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Optimizing surface morphology of ohmic contacts on GaN high electron mobility transistors

continues to be a challenge in the GaN electronics industry. In this study, a variety of metal schemes

were tested under various annealing conditions to obtain contacts with optimal qualities. A

Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal scheme demonstrated the lowest contact resistance (Rc)

and a smooth surface morphology, and the mechanisms were investigated by materials analysis. A

Ti/Al/Ti/Ni/Au metal scheme with optimized Ti and Ni thicknesses can result in formation of a larger

proportion of Al-Ni intermetallics and a continuous TiN interlayer, which results in smooth surface

and low Rc. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4862165]

I. INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs)

exhibit excellent device performance because of their inher-

ent material properties. Ohmic contacts on AlGaN/GaN

HEMTs play an important role in the DC and RF perform-

ance of the devices by contributing to higher current density,

lower on-resistance, and less resistive heating. In order to

improve device performance, ohmic contacts should meet

the requirements of low contact resistance (Rc), high thermal

and electrical stability, and smooth surface morphology.

Ohmic contacts with low Rc have been achieved by using

Ti/Al-based metal schemes with high temperature rapid ther-

mal annealing (RTA). Ti/Al/Ni/Au, Ti/Al/Mo/Au, and

Ti/Al/Ti/Au metal schemes have been successful developed

with low Rc.
1–3 The possible mechanisms ohmic contacts

with low Rc involve the interfacial reaction of the Ti/Al

bilayer with the AlGaN/GaN epitaxy structure. Three possi-

ble mechanisms—low Schottky barrier, tunneling, and spike

formation—have been proposed based on the formation of

nitrides (TiN, TixAlN, or AlN) at the metal-GaN

interface.4–6 Experimental results suggest that spike forma-

tion and tunneling are the mechanisms that account for

ohmic contacts with lower Rc.

Low contact resistance (Rc) ohmic contacts on

AlGaN/GaN HEMTs usually exhibit unfavorable surface

morphology, which affects the process yield of the devices.

After high temperature annealing, interdiffusion of ohmic

contact metals results in bumpy surfaces. Several mecha-

nisms have been proposed to explain this phenomenon. For

example, melting and balling up of Al during RTA results in

the formation of Al-Au intermetallics, which have been

viewed as causes of such problematic surface morphology.

Although barrier layers such as Ni, Pt, Mo, and Ti have been

applied in an attempt to block the diffusion of Al and Au,

most have been found ineffective.7,8 A possible mechanism

for the rough surface morphology on a conventional

Ti/Al/Ni/Au metal scheme has been proposed by Gong

et al.9 Nonuniform precipitation of AlNi in the AlAu matrix

is believed to account for the formation of the excessively

rough surface of ohmic contacts on AlGaN/GaN HEMTs.

Several approaches have been tried to improve surface

morphology of ohmic contacts on AlGaN/GaN HEMTs.

Using a Au-free metal scheme, Ti/Al/Cr/Mo/Au metal

scheme, or metal schemes with a thicker Ni layer, research-

ers have demonstrated a high success rate of forming ohmic

contacts on AlGaN/GaN HEMTs with smooth surface mor-

phologies, even at high annealing temperatures.10–12 The

thicknesses of individual metal layers have significant influ-

ence on the interface reaction and surface morphology of the

ohmic contacts on AlGaN/GaN HEMT.13 For instance, the

Ti/Al ratio and Ni/Au ratio have been shown to have influ-

ence on Rc and surface morphology.12,13 Furthermore, the

Ti/Al/Ti/Ni/Au metal scheme has been used to demonstrate

more favorable ohmic behavior compared to a Ti/Al/Ni/Au

metal scheme after insertion of a 10-nm Ti interlayer.14

However, there has not been a detailed study of surface mor-

phology and formation mechanism for the Ti/Al/Ti/Ni/Au

metal scheme. In this work, various metal schemes based on
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Ti, Al, Ni, and Au were designed and tested to achieve

ohmic contacts with smooth surface morphology and low Rc.

The metal schemes were also analyzed by atomic force

microscope (AFM) and transmission electron microscopy

(TEM) to determine a possible formation mechanism.

II. EXPERIMENTAL METHODS

Ohmic contacts were fabricated on an AlGaN/GaN

HEMT epistructure grown on 6-in. Si (111) with an AlN

nucleation layer, 3-lm GaN buffer layer, and 20-nm

Al0.25Ga0.75N barrier layer. The wafers were first cleaned in

acetone (ACE) and isopropyl alcohol (IPA) for 5 min to

remove organic contamination, and native oxides were

removed after soaking in buffer oxide etchant (BOE) for

5 min. Mesa isolation was performed using a dry etch pro-

cess by inductively coupled plasma (ICP) reactor with Cl2
plasma in Ar ambient for 3 min and 20 s. Ohmic regions

were then defined by a lithography process. Before metalli-

zation, the wafers were soaked in 10% HCl solution to

remove native oxides. Then, metal schemes listed in Table I

were deposited by e-gun evaporator. After lift-off of metals,

the wafers were annealed (RTA) at different temperatures

(800, 830, 850, 870, and 900 �C) for 35 s in N2 ambient. A

conventional Ti/Al/Ni/Au (20/120/25/100 nm) ohmic contact

with a thinner barrier layer also was fabricated for compari-

son, and the Rc was measured to be 0.52 X mm on this

wafer.15

Rc of different metal schemes were measured by trans-

mission line method (TLM) with gap spacing of 3, 5, 10, 20,

and 36 lm. Surface morphology was examined for a

10� 10 lm2 area of each metal scheme by Veeco D-3100

AFM and the images of conventional Ti/Al/Ni/Au

(20/120/25/100 nm), Ti/Al/Ni/Au (20/120/100/50 nm), and

Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal schemes were

composed from Nanoscope software. To investigate the

mechanisms for surface morphology and Rc improvement,

cross-section TEM images and scanning-mode TEM images

(STEMs) were obtained by electron dispersive x-ray spec-

troscopy (EDS). Line-scans were analyzed by JEM-2100F

FETEM for Ti/Al/Ni/Au (20/120/100/50 nm) and

Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal schemes.

III. RESULTS AND DISCUSSION

Contact resistances (Rc) for each metal scheme listed in

Table I are measured. Figure 1 shows Rc values for the differ-

ent metal schemes after annealing at various temperatures.

Measurements showed that the Ti/Al/Ti/Au (20/120/100/

50 nm) samples annealed at 800 and 830 �C exhibited

Schottky behavior, so their Rc were not measurable. The

TABLE I. Metal schemes designed in this study (nm).

Ti Al Ti Ni Au

20 120 0 100 50

20 120 20 80 50

20 120 40 60 50

20 120 100 0 50

FIG. 1. (Color online) Contact resistance (Rc) of different metal schemes in

Table I after annealing at various temperatures.

FIG. 2. (Color online) Surface roughness (Rrms) of different metal schemes

in Table I after annealing at different temperatures.

FIG. 3. (Color online) TLM measurement results for the different metal

schemes annealed at 870 �C for 35 s and the conventional ohmic contact

annealed at 800 �C for 60 s. Resistance at zero gap distance was derived by

linear fitting.
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lowest Rc for each metal scheme tended to decrease as the

proportion of Ti interlayer increased. When the Ti/Ni barrier

layer had a thickness of 40/60 nm, the lowest Rc value (0.28

X mm) was achieved, using the Ti/Al/Ti/Ni/Au (20/120/40/

60/50 nm) annealed at 870 �C. For the other metal schemes,

Rc values between 0.5 and 1 X mm were obtained following

annealing at different temperatures. Surface roughness of

each metal scheme after annealing at the various temperatures

is shown in Fig. 2. As shown in Figs. 1 and 2, metal schemes

with smoother surface morphology often resulted in higher Rc

(>2 X mm). On the other hand, metal schemes with Rc< 1 X

mm often resulted in rougher surface morphology. As stated

above, Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) annealed at

870 �C for 35 s demonstrated the lowest Rc of the metal

schemes in this study, and also showed improved surface mor-

phology compared to conventional ohmic contacts. Although

the Ti/Al/Ti/Au (20/120/100/50 nm) metal scheme also

showed a low Rc (�0.5 X mm) after annealing at 900 �C for

35 s, irregular patterns were found on the surface, as also

observed by Mohammed et al.8 To investigate the effects of

Ti and Ni barrier layer thickness, the Ti/Al/Ti/Ni/Au

(20/120/40/60/50 nm) and Ti/Al/Ni/Au (20/120/100/50 nm)

samples annealed at 870 �C for 35 s samples were selected for

further analysis. Figure 3 presents the TLM data for the differ-

ent metal schemes annealed at 870 �C for 35 s, and the data

for the conventional ohmic contact annealed at 800 �C for 60 s

also is plotted for reference. Resistance at zero gap distance

was derived by linear fitting of the other five points. The TLM

data clearly demonstrate the excellent ohmic characteristic of

the Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) scheme after

annealing at 870 �C for 35 s.

FIG. 4. (Color online) AFM scans of (a) conventional ohmic contact

(Ti/Al/Ni/Au (20/120/25/100 nm), (b) Ti/Al/Ni/Au (20/120/100/50 nm), and

(c) Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal schemes after RTA at

870 �C for 35 s. The Rrms values of images with scan size of 10� 10 lm2 are

shown in the figures.

FIG. 5. Cross-section TEM images of (a) Ti/Al/Ti/Ni/Au (20/120/40/

60/50 nm) and (b) Ti/Al/Ni/Au (20/120/100/50 nm) metal schemes after

annealing at 870 �C for 35 s.
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Figure 4 shows the comparison between the surface mor-

phologies of the optimized Ti/Al/Ti/Ni/Au (20/120/40/60/

50 nm), conventional Ti/Al/Ni/Au (20/120/25/100 nm), and

Ti/Al/Ni/Au (20/120/100/50 nm) metal schemes. The conven-

tional Ti/Al/Ni/Au ohmic contact has the roughest surface

morphology with rms roughness (Rrms) of 118.3 nm, and the

Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal scheme shows

significant improvement in surface morphology with Rrms

of 27.6 nm. The Rrms of Ti/Al/Ni/Au (20/120/100/

50 nm) metal scheme was measured as 34.5 nm. In Fig. 4, it is

evident that metal schemes with total barrier layer thicknesses

of 100 nm are more likely to form ohmic contact with surfaces

that are smoother than the conventional one, which has a bar-

rier thickness of only 25 nm. A possible mechanism for these

smoother surface morphologies on metal schemes with thicker

barrier layers will be discussed in the following paragraphs.

TEM analysis of optimized Ti/Al/Ti/Ni/Au (20/120/40/

60/50 nm) and Ti/Al/Ni/Au (20/120/100/50 nm) metal

schemes are shown in Figs. 5 and 6. Figures 5(a) and 5(b)

show the TEM cross-section images of the Ti/Al/Ti/

FIG. 6. (Color online) STEM images of (a) Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal scheme after RTA at 870 �C for 35 s with EDS line-scan result across

the dark region on metal contact (as the arrow shows) and (b) Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal scheme after RTA at 870 �C for 35 s with EDS line-

scan result across the bright region on metal contact (as the arrow shows). TEM image of (c) Ti/Al/Ni/Au (20/120/100/50 nm) metal scheme after RTA at

870 �C for 35 s and its corresponding EDS line-scan result (as the arrow shows).
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Ni/Au (20/120/40/60/50 nm) and Ti/Al/Ni/Au (20/120/100/

50 nm) samples, respectively. The EDS analysis results in

Fig. 6 confirm that the bright grains are mainly composed of

Al and Ni, and the dark regions are mainly composed of Al

and Au. Ti and Au were detected at the metal–GaN interface

in both metal schemes, so the TiN spikes surrounded by Au

may form at the interface, as has been previously reported.5,6

Based on the TEM analysis, it is likely that the bumpy areas

in the AFM image are bright grains composed of Al and Ni

not related to the study or other Ti, Al, Ni, and Au-based

metal schemes. From Figs. 5(a) and 5(b), the main difference

between Ti/Al/Ni/Au (20/120/100/50 nm) and Ti/Al/Ti/

Ni/Au (20/120/40/60/50 nm) is the form of TiN at the inter-

face. TiN spikes can be observed at the metal-GaN interface

of both metal schemes. When these spikes form, they create

a direct contact path to the 2DEG and are more effective at

forming low-Rc ohmic contacts than the thin layered TiN.6

However, there is another continuous TiN layer of �20 nm

thickness between metal contacts and the TiN spikes in the

Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm) metal scheme.

Moreover, a higher Ni ratio in the Ti/Al/Ni/Au

(20/120/100/50 nm) metal scheme facilitates the formation

of Al-Ni grains, resulting in a higher density of bumps on

the surface.

The TEM images in this study [Figs. 5(a) and 5(b)] show

improvement in surface morphology compare with conven-

tional Ti/Al/Ni/Au metal schemes reported before1,6,9

although the so-called “barrier layer” disintegrates and reacts

with Al regardless of the barrier layer thickness. Different

forms of Al-Ni grain precipitates were found after annealing.

While Ni composition increased, large-sized Al-Ni grains

precipitated adjacent to Al-Au grains with similar size rather

than precipitating randomly in the Al-Au matrix. As a conse-

quence, bumps on the surfaces of ohmic contacts with higher

Ni composition had more reproducible heights than the con-

ventional ohmic contacts, as revealed in the AFM and cross-

section TEM images [Figs. 4–5(b)].

Both Ti/Al/Ni/Au (20/120/100/50 nm) and Ti/Al/Ti/

Ni/Au (20/120/40/60/50 nm) metal schemes demonstrated

smoother surface morphology than conventional ohmic con-

tacts, but the Ti/Al/Ni/Au (20/120/100/50 nm) metal scheme

had a higher Rc than the Ti/Al/Ti/Ni/Au (20/120/40/

60/50 nm). The different interface reactions observed in

cross-section TEM images may account for the difference.

As in the conventional Ti/Al/Ni/Au interface reaction, TiN

spikes that are considered to make direct contact paths with

2DEG locally protrude through the AlGaN layer.16

However, the Ti/Al/Ni/Au (20/120/100/50 nm) metal scheme

exhibited a higher Rc than the conventional Ti/Al/Ni/Au

ohmic contacts. This is attributed to the formation of a

higher proportion of Al-Ni inter-metallics, which have been

reported in a previous study17 to be more electrically resis-

tive than the Al-Au intermetallics after annealing in the

Ti/Al/Ni/Au (20/120/100/50 nm) metal scheme.17 In other

words, a higher percentage of Al-Ni intermetallics forming

after annealing can improve the contact’s surface morphol-

ogy, at the cost of raising the Rc. Although highly resistive

Al-Ni intermetallics are bulk of the Ti/Al/Ti/Ni/Au

(20/120/40/60/50 nm) metal scheme after annealing, the

metal scheme still demonstrated excellent ohmic characteris-

tics. This may be due to the interface reactions, which form

a continuous TiN layer of �20 nm thickness in addition to

the TiN spikes. The formation of this thick and continuous

TiN layer is related to the insertion of a 40-nm Ti interlayer

that consumes the AlGaN layer, such that the formation of

TiN is not limited to local protrusions but also forms a con-

necting stripe at the interface. Formation of this TiN layer

possibly results in lower Rc than the Ti/Al/Ni/Au

(20/120/100/50 nm) metal scheme because of higher concen-

tration of nitrogen vacancies generated due to the consump-

tion of the AlGaN layer and consequent facilitation of the

tunneling mechanism. Moreover, with the Ti interlayer lying

between the Al and Ni layers, a smaller proportion of Al-Ni

intermetallics was observed in Ti/Al/Ti/Ni/Au (20/120/40/

60/50 nm) than in Ti/Al/Ni/Au (20/120/100/50 nm). The Ti

interlayer may be blocking interdiffusion between the Al and

Ni layers in this case.

IV. CONCLUSIONS

In summary, the most promising metal scheme we tested

was Ti/Al/Ti/Ni/Au (20/120/40/60/50 nm), for which we

achieved a low Rc of 0.28 X mm with improved surface mor-

phology (Rrms 27.6 nm) after annealing at 870 �C for 35 s.

Metal schemes with thicker barrier layers effectively reduced

surface roughness. Larger Al-Ni intermetallics were observed

alongside Al-Au intermetallics after annealing instead of

small Al-Ni precipitates randomly distributed in the matrix of

the metal contact, which may contribute to smoother surfaces

with lower Rc. However, as the proportion of the Ni layer

increased, formation of excess Al-Ni intermetallics resulted in

rougher surfaces and higher Rc. Consequently, it is necessary

to optimize Ti and Ni layer thicknesses within the metal

scheme to keep surface morphology smooth and reduce Rc, by

controlling the proportion of more resistive Al-Ni intermetal-

lics in the film and facilitating the tunneling mechanism

through a thick nitride at the interface.
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