. HOKKAIDO UNIVERSITY

Title Valence band offset at Al203/In0@.17A10.83N interface formed by atomic layer deposition
Author (s) Akazawa, M.; Nakano, T.
Citation Applied Physics Letters, 101(12), 122110
https://doi.org/10.1063/1. 4754141
Issue Date 2012-09-17
Doc URL https://hdl. handle. net/2115/50407
Copyright 2012 American Institute of Physics. This article may be downloaded for personal use
Rights only. Any other use requires prior permission of the author and the American Institute of
9 Physics. The following article appeared in Appl. Phys. Lett. 101, 122110 (2012) and may be
found at https://dx.doi.org/10.1063/1.4754141
Type journal article

File Information

APL101-12_122110. pdf

kaido
wo¥ Uo%

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Applied Physics 3
Letters \

Valence band offset at AI203/In0 17Al0. 83N mterface formed by atomlc
layer deposition

M. Akazawa and T. Nakano

Citation: Appl. Phys. Lett. 101, 122110 (2012); doi: 10.1063/1.4754141
View online: http://dx.doi.org/10.1063/1.4754141

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v101/i12
Published by the American Institute of Physics.

Related Articles

An ab-initio study of electronic and optical properties of corundum Al203 doped with Sc, Y, Zr, and Nb
J. Appl. Phys. 112, 093709 (2012)

Evidence of Eu2+ 4f electrons in the valence band spectra of EuTiO3 and EuZrO3
J. Appl. Phys. 112, 083719 (2012)

Model GW study of the late transition metal monoxides
J. Chem. Phys. 137, 154110 (2012)

First-principles study of electronic structure and magnetic properties of Cu-doped CeO2
J. Appl. Phys. 112, 083702 (2012)

Electronic structure and optical band gap of CoFe204 thin films
Appl. Phys. Lett. 101, 161902 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

G \ Goodfellow

metals « ceramics * polymers « composites
70,000 products
450 different materlals

: 1 :
Www.goodfelloMJs‘a dom

Downloaded 05 Nov 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/400060429/x01/AIP/Goodfellow_APLCovAd_933x251banner_9_25_12/goodfellow.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Akazawa&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=T. Nakano&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4754141?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v101/i12?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4764317?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4761933?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4758986?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4759359?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4759001?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 101, 122110 (2012)

Valence band offset at Al,03/Ing 17Alg.g3N interface formed by atomic

layer deposition

M. Akazawa® and T. Nakano

Research Center for Integrated Quantum Electronics, Hokkaido University, Sapporo 060-8628, Japan
(Received 10 August 2012; accepted 6 September 2012; published online 21 September 2012)

The valence band offset, AEy, at an Al,O3/Ing;Alyg3N interface formed by atomic layer
deposition was measured by x-ray photoelectron spectroscopy. The conventional method of using
the core level separation, AEc, between O 1s and In 4d resulted in AEy=1.3eV, which was
apparently consistent with the direct observation of the valence band edge varying the
photoelectron exit angle, 6. However, AEc; and full width at half maximum of core-level spectra
were dependent on 6, which indicated significant potential gradients in Al,O5 and InAIN layers. An
actual AEy of 1.2eV was obtained considering the potential gradients. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4754141]

Lattice-matched InAIN/GaN heterostructures can pro-
vide a two-dimensional electron gas (2DEG) with high den-
sity exceeding 2 x 10" cm ™2 (Refs. 1 and 2) owing to the
large difference in spontaneous polarization at the interface.’
High-performance InAIN/GaN high-electron-mobility tran-
sistors (HEMTSs) have been fabricated and reported.z’4 To
suppress the gate leakage current through the InAIN gate
barrier in the application of InAIN/GaN heterostructures to
HEMTs, the use of Al,O5 to form a metal-insulator-semicon-
ductor (MIS)-gate HEMT has been reported.” In addition, a
sufficiently low interface state density at the Al,O3/InAIN
interface has been reported.” To understand the properties of
the Al,Os/InAIN interface, the valence band offset, AEvy, is
an important parameter. However, the measurement of AEy,
has not been reported for an Al,O3/InAIN interface. In this
work, we investigated the valence band offset at an Al,O3/
InAIN interface by x-ray photoelectron spectroscopy (XPS).

Here Al,O3/Ing 17Alp g3N/GaN structures were prepared
and investigated. Undoped Ing 17Aly 3N layers were grown
on undoped GaN buffer layers on sapphire (0001) substrates
by metal-organic vapor phase epitaxy (MOVPE). The In
molar fraction of the InAIN layer of 0.17 was confirmed by
x-ray diffraction (XRD) measurement. The InAIN surface
was treated by hydrofluoric acid prior to Al,O3 deposition.
The Al,O5 layer was deposited by atomic layer deposition
(ALD) at 350 °C using H,O and trimethylaluminum (TMA).
Samples with Al,O5 layer of 2nm and 16 nm thickness on
the Ing17Alpg3N (15nm)/GaN (2 um)/sapphire structure
were prepared. The sample with 2-nm-thick Al,O5 layer was
used for interface investigation, while the other sample was
used to extract the bulk material constant of ALD Al,Os;.
XPS was performed using a monochromated Al-Ko x-ray
source (1486.6eV). The binding energy shift induced by the
charging of the insulating substrate was calibrated by adjust-
ing the peak position of the C 1Is core level to 285.0eV for
each sample surface. If necessary, the photoelectron exit
angle, 0 (defined as the elevation angle with respect to the
sample surface), was changed by tilting the sample to change
the photoelectron escape depth, 4, according to

YElectronic mail: akazawa@rcige.hokudai.ac.jp.
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A = Apsinb, (1)

where 4 is the inelastic mean free path of photoelectrons.
The O 1s and In 4d spectra from the sample with 2-nm-
thick Al,O3; observed at 0 =45° are shown in Fig. 1. We
found that the obtained O 1s spectrum consisted of two com-
ponents as shown by the labels “I” and “II” in Fig. 1(a).
These components are referred to as O Is; and O sy here-
after. The O s component was found to be a surface-related
peak that decreased in intensity as 0 increased, which was in
good agreement with the previous report.® The energy differ-
ence between these components was 1.4eV. It is highly likely
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FIG. 1. XPS spectra obtained at 6 =45° for Al,05; (2nm)/InAlIN interface,
(a) O 1s spectrum and (b) In 4d spectrum.
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that the O 1s; component corresponds to Al-O-Al bonds and
the O 1s; component corresponds to Al-O-H bonds, which is
in agreement with other reports.®’ In addition, the separation
between O 1s; and the valence band maximum (VBM), Ey,
for the 16-nm-thick Al,O5 layer was constant and independent
of 0, which indicates that this component can be used to deter-
mine the bulk constant parameter of the ALD Al,Oj3 layer.
Therefore, analysis of the band offset was carried out by using
the O 1s; component.

Using the energy difference between the O 1s; compo-
nent and the In 4d spectrum shown in Fig. 1(b), AEy is
extracted by the conventional method shown in Fig. 2, where
the value of AEy is obtained by the following equation:8

AEy = (ERN — BN) + AEq, — (B0 — B), @)
where AE¢;, = (Egl]zg 3 — EI"INY is the core-level separation
between the measured O 1s and In 4d spectra of the Al,O;
(2nm)/Ing 17Aly 3N sample. The separations of the core
levels from the VBM were found to be (Eglfg S Sveie))
=527.7¢V and (EI"4N — EIMINY =15.7eV by measurement
of the 16-nm-thick Al,O5 and 15-nm-thick InAIN layers. We
found that the value of (Eglfg 5 — E3%%) was constant and in-
dependent of 6, while the value of (E"N — EIMAINY was pre-
viously obtained by angle resolved-XPS.® The measured
core-level separation AEcp was 513.3eV. Consequently,
AEy = 1.3 eV was obtained by this conventional method.

This result can be roughly verified by direct measure-
ment of the VBM for the sample with the ultrathin Al,O;
layer while changing 6. The VBM of the upper Al,O3 layer
should be dominant at a sufficiently small 6, whereas that of
the lower InAIN layer should appear intensely at a suffi-
ciently large 6. AEy can be roughly obtained by the differ-
ence between these VBM, although the precision may be
deteriorated by the overlap between two VBM spectra. Fig-
ure 3 shows the results for the sample with the 2-nm-thick
Al,Oj5 layer used to obtain the data in Fig. 1. As indicated in
Fig. 3, the difference in the VBM between 0=15° and
0="75° was 1.2eV. This result did not show a large discrep-
ancy with the aforementioned result obtained by the conven-
tional method. Therefore, the conventional method appeared
to be appropriate here.

EAI203
c
AE. INAIN
Ec
EF ---------------------------
INAIN
E\//MZOS 4E, Ev
INAIN  _InAIN
Einsg - Ev
Al,O. Al,O InAIN
Eos -Ev Ein 44
ALO AEc,
Eo's

FIG. 2. Schematic diagram of the conventional method used to measure
AEy,.
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FIG. 3. VBM spectra observed for Al,O3 (2 nm)/InAIN interface at 0 = 15°
and 0 ="75°.

However, we found an anomalous phenomenon in the
Al,O5; (2nm)/Ing 7Alpg3N/GaN structure. As 0 increased,
Ej:O decreased, whereas EIf41V increased. As a result, the
energy difference AE¢y increased as 0 decreased. The results
are summarized in Table I. As can be seen, the difference
between AEq; at 0 =15° and 0 =75° was as large as 0.3 eV,
considerably larger than the experimental error of *0.1eV.
This difference should not have been observed since the
magnitude of AEy was constant and independent of 0. In
addition, the measured full width at half maximum (FWHM)
of the In 4d spectra increased as 0 increased, though that of
O 1s; did not increase markedly. The behavior of the core
level spectra is also plotted in Fig. 4, where the measured
binding energy and FWHM values are respectively indicated
by open circles and rectangles vs. 0 (the meaning of the solid
lines will be described later). These results indicated that it
was necessary to apply the conventional method carefully to
the present structure.

As we reported previously,” "~ an abrupt internal poten-
tial gradient should have existed in the InAIN layer owing to
its large spontaneous polarization. An internal potential gra-
dient can be caused by the surface/interface charge generated
by the difference in polarization and by surface/interface
states. Therefore, there is a possibility that the potential gra-
dient exists also in the Al,O3 layer on InAIN. Thus, correc-
tion of the measured AEcp value is necessary. For the
correction, we numerically calculated the effect of the inter-
nal potential gradient on the core-level spectra, to obtain the
dependence of apparent binding energy and FWHM values
on 0. Details of the principle and calculation method have

9,10

TABLE I. Results of angle-resolved XPS to measure AEcy .

0 ER% (eV) EMIN (V) AE¢; (eV)
15° 531.40 17.90 513.50
45° 531.28 18.01 513.27
75° 531.32 18.08 513.24
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FIG. 4. Measured (open circles and rectangles) and simulated (solid lines)
binding energy and FWHM vs. 0 for (a) O Is from the 2-nm-thick Al,O3
layer and (b) In 4d from the host InAIN layer.

been reported previously.'? Briefly, a core-level spectrum as
a function of the binding energy, E, for a layer of thickness d
can be given by

d

1(E) = L Io(E, z)exp (f %) dz, 3)

where z is the depth from the surface and /((E, z) denotes the
spectrum generated at each depth. Here, Io(E, z) for a single
spin orbital is represented by the pseudo-Voigt function. To
estimate 4 at each 0, 4y in Eq. (1) was calculated according
to the previously reported theory.'' When surface internal
potential gradient is not negligible relative to 4, the z-de-
pendence of the core-level energy should be taken into
account in Iy(E,z).

In this case, the assumption of opposite potential gra-
dients in the Al,O3 and InAIN layers, as shown in Fig. 5, can
explain the observed phenomena. The core levels are also
inclined parallel to the VBM gradient. The calculation
results used to fit the apparent binding energy and FWHM,
assuming the internal potential drop to be —600meV for 2-
nm-thick Al,O5 layer and 2.5 eV in the opposite direction for
the 15-nm-thick InAIN layer, are shown in Fig. 4 by the solid

Appl. Phys. Lett. 101, 122110 (2012)
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FIG. 5. Depth profiles for Ey, O s, and In 4d levels assumed in the calcula-
tion used to reproduce the observed phenomena. Open circles, triangles, and
rectangles indicate the calculated apparent binding energy positions at
0=15°,45°, and 75°, respectively.

lines (here the sign of the potential drop is defined to be posi-
tive when the potential goes down as the depth increases).
The calculated results explained the behavior of apparent
binding energy and FWHM depending on 6. As shown in
Fig. 6, the apparent values of AEc obtained by experiment
and by calculation assuming the potential gradient described
above are in good agreement. However, these values are still
apparent ones. As is shown in Fig. 5, the apparent AE¢; at
0=0° gives the difference between the core-level values at
the top point of each layer. Therefore, to obtain the actual
AE at the Al,O3/InAIN interface, we have to include the
total potential drop in the Al,O5 layer, AV, 0, as follows:

AEc, = (Eg; — Epal) oo + AV anos, 4)

where ¢ is the elementary charge. In this way, the actual
core-level separation at the interface was derived to be
513.2eV, which is also indicated in Fig. 6. Therefore, AEy,
was found to be 1.2eV.

I calculated
514.0 b {-600 meV/2 nm in Al,O3

2.5 eV/15 nmin InAIN

AECL [eV]

513.5 |

513.0 |

measured

0 30 60 90
Exit angle [deg]

FIG. 6. Measured (open circles) and calculated (solid line) results for appa-
rent AEcp vs. 0.
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In Fig. 5, the calculated apparent energy points, which
should have been measured by XPS, for the core levels and
the VBM are also indicated by open circles for = 15°, open
triangles for 0 =45°, and open rectangles for 0 =75°. As 0
increases, a deeper point should be probed according to Eq.
(1). However, it should be noted that the depth correspond-
ing to the apparent binding energy is not necessarily propor-
tional to 4, owing to the modification of the spectral shapes
as a result of integration of Eq. (3). Especially, the VBM is
given by the edge of calculated spectra, while the positions
of core-level spectra are extracted by the half-maximum cen-
ter. Using these calculated points, it can be concluded that
the observed apparent difference in the VBM between
0=15° and 6 =75° in Fig. 3 should be close to the actual
value because the internal potential gradient in the Al,O;
and InAIN layers is in opposite directions. Therefore, it is
possible that the difference in VBM between 6 =15° and
0 =75° results in the same value as the actual AEy,.

Consequently, the conventional method provided a rea-
sonable value of AEy within the experimental error of
*0.1eV. Considering the experimental error for all the pres-
ent results, it is safely concluded that the value of AEy
should be 1.2 =0.2¢eV. Since the band gap of Al,O; and
InAIN has been, respectively, measured to be 6.7-7.0eV
(Refs. 12—-15) and 4.6 eVv,'® AEc is estimated to be approxi-
mately 1eV. This value appears to be sufficiently large to
justify using an Al,O5 layer in combination with an InAIN
layer to enhance the barrier function for a 2DEG at an
InAIN/GaN heterointerface.
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