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The band alignment between AlN and Atomic-Layer-Deposited (ALD) HfO2 was determined by

X-ray photoelectron spectroscopy (XPS). The shift of Al 2p core-levels to lower binding energies

with the decrease of take-off angles h indicated upward band bending occurred at the AlN surface.

Based on the angle-resolved XPS measurements combined with numerical calculations, valence

band discontinuity DEV of 0.4 6 0.2 eV at HfO2/AlN interface was determined by taking AlN

surface band bending into account. By taking the band gap of HfO2 and AlN as 5.8 eV and 6.2 eV,

respectively, a type-II band line-up was found between HfO2 and AlN. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4947435]

The scaling of gate length is the most natural way to

increase the operation frequency of the conventional AlGaN/

GaN high electron mobility transistors (HEMTs). However,

severe short-channel effects (SCEs) are observed for most of

the scaled devices. To mitigate SCEs, a sufficiently high as-

pect ratio (gate length to barrier thickness) is needed.1 With

the highest spontaneous polarization2 and largest band gap3

among all the III-nitride semiconductors, AlN can provide

the III-nitride based heterostructures with the thinnest barrier

thickness to significantly increase the aspect ratio while

maintaining a high two-dimensional electron gas (2DEG)

density, which makes these structures of great interest for

very high frequency high power applications. In recent years,

with the significant progress made in growth of high-quality

AlN barrier layers on GaN,4 ultrathin AlN/GaN

heterojunction-based HEMTs have demonstrated themselves

as attractive candidates for high-speed high-power devi-

ces.5,6 However, due to large surface depletion7 and high

gate leakage8 induced by thin AlN barrier layer, further

improvement in device performance of AlN/GaN HEMTs is

inhibited. The integration of high-k materials as gate dielec-

tric and surface passivation layer is an effective method to

overcome the above-mentioned problems.8,9 However,

dielectric constant and energy band gap are generally inver-

sely related for high-k materials, and thus a trade-off

between these two parameters is necessary. With a high gate

dielectric constant (�25)10 and reasonably large band gap

(5.8 eV),11,12 HfO2 is a promising candidate among different

high-k dielectrics. In order to use high-k dielectrics in

AlN/GaN HEMTs, band line-up between gate dielectric and

AlN substrate is a critical consideration. However, to date,

few experimental results related to band alignment at the

HfO2/AlN interface has been reported. X-ray photoelectron

spectroscopy (XPS) has been reported to be a direct and

powerful tool for measuring the valence band discontinuities

(DEV) of heterojunctions with a high accuracy among differ-

ent measurement methods.13 In this letter, DEV of

atomic-layer-deposited (ALD) HfO2 on AlN was measured

by high-resolution XPS. In order to eliminate the error

brought by surface band bending at AlN surface, angle-

resolved XPS measurements combined with numerical cal-

culations were carried out in this work to ensure a better pre-

diction of DEV at HfO2/AlN interface.14–16

Commercially obtained 2 lm unintentionally doped

(UID) AlN-on-sapphire substrates grown by Metal Organic

Chemical Vapor Deposition (MOCVD) were utilized in this

work. An AlN-on-sapphire and a 30 nm-thick HfO2 on AlN

were used to obtain AlN and HfO2 bulk material properties,

respectively. For the investigation of HfO2/AlN interface,

sample with �2 nm thick HfO2 on AlN surface was used. To

deposit the HfO2 on AlN, the wafers were initially degreased

in acetone and subsequently rinsed by isopropyl alcohol

(IPA) for 10 min. Samples were dipped into buffered oxidant

etchant (BOE) solution to remove surface native oxide and

followed by a rinse in de-ionized (DI) water prior to ALD

deposition. The ALD process was carried out at a pressure of

0.6 Torr and a substrate temperature of 250 �C with tetrakis-

(dimethylamido)-hafnium as the metal precursor and H2O as

the oxidant. During the deposition, sequential 400 ms and 40

ms pulse of H2O and Hf 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 HfO2 was around 0.1 nm

per ALD cycle. 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 binding energy (BE) shift

caused by surface charging. The take-off angle h defined

as the elevation angle with respect to the sample surface

was changed to vary the photoelectron escape depth k
according to

k ¼ k0 sin h; (1)a)Electronic mail: ewanghong@ntu.edu.sg

0003-6951/2016/108(16)/162103/4/$30.00 Published by AIP Publishing.108, 162103-1

APPLIED PHYSICS LETTERS 108, 162103 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  155.69.24.171 On: Tue, 28 Jun 2016

09:15:58

http://dx.doi.org/10.1063/1.4947435
http://dx.doi.org/10.1063/1.4947435
http://dx.doi.org/10.1063/1.4947435
http://dx.doi.org/10.1063/1.4947435
mailto:ewanghong@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4947435&domain=pdf&date_stamp=2016-04-20


where k0 is the inelastic mean free path of photoelectrons.

With the decrease of h to shorten the probing depth, more

sensitive analysis of chemical bonding states near the inter-

face between HfO2 layer and AlN substrate can be obtained.

Fig. 1 shows the Al 2p and Hf 4f spectra obtained at

three different take-off angles of 15�, 45�, and 75� for 2 nm

thick HfO2/AlN. Al 2p spectrum in Fig. 1(a) could be decon-

volved into two components, corresponding to the Al-N and

Al-O bonds, while Hf 4f7/2 and Hf 4f5/2 spin orbit split com-

ponents are observed for the Hf 4f spectrum as shown in Fig.

1(b). An intensity ratio of 4:3 and a spin orbit splitting

around 1.7 eV is considered between Hf 4f7/2 and Hf 4f5/2

spectrum during fittings. The existence of oxygen related

chemical bonding states of Al 2p spectrum could be attrib-

uted to the parasitic oxidation of AlN surface after cleaning

during ALD process.17,18 It is obvious from Fig. 1(a) that the

Al-N bond of Al 2p spectrum shows a trend to shift to lower

binding energies with the decrease of h, which indicates a

strong upward band bending occurred at AlN surface. As a

polar semiconductor, AlN surface is sensitive to fabrication

process. Large polarization combined with possible surface

Fermi-level pinning caused by surface defects could bring in

sharp surface band bending in AlN.19 Using the core-level

binding energy of Al-N bond of Al 2p spectrum and Hf 4f7/2

spectrum at a fixed take-off angle h shown in Fig. 1, the con-

ventionally used XPS method for the evaluation of valence

band discontinuity (DEV) between HfO2 and AlN is summar-

ized below

DEV ¼½EAlN
CL ðbÞ � EAlN

V ðbÞ�
� ½EHfO2

CL ðbÞ � EHfO2

V ðbÞ� � DECL; (2)

DECL ¼ ½EAlN
CL ðiÞ � EHfO2

CL ðiÞ�; (3)

where the subscripts CL and V denote the binding energy for

the “core-level” and “valence band maximum (VBM),”

respectively. The bulk and interface binding energies are

indicated by the notations (b) and (i), respectively. DECL is

the binding energy difference between core-level positions

from each side of the interface at a fixed take-off angle XPS

measurement shown in Fig. 1. As predicated using Poisson’s

equation, the spatially varying electrostatic potential bends

all of the energy levels that only depends on the distance

from the surface. For bulk AlN, although ECL and EV are

bent differently at different distance from surface due to the

band bending, ECL and EV are bent by the same amount at

the same distance. Therefore, the difference between ECL

and EV remains unchanged for AlN regardless of distance.

This makes ECL(Al-N)-EV(Al-N) independent of band bend-

ing. The difference in binding energies between core-level

and VBM of bulk AlN and HfO2 is shown in Fig. 2. The

VBM of each sample is determined by extrapolating the

leading edge of the valence band spectrum to the base line

(the cross-over points in Fig. 2). By using binding energies

of Al-N bond and Hf 4f7/2 spectra as the core-levels for bulk

AlN and thick HfO2 layer, respectively, the corresponding

binding energy difference between the core-level and VBM

are thus determined to be 70.69 eV (EAlN
CL ðbÞ � EAlN

V ðbÞ) and

14.06 eV (EHfO2

CL ðbÞ � EHfO2

V ðbÞ).
It should be pointed out that the accurate evaluation of

DECL at HfO2/GaN interface determined by a fixed take-off

angle measurement could be influenced by band bending as

indicated in Fig. 3. As shown in Fig. 3, the estimated DECL

FIG. 1. The measured (open circles) and fitted (lines) XPS Al 2p (a) core-

level spectra and Hf 4f (b) core-level spectra for 2 nm thick HfO2/AlN

obtained at different take-off angles h.

FIG. 2. (a) Al 2p core-level and valence band spectra (VB) for bulk AlN.

The difference between Al 2p core-level (Al-N bond) and VBM is 70.69 eV.

(b) Hf 4f core-level and valence band spectra (VB) for bulk ALD-HfO2. The

difference between Hf 4f core-level (Hf 4f7/2) and VBM is 14.06 eV. The

VBM is extrapolated from the intersection point between the leading edge

of the valence band spectrum and the base line.
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between HfO2 and AlN is highly relied on the take-off angles

and this will lead to uncertainties during the evaluation of

DEV determined by Eqs. (2) and (3) when the XPS measure-

ment is taken under a fixed take-off angle. If a large band

bending at the sample surface that affects DECL determina-

tion at the interface, correction of DECL calculation is

necessary.

In brief, for a layer of thickness d, the intensity I(E) of a

core-level spectrum as a function of the binding energy E
can be described by15,16

I Eð Þ ¼
ðd

0

I0 E; zð Þexp � z

k

� �
dz; (4)

where z, k, and I0(E,z) are the depth from the surface, the

escape depth of the photoelectrons, and the spectrum gener-

ated at each depth point, respectively. For simplicity, I0(E,z)

for a single spin orbital can be given by the pseudo-Voigt

function in the following form:15

V E; zð Þ ¼ I00

a exp �ln 2
E� E0ð Þ2

F=2ð Þ2

( )

þ 1� að Þ 1

1þ � E� E0ð Þ2

F=2ð Þ2

( )

2
66666664

3
77777775
; (5)

where I00, a, E0, and F are the intensity, the ratio of the

Gaussian function, the binding energy of the core-level, and

the actual full width at half maximum (FWHM), respectively.

If surface band bending cannot be ignored on the scale of the

escape depth of photoelectrons, E0 should be treated as a func-

tion of depth z. The F is assumed to be a sample dependent

constant. While the a is fixed to 0.73 for Al 2p, I0(E,z) is

given by a weighted combination of two pseudo-Voigt-func-

tion components by taking the spin-orbit splitting of 0.41 eV

for Al 2p.15,16 As schematically outlined in Fig. 4, the

observed spectrum is obtained by integrating the true

spectrum from each depth point along the bent core-levels

through Eq. (4). Therefore, surface upward band bending in

AlN results in the increase of ECL and FWHM with the

incensement of h to extend the probing depth k. For the cor-

rection of the measured DECL, in order to obtain the depend-

ence of apparent binding energy values ECL on the take-off

angles, numerical calculations considering the effect of sur-

face band bending in AlN on the core-level spectra are con-

ducted. Assuming that the internal electric field in the AlN

substrate layer is uniform, the internal electric field can be

obtained by fitting the apparent binding energy and

FWHM.15,16 The dependence of measured and simulated

binding energies on the take-off angles h for Al-N bond of

2 nm-thick HfO2/AlN is illustrated in Fig. 5. To obtain a more

accurate DECL at HfO2/AlN interface, binding energies ECL

for Al-N bond at h¼ 0� obtained from simulated binding

energy curves should be considered, and Eq. (3) can be

written as

DECL ¼ EGaN
CL ðiÞh¼0o � EHfO2

CL ðiÞ: (6)

Combining Eqs. (2) and (6), a DEV of 0.4 eV at HfO2/AlN

interface is thus estimated with a total error of 60.2 eV. A

summary for the band alignment between AlN and ALD-

HfO2 is given in Table I, and a type-II band line-up with the

conduction band discontinuity DEC of 0.8 eV is obtained for

HfO2/AlN heterojunction (Fig. 6). Since the dielectric con-

stant and band gap energy are inversely related, the sacrifice

FIG. 3. Schematic band diagram showing the effect of the upward band

bending at AlN surface on the evaluation of valence band discontinuity DEV

at HfO2/AlN interface by using angle-resolved XPS measurements.

FIG. 4. A schematic diagram describing the change in the spectral shape of

the core-levels due to surface band bending.

FIG. 5. Dependence of measured (open squares) and simulated (solid lines)

binding energies (BEs) of Al-N bond on take-off angles h for 2 nm ALD-

HfO2 on AlN.
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of barrier height between high-k insulators and the AlN

barrier layer is inevitable to keep reasonably large gate con-

trollability over the channel. Furthermore, for AlN/GaN

HEMTs, gate leakage is mainly caused by a limited AlN bar-

rier thickness. Thus, the insertion of a dielectric between the

gate metal and the barrier layer could also be beneficial to

suppress gate leakage.

In conclusion, the band alignment between ALD-HfO2

and AlN was experimentally evaluated by using XPS meas-

urements. The core-level ECL of the Al 2p decreased with

the decrease in take-off angles, which indicates that upward

band bending occurred at AlN surface. A type-II band align-

ment with DEV of 0.4 eV at HfO2/AlN interface was deter-

mined by taking into account the AlN surface band bending

using the angle-resolved XPS measurements combined with

numerical calculations.
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3S. Strite and H. Morkoç, J. Vac. Sci. Technol., B 10, 1237 (1992).
4A. M. Dabiran, A. M. Wowchak, A. Osinsky, J. Xie, B. Hertog, B. Cui, D.

C. Look, and P. P. Chow, Appl. Phys. Lett. 93, 082111 (2008).
5T. Zimmermann, D. Deen, Y. Cao, J. Simon, P. Fay, D. Jena, and H. G.

Xing, IEEE Electron Deivce Lett. 29, 661 (2008).
6K. Chabak, D. Walker, M. Johnson, A. Crespo, A. Dabiran, D. Smith, A.

Wowchak, S. Tetlak, M. Kossler, J. Gillespie, R. Fitch, and M. Trejo,

IEEE Electron Device Lett. 32, 1677 (2011).
7M. Higashiwaki, T. Mimura, and T. Matsui, IEEE Electron Device Lett.

27, 719 (2006).
8T. Huang, X. Zhu, and K. M. Lau, IEEE Electron Device Lett. 33, 1123

(2012).
9D. J. Meyer, D. A. Deen, D. F. Storm, M. G. Ancona, D. S. Katzer, R.

Bass, J. A. Roussos, R. P. Downey, S. C. Binari, T. Gougousi, T. Paskova,

E. A. Preble, and K. R. Evans, IEEE Electron Device Lett. 34, 199 (2013).
10G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys. 89, 5243

(2001).
11N. Ikarashi and K. Manabe, J. Appl. Phys. 94, 480 (2003).
12W. J. Zhu, T. Tamagawa, M. Gibson, T. Furukawa, and T. P. Ma, IEEE

Electron Device Lett. 23, 649 (2002).
13E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, Phys. Rev.

Lett. 44, 1620 (1980).
14M. Akazawa, T. Matsuyama, T. Hashizume, M. Hiroki, S. Yamahata, and

N. Shigekewa, Appl. Phys. Lett. 96, 132104 (2010).
15M. Akazawa, B. Gao, T. Hashizume, M. Hiroki, S. Yamahata, and N.

Shigekawa, J. Appl. Phys. 109, 013703 (2011).
16M. Akazawa and T. Nakano, Appl. Phys. Lett. 101, 122110 (2012).
17G. Ye, H. Wang, S. L. G. Ng, R. Ji, S. Arulkumaran, G. I. Ng, Y. Li, Z. H.

Liu, and K. S. Ang, Appl. Phys. Lett. 105, 152104 (2014).
18G. Ye, H. Wang, S. L. G. Ng, R. Ji, S. Arulkumaran, G. I. Ng, Y. Li, Z. H.

Liu, and K. S. Ang, Appl. Phys. Lett. 106, 091603 (2015).
19G. Ye, H. Wang, S. Arulkumaran, G. I. Ng, Y. Li, Z. H. Liu, and K. S.

Ang, Appl. Phys. Lett. 105, 022106 (2014).

TABLE I. Summary of parameters for band alignment between ALD-HfO2 and AlN.

AlN (ECL�EV)bulk (eV) HfO2 (ECL�EV)bulk (eV) EAlN
CL ðiÞ at h¼ 0� (eV) EHfO2

CL ðiÞ (eV) AlN Eg (eV) HfO2 Eg (eV) DEV (eV) DEC (eV)

70.69 14.06 72.94 16.68 6.2 5.8 0.4 0.8

FIG. 6. A type-II band alignment is obtained between ALD-HfO2 and AlN.
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