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Growth and characterization of Hf—aluminate high-  k gate dielectric ultrathin
films with equivalent oxide thickness less than 10 A

P. F. Lee, J. Y. Dai,¥ K. H. Wong, H. L. W. Chan, and C. L. Choy
Department of Applied Physics, Hong Kong Polytechnic University, Hong Kong,
People’s Republic of China

(Received 6 December 2002; accepted 20 December) 2002

Ultrathin amorphous Hf-aluminatéHf—Al-0) films have been deposited gmtype (100 Si
substrates by pulsed-laser deposition using a composite target containingahtiALO; plates.
Transmission electron microscopy observation of Hf—AI-O films showed that the amorphous
structure of Hf—Al-0O films was stable under rapid thermal annealing at temperatures up to at least
1000 °C. Capacitance—voltage measurement of a 38 A HI—AI-O film revealed that the relative
permittivity of the film was about 16. Such a film showed very low leakage current density of
4.6x10 % Alcm?at 1V gate bias. The Hf—Al-O film under optimized condition did not show any
significant interfacial layer at the interface and an equivalent oxide thickness of less than 10 A has
been achieved. The formation of Hf—O and AI-O bonds in the film was revealed by x-ray
photoelectron spectroscopy. @003 American Institute of Physic§DOI: 10.1063/1.1554764

A gate dielectric with a relative permittivity higher than still limited. In this article we report the synthesis and char-
that of SiQ is required to meet the next generation comple-acterization of ultrathin Hf—Al-O films for higk-gate di-
mentary metal-oxide-semiconductofMOS) technology electric application with equivalent oxide thickness less than
requirement Recent publications show that HfCand 10 A.

ZrO, as well as their silicates are becoming leading candi- The Hf-Al-O ultrathin films onp-type (100) Si sub-
dates for highk gate dielectric application due to their ther- strate were deposited by pulse-laser depositRirD) using
modynamic stability in contact with $i-° However, due to a specially designed target containing Hf@nd ALO;

the weakness as an oxygen diffusion barrier of Hfihd  plates. The laser frequency was set to 2 Hz and the target
ZrO,, formation of interfacial Si@rich layer in contact with  rotation was set to a speed in which Bfénd ALO; target

Si substrate or polysilicon gate material is still a problemwas sequentially ablated only one pulse a time during laser
affecting the application. Formation of silicide at the inter- ablation. Based on the experimental data, the H#Dd
face without oxygen is another serious problem. Al O, films’ growth rate for each pulse is about 0.2 A which

Al,0O5 is a well-known good oxygen diffusion barrier is much smaller than one single atomic layer. Therefore, the
that may protect the Si surface from oxidattdrand ALO;  composite films grown by this method can be considered as
is thermodynamically stable in contact with Si. Similar to sublayer laminates of Hf9-Al,O;, and we can expect that
Si0,, Al,O; is also a good glass former; thus, if alloyed with such films are comparable with the films made using a target
ZrO, and HfQ,, their amorphous structure can be stabilizedcontaining HfQ and ALO; particles. The base vacuum of
during high temperature annealii‘@3 In addition, ALO4 the chamber is % 10° Pa, and, in order to reduce the for-
has a large band g&B.8 eV) and large band offset with Si. mation of interfacial Si@layer, the films were deposited at a
To take advantage of both Hj@nd ALO;, it is desirable to  relatively lower substrate temperature 550 °C. Si substrates
make multicomponent MAD, (M=Hf, Zr) films with high  were treated by a conventional HF-last process before film
dielectric constant that are thermodynamically stable in condeposition leaving the hydrogen terminal surface. A KrF ex-
tact with Si. Recent results on aluminates of(Zr—Al-0) cimer laser(\=248 nm with laser fluence of 6 J/cnf is
indicate that such material system exhibits encouraging gatgsed for the film deposition. In order to study its structure
dielectric properties?*®Van Dover and co-workers have re- stability under high temperature, the as-grown films were
ported ZpgAlg 3401 ¢ thin film in which the crystallinity rapid thermal annealedRTA) at 1000 °C for 10 s at a
starts to appear at 850 “¢Accommodation of AJO; layer  vacuum of 102 Torr. RTA under reduced oxygen press(fe
with HfO, films in order to increase the interfacial stability pg was also performed at 500 °C for 1 min in order to com-
with Si has been reported recerfifyand some thermal sta- pensate the oxygen loss during film deposition. The structure
bility studies on Hf—Al-O films have also been reportedof the films and the interface with Si substrates before and
recently™® Electrical properties such as electron trapping anchfter annealing was characterized by means of high-
band alignment in amorphous Hf-AlI-O have also beeresolution transmission electron microscofEEM) using
reported:®'” However, the understanding of thermodynamic JEOL 2010 electron microscope equipped with energy dis-
stability and interfacial structure of the Hf—AI-O thin film is persive x-ray(EDX) analysis. The chemical structure of the
film was characterized using a Physical Electronics Quantum
3Author to whom correspondence should be addressed; electronic maif000 X-ray photoelectron spectrometer with a monochro-

apdaijy@inet.polyu.edu.hk matic Al Ka (1486.7 eV source. The scans were done at
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FIG. 1. Cross-section TEM images of thin Hf—Al-0 films piype (100
Si substrates with different annealing conditioria). As-grown film, (b)
annealed at 500 °C for 1 min with oxygen partial pressure of 5 Paf@nd
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FIG. 2. Characteristic high frequené¢¥ MHz) C-V curve of the parallel
plate capacitor with Pt dot electrode on annealed Hf—AI-O film. The inset
shows a typical current density—voltage curve.

pass energy of 23.5 eV and a takeoff angle of 90°. All of the
spectra are calibrated against € fieak (284.5 eV of ad-
ventitious carbon and plotted with normalized intensities.
Electrical properties of the MOS capacitors with Pt dot elec-
trodes were studied byC—V measurements using a
HP4194A impedance analyzer. Leakage current of the ca-
pacitors was characterized by means of Advantest TR8652
Digital Electrometer. The electrode area was 2.5
x 1072 cn? for both C-V and|-V measurement.

EDX analysis of the as-grown Hf—AI-O films shows
that films generally have a composition of HiAl 5 2604 61
TEM examinations of different temperature annealed
Hf—AI-0O films revealed that the amorphous structure of the
films is stable under all the annealing temperatures up to at
least 1000 °C. Figure 1 shows TEM pictures of an ultrathin
(about 38 A Hf—AI-O amorphous film grown on Si sub-
strate before and after thermal annealing. In Fi@),1the
very thin white contrast interfacial layer in the as-grown
sample indicates a possible Si@ch layer formed during
film deposition. After annealing at 500 °C for 1 min in oxy-
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FIG. 3. XPS spectrums of annealed Hf—AI-O ultrathin film on Si substfajeAl 2 p spectra, andb) Hf 4f spectra. The Hf # (7/2) peak is 17.2 eV,

separated by the 1.7 eV spin splitting from the Hf &/2) peak at 18.8 eV.
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gen ambient, there is no further oxidation of the Si substratexaminations of different temperature annealed Hf—AI-O
as shown in Fig. (b). This indicates that the film has suffi- films revealed that the amorphous structure of the film is
cientresistance to oxygen diffusion at this condition. Itstable up to at least 1000 °C annealing. Relative permittivity
should be pointed out that the interface between Hf—Al-Cof 16 and an EOT of 9.2 A have been achieved by a 38 A
film and epoxy is not sharp since both of them are amoramorphous Hf—AI-O film and the film presents very low
phous structures. The Hf—AI-O film surface is very flat, inleakage current of 4610 2 A/cm?. XPS analysis of the
fact, as proved by atomic force microscope analysis thaHf—AI-O film shows the formation of Hf—aluminate in the
shows ony 2 A of rmsroughness. film.

No evidence of crystallization can be found within all This work is supported by Hong Kong RGB-Q553
the observed areas in the Hf—AI-O film after RTA performedand also an internal grant from the Hong Kong Polytechnic
at 1000 °C for 10 s. Figure(&) is a representative high- University (A-PD06). The advanced surface and materials
resolution TEM picture showing amorphous structure of theanalysis center in the Chinese University of Hong Kong is
Hf—AI-O film after 1000 °C RTA. The interfacial layer also acknowledged for performing XPS analysis.
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