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The effects of plasma treatment on the surface properties of Si-doped Al
0.5

Ga
0.5

N were studied by X-ray 
photoelectron spectroscopy and metal contact measurements. Plasma treatment resulted in a N-deficient 
nonstoichiometric AlGaN surface with an increased O concentration and large red shifts of photoelectron 
peaks. The red shifts remained after removal of the surface oxide, indicating a downward shift of the sur-
face Fermi level as a result of ion-induced compensating defects. Pre-metal plasma treatment led to more 
rectifying electrical characteristics of Ti/Al/Ti/Au contacts. Current–voltage characterization at elevated 
temperatures revealed strong compensating effects of the plasma damage in Al

0.5
Ga

0.5
N even at 300 °C. 

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

In recent years, there has been increasing interest in AlGaN-based light-emitting diodes (LEDs) and 

photodetectors operating in the deep-ultraviolet (UV) regime [1–5]. Plasma etching is an essential step 

in the fabrication of these deep-UV devices because a mesa structure must be defined for structures 

grown on insulating substrates such as sapphire. Low-damage etching processes are desirable as plasma 

damage may increase surface leakage and recombination [6]. Very little effort has been directed toward 

an understanding of the nature of plasma damage in AlGaN, particularly AlGaN with high Al mole frac-

tions. 

 It is also important to understand the effects of plasma etching on the characteristics of ohmic contacts 

to AlGaN since the n-type electrode of UV LEDs is typically formed on the plasma-etched surface. Pre-

vious studies showed that plasma treatment increased the surface doping level in n-type GaN and low-Al 

content AlGaN due to preferential sputtering of N atoms [7–11]. Low-resistance ohmic contacts can be 

formed on n-GaN exposed to plasma even without annealing [9, 10]. As the Al mole fraction and thus 

the energy bandgap increases, it is increasingly difficult to produce low-resistance ohmic contacts to 

AlGaN [12]. It is of high interest to find out if plasma damage has the same beneficial effects on metal 

contacts to AlGaN with high Al mole fractions. 

 In this paper, the surface chemical and electronic properties of plasma-treated n-Al0.5Ga0.5N are stud-

ied by X-ray photoemission spectroscopy (XPS) and electrical contact measurements, respectively. It is 

found that plasma treatment of Al0.5Ga0.5N results in a N-deficient but compensated surface, degrading 

the quality of ohmic contacts. 
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2 Experimental details 

A 1 µm thick Si-doped (nSi = 5 × 1018 cm–3) Al0.5Ga0.5N epilayer was grown on 2′′ c-plane sapphire with a 

0.5 µm AlN template using metalorganic chemical vapor deposition. The Al mole fraction was determined 

by the Ga and Al source flow rates, and the value measured by X-ray diffraction (XRD) was within 4% of 

nominal. The optical absorption edge was measured to be 4.88 eV. The room-temperature electron concen-

tration and mobility, as determined by Hall measurements, were 2.7 × 1018 cm–3 and 50 cm2/vs, respectively. 

 Three different samples were prepared by dicing the 2′′ wafer into three equal pieces. All the samples 

were chemically cleaned using HCl:H2O (1:1) and buffered oxide etch (BOE) solutions. The first, with-

out further treatment, was used as the control. The second sample was etched in a Cl2/BCl3 inductively 

coupled plasma (ICP) for 1 min using a typical AlGaN etching recipe (5 mTorr base pressure, 300 W 

source power and 40 W rf chuck power). The etch rate was found to be 145 nm/min, as compared to 

225 nm/min for GaN under the same condition. The third sample was exposed to an Ar ICP for 1 min 

(8 mTorr base pressure, 500 W source power and 150 W rf chuck power). The samples were character-

ized using XPS in an Axis Ultra delay-line detector system equipped with a monochromated Al K
α
  

X-ray source. The Ga-3d, Al-2p, N-1s and O-1s peaks were recorded and the surface carbon, as repre-

sented by the C-1s peak, was used for calibration. To investigate surface electronic properties, a metal 

stack of Ti/Al/Ti/Au (30/120/30/200 nm) was deposited on the control and plasma-exposed samples 

using e-beam evaporation, and circular transmission-line-method (TLM) patterns with 5–45 µm gaps 

were formed by liftoff. The samples were then further cleaved into sections for 1 min rapid thermal an-

nealing in N2 at temperatures in the range of 600–1000 °C. Current–voltage (I–V) characteristics of the 

contacts were measured before and after the annealing using the four-point probe technique. In some 

cases, the I–V measurements were carried out at elevated temperatures up to 300 °C. 

3 Results and discussion 

3.1 Surface chemical analyses 

Angle-dependent XPS measurements were carried out to determine the chemical composition profiles at 

the near-surface. At large angles, photoelectrons from the bulk are dominant, whereas at small angles the 

signal mainly originates from the surface. Figure 1 shows the integrated intensities of the Ga-3d, Al-2p,  
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Fig. 1 Integrated intensities of Ga-3d, Al-2p, and O-1s photoelectron peaks normalized to the integrated 
N-1s intensity, as a function of electron escape angle, for (a) as-grown and (b) Ar plasma treated 
Al

0.5
Ga

0.5
N samples. 
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and O-1s spectra normalized to the N-1s intensity as a function of electron escape angle. As seen in 

Fig. 1(a), the O concentration in the control sample is low, indicating that the native oxide was largely 

removed by the wet chemical clean. While the composition distribution of Ga is nearly constant, the  

Al-2p, and O-1s intensities exhibit a considerable increase at small angles. The latter suggests a non-

stoichiometric AlGaN surface with Al–O rich and Ga–N deficient composition. After Ar plasma treat-

ment, the O-1s intensity increases sharply, as shown in Fig. 1(b). The steep increases in the Al-2p, O-1s 

and Ga-3d at small angles indicate N is depleted in the topmost layer. The N-deficiency resulted from 

preferential sputtering of N during the plasma treatment, creating N vacancies. It has been found that ion-

induced N vacancies in GaN act as shallow donors, leading to highly conductive n-GaN surfaces [7–11]. 

or compensated p-GaN surfaces [13]. In this work, we find that N vacancies act as deep-level states in 

high-Al content AlGaN, as detailed below. 

 Figure 2 shows the spectra of the O-1s photoelectrons. The integrated intensity of the plasma-treated 

sample is ∼6.9 × higher than that of the control sample. The amount of oxygen incorporation is higher 

than that has been observed in GaN materials upon plasma treatment [10, 14]. This is due in part to the 

higher propensity of AlN than GaN toward oxidation [15]. The O incorporation may occur during the 

plasma process due to the presence of residual O in the chamber. It may also take place during the subse-

quent exposure to ambient atmosphere [14]. The plasma-treated surface has a higher tendency to oxidize 

due to the preferential loss of N, leading to a nonstoichiometric surface with unsatisfied Al and Ga 

bonds. As seen in Fig. 2, the O-1s peak for the plasma-treated sample is asymmetrical with a shoulder at 

the higher binding energy, indicating unequal amounts of the Al–O and Ga–O components. The overall 

peak exhibits a significant red shift with respect to the peak for the control sample. To remove the sur-

face oxide, the plasma-treated sample was etched in a HCl:H2O (1:2) solution. The O-1s peak for the 

HCl-etched sample is also shown in Fig. 2. The peak intensity is markedly reduced, but the red shift is 

retained. 

 Figure 3 shows the XPS spectra of the Ga-3d core level for the control and plasma-treated samples, as 

well as the sample treated by plasma and HCl. The spectrum for the control sample corresponds to a 

dominant Ga–N component. Again, the Ga-3d spectrum of the plasma-treated sample is broad and 

asymmetrical, presumably due to an increased Ga–O component, which has a higher bonding energy 

than Ga–N. The Ga-3d peaks display a large shift toward the lower binding energy after the plasma and 

chemical treatments, from 20.13 eV to 19.45 eV, implying a 0.68 eV downward move of the Fermi level  
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Fig. 2 XPS spectra of the O-1s core level for as-
grown, Ar plasma-treated, and Ar plasma/HCl 
treated Al

0.5
Ga

0.5
N samples. 

Fig. 3 XPS spectra of the Ga-3d core level for as-grown, 
Ar plasma-treated, and Ar plasma/HCl treated Al0.5Ga0.5N 
samples. 
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away from the conduction band at the surface. This is in sharp contrast to what has been observed in 

plasma-treated n-type GaN and low-Al AlGaN, where the Ga3d peak has been found to shift toward the 

higher binding energy, indicating that the surface Fermi level moves closer to the conduction band edge 

[10, 11, 14]. Interestingly, the removal of surface oxide by HCl has minimal impact on the peak shift. 

This suggests that the Fermi level movement arises from the change in bulk properties near the surface 

rather than surface oxidation. It is plausible that the energy level of plasma-induced defects in AlGaN, 

including N vacancies, deepens with increasing Al mole fraction, and plasma treatment introduces com-

pensating defects rather than shallow donors in Al0.5Ga0.5N. The defects tend to pin the Fermi level, lead-

ing to a downward shift of the surface Fermi level. 

 The asymmetrical feature is even more noticeable in the Al-2p spectrum for the plasma-treated 

Al0.5Ga0.5N as illustrated in Fig. 4. The control spectrum exhibits a single component Al-2p peak corre-

sponding to Al–N bonds. The full width at half maximum of the peak is ∼1.1 eV. The peak for the 

plasma-treated surface is much broader, and can be decomposed into two major Gaussian peaks, with the 

higher binding energy peak corresponding to Al–O. The chemical shift between the two peaks is 

∼1.0 eV, in good agreement with previous reports [16, 17]. As also seen in Fig. 4, the post-treatment HCl 

cleaning nearly eliminates the Al–O component. The spectrum exhibits a single-component peak corre-

sponding to Al–N, with a redshift of ∼0.6 eV with respect to the control Al-2p peak. 

3.2 Electrical characterization 

To gain insight into the effects of plasma treatment on surface electronic properties of AlGaN, the char-

acteristics of ohmic contacts formed on the control and treated samples were examined. Figure 5(a) 

shows the I–V characteristics of the contacts on the control Al0.5Ga0.5N sample after annealing at various 

temperatures ranging from 600–1000 °C. The as-deposited contact exhibits leaky Schottky characteris-

tics, and the annealed contacts remain Schottky. Annealing at 600 °C and 700 °C actually degrades the 

I–V characteristics slightly. The current peaks at 800 °C, but is only slightly higher than that in the as-

deposited contact. The solid-phase reactions, which take place during the annealing are believed to be 

similar to the case of Ti-based contacts to n-GaN [6, 18]. They may include (i) the dissolution of remain-

ing native oxides by Ti; (ii) the outdiffusion of N and the subsequent formation of a N-deficient interfa-

cial layer; (iii) the formation of low-work function Ti–N and other interfacial alloys. The degraded I–V 

characteristics for the contacts annealed above 800 °C suggest that the interfacial reactions, including N 

outdiffusion, may have an adverse effect on the contact property. 

Fig. 4 XPS spectra of the Al-2p core level for as-grown, 
Ar plasma-treated, and Ar plasma/HCl treated Al

0.5
Ga

0.5
N 

samples. 
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Fig. 5 (online colour at: www.pss-a.com) (a) I–V characteristics of Ti/Al/Ti/Au contacts to as-grown 
Al

0.5
Ga

0.5
N after annealing at various temperatures in N

2
, (b) I–V characteristics of the 900 °C-annealed 

Ti/Al/Ti/Au contact measured at 25–300 °C. 
 
 Figure 5(b) shows the I–V characteristics of the contact annealed at 900 °C and measured at temperat-

ures from 25–300 °C. The contact becomes ohmic at 250 °C, with a specific contact resistance of 

2.6 × 10–3 Ω cm2. As the temperature increases, both thermionic emission over the Schottky barrier and 

electron tunneling across the barrier increase. While the ionization energy of Si in AlGaN increases with 

increasing Al content, it remains very low in Al0.5Ga0.5N, ∼12 meV [19]. Si acts as a shallow donor in 

Al0.5Ga0.5N and is almost fully ionized even at room temperature. The ohmic behavior of the contact is 

therefore due largely to more efficient thermionic emission at elevated temperatures. 

 Figure 6(a) and (b) compares the I–V characteristics of the contacts on Cl2/BCl3 and Ar plasma-

treated samples before and after annealing at 900 °C. The I–V curves of the contacts on the control sam-

ples are also shown for comparison. The plasma treatment significantly degrades the contact characteris-

tics. The contacts on the plasma-treated samples become more rectifying, indicating a decreased surface 

conductivity as a result of the plasma exposure. This is in contrast  to the previous findings that plasma  
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Fig. 6 I–V characteristics of Ti/Al/Ti/Au contacts to plasma-treated Al
0.5

Ga
0.5

N (a) before and (b) after 
annealing at 900 °C in N

2
. 
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Fig. 7 (online colour at: www.pss-a.com) I–V characteristics of Ti/Al/Ti/Au contacts to plasma-treated 
Al

0.5
Ga

0.5
N, annealed at 900 °C in N

2
 and measured at 25–300 °C. 

 
treatment improves the contact quality on GaN due to ion-induced N vacancies acting as shallow donors 

in GaN [10, 11]. Note that Ar plasma has a greater impact on the electrical properties of the contacts than 

Cl2/BCl3 plasma. This is because that, during the Ar plasma treatment, a higher flux of more energetic 

ions is involved and plasma damage is accumulating with little concurrent etching of the material. 

 Since the surface oxide can largely be dissolved by Ti during the anneal, we do not think it accounts 

for the degraded performance of the contacts on plasma treated surfaces. The deteriorated contact charac-

teristics can be explained by the above XPS analysis results. The characterization of the surface bonding 

states shows a downward shift of the surface Fermi level in plasma-treated Al0.5Ga0.5N, suggesting that 

plasma-induced defects act as deep-level states, pinning the Fermi level. As a result, the Schottky barrier 

is increased and current conduction via tunneling is suppressed, leading to more rectifying contact char-

acteristics. As seen in Fig. 6, the damage can not be completely removed by annealing at 900 °C. 

 Figure 7 shows the I–V characteristics of the contacts formed on the Cl2/BCl3 and Ar plasma treated 

samples, annealed at 900 °C and measured at elevated temperatures. The contact to Cl2/BCl3 treated 

sample improves with increasing ambient temperature, and becomes ohmic at 300 °C. However, the  

I–V characteristics of the contact to the Ar plasma-treated sample remain nonlinear at 300 °C, suggesting 

strong compensation effects even at this temperature. These findings emphasize the need to mitigate 

plasma damage introduced during the mesa etch step for AlGaN-based deep-UV emitters and detectors. 

4 Conclusions 

In summary, the surface chemical and electronic properties of plasma-treated Al0.5Ga0.5N were studied. 

XPS analyses revealed a N-deficient nonstoichiometric surface, which can be readily oxidized. Ion-

induced damage can not be annealed out at 900 °C and acts as deep-level compensation centers in 

Al0.5Ga0.5N, leading to a downward shift of the surface Fermi level and a reduced surface conductivity. 

Pre-metal plasma treatment results in more rectifying electrical characteristics of Ti/Al/Ti/Au contacts to 

n-Al0.5Ga0.5N. Increasing in-situ Si doping and minimizing plasma damage are therefore essential for 

producing good-quality ohmic contacts to AlGaN with high Al mole fractions. 
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