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Atomic Layer Deposition of HfO, Thin Films Exploiting Novel
Cyclopentadienyl Precursors at High Temperatures
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Atomic layer deposition (ALD) of HfQ thin films was studied using four novel cyclopentadienyl
precursors, namely, (CpMg#jfMe,, CpHf(OMe),, (CpMelHf(OMe)Me, and (CpMeHf(OMe),. Ozone
was used as the oxygen source. Among the cyclopentadienyl precursors, (EfWe)and (CpMe)-
Hf(OMe)Me were the most promising, showing ALD-type growth characteristics at high temperatures
as the self-limiting growth mode was confirmed at 4@ ALD-type growth was verified also on 60:1
aspect ratio trench structures even at 460where perfect conformality was obtained. The growth rate
stayed nearly constant at around 0.5 A/cycle at substrate temperatures between 350 4RdvBbén
Cp:Hf(OMe), and (CpMe)Hf(OMe), were applied, slight decomposition of the precursor was detected
at 350-400 °C, and thus a self-limiting growth mode was not achieved. Time-of-flight elastic recoil
detection analyses demonstrated stoichiometric Hil@s, where impurity concentrations were below
0.1 at % for C, H, and N in films deposited from each of the four Hf precursors. In addition, thip HfO
films showed good dielectric properties such as low hysteresis, nearly ideal flatband voltage, and effective
permittivity values similar to previously reported Hfdims obtained by the alkylamide-based processes.

Introduction of high permittivity (highk) films to replace Si@based
solutions as insulators for complementary metal oxide
semiconductor devices and dynamic random access memory

size Is necessary to improve the perform‘?‘”c?' Wh'.Ch .SEtS(DRAM) capacitors. Other microelectronic applications of
challenging requirements for the integrated circuit fabrication. o . . .
ALD-grown materials include ferroelectrics, barrier materials,

New materials a_nd techniques are requm?d aqd materlalsanol conductors such as metal gdtesin DRAM trench
must be grown in the form of very thin films into deep . ! . .
. . capacitor structures, the capacitors are constructed into high-
trenches and other 3D structures with good conformality. : . .
. : I I aspect-ratio trenches in order to increase the surface area
As requirements tighten, novel thin film deposition tech- : . ;
; . o . and thus the effective capacitance density. A near-future
nigues are needed in many applications. Atomic layer . : Co ;
- S ? = solution for highk materials in trench capacitor structures
deposition (ALD) technology, originally known as atomic .~ . . : . . >
is similar, as in the case of gate dielectric applications where

layer ep_ltaxy, has particularly galned_ Interest in the_ micro- {—If—based materials have been applied. As the trench aspect
electronics industry because of the unique characteristics that .. . . i
ratio is expected to increase up to 80:1 by the year 2007,

this method offers: ultrathin films can be deposited on a . . : .
: . ALD is considered as the only viable technique for such
large substrate area with excellent conformality and a control depositions

of thickness and composition at the nanometer |&9&ILD i . N
is an advanced variant of the chemical vapor deposition AS ALD is a chemical deposition method, the precursor
(CVD) method, but unlike CVD, ALD relies on sequential chemistry has_ a de(_:|5|ve effect on the quality and properties
and saturating surface reactions of the alternately applied©f the deposited film8” The most commonly used Hf
precursor pulses. The precursor pulses are separated by ineRrécursor, HfGi, has potential drawbacks such as chlorine
gas purging or evacuation of the reaction chamber to avoid contamlnat_lon of the fllnl%anq the generation of particles
gas-phase reactions between the precursors. The growttfnd corrosive byproducts during the ALD processinige
proceeds in a cyclic manner, enabling facile thickness control, Us€ of volatile and liquid hafnium alkylamides, especially
ALD has high potential in microelectronics for the growth

In microelectronics, the continuous shrinking of device
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Table 1. ALD Related Properties of Hafnium Cyclopentadienyl Precursors

sublimation/ evaporation vapor pressure @
precursor solid/liquid at 20C melting point ¢C) T at 2-3 mbar ¢C) P=mmHg,T=K
(CpMe)pHfMe> solid ~60 60 (liquid) logP = 8.4162— 3223.97
CpHf(OMe), solid 70-72 60 (partly solid) log® =15.206— 5058.61
(CpMelHf(OMe)Me liquid n/a 62 (liquid) logP = 6.4697— 2555.9T
(CpMe)Hf(OMe), solid ~30 65 (liquid) n/a
Hf(NEtMe),, with water can provide excellent thickness Experimental Section

uniformity and conformality but also yield films with

considerable impurity content; e.g., 8:8.6 at % C and 2,3 were synthetisized by a modified method described previétdly
at % H when the Hf_(NEtMQ)HZO ALD process is applied and are listed in Table 1, where selected properties relevant for
at 250°C.1° The suitable ALD growth temperature range ALp growth are also shown. All manipulations were performed
for the Hf alkylamide processes to obtain excellent film under dry nitrogen gas using standard Schlenk techniques. Solvents
properties is rather limited, as the growth temperatures were purified by distillation under nitrogen from sodium (hexane)
exceeding 300°C decompose the alkylamide precursor, or sodium-benzophenone (B toluene). HfGl and Hf(NMe),
prevent the ALD-type growth mode, and result in poor film (Aldrich) were used without further purification-BuLi (1.6 M in
uniformity 1211 The thermal stability is limited for the Hf- ~ hexane), MeLi (1.6 M in diethyl ether), and methanol were
alkoxides as well2 Higher processing temperatures would Purchased from Aldrich. Methylcyclopentadiene monomer was
. . . ) . obtained by cracking its dimer at about 200 and collecting at a
be beneficial for industrial production, as higher growth

K d q fi ith | temperature range of 900 °C. GDs was degassed and dried
temperatures are known to produce dense films with 1€ss ;e activatd 4 A molecular sieves before use. NMRY spectra

impurities and defectsin addition, a wider ALD temperature  \yere recorded on a Bruker 250 spectrometer, 38NMR spectra
window allows more possibilities when combining with other  were recorded on a Bruker 400 spectrometer. Chemical shifts were
ALD processes. For these reasons, new precursor chemistryeferenced to residual solvent@ peaks {H at 7.15 and3C at
needs to be developed. Another factor in the precursor 128 ppm). Thermal analysis was carried out in a thermogravimetric
chemistry of oxide film growth is the choice of the oxygen analyzer (Shimadzu TGA-51), and vapor pressures were recorded
source, which can strongly affect the resulting properties, O" @ vapor pressure measurement system (MKS Instruments).
e.g., by providing films with reduced impurity levels and ~_ Synthesis of (CpMejHfMe.. Methylcyclopentadiene monomer

better electrical characteristiés! In this respect, water, a (1024 . 1.28 mol) was dissolved in diethy! ether (300)cand
commonly used oxygen source, can be replaced by a moreS|OW|y addeq to a stirred hexane sqlutlomeBuLl (800 cn?, 1.28
. . . ! mol, 1.6 M in hexane) at-15 °C with the formation of a white
aggressive oxidant, viozone. precipitate. Following the addition of the methylcyclopentadiene
Here, we wish to introduce volatile, reactive, thermally solution, the reaction mixture was stirredrfd h at room
stable, and liquid cyclopentadienyl-type precursors for the temperature.
controlled growth of HfQ. In total, four new Cp-precursors, The reaction mixture was then cooled t6@, and solid hafnium
namely, (CpMeHfMe,, CpHf(OMe),, (CpMelHf(OMe)- Ch|0ljide (205 g, 0.64 mol) was add_ed. Following _the addition of
Me, and (CpMe)Hf(OMe),, are studied. To obtain the best hafnium chloride, the reaction mixture was stirred at room

ossible film properties. we used ozone as the oxvaen Sc)urcetemperature for 2 h. To the resultant reaction mixture was added a
P prop ! Y9 diethyl ether solution of methyl lithium (1.28 mol, 800 &m.6 M

Cp-precursors have been successfully employed in ALD, €0in diethyl ether) at 20°C. This was then stirred fa2 h atroom

for noble metals;*® but for Zr and Hf, the Cl-free Cp-  temperature, after which the solids were removed by filtration.
compounds tested so far, £ZpMe, and CpHfMe,, are solid  volatiles were removed in vacuo followed by vacuum distillation
and show thermal decomposition in the gas phase at around125°C at 1.72.2 mmHg) to yield a semisolid colorless product,
400 °C 16719 Considering the extensive chemistry of cyclo- 162.0 g (69.2%). Microanalysis. Found: C, 45.50; H, 5.40.; Calcd
pentadienyl-type compounds and our previous encouragingfor CiaHzHf: C, 45.80; H, 5.45.

results, we have chosen the £jfMe; as a base material 'H NMR (CDs, 0): 0.40 (s, 6H, HfG3); 2.00 (s, 6H, E1Cp);
and made some carefully considered synthetic modifications ©-4> (M, 4H aromatic protons in Cp ring); 5.57 (m, 4H aromatic

to improve its behavior as an ALD precursor. protons in Cp ring).
13C NMR (reference to §Dg at 128 ppm): 121.57, 111.51,

111.34, 107.22, 107.3, 36.36, 15.15.

Synthesis of the PrecursorsThe Hf-cyclopentadienyl precursors

(9) Hausmann, D. M.; Kim, E.; Becker J.; Gordon, RGhem. Mater M- -1 — . _

2002 14, 4350. _ICP MS: [CIT] = 15 ppm, [Li]= 1.1 ppm, [Zr]= 200 ppm,
(10) Kukli, K.; Ritala, M.; LeskelaM.; Sajavaara, T.; Keinonen, Chem. [Ti] = 0.04 ppm.

Vap. Depositior2002 8, 199. Thermostability at 200C: longer than 50 h.

(11) Kukli, K.; Pilvi, T.; Ritala, M.; Lu, J.; LeskélaM. Thin Solid Films
2005 491, 328.
(12) Jones, A. C.; Aspinall, H. C.; Chalker, P. R.; Potter, R. J.; Manning, (16) Putkonen, M.; NiinistpJ.; Kukli, K.; Sajavaara, T.; Karppinen, M.;

T. D,; Loo, Y. F.; O'Kane, R.; Gaskell, J. M.; Smith L. MChem. Yamauchi, H.; Niinistp L. Chem. Vap. Depositio003 9, 207.
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(13) Park, H. B.; Cho, M.; Park, J.; Lee, S. W.; Hwang, C. S.; Kim, J.-P.; L. Langmuir2005 21, 7321.

Lee, J.-H.; Lee, N.-I.; Lee, H.-K.; Oh, S.-J. Appl. Phys2003 94, (18) Niinistg, J.; Putkonen, M.; NiinistoL.; Stoll, S. L.; Kukli, K.;

3641. Sajavaara, T.; Ritala, M.; LesKelsl. J. Mater. Chem2005 15, 2271.
(14) Cho, M.; Jeong, D. S.; Park, J.; Park, H. B.; Lee, S. W.; Park, T. J.; (19) Niinistg, J.; Putkonen, M.; NiinistoL.; Arstila, K.; Sajavaara, T.; Lu,

Hwang, C. S.; Jang, G. H.; JeongAppl. Phys. Lett2004 85, 5953. J.; Kukli, K.; Ritala, M.; LeskelaM. J. Electrochem. So006 153
(15) Aaltonen, T. Atomic Layer Deposition of Noble Metal Thin Films. F39.

Doctoral dissertation, University of Helsinki, Helsinki, Finland, 2005, (20) Samuel, E.; Rausch, M. 0. Am Chem Soc 1973 95, 6263.
pp 1-71. (21) Couturier, S.; Gautheron, B. Organomet. Chenl978 157, C61.
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Synthesis of (CpMe}Hf(OMe)Me. Methanol (9.0 g, 0.28 mol) carrier and purging gas. Thin film depositions were carried out under
dissolved in hexane (100 &nwas added slowly with stirring ata  a 2—3 mbar pressure. Hafnium precursors were evaporated from
temperature of 20C to (CpMe}HfMe, (100.0 g, 0.27 mol), which open glass crucibles at temperatures ranging from 60 t6G55
was also dissolved in hexane (5003%nThe reaction mixture was  (Table 1).
then stirred for 3 h. The volatiles were removed in vacuo followed  Film Characterization Methods. Reflectance and transmittance
by vacuum distillation (105°C at 0.3-0.4 mmHg) to give a spectra were measured in a double beam spectrophotometer (Hitachi
colorless liquid, 81.4 g (78.9%). Microanalysis. Found: C, 43.53; U-2000). The obtained reflectance data were used for calculating
H, 5.24. Calcd for @H»OHf: C, 43.93; H, 5.27. thicknesses of the deposited films using the method described by

IH NMR (CgDe, 9): 0.09 (s, 3H, Hf®3); 1.95 (s, 6H, E:Cp); Ylilammi and Ranta-ahé&? Thickness, roughness, and density of
3.69 (s, 3H, OEl3); 5.50-5.60 (m, 8H aromatic protons in Cp  thinner HfG; films were evaluated by X-ray reflectometry (XRR,
ring). 13C NMR: 112.57, 112.16, 108.90, 107.75, 107.18, 60.15, Bruker D8 Advance X-ray diffractometer). Crystallite orientations

21.55, 14.56. and crystallinity of the deposited films were determined by X-ray
ICP—MS: [CI7] < 5 ppm, [Li] = 0.01 ppm, [Zr]= 24.3 ppm, diffraction (Philips MPD 1880 diffractometer) with Cu,Kadiation.

[Ti] <0.01 ppm. The stoichiometry and possible impurities of Hfthin films
Thermostability at 200C: longer than 50 h. were measured using Rutherford backscattering spectroscopy (RBS)

Synthesis of CpHf(OMe),. Freshly cracked cyclopentadiene and time-of-flight elastic recoil detection analysis (TOF-ERBA}
monomer (21.9 g, 0.33 mol) was added to a stirred solution of as well as Auger electron spectroscopy (AES). AES was carried
hafnium dimethylamide (57.8 g, 0.16 mol) dissolved in toluene Out on a scanning Auger spectrometer (Varian Instruments). The
(500 cn¥). The reaction mixture was then refluxed for 2 h. Proton atomic compositions quoted are from the bulk of the films, which
NMR on the reaction mixture showed the reaction to be incomplete; are free from surface contamination and were obtained by com-
therefore, additional cyclopentadiene (20.0 g, 0.30 mol) was addedbining AES with sequential argon ion bombardment until compa-
followed by a furthe 2 h reflux. Removal of the volatiles in vacuo ~ rable compositions were obtained for consecutive data points.
gave CpHf(NMe,), as a yellow/brown solid, 60.2 g (94.8%). Compositions were based on Hf@owder reference materials.

Cp:Hf(NMey), (30.7 g, 0.08 mol) was dissolved without further For electrical characterization, aluminum gate electrodes with
purification in toluene (250 cB) to which methanol (4.8 g, 0.15  an effective area of 0.204 n#mand thickness of 100 nm were
mol) was slowly added with stirring. The resulting reaction mixture €-beam evaporated through a shadow mask onto the Hif@®
was then refluxed fo2 h and the volatiles removed in vacuo to surface. The backsides of the substrates were HF-etched prior to
give a dark brown oil. Further drying of the oil in vacuo gave a the deposition of continuous aluminum electrode in order to create
dark brown highly viscous oil, which was then extracted into toluene ohmic contacts. Al/Hf@HF-etched p-Si(100)/Al capacitor struc-
and filtered. The solvent was then removed in vacuo and the final tures thus created were measured with a precision LCR meter (HP
product obtained was white crystals by vacuum sublimation-(60  4284A) and source meter (Keithley 2400) to obtain capacitance
70 °C at 0.5 mmHg), 21.5 g (75.5%). Microanalysis. Calcd: C, Voltage C—V) and currentvoltage (—V) characteristics, respec-
41.95; H, 5.53. Found: C, 40.93; H, 4.95. tively. All electrical measurements were carried out at room

IH NMR (CeDe, 0 ): 3.85 (s, 6H, Hf(O®3),); 5.94 (s, 10H temperature. For th€—V measurements, the voltage step was
aromatic protons in Cp ring}*C NMR: 110.29, 109.28, 60.20, 0.05 V and the frequency of the ac signal was 500 kHz. For the
14.85. I—V measurements, stair sweep voltage with a step of 0.05 V was

Synthesis of (CpMe)Hf(OMe) .. Methylcyclopentadiene mono- ~ @Pplied.
mer (61.4 g, 0.77 mol) was added to a stirred solution of hafnium

dimethylamide (45.1 g, 0.13 mol) dissolved in toluene (508)cm Results and Discussion
following the methodology described above. Drying of the brown .
solid product in vacuo gave (CpM#)f(NMe,), 50.4 g (91.4%). As shown in Table 1, the Cp compounds, except foz-Cp

(CpMe)Hf(NMe,) (35.0 g, 0.08 mol) was dissolved without Hf(OMe), are liquids at low temperatures at the reduced
further purification in toluene (250 cito which methanol (5.1 g,  ALD reactor pressure of-23 mbar. CpHf(OMe), is partly
0.16 mol) was slowly added with stirring following the procedure liquid at the evaporation temperature. These precursors are
described previously. Crystallization of the dark highly viscous oil Vvolatile enough to be used in ALD and no decomposition

from cold hexane gave white crystals of (CpMéf(OMe),, during evaporation is observed, as shown by the thermo-
20.5 g (62.4%). Microanalysis. Calcd: C, 38.88; H, 4.35. Found: gravimetric (TG) curves measured at atmospheric pressure
C, 39.15; H, 4.40. (Figure 1). Vaporization generally occurs in a single step

'H NMR (CeDs, 6 ): 2.02 (s, 6H, E1:Cp); 3.88 (s, 6H, Hf-  with low residual mass. Nevertheless, the residual mass for

(OCHs)2); 5.61 (m, 4H aromatic protons in Cp ring); 5.69 (M, 4H ¢y Hi(OMe), and (CpMe)Hf(OMe), is significant or about
aromatic protons in Cp ringfC NMR: 111.27, 60.68. 15%

HfO , Film Deposition. Thin films depositions were carried out
onto p-type Si(100) substrates measuring<1® cn?. Immediately As expected from the TG measurements, (Cphie,

prior to the depositions, some of the substrates were etched inand (Cp.MeaHf(OMe)Me'shOW the highest potential for the
hydrofluoric acid (HF, 2%) for 2 min in order to remove the native actual film growth. In Figure 2a, the growth rate of HfO
SiO,. Native oxide covered Si substrates were ultrasonically cleaned film is shown as a function of deposition temperature,
in ethanol and distilled water. obtained by the (CpMejifMe,/O; and (CpMejHf(OMe)-

HfO, thin films were deposited in a commercial flow-type hot- Me/O; processes. The growth rate remains quite constant
wall atomic layer deposition reactor (F-120 by ASM Microchem-
istry Ltd.) using different hafnium cyclopentadienyl compounds as (22) Yiilammi, M.; Ranta-aho, TThin Solid Films1993 232, 56.
metal sources. Ozone was used as oxygen source, but for somé23) gﬁtkonzeOrBaMg-;SzajBV;lara, T.; Niinista; Keinonen, JAnal. Bioanal.

it icti em .
deposmg)ns. distilled water was used? ®as generated from_p (24) Assmann, W.; Davies, J. A.; Dollinger, G.; Forster, J. S.; Huber, H.;
(99.999%) in an ozone generator (Fischer model 502). Nitrogen Reichelt, T.; Siegele, RNucl. Instrum. Methods Phys. Res., Sect. B
(>99.999%, Schmidlin UHPN 3000 Nyenerator) was used as a 1996 118, 242.
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Figure 3. The dependence of HfCfilm thickness on the number of
0

. . . : T : deposition cycles. Hf@grown by the (CpMeHf(OMe)Me/O; process at
0 100 200 300 400 500 600 400 or 350°C (inset).
Temperature (°C)

Figure 1. TG curves for the Hf-cyclopentadienyl compounds at atmospheric remained constant with a 30 s metal precursor pulse duration.

pressure. It should be noted that replacing ozone by water as the
o7k oxygen source yielded growth rates of about 0.1 A/cycle
T lower at every temperature. At these substantially high
% 0.6 ‘ ------------- . deposition temperatures, the reactivity ofCHis sufficient
§ o5 o R \. /; toward hafnium cyclopentadiene compounds. Previously, we
L 0al / © have observed low reactivity of GigfMe, toward water at
P o 300°C.18 Slightly higher growth rate values of around 6.6
® o3f 0.7 Alcycle were obtained for the gpf(OMe),/Os and
£ ool (CpMe)Hf(OMe),/O; processes. When self-limiting growth
% --m-- (CpMe),Hf(OMe)Me / O, for these two processes was studied by increasing the metal
o o' —0— (CpMe),HiMe, / O, precursor pulsing time at 35100 °C, a slight decomposi-
0.0 . s s s s tion of the precursors was observed. This was seen in the
300 350 400 450 500 approximately 5% increase in the growth rate at the leading
Deposition temperature / °C edge of the substrates when pulsing time was increased from
1.0 to 2.0 s. On the basis of these results, more extensive
- o7f at 400°C deposition tests for these two precursors were discontinued.
) Previously, we have studied the growth behavior of
% 06 e W e . zirconia by in situ analysis of the GprMe,/H,O process at
~ 05} 0-0—0 o —o 200-450 °C.Y” For both the CgrMe, and CpHfMe;
‘f 04l precursors, thermal decomposition around 4T was
% ' observed. Typically the metal tos8s—ligand bond has been
h= 03f observed to break at higher temperatures,atove 400C,
T o2 and therefore self-limiting ALD growth has not been
o - m- (CpMe),Hf(OMe)Me / O, obtainedt”*8 In addition, thermal gas-phase decomposition
O o1p —0— (CpMe),HMe, / O, of aromatic ligands is reported to start around 450
0.0 : : L L P °C.252%6 |n this respect, a self-limiting growth and almost
o 1+ 2 3 4 5 30 constant deposition rate up to 500 is quite a remarkable
pulse time /s result, offering great prospects for industrial applications. It
Figure 2. The growth rate of Hf@thin films from (CpMe}Hf(OMe)Me/ seems that the introduction of the unsymmetri©@Me/—

O3 and (CpMejHfMe2/Os as a function of the (a) deposition temperature  \je Iigands and slightly more bulky Cpl\ﬁdigand into the
and (b) metal precursor pulse time. . . L

cyclopentadiene compounds of hafnium significantly en-
hances their thermal stability.

A perfectly linear dependency of film thickness on the
number of cycles, characteristic for an ALD process, was
observed when Hf@was deposited on silicon at 40C by
using (CpMejHfMe;, (Figure 3) or (CpMeHf(OMe)Me.
When ultrathin films €10 nm) were deposited at 35C
by the (CpMe)Hf(OMe)Me/O; process on SiNor HF-
terminated Si substrates, a slightly lower deposition rate of
e0.5 Alcycle was measured by XRR (Figure 3, inset), whereas

over a wide temperature range, around 0.5 A/cycle for the
(CpMe)HfMe,/O5 and slightly higher for the (CpMehif-
(OMe)Me/G;. It is quite interesting to note that both
processes produce perfectly uniform films regardless of the
deposition temperature between 300 and 500The self-
limiting, saturative growth behavior was confirmed by a
greater than 20-fold increase in the (CpMéMe, and
(CpMe)Hf(OMe)Me pulsing time up to 30 s, without any
increase in the observed deposition rate or decrease in th
film uniformity at the deposition temperature of 40@ oo Blake E S 1 WG Edwards. 3. .- Retchard T.E.
(Figure 2b). Excellent thermal stability even at the growth (2°) Blake.f biémégr?;é%nétaéeci'e, ayards, J. W.; Reiehard, T. £ Ort,
temperature of 450C was realized, whereas the growth rate (26) Spielmann, R.; Cramers, C. &hromatographial972 5, 295.
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Figure 4. High-resolution SEM images of a cross-section of a deep trench with 20 nm défbsited by (a) a (CpMghifMe,/Os process at 400C and
by a (CpMe)Hf(OMe)Me/O; process at (b) 400 and (c) 48C. Trench aspect ratio is60:1 with 6.75um depth and 115 nm opening. The upper images
show the top part of the trenches, those below show the middle and the bottom at a depthoh6.75

the linear dependency was maintained. This difference in alkylamide-based processes, about a ZDhigher temper-
growth rates can be attributed to the different initial growth ature can be used for the Hf@rench DRAM depositions,
surfaces and different methods of film thickness determina- which certainly is a significant improvemet!?

tion. According to the XRR measurements, the density of XRD measurements were performed for the Hfi@in
5—10 nm thick HfQ thin films grown at 356-450 °C on films having a thickness of 5870 nm. Regardless of the

native-oxide-covered Si, H-terminated Si, and ;38\ sub- hafnium precursor used, films were polycrystalline mono-
strates was around 9:40.7 g/cni, close to the stoichio-  clinic HfO, with the (—~111) reflection as the strongest one.
metric bulk value. At lower temperatures, intensities of the reflections were

To check the conformality of the deposited Hffims, weak and full width at half-maximum (fwhm) values were

we carried out some test depositions onto trenched wafersrelatively high, indicating low crystallinity. However, crys-
with an aspect ratio of 60:1. Both (CpMelfMe,/O; and tallinity of the HfO, films was increased when the deposition
(CpMe)Hf(OMe)Me/C; processes were employed at 350  temperature was increased from 300 to 8G0At the same
450 °C. A 30 s pulse time was used for the hafnium time, fwhm values were decreased, confirming an increase
precursors and ozone in order to ascertain that there is enougin the film crystallinity. A similar increase in film crystallinity
time for precursors to diffuse to the bottom of the 64f5 has been observed in the Hfims deposited by the Gp
deep trench. Initially, 40 s purge times were used betweenHfMe,/O; process?

the reactive pulses. According to the cross-sectional SEM  Stoichiometry and impurity levels of HfOfilms were
images, all films were uniform up to the deposition temper- examined by TOF-ERDA (Table 2), RBS and AES for films
ature of 45C0°C (Figure 4). If decomposition of the precursor deposited onto Si(100) substrates at-3860°C. In general,
and thus a CVD-type growth mode would be present, severeimpurity levels were very low and were independent of the
thickness profiles should be clearly visible. In the present deposition temperature. Both carbon and hydrogen contents
case, the conformality is nearly perfect in spite of the high were below the detection limit (0.1 at % for C and H
deposition temperature used. In some samples, certaindetermination by TOF-ERDA and 1 at % for carbon
overconformality (where thickness at the bottom of the trench determination by AES) for films deposited from all four Hf-

is about 5-10% larger than that on the top) was observed precursors. Other impurities, such as Cl or N, were not
for these approximately 20 nm thick films because of too detected. Diminutive amounts (about 0.1 at % or less) of
short a purge time. This could be eliminated by increasing Zr, a common impurity in Hf precursors, were detected,
purge times up to, for example, 60 s. If depositions were however. According to the compositional analysis, the
carried out at 450C, increased grain size was observed. hafnium to oxygen ratio was stoichiometric in all samples.
When comparing the current Cp-based process to theThese results agree well with the previous ones obtained with
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Table 2. Elemental Composition of HfQ Films as Determined by TOF-ERDA
area density (x 10 at/cn?)
precursors used Tgrowth (°C) (@) Hf C,H, N, Clat% Hf/O ratio
(CpMe)pHfMe,/O3 350 33.7 16.9 <0.1 0.50
400 42.0 20.6 <0.1 0.49
Cp:Hf(OMe),/O3 350 31.2 14.7 <0.1 0.47
(CpMelHf(OMe)Me/Cs 350 31.2 16.0 <0.1 0.51
400 30.8 14.4 <0.1 0.47
450 29.1 14.1 <0.1 0.48
(CpMelHf(OMe),/O3 350 34.0 17.1 <0.1 0.50
251 5.0nm AI/HfOleF-etched p-Si(100) Ieakage current denSity M:B — 1V was typlcally around
6" 4nm ., (CpMe)Hf(OMe)Me/O, 1x 107 Alcm.
20l NS at 350°C
e 8.3M Conclusions
g5t .
_,§ £, / We conclude that the ALD growth of high-quality HfO
§ 1.0 E , thin films was successfully achieved from novel organome-
8 o 1 tallic hafnium precursors, namely, (CpMdjMe, or (CpMe)-
0.5 Hf(OMe)Me with either ozone or water as the oxygen source.
iz 3Hflc;*2t:kkg‘?s7 8 910 . A self-limi.ting HfO, deposition, including cqating of high-
0-0_7 5 5 4 3 2 4 0 1 aspect-ratio trenches with perfect conformality, was observed

Bias voltage, V

Figure 5. Capacitancevoltage curves of Al/Hf@HF-etched p-Si(100)
capacitor structures with H#Jilm grown at 350°C using the (CpMeHf-
(OMe)Me/Q; process. Labels indicate the Hfthickness as characterized

by XRR. Inset shows the capacitance equivalent oxide thickness (CET) as
a function of the HfQ film thickness.

the CpHfMe /O3 process? It is interesting to note that
although there is slightly more carbon in the precursors than
in Cp,HfMey, it does not affect the impurity levels of the
deposited films. It seems that®eing a strong oxidizer can
effectively burn off the possible carbon impurities.

Typical capacitancevoltage C—V) curves for the Al/
HfO./HF-etched/p-Si(100)/Al structures, where the HfO
layer was deposited by the (CpMEf(OMe)Me/O; process
at 350°C, are shown in Figure 5. Effective permittivities
(that is, where the contribution of the interfacial layer is taken
into account) of around-89 were obtained for the-510
nm thick HfQ,. These effective permittivity values are similar
to those in the case of GigfMe./O5'° but better than those
observed for the Hf(NEtMg)H,O, where a relatively thin
film was deposited on H-terminated BiLow hysteresis with
some flat-band voltageVgg) shift (<0.5 V), indicative of
the presence of some positive fixed charge, was also
observed. The hysteresis and t¥ig; voltage shift values
are also in good agreement with the values previously
measured for films deposited by the £4iMe,/O; process
on H-terminated S¥? It should be noted here that the
“shoulder” feature seen in thé—V curve depletion regime
near the flat-band voltage originates from the silicon dangling
bonds and can be minimized by anneaffi.the calculated
capacitance equivalent oxide thickness (CET) values are
plotted against the physical film thickness, permittivity values
of around 12 can be calculated from the slope. Interfacial

for the (CpMej}HfMe,/O; or (CpMe)Hf(OMe)Me/O; pro-
cesses even up to 45600 °C, which is a remarkably high
growth temperature regime for processes employing orga-
nometallic cyclopentadienyl-based precursors. In addition,
both CpHf(OMe),/O; and (CpMe)Hf(OMe),/Os processes
afforded a reasonable deposition rate of about 0.7 A/cycle,
but they showed some precursor decomposition at°850
However, their thermal stability was not evaluated at lower
temperatures. Deposition temperature shift from 350 to
500 °C had only a minor effect on the growth rates of the
HfO, film deposited by the (CpMejifMe,/O; or (CpMe)-
Hf(OMe)Me/O; processes. Saturation of the growth rate as
a function of reactive pulses even with a 20-fold increase in
Hf precursor pulse times together with linear dependency
of film thickness as a function of the number of deposition
cycles indicate a well-controlled ALD-type growth even at
450 °C. According to TOF-ERDA, RBS, and AES results,
stoichiometric HfQ films with no detectable impurities were
obtained with all precursors; e.g., the (CpMéf{OMe),/O3
process at 350450 °C yielded films with impurity levels
below the detection limit of TOF-ERDA (0.1 at %). The
liquid cyclopentadienyl compounds of hafnium introduced
herein thus offer a feasible industrial solution for the high-
HfO, growth by ALD for gate dielectric and especially for
trench DRAM capacitor applications in which extreme
conformality, purity, and uniformity are required.
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