
 

 

 
Find more research and scholarship conducted by the Erik Jonsson School of Engineering and Computer Science here. This 
document has been made available for free and open access by the Eugene McDermott Library. Contact 
libwebhelp@utdallas.edu for further information. 

 

  

 
 
 

Erik Jonsson School of Engineering and Computer Science 
 
2014-10 
 
 
A Crystalline Oxide Passivation for Al₂O₃/AlGaN/GaN 

 

UTD AUTHOR(S):  Xiaoye Qin, Hong Dong, Jiyoung Kim and Robert M. 
Wallace 

 

©2014 AIP Publishing LLC 

 

Qin, X., H. Dong, J. Kim,  and R. M. Wallace. 2014. "A crystalline oxide passivation for 
Al₂O₃/AlGaN/GaN." Applied Physics Letters 105(14): 141604-1 to 5. 

http://libtreasures.utdallas.edu/xmlui/handle/10735.1/1527
http://www.utdallas.edu/library
mailto:libwebhelp@utdallas.edu
http://www.utdallas.edu/
http://libtreasures.utdallas.edu/xmlui/
http://www.utdallas.edu/
http://libtreasures.utdallas.edu/xmlui/
http://libtreasures.utdallas.edu/xmlui/


A crystalline oxide passivation for Al2O3/AlGaN/GaN
Xiaoye Qin, Hong Dong, Jiyoung Kim, and Robert M. Wallace 
 
Citation: Applied Physics Letters 105, 141604 (2014); doi: 10.1063/1.4897641 
View online: http://dx.doi.org/10.1063/1.4897641 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/14?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Interface trap evaluation of Pd/Al2O3/GaN metal oxide semiconductor capacitors and the influence of near-
interface hydrogen 
Appl. Phys. Lett. 103, 201607 (2013); 10.1063/1.4827102 
 
Effects of interface oxidation on the transport behavior of the two-dimensional-electron-gas in AlGaN/GaN
heterostructures by plasma-enhanced-atomic-layer-deposited AlN passivation 
J. Appl. Phys. 114, 144509 (2013); 10.1063/1.4824829 
 
Effective passivation of In0.2Ga0.8As by HfO2 surpassing Al2O3 via in-situ atomic layer deposition 
Appl. Phys. Lett. 101, 172104 (2012); 10.1063/1.4762833 
 
Comparison of the self-cleaning effects and electrical characteristics of BeO and Al2O3 deposited as an interface
passivation layer on GaAs MOS devices 
J. Vac. Sci. Technol. A 29, 061501 (2011); 10.1116/1.3628546 
 
Sub-nm equivalent oxide thickness on Si-passivated GaAs capacitors with low Dit 
Appl. Phys. Lett. 99, 052102 (2011); 10.1063/1.3615680 
 
 

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1940596036/x01/AIP-PT/Keysight_APLArticleDL_121714/en_keysight_728x90_3325-2Pico.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Xiaoye+Qin&option1=author
http://scitation.aip.org/search?value1=Hong+Dong&option1=author
http://scitation.aip.org/search?value1=Jiyoung+Kim&option1=author
http://scitation.aip.org/search?value1=Robert+M.+Wallace&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4897641
http://scitation.aip.org/content/aip/journal/apl/105/14?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4827102?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4827102?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/14/10.1063/1.4824829?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/14/10.1063/1.4824829?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/17/10.1063/1.4762833?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/29/6/10.1116/1.3628546?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/29/6/10.1116/1.3628546?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/5/10.1063/1.3615680?ver=pdfcov


A crystalline oxide passivation for Al2O3/AlGaN/GaN
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In situ X-ray photoelectron spectroscopy and low energy electron diffraction are performed to

study the formation of a crystalline oxide on the AlGaN surface. The oxidation of the AlGaN

surface is prepared by annealing and remote N2þO2 plasma pretreatments resulting in a stable

crystalline oxide. The impact of the oxide on the interface state density is studied by capacitance

voltage (C-V) measurements. It is found that a remote plasma exposure at 550 �C shows the

smallest frequency dispersion. Crystalline oxide formation may provide a novel passivation method

for high quality AlGaN/GaN devices. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897641]

Nitride-based AlGaN/GaN high electron mobility tran-

sistors (HEMTs) are ideal for high-frequency, high power,

and high temperature devices.1 However, a large leakage

current is a key limitation in device applications.2 To address

this issue, a typical method entails the insertion of an insula-

tor (typically oxides such as Al2O3 and HfO2) layer between

the gate metal and AlGaN, producing a MOSHEMT struc-

ture.3,4 An Al2O3 amorphous dielectric layer, deposited by

atomic layer deposition (ALD), is often employed for gate

isolation in III-V transistors due to (i) the large band gap

(8.7 eV), (ii) high breakdown field (10 MV/cm), (iii) a rela-

tively high dielectric constant (k� 10), and (iv) the reduction

of native oxides by the ALD process as well as a barrier to

subsequent surface reoxidation resulting in interfacial bond-

ing disorder.5,6 The ALD of Al2O3 also offers well controlled

growth rates and high aspect ratio conformal growth.

However, the quality of the Al2O3/AlGaN interface remains

a challenge.7–9 In contrast, Miao et al.10 recently proposed

the possibility of an energetically favorable 2 monolayer

(ML) crystalline oxide structure obeying the electron count-

ing rule (2 ML EC)11 on GaN and AlN using first-principles

simulations. In that work, it was noted that the “2 ML EC”

structure was likely to form under realistic oxidation condi-

tions and has a relatively low density of surface states within

the band gap. Moreover, partially ordered oxide structures

have been reported to form on GaN upon O2 exposure at

550 �C.12 However, the impact of oxidation of AlGaN on

device performance is still under much debate with appa-

rently contrasting experimental outcomes.13,14 Additionally,

the prospect of a high quality interfacial passivation layer,

stable to high-k ALD processes, may enable improve

MOSHEMT performance.

To examine this possibility, we employ in situ mono-

chromatic X-ray photoelectron spectroscopy (XPS) and low

energy electron diffraction (LEED) characterization to study

the interfacial chemistry and structure of the oxidation of

AlGaN by annealing and remote N2þO2 plasma treatments.

A stable crystalline oxide layer, �2 ML thick, is detected on

the AlGaN surface pretreated by the remote plasma at

550 �C. Unlike the case for III-arsenides,15 the ordered oxide

appears to persist upon subsequent exposure to aggressive

ALD precursors at 300 �C. Frequency dependent C-V

measurements confirm that the crystalline oxide layer

reduces the interface state density for ALD-Al2O3 on AlGaN

significantly.

Metal organic chemical vapor deposited Al0.25Ga0.75N

(30 nm)/GaN (1.2 lm) layer on a p-type Si(111) substrate

HEMTs wafers obtained from DOWA Electronics Materials

(Tokyo, Japan) were used in this study. The AlGaN orienta-

tion was (0001). Four samples (�1� 1 cm2) from the same

wafer were first solvent cleaned in acetone, methanol, and

isopropanol for 1 min each to reduce surface organic con-

tamination and then introduced to an ultra-high vacuum

(UHV) cluster system described in detail elsewhere.15

Sample “A” consisted of a native oxide AlGaN/GaN/Si con-

trol sample. Sample “B” was exposed to a N2:O2 anneal (45

sccm N2þ 0.5 sccm O2) at 550 �C for 10 min in a connected

UHV preparation chamber. Samples “C” and “D” were

exposed to a N2:O2 remote plasma (45 sccm N2þ 0.5 sccm

O2) at 300 �C and 550 �C for 10 min, respectively, in the

same preparation chamber. After these pretreatments, in situ
XPS and LEED were performed on all samples. Then, the

samples were transferred to a Picosun ALD reactor through a

transfer tube (operating pressure: 1� 10�10 mbar) to avoid

spurious atmospheric contamination followed by exposure to

one pulse of Tri-methyl Aluminum (TMA). Then, in situ
XPS and LEED were again performed for on all samples

after they were similarly transferred to analysis chamber.

After subsequent exposure to 20 and 80 full ALD cycles

(total 100 cycles) of Al2O3, XPS was performed again to

monitor the chemical changes at interfaces. All ALD was

performed using TMA and H2O as precursors. One full ALD

cycle was 0.1 s TMAþ 4 s purgeþ 0.1 s H2Oþ 4 s purge.

High purity (99.999%) N2 (200 sccm) was used as the pre-

cursor carrier and purging gas. The working pressure of the

ALD reactor was �10 mbar and the Al2O3 deposition tem-

perature was 300 �C.

After the total of 100 cycles (�10 nm) of ALD Al2O3,

the samples were taken out of the deposition and analysis

system for diode fabrication. Ohmic contact regions were

defined first by standard photolithography and contact

regions to the AlGaN layer were opened by 20 s BCl3
a)Electronic mail: rmwallace@utdallas.edu
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(15 sccm)/Ar (5 sccm) reactive ion etching (RIE). It was

verified that the RIE removed the �10 nm Al2O3 and �2 nm

AlGaN by ex situ ellipsometry and XPS. The ohmic contacts

(resistivity q� 1� 10�6 X cm2) were formed by e-beam

evaporation deposition (base pressure� 1� 10�6 mbar) of

Ti/Al/Ni/Au (20 nm/100 nm/50 nm/50 nm) followed by rapid

thermal annealing at 850 �C for 30 s with 2000 sccm N2 after

patterning by lift off.16 Circular gate electrodes were then

defined, followed by e-beam deposition of Ni/Au (50 nm/

100 nm) and lift off. C-V measurements were performed by

an Agilent 4284 LCR meter with step of 0.02 V and AC

modulation voltage of 50 mV with sweep frequencies vary-

ing from 5 to 400 kHz.

XPS was carried out using a monochromated Al Ka1

(h�¼ 1486.7 eV) X-ray source, equipped with a 7 channel

analyzer, using a pass energy of 15 eV, with all scans taken

at 45� with respect to the sample normal. XPS peak deconvo-

lution was accomplished using a Analyzer software with a

detailed peak fitting procedure described elsewhere.17 All

peaks were referenced to the N 1s peak at 397.0 eV to com-

pensate for any changes in the peak core level positions due

to band bending.

Fig. 1 shows in situ N 1s and Ga LMM Auger spectra for

samples A, B, C, and D. The spectra for sample A are shown

for reference with the N-Ga/Al N1s peaks (set at 397.0 eV), and

the Ga L2M45M45 Auger feature (spanning� 392–398 eV).18

As shown in Fig. 1(a), the N 1s and Ga LMM spectra for the

samples A and B overlap fully, clearly showing that the 550 �C
annealing pretreatment in the 45 sccm N2þ 0.5 sccm O2 flow

does not change the chemical state of nitrogen or the Ga/N ratio

(Ga LMM area/N 1s area). However, an obvious peak at

402 eV, corresponding to N-O bonding for sample B,19 is

detected (Fig. 1(b)). The detection of N-O bonding indicates

that the oxidation layer generated by the 300 �C plasma does

not conform to the proposed “2 ML EC” structure that does not

formally contain N-O bonds,10 as seen in Fig. 1(e). Apart from

the N-O bonding, a feature at 398 eV is also detected, which

likely originates from Ga/Al-ON20 and N-C(H).21 However,

since the C 1s intensity for sample C is near the XPS detection

limits (see Fig. S1 in the supplementary material22) and the

intensity of N-C(H) is very low according to our previous study

for in situ N2 and forming gas plasma pretreatments on

AlGaN.21 This observation leads to the conclusion that the fea-

ture mainly originates from Ga/Al-ON bonding. In contrast,

there is no evidence of N-O or Ga/Al-O-N feature detected for

sample D (Fig. 1(c)), which is in agreement with the proposed

“2 ML EC” model.10 These results indicate that the 550 �C is

likely able to oxidize the AlGaN surface to saturation, similar

to that reported previously for GaN.12 It is noted that the

Ga/Al-N peak intensity for samples C and D (Figs. 1(b) and

1(c)) is lower than that for sample A, but the Ga LMM Auger

feature intensity remains constant for all samples, indicating

that the N intensity is attenuated by the oxide/oxynitride present

on the surface of samples C and D, which will be discussed

further below.

Fig. 2 shows that the in situ normalized Ga 2p3/2 and Al

2p spectra for samples A, B, C, and D. Consistent with our

prior work,21,23,24 the Ga 2p3/2 spectra from sample A show

two peaks, indicative of Ga-N (at 1117.8 eV) from the

AlGaN substrate and the presence of a Ga3þ oxidation state

(1118.5 eV) from the surface. Additionally, the Al 2p spectra

for sample A also show two peaks consistent with Al-N

bonding (at 73.5 eV) and Al-O bonding (at 74.4 eV). It is

noted that the “2 ML EC” model of the oxidation layer of

GaN/AlN consists of Ga-O/Al-O, while Ga-Ga/Al-Al or

Ga/Al-ON bonds should not be detected in the structure.10

The same spectral fitting parameters are used as in previous

work21,23,24 and the ratios of Ga-O(N)/Ga-N and Al-O(N)/

Al-N are shown in Table I. The estimated error of ratio is

based on the fitting procedure.21,23 The 550 �C annealing

pretreatment results in a slight increase of the Ga-O and

Al-O concentrations (Table I). Larger Ga-O and Al-O con-

centrations are detected from samples C and D compared to

B due to the remote plasma exposure, while the 550 �C
plasma pretreatment does not contribute to additional oxide

formation than the 300 �C remote plasma pretreatment.

Although the Ga/Al-ON state is clearly detected from

the N 1s spectra for sample C, it is complicated to decon-

volve the Ga/Al-ON from Ga 2p3/2/Al 2p due to ambiguous

Ga-ON peak parameters (such as the associated binding

FIG. 1. In situ XPS spectra of the N 1s and Ga LMM for samples A, B, C,

and D. Schematic of the side view of (d) clean and (e) 2 ML EC AlGaN

(0001) structures.

FIG. 2. In situ XPS spectra of the normalized Ga 2p3/2 and Al 2p for samples

A, B, C, and D.
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energy25). Therefore, the fitting for sample C is still based on

the two peaks for a consistent fit in this work. The concentra-

tion of Ga-ON could be evaluated simply by the intensity of

Ga-ON in N 1s in Fig. 1(b). Assuming that Ga-ON contrib-

utes entirely to the peak at 398 eV (Fig. 1(b)), the concentra-

tion of Ga-ON is �17% of the oxide/oxynitride on sample C.

From XPS thickness calculations, based on the attenuation

of N 1s spectra in Figs. 1(b) and 1(c), a �0.3 nm oxide layer

for samples C and D is detected, indicating that almost 1 ML

of nitrogen on samples C and D is replaced by oxygen from

the remote plasma process and 2 ML of oxide is formed

which is consistent with the “2 ML EC” structure,10 as seen

in Figs. 1(d) and 1(e). Further discussions on the C 1s and O

1s spectra are shown in the supplementary materials.22

The LEED characterization, which is sensitive to the

surface atomic order, is performed to evaluate the surface

structure for samples A, B, C, and D. Fig. 3(a) shows the

LEED pattern for the sample A as reference, which shows a

sharp (1� 1) hexagonal pattern indicative of the AlGaN sur-

face, albeit with a 0.8 6 0.2 ML nonuniform physisorbed

carbon contamination layer. The (1� 1) pattern is consistent

with LEED patterns from as exfoliated MoS2 (Ref. 26) as a

reference sample, and details are included in the supplemen-

tary materials,22 indicating an unreconstructed (1� 1)

structure. The carbon coverage is calculated from XPS inten-

sity.21 Fig. 3(b) also shows the same hexagonal pattern as the

sample A, indicating that the annealing pretreatment does

not change the surface structure. It should be noted that

samples A and B do not correspond to the clean surface

shown in Fig. 1(a). However, the oxygen on the surfaces of

samples A or B, which is less than 1 ML,23 does not change

the (1� 1) surface structure. This is also observed by

Bermudez by comparison of clean and O2 exposed surfa-

ces.27 The possible adsorption site for oxygen on the surface

is at the “on top” or fcc position.28 However, a LEED pattern

in Fig. 3(c) for sample C does not show any ordered struc-

ture, suggesting that the 300 �C plasma pretreatment pro-

duces an amorphous oxide/oxynitride layer. Considering the

presence of the Ga-ON and N-O bonding in Fig. 1(b), the

surface is likely disordered as a result of the incomplete oxi-

dation at the 300 �C plasma pretreatment. In contrast, a sharp

hexagonal pattern for sample D is observed in Fig. 3(d),

which is the direct evidence of ordered oxide layer. Thus, the

formation of the crystalline oxide is temperature dependent.

Dong et al.12 also reported the same temperature dependent

phenomenon for the in situ oxidization of GaN by molecular

oxygen. However, it should be noted that the LEED pattern

observed by Dong et al. corresponds to a (3
ffiffiffi

3
p
� 3

ffiffiffi

3
p

-R30�)
reconstruction and is likely due to the existence of a Ga

bilayer on the starting surface.12 To summarize, the oxida-

tion of AlGaN can be achieved by 300 �C and 550 �C plasma

pretreatments, while the 550 �C plasma pretreatment contrib-

utes to an order crystalline oxides exhibiting a (1 � 1) LEED

pattern which is consistent with the proposed “2 ML EC”

surface oxide structure proposed by Miao et al.,10 which is

expected to reduce the interface state density (Dit).

Punkkinen et al.29 recently proposed that an ordered,

well-defined crystalline oxide layer on InAs has the potential

to provide defect-free interface enabling a new method

for metal oxide semiconductor field-effect transistors

(MOSFETs) and tunnel field-effect transistors (TFETs)

applications. The stability of that crystalline oxide layer on

InAs(100), prepared by in situ thermal anneal in O2 atmos-

phere, upon exposure to ALD has also been investigated

with in situ XPS and LEED.30 Although the oxidation pro-

cess produces an ordered (3� 1)-O reconstruction on InAs,

this oxide layer could be reduced easily by even one pulse of

TMA due to the “clean-up effect.” In contrast, the crystalline

oxide on sample D is stable upon such ALD exposures, and

is discussed further in the supplementary materials.22

In order to evaluate the Dit of Al2O3/AlGaN/GaN inter-

face for these pretreatments, the corresponding Al2O3

(�10 nm)/AlGaN/GaN diodes were fabricated.7,8,31 Figure 4

shows the C-V curves with the measurement frequency var-

ied from 5 kHz to 400 kHz at room temperature for samples

A, B, C, and D, and the details of the C-V response in such

TABLE I. Summary of sample pretreatments, rations of Ga-O(N)/Ga-N and Al-O(N)/ Al-N, observed threshold voltage.

Samples Pretreatments Ga-O(N)/Ga-N Al-O(N) Al-N VTH (V) Dit (cm�2 eV�1) (0.34<EC�ET< 0.45 eV)

A Native 0.17 6 0.01 0.10 6 0.006 �9.4 2.00� 1014

B 550 �C 0.19 6 0.01 0.11 6 0.006 �11 2.79� 1014

N2þO2 anneal

C 300 �C 0.99 6 0.09 0.44 6 0.01 �8.6 3.27� 1014

N2þO2 plasma

D 550 �C 0.84 6 0.08 0.42 6 0.01 �5.6 3.81� 1013

N2þO2 plasma

FIG. 3. LEED patterns for samples A, B, C, and D taken with an electron

beam energy of 113 eV.
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device structures have been reported.7,8,31–34 The frequency

dispersion originating from the Al2O3/AlGaN interface traps

response is visible in the second slope region (Vgate>�3 V)

for the sample A. The 550 �C annealing pretreatment does

not reduce the dispersion and the 300 �C remote plasma ex-

posure results in even worse frequency dispersion due to the

amorphous oxide/oxynitride layer. The gradual C-V slope

for the first step (Vgate��11 V) from sample C indicates the

high Dit as a result of low quality of oxide/oxynitride layer

again.4 In contrast, the smallest amount of frequency disper-

sion is detected from the sample D, suggesting that the oxide

layer on the sample D reduces the interface state density

substantially.

The resulting benefits of the crystalline oxide interlayer

are substantial. First, the crystalline oxide saturates the

Ga/Al dangling bonds for the Ga/Al-terminated AlGaN sur-

face. The interfacial bonding between AlGaN and Al2O3 is

one possible reason of high Dit.
35 The high quality of a crys-

talline oxide as a passivation layer between AlGaN and

Al2O3 reduces the Dit. The observed threshold voltage (VTH)

values from the curves measured at 100 kHz for samples A,

B, C, and D in Fig. 4 are shown in Table I. It should be noted

that the gradual/gentle C-V slope for sample makes the error

of VTH relatively high (�6 1.5 V). In particular, the crystal-

line oxide results in a 3.8 V positive shift. We speculate

that the high fixed positive charge density at ALD-Al2O3/

AlGaN36 is reduced by the crystalline oxide passivation

layer. In contrast, the positive VTH shift effect is not obvious

for samples B and C. This crystalline passivation layer also

provides a potential for fabricating low Dit normally off

Al2O3/AlGaN/GaN MOSHEMTs (Table I). The extraction

of Dit (0.34<EC � ET< 0.45 eV) refers to the method

presented in Ref. 33.

In conclusion, the oxidation behavior of AlGaN is inves-

tigated by in situ XPS and LEED and ex situ C-V characteri-

zation. Oxidation layers 2 ML could be achieved by 300 �C
and 550 �C N2þO2 plasma pretreatments. In particular, the

550 �C remote plasma pretreatment contributes to a stable

crystalline oxide layer and inhibits the formation of N-O and

Ga-ON bonds, which likely contribute to interface defects.

Additionally, AlGaN/GaN MOS diodes pretreated by the

550 �C plasma exhibit a good interface quality with the

smallest frequency dispersion indicating a lower Dit. This

crystalline oxide passivation will have potential for high

quality of AlGaN/GaN MOSHEMTs.
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