter Si wafers (12-in.)2,3 and

well-established complementary-metal-oxide-semiconductor

(CMOS) foundry platform has encouraged the on-wafer inte-

gration of AlxGa1�xN/GaN-based HEMTs with the existing

state-of-the-art Si CMOS technology.4 In the compound

semiconductor platform, the conventional Ohmic contacts

for such HEMTs are based on Ti/Al/X/Au metallization

schemes. Here, X denotes the transition metals such as Ni,

Pt, Cr, Ti, and Mo, acting as diffusion barriers between Al

and Au.5 Among them, the Ti/Al/Ni/Au is the most well-

established state-of-the-art Ohmic contact schemes with an

average contact resistance (<1.0 X mm), yielding good

switching characteristics and higher drive current performan-

ces.6,7 However, due to the high diffusivity of Au, such

metal schemes are forbidden in a Si CMOS process platform

to avoid cross contamination.8 Hence, gold-free metal con-

tact schemes are necessary for the fabrication of AlxGa1�xN/

GaN HEMTs on a Si CMOS platform.

Recently, several Au-free and Ti/Al-based metal schemes

(Pt, Cu, Ta, and W) are reported in literature. Liu et al.9

demonstrated Ti/Al/Ni/Pt Ohmic metal schemes annealed at

975 �C in N2 atmosphere resulting in a contact resistance

(RC) of �0.6 X mm. Similarly, Ta/Si/Ti/Al/Ni/Ta Ohmic

metal stack was demonstrated by Li et al.,10 which achieved

a RC� 0.24 X mm when annealed at 800 �C. However, it is

noteworthy to emphasize that the low contact resistance can

be achieved at the expense of a high temperature (�800 �C)

annealing process. This leads to increased thermal budget,

which limits the implementation of a self-aligned gate-first

CMOS-type process.11 A low-temperature Au-free metal

contact, for the integration of GaN-on-Si in a CMOS fabrica-

tion platform, is also reported recently where partial recess

source/drain patterns are used to reduce RC.12 To avoid pro-

cess complexity for the fabrication of AlxGa1�xN/GaN

HEMTs on 200-mm Si(111), it is desirable to showcase low-

temperature nonrecess Au-free source/drain contacts with an

RC< 1.0 X mm.13

Among various metal alloys, nickel-vanadium (NiV) is

typically used in the electroplating industry due to its high

corrosion resistance and slow oxidation rate. NiV is pro-

posed to promote intermetallic reaction at low temperature

while providing a smooth surface morphology.14 There has

been limited work in studying the NiV alloy as cap layer for

Ohmic metal stack formation in AlxGa1�xN/GaN HEMT

structures. In this article, we have demonstrated the fabrica-

tion of Au-free HEMTs with Ti/Al/NiV as source/drain

Ohmic contacts on AlxGa1�xN/GaN two-dimensional elec-

tron gas (2DEG) heterostructures grown on a 200-mm diam-

eter Si(111) substrate. A detailed electrical characterization

is carried out to address the nature of such Ohmic contacts in

nitride material system. A low-temperature rapid thermal
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annealing (RTA) process at 500 �C has achieved a compara-

ble RC of �0.8 X mm without any recess etching. The direct

current (DC) characteristics of the fabricated AlxGa1�xN/

GaN HEMTs using Ni/Al gates are investigated. The interfa-

cial metal distribution and structural changes of the Ti/Al/

NiV stack after thermal annealing are also addressed using

high-resolution transmission electron microscopy (HRTEM)

combined with energy dispersive x-ray (EDX) spectroscopy.

II. EXPERIMENT

The epitaxial growth of the HEMT layers was carried out

using an AIXTRON closed coupled showerhead metalor-

ganic chemical vapor deposition system refurbished at

IMRE. The AlxGa1�xN/GaN-based heterostructures were

grown on 200 mm diameter p-type Si(111) substrates. The

3.8–3.9 lm thick HEMT structure on Si(111) comprised of a

�30 nm thick low-temperature AlN nucleation layer, a

�350 nm thick high-temperature AlN layer, three step-

graded AlxGa1�xN intermediate layers, and about �1.6 lm

thick GaN buffer. The top layers consist of a �300 nm

undoped GaN channel layer, an ultrathin AlN spacer

(�1.0 nm), an undoped AlxGa1�xN barrier layer (�20 nm),

and a thin undoped (3.0–4.0 nm) GaN cap layer. A cross-

sectional scanning transmission electron microscopy

(STEM) image of the HEMT stack is shown in Fig. 1(a).

The high-resolution x-ray diffraction technique has been

used to estimate the Al compositions (x: 23%–24%) in the

barrier layer across the wafer through a reciprocal space

mapping (RSM). A typical RSM map of this full HEMT

structure is shown in Fig. 1(b). To measure the electrical

properties of the 2DEG formed beneath the AlxGa1�xN bar-

rier, the Hall effect experiments were performed on the diced

samples. The Hall data from our HEMT samples show an

average sheet resistance of �430 X/sq with a sheet carrier

density of about �1.1� 1013 cm�2. In such a HEMT stack,

the Ohmic contact resistance depends on the characteristics

of 2DEG formed beneath the top AlxGa1�xN barrier layer.

The Al composition in the barrier layer and its thickness con-

tribute significantly to the electrical data of 2DEG induced by

the piezoelectric and spontaneous polarization. In order to

achieve lower crystal defects in the AlxGa1-xN barrier and to

avoid composition fluctuations across the 200 mm diameter

epiwafer, we have used Al composition of 23%–24% with an

underlying �1 nm AlN spacer layer. During contact annealing

step, once the metal diffuses and reaches 2DEG layer, the

electrical conduction increases significantly. The Ohmic con-

tact properties may be further tuned with HEMT samples of

higher 2DEG sheet carrier concentrations, or by using a differ-

ent set of AlxGa1�xN barrier thicknesses and Al compositions.

The device fabrication starts with a standard organic

cleaning by immersing the samples in acetone, methanol,

and isopropyl alcohol. Next, active island is defined fol-

lowed by a mesa isolation etching (450–500 nm) using an

inductively coupled plasma-reactive ion etching system with

Cl2/BCl3 chemistry at low temperature 6 �C. The source/

drain regions are defined using optical lithography. For the

residual native oxide removal, 60 s HCl dip of patterned

samples is done prior to contact metal deposition. The metal

stack of Ti/Al/NiV (wt. % of Ni/V � 93%/7%) is then de-

posited using e-beam evaporator and RF sputtering system

followed by a lift-off process. A final lithography step

for gate definition is performed, followed by Ni/Al metal

deposition to form the Schottky gate electrodes. The sche-

matic illustration and top view optical micrographs of the

Al0.23Ga0.76N/GaN HEMT device structure are as shown in

Figs. 2(a) and 2(b), respectively.

The Ti/Al/NiV metal stack is optimized in terms of Ti/Al

thickness ratio, annealing temperature, and duration in order

to achieve the optimum contact resistance. The relative

thickness between Ti and Al is important, as these two

metals are responsible for the Ohmic contact formation at

FIG. 1. (Color online) (a) Cross-sectional STEM image of the HEMT structure grown on Si(111). (b) The asymmetric (114) RSM of the full HEMT structure

with AlN and step-graded AlGaN intermediate layers.
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the top surface. Ti and Al react with GaN to form a thin

interfacial layer of TiN, AlN, or AlTi2N, generating N

vacancies during the RTA process.15,16 In order to probe

such interfacial behavior and its effect on the electrical

characteristics, the Ti/Al/NiV metal stack was annealed at

various temperatures ranging from 400 to 700 �C for 30 s in

1500 sccm flow of N2. To achieve the lowest contact resist-

ance, the optimum annealing duration window (20–90 s) is

also investigated. The DC characteristics of these fabricated

HEMTs are then studied when the lowest Ohmic contact

resistance is obtained using such Ti/Al/NiV metal schemes.

III. RESULTS AND DISCUSSION

The linear transmission line method (TLM) is employed

for extracting the Ti/Al/NiV contact resistance and specific

contact resistivity. Figure 3(a) shows the TLM test structure

fabricated on the HEMT surface using (Ti/Al/NiV) with

square pads (W¼L¼ 100 lm) and varying gap spacing

(d¼ 13, 17, 21, 25, 29, and 37 lm). The mesa isolation etch-

ing is essential to prevent any unwanted current spreading

confining the current flow within the mesa height of conduc-

tive epitaxial 2DEG layers. A rough comparison can be seen

between the optical micrographs of the TLM test structures

shown in Fig. 3. The Ti/Al/NiV contact (RTA 500 �C)

exhibits much smoother surface morphology as compared to

that of traditional Ti/Al/Ni/Au (RTA at 825 �C) Ohmic metal

stack. It is well known that Ti/Al/Ni/Au-based contacts are

prone to rough surfaces due to the high temperature anneal-

ing and the formation of AlAu4 alloy.17 Such a rough surface

morphology of contacts are unfavorable for high frequency

microwave applications due to nonuniform current distribu-

tion, along with the poor line edge definition leading to

scalability and reliability issues in GaN RF devices.18 In

contrast, the low-temperature processed Ti/Al/NiV metal

contact scheme (with�70 nm NiV) employed here shows a

root mean square (RMS) surface roughness of 5–6 nm range

(10 � 10 lm scan area) from atomic force microscopy

(AFM) measurements. In our HEMT structures on Si, we

explored an optimized NiV layer thickness of �70 nm as this

is still sufficient to prevent the oxidation of the Ti/Al stack

during thermal annealing. On the other hand, a thicker NiV

layer may require a higher annealing temperature window.

The I-V characteristics at different gap spacing of the

TLM structures are measured using a 4200-SCS Keithley

Parameter Analyzer. Figures 4(a) and 4(b) show the I-V
characteristics of TLM contact pads fabricated using differ-

ent Ti/Al thickness combinations (15/300, 20/200, 25/200,

and 20/120 nm) while fixing the NiV cap layer thickness the

same. The optimized annealing temperature of 500 �C is

employed for 30 s. The nonlinear I-V characteristics are

observed for Ti/Al thickness (15/300 nm—ratio 0.05) and

(20/120 nm—ratio 0.167), as shown in Fig. 4(b) with a much

FIG. 2. (Color online) (a) Schematic cross-section and (b) Optical micro-

graph of AlGaN/GaN HEMT using Ti/Al/NiV as Ohmic contacts and Ni/Al

as Schottky gate. S and D represent source and drain, respectively, while G

denotes the gate.

FIG. 3. (Color online) Optical micrographs of TLM test structures fabricated

using (a) Ti/Al/NiV at 500 �C for 30 s and (b) Ti/Al/Ni/Au at 825 �C 60 s.
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lower current. The linear Ohmic characteristics are observed

for both sets of Ti/Al thickness: (20/200 nm—ratio 0.1) and

(25/200 nm—ratio 0.15); with 0.1 ratio of Ti/Al giving rise

to the steepest slope for lowest resistance. At this ratio, it is

expected that the top Al layer is consumed by reaction with

Ti to form Al3Ti at a low temperature of �250 �C, and the

excess remaining Ti layer is still in contact with the GaN

cap/AlGaN.19 Due to the presence of NiV alloy layer, we

believe that Ti reacts with the thin GaN cap and Al0.23

Ga0.77 N barrier layer during annealing at 500 �C that which

promotes the catalyzing effect. The lower Ti/Al thickness ra-

tio of 0.05 (15/300 nm) is Al-rich, and due to the fixed

annealing temperature and duration, the whole Ti layer is

consumed first with some Al remains unreacted resulting in

such a non-Ohmic behavior. In contrast, at higher Ti/Al

thickness ratio of 0.167 (20/120 nm), the stack is Ti-rich, and

the Al layer requires a higher thermal budget (temperature

and duration) to achieve a complete reaction.

Next, the Ti/Al thickness ratio is fixed at 0.1 (20/200 nm)

for further annealing temperature optimization to achieve the

lowest contact resistance. After annealing at different tem-

peratures from 400 to 700 �C, the contact resistance for that

respective temperature is extracted from the I-V characteris-

tics. A nonlinear behavior is observed for annealing tempera-

tures of 400 and 700 �C, respectively. As discussed, at a

temperature below 450 �C, the total thermal budget is not

sufficient for the formation of TiN layer that generates nitro-

gen vacancy at the interface, which acts as n-type dopants.

The linear Ohmic I-V characteristics are obtained between

450 and 600 �C annealing condition for 30 s, with highest

slope attained at 500 �C indicating lowest contact resistance.

The contact resistance “RC” and specific contact resistivity

(qC) are extracted with values of �0.8 X mm and �6.3

� 10�6 X cm2, respectively, at RTA condition 500 �C for

30 s as shown in Fig. 5(a). The I-V characteristics of the

annealed samples as a function of contact gap spacing are

shown in Fig. 5(b). Fixing the temperature at 500 �C, the

TLM structures undergo different annealing duration from

20 to 90 s to study the best processing time window.

Annealing time of 30 s gives us the optimum contact resist-

ance with a good surface morphology. Prolonged annealing

might lead to the out-diffusion of Al, while Ti/Al layers are

susceptible to be oxidized at higher RTA duration.20 At

higher temperature (>600 �C), the nonlinear behavior of the

I-V characteristics and the higher contact resistance are prob-

ably due to the microstructural changes at the metal–semi-

conductor junction. AFM is employed to study the surface

topography of the Ti/Al/NiV contact annealed at different

temperatures. Figures 6(a) and 6(b) show the AFM images

of Ohmic contacts annealed at 500 and 700 �C, respectively.

In these 10 � 10 lm scan areas, the RMS surface roughness

increases from �5.8 nm at 500 �C to �12.4 nm at 700 �C for

the same annealing duration of 30 s. The substantial surface

FIG. 4. (Color online) (a) I-V characteristics measured between two consecu-

tive TLM contact pads (gap spacing¼ 13 lm) with different Ti/Al relative

thickness. (b) I-V characteristics of Ti/Al thickness of 15/300 and 20/

120 nm.

FIG. 5. (Color online) (a) Total resistance as function of contact spacing. (b)

I-V characteristics of each contact spacing of Ti/Al/NiV TLM structures

annealed at 500 �C for 30 s.

FIG. 6. (Color online) Three-dimensional-AFM images of Ti/Al/NiV con-

tacts annealed at (a) 500 �C and (b) 700 �C for 30 s, respectively. The scan

area is 10 � 10 lm.
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roughness evolution is caused by the microstructural changes

and influences the epitaxial film interfaces underneath the

metal layer. This affects the electrical characteristics of

2DEG channel probed with such metal junctions. Thus, we

observed nonlinear I-V characteristics with an increase in

resistance.

The structural changes and elemental distribution of Ti/

Al/NiV metal stack at source/drain contacts are studied using

the HRTEM and EDX analyses. The optimized sample is

achieved by RTA at 500 �C for 30 s as mentioned earlier.

The TEM-EDX experiments are performed using a Titan

80–200 kV scanning TEM. The TEM lamella was prepared

using a Helios Nanolab 600 dual-beam focused ion beam

system. Figure 7(a) shows the cross-sectional TEM images

of Ti/Al/NiV metal stack on GaN/Al0.23Ga0.77 N after RTA.

A smooth interface of metal and semiconductor layers is

observed from the STEM imaging. It has been reported that

the mechanism of the formation of high surface roughness in

Au-based (Ti/Al/Ni/Au) Ohmic contact on AlxGa1�xN/GaN

heterostructure is due to the agglomeration of low melting

point Al metal. During annealing at high temperatures (typi-

cally 800 �C) using RTA, the interface forms Ni-Al alloys.

In this study of Ti/Al/NiV system, the annealing temperature

(500 �C for 30 s using RTA) is lower than the Al melting

point. Therefore, the agglomeration of Al is very less likely

and results in smooth surface compared to the Ti/Al/Ni/Au-

based metal scheme. RTA leads to the intermixing of metal

layers and the distribution of each element is then investi-

gated using the EDX probe. Figure 7(b) shows the elemental

distribution of 350 nm thick Ti/Al/NiV metals stack after

RTA, where the EDX profile represents the vertical solid

line indicated in Fig. 7(a). One EDX spot is taken at every

5-nm step. The elemental profiles of Al and Ni reveal that

both elements are distributed within the entire metal stack

due to strong intermixing during annealing. The results show

that Al diffuses toward the top of the metal stack. It is

noticed from our STEM-EDX analysis that at GaN/metal–

stack interface, a ternary TiAlNi-based alloy formed whereas

other entire stack is AlNiV-based alloy. It is also seen from

the EDX profile that V is stable and remained only at the top

of the metal stack, acting as an oxygen diffusion barrier

layer. The diffusion of oxygen during annealing is also

investigated using EDX analysis to show the merit of this

metal contact scheme. The oxygen profile intensity as

depicted in Fig. 7(b) is very low across the metal stack

implying that the NiV cap is highly effective in preventing

oxygen diffusion during annealing, which mitigates the

oxidation of the Ti/Al-based metal stack. RTA-induced Al

diffusion to NiV top layer forms polycrystalline AlNiV-

based alloy as seen from EDX profiles. To address the exact

crystalline structure of this alloy, further studies may be

required using x-ray diffraction and Auger electron spectros-

copy. Figure 7(d) shows the interfacial EDX line scan of

100 nm across the Ti/Al/GaN-cap/AlGaN/GaN interfaces

FIG. 7. (Color online) Cross sectional STEM images across the (a) Ti/Al/NiV metal stack with EDX scan line of 350 nm and (b) EDX elemental profile corre-

sponding to the 350 nm line scan. (c) Ti/GaN-cap/AlGaN/GaN interface with EDX scan line of 100 nm and (d) EDX elemental profile corresponding to the

100 nm line scan. The respective scan position of the EDX profile with respective to the TEM images are as indicated with the dashed color lines.
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which is performed along the vertical solid line shown in

Fig. 7(c). Such analysis is performed to study the diffusion

of metal into the GaN-cap/AlGaN barrier. One EDX spot is

taken at every 2-nm step in this case. The EDX elemental

profiles of Ti and Al in Fig. 7(d) reveal that both metals dif-

fuse into the top thin GaN cap layer with intermixing

between GaN, Al and Ti. Such complex ternary or quater-

nary metal compounds of GaN, Ti, and Al nitrides at the

AlGaN/GaN/metal interface reduce the barrier height to

GaN, and consequently, such alloys lead to a lower Ohmic

contact resistance at source/drain.21 The recess etching of

the thin GaN cap layer and partial thinning of the AlGaN

barrier thickness may provide a better contact path for metal

to the 2DEG channel.22 In our HEMT structures, we have

used an undoped AlGaN barrier, a thin AlN spacer and an

undoped GaN cap layer. Due to the presence of such a thin

undoped GaN cap layer on top of the AlGaN layer, the non-

recess Ti/Al/NiV contact stack might not be able to match

the best results reported in the case of Au-based Ohmic con-

tacts. Thus, to further improve the contact resistance using

this scheme, researchers could apply a well-controlled pre-

cise recess etching at the source/drain region. Nevertheless,

the contact resistance value of our Ti/Al/NiV scheme is still

comparable to other reported results.13,23–26

Based on the optimized source/drain Ohmic contacts, the

Schottky gate is then fabricated using Ni/Al (20/200 nm)

metal layers. Figure 8(a) shows the I-V characteristics of Ni/

Al Schottky diode. The Schottky barrier height “/b” and

ideality factor “n” are extracted to be 0.73 eV and 1.48,

respectively, which are comparable to reported Ni-based

contacts on AlGaN/GaN structure.27 A higher ideality factor

(n> 1) indicates that trap-assisted tunnelling mechanism28

might be present while the lower barrier height might be

attributed to interface states in the AlGaN/GaN structure.29

The value n> 1 also signifies the presence of interfacial

native oxide layer and barrier inhomogeneities30 as such het-

erostructures are grown on a larger diameter Si substrate.

Compared to other conventional substrates like SiC or sap-

phire, such large diameter GaN-on-Si epitaxy usually results

in a higher density of vacancy-impurity complexes at the top

AlGaN/GaN interfaces, and therefore, a higher interface trap

density is expected in our samples.

Figure 8(b) shows the capacitance-voltage and conductance-

voltage characteristics of the fabricated Al0.23Ga0.77N/GaN

HEMT using the Ti/Al/NiV Ohmic contact scheme with gold-

free Ni/Al gates. A minor hysteresis effect is observed when

sweeping the gate bias from �5 to 0 V and back to �5 V. The

interface traps density of the AlGaN/GaN interface is analyzed

using the frequency-dependent conductance method31 with the

following equations:

Gp

x
¼ xGmCAlGaN

Gm
2 þ x2 CAlGaN � Cmð Þ2

; (1)

Dit �
2:5

qA

Gp

x

� �
max

; (2)

Gp

x
¼ qDit

2xsit

ln 1þ xsitð Þ2
h i

; (3)

where Gm and Cm are the measured conductance and capaci-

tance using the equivalent parallel model; CAlGaN is the zero

bias accumulation AlxGa1�xN capacitances; x is the fre-

quency; A is the gate area, and q is the electronic charge.

The conductance “Gp/x” versus frequency plot at different

gate biases and the interface state density “Dit” as function

of trap time constant “sit” is shown in Figs. 9(a) and 9(b),

respectively. As the gate bias increases from depletion to

near accumulation, the peak intensity of the Gp/W becomes

larger and the corresponding Dit value increases. The

increase in gate bias induces the 2DEG channel electron to

transfer from the AlGaN/GaN interface to the Schottky gate.

These electrons can trap at AlGaN defect sites. Such

acceptor-type trap states are responsible for the higher Gp/W
intensity and Dit value. The extracted interface trap density

values of 5� 1012–1.8� 1013 cm�2 eV�1, with correspond-

ing time constant of 0.35–1.0 ls, are not only comparable

but also an order of magnitude lower than reported results

with similar AlxGa1�xN/GaN HEMTs.32,33 The trap time

constant reduces exponentially with the increase in energy,

indicating that the trap states are continuum in nature at the

interface. This is in agreement with the reported results

where traps with higher energy levels usually take shorter

time for trapping/detrapping process.32

Figure 10 shows the DC output and transfer characteris-

tics of the Al0.23Ga0.77 N/GaN HEMT devices with gate

width, W¼ 100 lm, Lg¼ 2 lm, and Lgd¼ 3 lm. The fabri-

cated device shows a good pinch-off performance at around

�3 V with a maximum drain current IDmax� 320 mA/mm (at

FIG. 8. (Color online) (a) I-V characteristics of Ni/Al Schottky diodes on

AlGaN/GaN HEMT and (b) capacitance and conductance-voltage character-

istics of AlGaN/GaN HEMT at 1 MHz.

FIG. 9. (Color online) (a) Normalized Conductance “Gp/x” vs frequency

“x” characteristics for different gate biases. (b) Energy distribution of as-

measured interface-trap density Dit and trap time-constant sit.

041217-6 Tham et al.: Gold-free contacts on AlxGa1-xN/GaN HEMT structure 041217-6

J. Vac. Sci. Technol. B, Vol. 34, No. 4, Jul/Aug 2016



VG¼ 2 V) and a maximum transconductance gm� 88 mS/

mm (at VDS¼ 6 V). In addition, these AlGaN/GaN HEMT

devices demonstrate excellent ION/IOFF ratio� 3� 109 (with

a subthreshold swing (SS) of �71 mV/decade), which is

comparable or even higher than previous reports.25,34,35

Such device performance is favorable for high-speed power

switching applications. As shown in Fig. 11, the fabricated

HEMTs exhibit a low gate leakage current at ON-state

(VDS¼ 8 V) with IG¼ 3.2� 10�6 mA/mm at VG¼�20 V.

The low leakage current might be attributed to the lower

thermal processing window which is applied throughout the

fabrication process in this study. The gate leakage may

reduce further if we adopt a metal-insulator-semiconductor

(MIS) type HEMT configuration. Such a low-temperature

Ohmic metal stack scheme would then allow CMOS type

gate-first processing toward the development of low-cost

AlxGa1-xN/GaN MISHEMTs. It has been reported that the

operating temperature of GaN-based depletion mode HEMT

devices is up to 265 �C and direct-coupled FET logic inte-

grated circuits up to 375 �C using enhancement-mode

AlGaN/GaN HEMTs.36,37 In this context, the Au-free Ti/Al/

NiV metal scheme on GaN/AlGaN HEMT has potential to

operate in such high temperature applications. Though the

present device with such contacts might not work at very

high temperature (>500 �C) environment, it is noteworthy to

mention that at such high temperature ambient, the funda-

mental electronic properties change significantly and proper

cooling systems are necessary on the device architectures.

IV. CONCLUSIONS

In summary, we have demonstrated Au-free

Al0.23Ga0.77 N/GaN HEMTs-on-Si(111) using a low-

temperature processed Ti/Al/NiV Ohmic metal stack. A

comparable contact resistance “RC” of�0.8 X mm is

achieved with Ti/Al/NiV (20/200/70 nm) metal layers

annealed at 500 �C for a duration of 30 s. Due to low temper-

ature processing, the devices exhibit very smooth Ohmic

contact topography with a lower OFF-state drain current.

The HEMTs fabricated in this study show excellent switch-

ing performance with an ION/IOFF ratio �3� 109 and a sub-

threhold swing “SS” of �71 mV/decade. The metal

interdiffusion profiles of Ti/Al/NiV stack at the nitride inter-

face are studied using the scanning TEM-EDX analyses. We

believe that the development of such a low-temperature Au-

free Ohmic contact scheme may find its applications in

GaN-on-Si processing with an additional possibility of inte-

gration with a self-aligned process.
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