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Atomic layer deposition (ALD) of ZrO2 on native oxide covered (untreated) and buffered oxide

etchant (BOE) treated AlGaN surface was analyzed by utilizing x-ray photoelectron spectroscopy

(XPS) and high-resolution transmission electron microscopy. Evidenced by Ga–O and Al–O

chemical bonds by XPS, parasitic oxidation during deposition is largely enhanced on BOE treated

AlGaN surface. Due to the high reactivity of Al atoms, more prominent oxidation of Al atoms is

observed, which leads to thicker interfacial layer formed on BOE treated surface. The results

suggest that native oxide on AlGaN surface may serve as a protecting layer to inhibit the surface

from further parasitic oxidation during ALD. The findings provide important process guidelines

for the use of ALD ZrO2 and its pre-ALD surface treatments for high-k AlGaN/GaN

metal–insulator–semiconductor high electron mobility transistors and other related device

applications. VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4927164]

I. INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs)

have demonstrated their great potentials for high frequency,1

high power,2 and low noise applications.3 Despite their

promising performance, large gate leakage current4 and

severe current collapse5 are still the major issues. To miti-

gate above issues, metal–insulator–semiconductor HEMTs

(MISHEMTs) utilizing a dielectric layer as the gate insulator

and surface passivation layer have been demonstrated

recently.6,7 With a high dielectric constant and favorable

band alignments with GaN,8 ZrO2 is one of the promising

dielectric material candidates for AlGaN/GaN MIS gate

structures. Excellent electrical characteristics of GaN-based

MISHEMTs utilizing ZrO2 as gate dielectrics are

reported.9–14 However, during dielectric deposition, the con-

trol of unintentional and uncontrolled surface oxidation is

still a major challenge for the atomic layer deposition (ALD)

of high-k dielectrics on GaN-based semiconductors. The

surface related defect states associated to the suboxide

interfacial layer could result in large current leakage15 and

severe current collapse.16 In order to improve the interfacial

properties for dielectrics on GaN-based devices, predeposi-

tion surface cleaning was suggested to be a critical procedure

to remove native oxide prior to ALD high-k dielectrics depo-

sition. Surface cleaning of III-N materials with hydrofluoric

acid (HF) solution is widely utilized as a surface pretreat-

ment process.17–19 Due to its high uniformity and precise

thickness control, ALD is currently the major choice for the

deposition of high-k oxide layers on Si and III-V (III-N)

semiconductors. However, even though AlGaN has been

extensively utilized in GaN HEMTs, few studies concerning

the impact of pretreatment on interfacial chemical bonding

states for ZrO2/AlGaN interfaces during ALD have been

conducted. In this letter, the interfacial properties of ALD

ZrO2/Al0.5Ga0.5N with and without buffered oxide etchant

(BOE) treatment was analyzed by angle-resolved x-ray pho-

toelectron spectroscopy (XPS) and high-resolution transmis-

sion electron microscopy (HR-TEM). The effectiveness of

BOE pretreatment on the formation of interfacial oxide

between the ALD ZrO2 and AlGaN are evaluated.a)Electronic mail: ewanghong@ntu.edu.sg
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II. EXPERIMENT

Commercially obtained unintentionally doped

Al0.5Ga0.5N-on-sapphire substrates grown by metal organic

chemical vapor deposition were utilized in this work. An Al

to Ga ratio of 1:1 in the AlGaN layer was intentionally used

to facilitate the comparison of the roles of Al and Ga upon

different pretreatments. The wafers were initially degreased

in acetone and subsequently rinsed by isopropyl alcohol for

10 min. Samples with HF pretreatment were dipped into

BOE solution to remove surface native oxide and followed

by a rinse in deionized water prior to ALD. The ALD pro-

cess was carried out at a pressure of 0.6 Torr and a substrate

temperature of 250 �C with tetrakis-(dimethylamido)-zirco-

nium as the metal precursor and H2O as the oxidant. During

deposition, sequential 400 ms and 40 ms pulse of H2O and

Zr sources were introduced into the chamber separately.

After each pulse, the chamber was purged with N2 for 6 s to

remove excess precursors and by-product gases. The growth

rate for ZrO2 was around 0.09 nm per ALD cycle. Samples

with 2 nm thick ZrO2 were utilized for XPS characteriza-

tions. The XPS measurements were carried out using a

monochromatic Al Ka x-ray source of energy 1486.7 eV.

The spectra are curve-fitted with a combination of Gaussian

and Lorentzian line shapes using a Shirley-type background

subtraction. All peaks were referenced to the C 1s peak at

284.6 eV to compensate for any variations in the peak

core-level positions due to the binding energy (BE) shift

caused by surface charging. The schematic structure of the

sample used for investigating the ZrO2/AlGaN interface by

XPS measurements is shown in Fig. 1, where the photoelec-

tron take-off angle is defined as h. The take-off angle h
was changed to vary the photoelectron escape depth k
according to

k ¼ k0 sin h; (1)

where k0 is the inelastic mean free path of photoelectrons.

By decreasing of h to shorten the probing depth, more sensi-

tive analysis of chemical bonding states near the interface

between ZrO2 layer and Al0.5Ga0.5N substrate can be

obtained.8,20

III. RESULTS AND DISCUSSION

The Ga 3d and Al 2p spectra obtained at three different

take-off angles h of 15�, 45�, and 75� for ZrO2 on the

untreated sample with native oxide (S1) and BOE treated

sample (S2) are illustrated in Figs. 2 and 3, respectively. Ga

3d spectrum in Fig. 2 could be deconvolved into two compo-

nents, corresponding to Ga–N and Ga–O bonds, while Al–N

and Al–O bond components are observed for Al 2p spectrum

as shown in Fig. 3. The existence of the oxygen-related

chemical bonding states of Ga 3d and Al 2p spectra for BOE

treated sample could be attributed to the parasitic oxidation

of AlGaN surface during ALD process.21,22 By comparison

of Ga–O and Al–O bonding states between S1 and S2 as

shown in Figs. 2 and 3, significantly different oxidation

characteristics between Ga and Al atoms are observed for

ZrO2/AlGaN samples. This implies that the impact of Ga

and Al on the formation of the interfacial oxide layer at

ZrO2/AlGaN interface could be different. On the other hand,

it can be seen from Figs. 2 and 3 that the shift of BE of Al–N

and Ga–N bonds to lower values with the decrease of take-

off angle h, which indicates an upward band bending at

AlGaN surface, are also highly relied on the Al-O/Al 2p and

Ga-O/Ga 3d ratios. Such upward band bending could be as-

cribe to the surface Fermi-level pinning caused by interfacial

oxide related defects, which is consistent with our earlier

observations.8,20,23

In order to distinguish the difference on the roles between

Ga and Al atoms during parasitic oxidation and facilitate the

FIG. 1. Schematic cross-sectional diagram for Al0.5Ga0.5N with 2 nm ALD-

ZrO2 dielectric layer for XPS measurements. An Al to Ga ratio of 1:1 in the

AlGaN layer was intentionally used to facilitate the comparison of the roles

of Al and Ga at interface upon different pretreatments. The definition of

take-off angle h is also shown.

FIG. 2. (Color online) Measured (open circles) and fitted (lines) XPS Ga 3d
core-level spectra for 2 nm ALD-ZrO2 on (a) untreated AlGaN with native

oxide and (b) BOE treated AlGaN at three different take-off angles h of 15�,
45�, and 75�.

05E117-2 Ye et al.: Effect of surface pretreatment on interfacial chemical bonding states 05E117-2

J. Vac. Sci. Technol. A, Vol. 33, No. 5, Sep/Oct 2015

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  155.69.4.4 On: Wed, 16 Dec 2015 04:48:17



analysis, samples with ALD ZrO2 on GaN using same

pretreatment and ALD process conditions are also tested to

serve as the reference. The Ga 3d spectra for ZrO2 on

untreated GaN (with native oxide) R1 and BOE treated

samples R2 are given in Fig. 4. As evidenced by the Ga-O

bonding states, parasitic oxidation is also observed for BOE

treated GaN during ALD. However, no significant differen-

ces were observed between the untreated GaN and the one

undergone BOE pre-ALD treatment. To further analyze the

interfacial chemical bonding states for ZrO2 on AlGaN and

referenced GaN, the dependence of Ga-O/Ga 3d and Al-O/

Al 2p XPS peak area ratios on take-off angles h are plotted

in Fig. 5. It can be seen from Fig. 5 that both of the Ga-O/Ga

3d and Al-O/Al 2p area ratios increase with the decrease of

h, which suggests the formation of the suboxide layer is

mainly occurred within a narrow depth near the substrate

surface for all samples. Furthermore, by comparison of the

Ga 3d spectra, similar Ga-O/Ga 3d ratio between untreated

(with native oxide) and BOE treated surfaces are observed

for both AlGaN and GaN samples. Different from the Ga-O/

Ga 3d ratio shown in Fig. 5(b), a drastic increase in Al-O/Al

2p with the decrease of take-off angles is observed for BOE

treated AlGaN sample (S2) [Fig. 5(c)]. The large increase in

Al-O/Al 2p ratio suggests that a prominent growth of interfa-

cial oxide layer on BOE treated AlGaN surface is occurred

during ALD. This could be attributed to that Al atoms, which

have a higher reactivity,24–27 are easier to be oxidized than

Ga atoms at AlGaN surface during ALD process. In fact, the

formation of the interfacial oxide layer for BOE treated

AlGaN during the ALD can also be further confirmed by

HR-TEM shown in Fig. 6. Obviously, compared to the

untreated AlGaN and referenced GaN samples, the BOE

treated AlGaN has an obviously thicker interfacial oxide

layer.

The XPS and TEM results clearly suggest that, compared

to Ga, Al atoms on AlGaN surface may play a more impor-

tant role in terms of parasitic oxidation during ALD process.

For either GaN or AlGaN substrate, only slight difference of

Ga-O/Ga 3d ratio between untreated samples with native

oxide and BOE treated samples is observed. Thus, we

believe that, for Ga atoms, saturated oxidation of Ga atoms

on both GaN and AlGaN surface could be occurred either

FIG. 3. (Color online) Measured (open circles) and fitted (lines) XPS Al 2p
core-level spectra for 2 nm ALD-ZrO2 on (a) untreated AlGaN with native

oxide and (b) BOE treated AlGaN at three different take-off angles h of 15�,
45�, and 75�.

FIG. 4. (Color online) Measured (open circles) and fitted (lines) XPS Ga 3d
core-level spectra for 2 nm ALD-ZrO2 on (a) untreated GaN with native ox-

ide and (b) BOE treated GaN at three different take-off angles h of 15�, 45�,
and 75�.

FIG. 5. (Color online) (a) Ga-O/Ga 3d ratio for ALD-ZrO2 on untreated (R1)

and BOE treated (R2) GaN surface as a function of take-off angles h. (b)

Ga-O/Ga 3d ratio for ALD-ZrO2 on untreated (S1) and BOE treated (S2)

AlGaN surface as a function of take-off angles h. (c) Al-O/Al 2p ratio for

ALD-ZrO2 on untreated (S1) and BOE treated (S2) AlGaN surface as a

function of take-off angles h.
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under atmosphere condition or during ALD process.

However, on the contrary, due to higher reactivity of Al

atoms, the generation of a thicker interfacial oxide layer on

BOE treated AlGaN surface as compared to its untreated

counterpart covered with native oxide is evidenced by Al-O/

Al 2p ratio and HR-TEM. For the untreated AlGaN, the

native oxide on the AlGaN surface may serve as a protecting

layer to inhibit the further parasitic oxidization during ALD

process, which gives a weak dependence of Al-O/Al 2p ratio

on the take-off angles and a thin interfacial oxide layer. Due

to the high polarity of AlN, AlGaN/GaN HEMTs with higher

Al composition and thinner barrier thickness are utilized to

overcome short-channel effects in recent years. The results

related to ALD-ZrO2 on Al0.5Ga0.5N shown in this work

may provide important guidelines for the utilization of ZrO2

dielectrics on AlGaN layer with a high Al composition.

IV. CONCLUSIONS

In conclusion, the effect of pre-ALD BOE treatment of

AlGaN on the interfacial properties of ZrO2/AlGaN is stud-

ied by angle-resolved XPS and HR-TEM. The experimental

results reveal that parasitic oxidation during deposition is

largely enhanced on BOE treated AlGaN surface. Due to

high reactivity of Al atoms, more prominent oxidation of Al

atoms is observed, which leads to thicker interfacial layer

formed on BOE treated surface. For AlGaN, the presence of

the native oxide at the surface may serve as a protecting

layer to inhibit the further parasitic oxidization during ALD

process, which results in a much thinner interfacial oxide

layer with better interface quality. The widely used BOE sur-

face pretreatment process prior to ALD may not be favorable

for ZrO2/AlGaN interface. The findings provide important

process guidelines for the use of ALD ZrO2 and its pre-ALD

surface treatment for high-k AlGaN/GaN MISHEMTs and

other related device applications.
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