APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 22 25 NOVEMBER 2002

Suppressed crystallization of Hf-based gate dielectrics by controlled
addition of Al ,O3 using atomic layer deposition
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We demonstrate significantly improved thermal stability of the amorphous phase for hafnium-based
gate dielectrics through the controlled addition 0§®4. The (HfG,),(Al,03),_ films, deposited

using atomic layer deposition, exhibit excellent control over a wide range of composition by a
suitable choice of the ratio between the Al and Hf precursor pulses. By this method, extremely
predictable hafnium aluminate compositions are obtained, with Hf cation fractions ranging from
20% up to 100%, as measured by medium energy ion scattering. Using x-ray diffraction, we show
that (HfO,)(Al,03)1_ films with Hf:Al~3:1 (25% Al) remain amorphous up to 900 °C, while
films with Hf:Al~1:3 (75% Al) remain amorphous after a 1050 °C spike anneal. 22
American Institute of Physics[DOI: 10.1063/1.1522826

Industry roadmaps indicate that sub-15-A oxides willthe study by Zhuwet al,*®> 1000 A jet-vapor-deposited films
be required for sub-0.lsm complementary metal— (~31% Al) begin to crystallize at 900 °C. In this study, we
oxide—semiconductofCMOS) technology*? In the search demonstrate excellent control over a wide range of Hf-
for suitable candidates to replace conventional ,S# the  aluminate compositioné20—100% Hf fractioh using ALD.
gate oxide, thermodynamic stability on Si is one of theFilms with up to 75% Hf cation fraction exhibit significantly
essential properties to be consideféd Among these improved thermal stability of the amorphous phase under
few thermally stable candidates, Hf-based dielectricsstandard CMOS thermal budgets of 900 °C for 30 s.
such as HfQ,2%™® ((Hf,Zr)0,),(Si0y); - and Hafnium aluminate films were grown gnSi (100 wa-
(HO,)(Al,05); " are the most promising materials for fers (,=5-100 cm) with a 5-10 A SiQ interfacial layer
their superior chemical and electrical properties. Although ity;\wn by rapid thermal oxidation. This Sj@nderlayer was
has recently been shown that polycrystalline HfGan \seq to provide active surface sites and to ensure well-
achieve very low leakage curréhit,is desirable that the gate behaved subsequent (HAQ(A,O;); . ALD film
oxide films remain amorphous throughout CMOS processin%rowth}ms The films were deposited )i<n an ASM Pul-

to e“m'nate electncal-and mass transport alpng the 9rallfar2000™ module at a substrate temperature of 300 °C. By
boundaries. As-deposited HfCfilms grown using atomic . . .

L . : using nitrogenflow rate ~800 sccm as both the carrier and
layer depositio(ALD) technique are crystalliné,however, , ;

. . . . : purging gas, gas phase reactions between precursors are pre-
alloying HfO, with Al,O; is a practical approach for im- : . o
proving  the  thermal  stabilty of  amorphous vented. The two pairs of precursors pulsed in each deposition

cycle were HO/HfCI, (hafnium tetrachloride and

(HfO,)4(Al,03) 1y, While maintaining a relatively high di- . . "
electrzicx ci)nzt;n)é of k~15 Previous studies on H,O/TMA (trimethylaluminum, for depositing HfQ and

Zr-silicatél 12 and Hi-silicatd! films show that for~50% zr  Al20s, respec_tively. The composition and _thickness of the
or Hf cation fraction, crystallization begins at 800-900 °C. |t Hf-aluminate films were controlled by varying two param-
has also been reported that sputtered (JfOA,05); eters:(1) the ratio of cycles between the HfGind ALO;
films'>® and jet-vapor-deposited  (HE®,(Al,03); reactants being pulsed af®) the total number of cycle rep-

films'® show increased stability of the amorphous phase. Irtitions.
Samples A to E were inspectegk situ using medium

a ) ) energy ion scatteringMEIS).° To determine the stoichiom-
Electronic mail: masgongh@nus.edu.sg f the fil | . .

bpresent address: Micron Technology, Inc., Boise, Idaho 83707. etry o t_ e films, MEIS results were acqglred using a 100
9Present address: NanoNexus, Inc., Fremont, California 94539. keV H* ion beam channeled along &12) axis to reduce the

0003-6951/2002/81(22)/4218/3/$19.00 4218 © 2002 American Institute of Physics
Downloaded 08 May 2003 to 128.6.64.163. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 81, No. 22, 25 November 2002 Ho et al. 4219

TABLE |. Summary of the precursor pulses ratio and total number of cycleTABLE Il. Percentage of Al in the filmscalculated from separate H§@nd
repetitions to obtain the desired thickness and composition for samples useil ,0; growth rates and densitieagrees well with the experimental data
for XRD analysis. The notatior-y-zrefers to the value listed in the columns obtained from MEIS. The ability to obtain a reasonably accurate film thick-
labeledx, y, andz ness by using an ellipsomet@nanufacturable toplfulfills one of the prac-
tical requirements in integrating Hf-aluminate films into a CMOS process.

Number of cycles pulsed in kilayer Number ofbilayers

Calculated  Measured Simulated Ellipsometric

Samples H,O/TMA H,O/HfCl, Samples Al fraction Al fraction®  thickness  thicknes8
(x-y-2 (x) (%) @ (x-y-2) (%) (%) A) A
1-3-80(F) 1 3 80 1-1-36 (A) 62.7 59.5 45 45
2-3-60(G) 2 3 60 4-4-9 (B) 62.7 60.3 45 46
2-1-92(H) 2 1 92 3-1-14(C) 83.5 81.2 38 35
1-5-12(D) 25.2 21.4 43 46
0-1-60(E) 0 0 32 37

Si substrate contribution to the signal of the film containingaResultS trom MEIS.

light elements such as O and Al. Thicker200 A films  byeasured using a refractive index2.08.

(samples F, G, and Hvere used for x-ray diffractiofXRD)

analysis. To investigate the thermal stability of the amor- ) _ ) )
phous (HfQ),(Al,0s),_,, samples were either rapid ther- tion of Hf per cycle when AIO; is present in the film. ThI.S
mal annealedRTA, for annealing times 10 min) or furnace observation is further supporte_d by the_fact that for a f|x_ed
annealedfor annealing times 10 min), both in an B am- number of Hf cycleq36), there is a continuous decrea;e in
bient. XRD patterns were taken with a Bker-AXS system Hf coverage for samples A-1-36, B (4-4-9), a sample with
incorporated with a 2D detect3tAll signals were collected ©6-6-6 cycles and pure HiOwith 36 Hf cycles (latter two
with the samples continuously rotated through the range of2@mPles not shownAll of the aluminate samples containing
10°< 2w < 40°. 36 Hf cycles consistently have 8% to 13% more Hf than the

Table | summarizes the deposition procedure for sampleBUre HfC; sample with 0-1-36 cycles.
F to H. Thex-y-z notation is explained as follows: org- To illustrate the intermixing effect in the ALD process,
layer consists of x H,O/TMA cycles, followed by y the Fig. 1 inset shows clearly that full bilayer intermixing

H,O/HfCl, cycles. The total number dbilayers is repre- continues to occur fpr samples with bilayers up to four
sented byz. Figure 1 shows the MEIS spectra for samples ACycles of each oxidesince sample B has a smooth Hf peak,

through E. The area under the Hf peak increases with th@d Shows no signs of alternating composition with dgpth
total number(i.e., the product ofy and z) of H,O/HfCI, whereas the sample with 8-8-4 cycles clearly exhibits oscil-
cycles, as expected, corresponding to an increasing amoul@tions in the Hf peak, indicating distinct HiQand ALO;

of Hf in the film. It is worthwhile to note that both samples D "€gions. Note that intermixing of Hf and Al still does occur
and E have 60 KD/HfCI, cycles, yet integration under the ON @ scale oF-5 A, even for the sample with 8-8-4 cycles
respective Hf peak areas in Fig. 1 shows that sample D Co,{_bas_ed on _MEIS S|mulat|om_slt can therefore be concluded
tains approximately 8% more Hf than sample E. The sampléhat intermixing does occur in bot.h sample;Aand B, but that
and detector alignments during MEIS analysis were arrangel’® refative enhancement of Hf incorporation per cycle de-
to ensure that no significant channeling in the oxide filmsCréases as the number of cycles in each Higyer is in-

occurred. This suggests that there is an increased incorporgtéased(i.e., as subsequent Hf cycles become further re-
moved from the underlying AD; layen. All of these

observations support the previously-mentioned suggestion
that the presence of 4D, facilitates increased Hf incorpo-

;'\ ration.
© E These results may be explained by “backfilling” of pre-
S (0-1-60) cursors for several cycles in the ALD process. For any given
o) \D metal precursor pulse, such as Al(Qkl, steric hindrance
> (1-512) from the ligandge.g., CH) of each precursor molecule pre-
) vent neighboring surface sites from reacting. The subsequent
E H,O pulse then reacts with these ligands, replacing them
Q NA&B with smaller OH ligands, thus making the neighboring sur-
© (ﬂﬁ& face sites available for reaction. The next metal precursor
8 pulse therefore backfills or intermixes with the previous
NC metal pulse by reacting with sites on the same monolayer
3114) plane in the film. For the case of sample B, all four consecu-
7 ol ol | | e tive HfCl, pulses reactbackfill) with the same underlying
82 84 86 8 90 92 94 9% 98 100 Al,O5 layer. Although it is not fully understood why the
Proton Energy (ke\/) backfilling mechanism with AlO; is more effective at incor-

porating Hf, one possibility is that the methyl (gHigands
FIG. 1. MEIS proton backscattering spectra obtained from as-deposited Hign Al are much larger than the chlori€l) ligands on Hf,

aluminate films(samples A to E The inset shows the Hf peak for sample A ; . ; _
and a sample with 8-8-4 cycles. Oscillations in the Hf peak are only clearlytsuCh that the CI3-|I|gands |n|t|aIIy block out more n6|ghb0r

observed on sample 8-8-4, indicating that full bilayer intermixing persistsiNd bond sites in a given Al layer compared to a correspond-

for samples with bilayers at least up to 4 cycles of each oxide. ing Hf layer. This would cause a more significant backfilling
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FIG. 2. Alinear relationship exists between the Hf fraction in the film and

the ratio of HfCl /(TMA + HfCl,) cycles, providing a useful guideline for

Ho et al.

Figure 3 shows the improved thermal stability of the
amorphous phase by alloying HfQvith Al,O3. It can be
seen that the as-deposited film for all three compositions
remains amorphous, and the onset of crystallization increases
from 900 °C(10 min) for the sample with 25% Al to 900 °C
(1 h) for the sample with 50% Al. The sample with 75% Al
remains amorphous up to a spike anneal at 1050st4ak
time <1 9.

Hafnium aluminate films deposited by ALD have been
obtained over a wide range of composition with excellent
control of both film stoichiometry and thickness. Since the
anticipated thermal budget in CMOS integration is in the
range of 900 to 1000 °C, the thermal stability of the amor-
phous (HfQ),(Al,03)1_y films shown in this study indicate
that this material is a very promising candidate for future
gate dielectric applications.
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