Applied Physics
Letters

Energy gap and band alignment for (HfFO2)x(AI203)1 —xon (100) Si

H.Y.Yu, M. F. Li, B. J. Cho, C. C. Yeo, M. S. Joo et al.

Citation: Appl. Phys. Lett. 81, 376 (2002); doi: 10.1063/1.1492024
View online: http://dx.doi.org/10.1063/1.1492024

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v81/i2
Published by the American Institute of Physics.

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

Gooorellow

metals « ceramics « polymers « composites
/ % 70,000 products
v d s 450 different materials

i ‘ 1 s
“wWwwi§oodfellowlisa.com all g

Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/963608503/x01/AIP-PT/Goodfellow_APLCoverPg_041013/Goodfellow.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. Y. Yu&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=M. F. Li&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=B. J. Cho&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=C. C. Yeo&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=M. S. Joo&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1492024?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v81/i2?ver=pdfcov
http://www.aip.org/?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 VOLUME 81, NUMBER 2 8 JULY 2002

Energy gap and band alignment for  (HfO,) ,(Al,O3);_, on (100) Si

H. Y. Yu, M. F. Li, B. J. Cho, C. C. Yeo, and M. S. Joo
Silicon Nano Device Lab, Department of Electrical and Computer Engineering, National University
of Singapore, Singapore 119260

D.-L. Kwong
Department of Electrical and Computer Engineering, The University of Texas, Austin, Texas 78752

J. S. Pan
Institute of Materials Research and Engineering, 3 Research Link, Singapore 117602

C. H. Ang and J. Z. Zheng
Chartered Semiconductor Manufacturing Ltd., Singapore 738406

S. Ramanathan
Genus Inc., Sunnyvale, California 94089

(Received 4 March 2002; accepted for publication 14 May 2002

High-resolution x-ray photoelectron spectroscdiyPS) was applied to characterize the electronic
structures for a series of highmaterials (HfQ),(Al,03);_, grown on (100 Si substrate with
different HfO, mole fractionx. Al 2p, Hf 4f, O 1s core levels spectra, valence band spectra, and
O 1s energy loss all show continuous changes with (HfO,),(Al,O3);_,. These data are used
to estimate the energy gajg) for (HfO,),(Al,03)1 4, the valence band offseAE,) and the
conduction band offsetAE.) between (HfQ),(Al,O3);_, and the(100) Si substrate. Our XPS
results demonstrate that the valuessgf, AE,, andAE, for (HfO,),(Al;03); , change linearly
with x. © 2002 American Institute of Physic§DOI: 10.1063/1.1492024

High-k gate dielectrics as alternates to Si@ave re- tion band offset AE;) can also be derived using the Si en-
ceived tremendous attention due to the aggressive downscairgy gap value of 1.12 eV,
ing of complementary metal—oxide—semiconductor field ef- A total of five (HfO,),(Al,03);_x samples of various
fect transistor dimensions, which in turn results in increasing/alues prepared by atomic layer depositigi.D ), with low-
levels of tunneling currertHfO, has emerged as one of the dopedp-type Si(100) wafers as substrate® (- 10" cm~3)
most promising highk candidates due to its high dielectric were studied in this work. A thin layer of oxide around 10 A
constant, large energy gap, and compatibility with convenwas thermally grown on each Si wafer after the pregate clean
tional complementary metal—oxide—semicondu¢@KOS) using HF last. The wafers were sent to GENUS for ALD and
proces$* However, it may suffer recrystallization at high @ pre-HF vapor clean to remove the oxide was conducted
temperature during postdeposition annealing, which in turrPrior to the deposition of the dielectric films. The deposition
may induce higher leakage current and severe boron penetrigmperature for the ALD process is 300 °C. The thicknesses
tion issues. On the other hand 8 films grown directly on ~ Of the (Hf0;),(Al;03); - films are around 20 nm obtained
Si was reported to remain amorphous up to 1008 - by a spectroscopic ellipsometénoollam Model M-2_00().
cently Al has been proposed to alloy Hi@o raise the di- Theex SItUXPS. measuremelnts Were carr!ed out using a VG
electric crystallization temperature, and encouraging result§SCALAB 2201-XL syster," equipped with a monochro-

were demonstrateltilt was reported that when Al concentra- matized AlK a source f»=1486.6 eV) for the excitation of

tion is increased to 31.7%, the corresponding crystalIizatior?hogoelertrons' A”k°f tff\fe hlglh—refsgocl)l:tlon dscans were taker; ;‘é
temperature increases to between 850 and 900 °C, which fiphotoelectron take-off angle o and a pass energy o

about 400°C higher than that for H§O In this work, the eV. Under such configurations, the full width at half maxi-

energy gap Ey) of (HfO,),(Al,0;); . the valence band mum of Si 25, core level recorded f_rom H termln_ate_d Si
. surface was measured a€.45 eV, which gives an indica-
offset (AE,) and the conduction band offsexE.) between . . .
. . tion of the instrument energy resolution. Ab2Hf 4f, C 1s,
(HfO,)4(Al,03)1_, and the Si substrate as functionsxaire .
obtained based on x-ray photoelectron SpectrosdoiRS) O 1s, valence band maximum, and G &nergy loss spectra
yp P were measured and analyzed. The intensities for all the XPS

meagurement. This information is of vital llmportgnce n as'spectra reported here have been normalized for comparison
sessing (HfQ),(Al,03);_4 as a most promising higk-gate

. . i and all of the spectra are calibrated againstspéak(285.0
dielectric in future CMOS device technology.

. , . . _eV) of adventitious carbon.
The principles of using high-resolution XPS to obtain The chemical compositions of various

bothE4 andAE, for the dielectrics including Si9and vari- (HfO,) (Al,05), . samplesichange from HfQ (x=1) to

ous highk materials can be found in Refs. 7-9. The COhdLIC-A|ZO3 (XIO)] can be determined by the intensities of the
XPS lines. The five samples are denoted as HAO-1 to
3Electronic mail: elelimf@nus.edu.sg HAO-5, respectively, and their corresponding elemental
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TABLE I. Elemental composition of various (Hi (Al,053),_, sampleqlabeled as from HAO-1 to HAO¥
estimated by XPS. The HfOnole fraction value as in (HfGy),(Al,O3),_, are also given in the table. The Hf
at. %=x/(5—2x) and the Al at. %=2(1—x)/(5—2x) are determined by the intensities of XPS lines.

HAO-1 HAO-2 HAO-3 HAO-4 HAO-5
Hafnium at. % 33.9% 25.8% 18.4% 9.6% 0
Aluminum at. % 0 9.2% 18.2% 27.7% 39.8%
Oxygen at. % 66.1% 65% 63.4% 62.7% 60.2%
HfO, mole fraction value 1 ~0.85 ~0.67 ~0.41 0

x as in (HfG,)(Al;03); -«

compositions as well as the value fire given in Table I.  For the O & core level spectrdthe solid line$, a curve-
All the samples show good stoichiometry and trace amountftting method(Gaussian fitting; the dashed lindas applied
of carbon are detected from all of the samples’ surfaces. to analyze the variation in O slspectra shape. For the
XPS spectra for Hf 4, Al 2p, and O & core levels are  samples HAO-2, HAO-3, and HAO-4, three peaks can be
shown in Figs. (&), 1(b), and Xc). It is observed that all the clearly resolved. The peak located-a630.5 eV is attributed
core level peak positions of Hff4 Al 2p, and O k expe- to Hf-O bonds, and another peak a631.2 eV to Al-O
rience a shift to higher binding energy with the increase ofbonds. From the curve-fitting results as well as the © 1
Al,O3 concentration in (HfQ),(Al,03);_x System, and spectra collected from HfQ (HAO-1) and from ALO,
these changes are similar to the XPS chemical shifts ifHAO-5), it is obvious that AlI-O components increase with
ZrSiQ, vs SiG, and ZrG, as discussed in Ref. 12. The earlier increasing Al in (HfQ),(Al,O3);_4. The shoulder at
shift is due to the fact that Hf is a more ionic cation than Al ~532.3 eV is generally interpreted as due to residual surface
in (HfO,)(Al,05); _4,"® and thus the charge transfer con- contaminantgi.e., C—O bondg? and it is observed that this
tribution changes with the increase of Al concentrafib?  shoulder decreases with the decrease of Hf component in
(HfO,)4(Al,03)1_. However, Hf 4 photoelectron line is
also located around this enertjyTherefore, it is suggested

e s @) Al2p (b) that both of the earlier-indicated sources contribute to the
N - peak at~532.3 eV.
gﬁ ; HAO-5 Let us turn to focus on the major topic: energy band
= Z HAC4 alignment for the (HfQ),(Al,O3);_4. Figure Za) shows
g A3 g the O 1s energy-loss spectra, which are caused by the out-
E | nao2 = HAO:3 going photoelectrons suffering inelastic losses to collective

HAO-1 HAO-2 oscillations(plasmon and single particle excitatiorfpand to

, P band transitions'® As is well known, the energy gap values

72 74 76 78
Binding Energy (eV)

68 70 80

10 1‘2 1|4 16 1‘8 2|0 2|2 24 . . . .

Binding Energy (eV) for the dielectric materials can be determined by the onsets
of energy loss from the energy-loss speétt&By this mean,
the energy gap value for HiQsample HAO-1 is measured
as 5.25-0.10 eV, and for AJO; (sample HAO-5 it is mea-
sured as 6.520.10 eV. The energy gap value of A is
consistent with those reported by ltokavet al® (6.55
+0.05eV) and Bendeet al® (6.7+0.2 eV). From the re-
sults, a linear change of energy gap value withn the
(HfO,)«(Al,03)4_ system is also observed.

The determination of valence band alignment of
(HfO,)(Al,03), _, on Si substrate was made by measuring
the valence band maximu@WwBMax)-difference between the
(HfO,)«(Al,03)1_ grown on p-Si(100 substrate samples
and the H-terminateg-Si (100 substrate sample with the
same substrate doping Bf~ 10" cm™ 3, as demonstrated in
Fig. 2(b).}” The VBMax of each sample is determined by
extrapolating the leading edge of valence band spectrum to
the base lindthe cross points in Fig.(B)] from its specific
spectrumt® Thus, AE, values of 3.03:0.05eV and 2.22
+0.05 eV are obtained for AD; and HfO,, respectively.
The AE, value of ALO; is consistent with the value 2.9

Intensity (a.u.)

HAOC-1

530 532 5% 5%
Binding Energy (eV)

528

FIG. 1. XPS spectra fof@) Hf 4f core levels(b) Al 2p core levels, andc)

O 1s core level taken from various (Hi,(Al,O3),_, samples. The core
level peak positions of Hf # Al 2p, and O X shift continuously towards
greater binding energy with increasing Al components. For sfectra,
solid lines are experimental data and dashed lines are the curve fitting r

(~531.2 eVf component increases with increasing Al composition.
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+0.2 eV reported by Bendat al® A gradual change of the
valence band density of states is also observed from sample
HAO-1 to HAO-5, as indicated by the dashed arrow in Fig.

S(b).

sults. From the curve fitting results, it is clearly shown that the AI-O bond

With the knowledge of Si energy gap value of 1.12 eV,
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Ene}gy Loss Spectra HAO- equations are obtained:

Valence Band Spectra

Ey=6.52-1.27% (eV), (28
E 3 AE,=3.03-0.81x (eV), (2b)
g z AE.=2.37-0.46x (eV), (20)
£ f:’ where x stands for the mole fraction of HfO in

(HfO,)(Al,03);1_y, as clearly demonstrated in Table I. Ac-
cordingly, the electrical properties of (HiQ(AlI,O03)1_y

| I T P PP P T

L L T

e s e A0123 456789101 gate dielectrics can be tuned by simply changing the HfO
Energy loss (eV) Binding Energy (eV) mole fraction while keeping the stoichiometry of the materi-

als.

samples. The cross poirfsbtained by linearly extrapolating the segment of In conclusion, high-resolution XPS measurements were

maximum negative slope to the base Jidenote the energy gdg, values. Eerformed to investigatEg andA E, of (Hfoz)x(A|203)17x

FIG. 2. (8 O 1s energy loss spectra for various (HfQ(Al,O3)1_y

The dashed arrow shows the continuous change in the energy loss spec .
contour from sample HAO-1 to HAO-%b) XPS valence band spectra taken ?gh-k materials. Al P, Hf 4f, O 1s core levels spectra,

from various (HfQ),(Al,0s);_ . grown on(100 Si substrate samples and Valence band spectra, and @ énergy loss spectra all show
H-terminated100) Si substrate sample. The cross point from each spectruncontinuous changes with the variation of Hf@®ole fraction
denotes the VBMax for that specific sample. The valence band alignmeng in (HfO,)4(AlI,05)1-«. E4, AE,, and AE, values for

AE, is obtained by the difference of VBMax between the : .
(HfO,)«(Al,05);_, and the H-terminated Si. The dashed arrow indicates(HfO2)X(A|203)1—X on Si (100 are determined and can be

the gradual change in the valence band density of states from sampRXpressed by 6.521.27% (eV), 3.03-0.81x (eV), and
HAO-1 to HAO-5. 2.37-0.46x (eV), respectively.
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