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Atomic-layer deposition of ZrO , with a Si nitride barrier layer
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Research Center for Nanodevices and Systems, Hiroshima University 1-4-2 Kagamiyama, Higashi-
Hiroshima, Hiroshima 739-8527, Japan

(Received 9 April 2002; accepted 5 August 2D02

ZrO, thin films for gate dielectrics have been formed at low temperat(2€® °Q by an
atomic-layer depositiofALD) technique using Zitf OC,Hg), and H,O source gases. An ultrathin
(physical thickness ., of ~0.5 nm Si nitride layer was deposited on a Si substrate by ALD before
the deposition of Zr@. Transmission electron microscopy showed that the Si nitride barrier layer
successfully suppressed the formation of a Siterfacial layer. Because of the extremely uniform
thickness control capability in the ultrathin region and the low thermal budget of the ALD process,
the ALD process for the Zrg) Si nitride stack structure is a promising candidate for fabricating the
ultrathin gate dielectrics for sub-0A4m complementary metal—oxide—semiconductor transistors.
© 2002 American Institute of Physic§DOI: 10.1063/1.1510584

Recently, the substitution of conventional Si@ith a  thin ZrO, layer by ALD using ZTB and KO as source gases,
high-dielectric-constant thin film as the gate dielectrics forand we report its structural characterization. We have also
sub-0.1um metal—oxide—semiconductor field-effect transis-formed an ultrathin Si nitride layer by ALD between ZrO
tors (MOSFETS has received extensive attentibil. The and the Si substrate and found that it acts as an effective
major reason is that the scaling down of the Stliickness is  barrier against oxygen indiffusion.
reaching its limit from the viewpoint of gate leakage current. ~ The ALD of ZrG, layers was carried out by alternately
One of the most promising candidates for the replacement agfupplying ZTB and HO gases orp-type Si(001) wafers
SiO, is Zr0,, due to its high relative dielectric constant (~10 Qcm). The wafers were cleaned with an
value (g,=20-25): its thermodynamic stability in contact NH4OH:H,0,:H,0=0.153:7 solution at 80 °C for 10 min
with Si?® its large energy band ga.2 eV),® and small lat- and were terminated with hydrogen in a 0.5% HF solution, in
tice mismatch of 2.1% with Sj100).* order to suppress native oxidation before the ALD. ZTB ex-

Various methods have been proposed for the formatiofposure followed by HO exposure was cyclically repeated
of ZrO, gate dielectrics such as sputtefifigand chemical 2-15 times at the substrate temperatufg,{ of 200 °C.
vapor deposition methods. Recently, in view of film uni- The HO exposure time was 60 s. The vapor pressures of
formity, thickness control capability in the small thicknessZTB and HO during the deposition were controlled to 0.04
region, and low thermal budget, the application of self-and 0.13—1.05 kPa, respectively. Just after the Alrlsitu
limiting atomic-layer depositiofALD) is accelerating with N2 annealing was carried out for 5 min at 400°C. In the
apparently significant benefits in the fabrication of variousALD—ZrO,/ALD—-Si—nitride stack structure, about 0.5-nm-
gate dielectric$®~* For the ALD of ZrO, gate dielectrics, thick Si nitride was deposited by the ALD process using
the alternating exposure of Zrchnd HO gases has most SiCl and NH; gases***The microstructure and thickness
commonly been applied to dat&!® However, in the ALD  Of the deppsned film were mvesh_gated using transmission
using these source gases, Zréhows island-like growth €lectron microscopyTEM), employing a Hitachi HF-2100
when deposited directly on $i.There is also a risk of c| field emission TEM operating at 200 keV. _
contamination and particle adhesion to the substrate surface Figure 1 shows the self-limiting properties of the film
because ZrGlis in a solid state at room temperature. Zirco- 9r0Wth with ZTB exposure time. Vapor pressure giHwas
nium tertiary-butoxidd Zr(t-OC,4Hs) 4, (ZTB)] is one of the 0.70 kPa. A ZrQ film thickness wnh five deposition cycles
alternative Zr precursors with the highest vapor pressure, afends o saturate at ZTB exposure times longer than 60 s. The
lowing evaporation at low temperatures. However, only alilMm thickness was measured by ellipsometry, under the as-
few report” have been published regarding the ALD of sumption that the refractive index of Zs@vas 2.05'

ZrO, using ZTB as a gas source. In particular, the growth in

the ultrathin region has not yet been examined. ~4.0
On the other hand, it is well known that a chemical E -
reaction between Zr9Oand the Si substrate occurs during ;3.0_—
film deposition in oxygen ambient or oxygen-containing §2-0_— ZTB: 0.04 kPa
source gas ambieRt:® The growth of the interfacial oxide %1.0 H,0: 0.70 kPa, 60 s
layer increases equivalent oxide thickn€E©T). To prevent 3 Toub: 200 °C
this growth, it is efficient to form a thin barrier layer for F °o 5'0 1 (')o 1éo 200
oxygen indiffusion. In this study, we have formed an ultra- Exposure time of ZTB (s)

FIG. 1. Dependence of the ALD ZgJilm thickness on the ZTB exposure
dElectronic mail: nakajima@sxsys.hiroshima-u.ac.jp times after five deposition cycles. Vapor pressure gDHvas 0.70 kPa.
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FIG. 2. Dependence of the ALD Zgfilm thickness on the kD vapor
pressure after five deposition cycles. ZTB exposure time was 60 s.

Figure 2 also shows the self-limiting properties of the
film growth with vapor pressure of #. A saturated film
thickness of about 2.5 nm was achieved with five deposition
cycles from around 0.1 to 1.05 kPa, which is consistent with
the result for ZTB exposure time of 60 s shown in Fig. 1.

Figure 3 shows the thickness of the ALD Zr@s a _

IG. 4. XPS spectra of thé) Zrsq and (b) Si,, core levels for the ALD

fu_nCtlon Of the humber Of_ depqsmon Cydes' The depo_s!tedz:roz. Number of deposition cycles was 5. ZTB exposure time was 60 s.
thickness is in linear relation with the number of depositiony,o vapor pressure was 0.70 kPa. Take-off angle was 90°.

cycles although some offset thickness occurred. This offset
thickness is about 1.5 nm and is considered to be due to th@jckness in Fig. 3. Figure (B) shows the

presence of the interfacial oxidized Si layer. The interfaCialALD—Zroz/ALD—Si-nitride stack structure. In this sample,
layer is also observed by TEM measuremefft®. 5a].  annealing at 850 °C for 3 min in Nambient was added to
From the slope of the linear line in the figure, the growth rateggg °c annealing. For the 850 °C-annealed sample, crystal-
is estimated to be about 0.2 nm/cycle. One monolayer ofized zrO, is observed. With this crystallization, the surface
amorphous Zr@is estimated to be-0.2 nm thick since the of the zrO, becomes rough. A noteworthy feature is that a
Zr-0 distance is obtained to be 0.22 nm from the ionicsmooth interface was observed between the,Za@d Si ni-
radius.™"" Therefore, it is indicated that the layer-by-layer ride layers. The growth of the interfacial Si oxide layer is
growth of ZrG, takes place in our experiment. observed to be suppressed. This is understood from the fact
Figure 4a) shows the x-ray photoelectron spectroscopyihat the thickness of the interfacial amorphous laged.5

(XPS) spectra of the Z core level for ALD ZrQ deposited  nm) coincides with that of the initially deposited ALD Si
under 0.70 kPa kD vapor pressure. It shows a strong signa-pitride.

1 ) | N | -
104 102 100 98 96
Binding energy (eV)

Intensity (arb. units) Intensity (arb. units)

ture of typical ZrQ bonding, namely, the shifted £y oxide Figure 6 shows the capacitance—voltage-{) curve of
doublet at 182.3 and 184.7 &%° Figure 4b) shows the Sj,
signal of the film. The S}, peak at 102.4 eV indicates the vy g

existence of Si—O bonds in the interfacial layer. The separa-
tion between oxidized and unoxidized Si signals is 2.9 eV,
which is lower than the~4 eV measured for SiQon Si#
This indicates that the interfacial Si oxide is substoichiomet-
ric.

Figure 5 shows a high-resolution cross-sectional TEM
micrograph of the formed films. It is shown in Figab that
ALD ZrO, has an amorphous structure even after annealing
at 400 °C. Uniform thickness of ALD ZrQis observed. The
thickness of the interfacial layer is observed to-b&.2 nm.
Considering the ambiguity of the boundary between the in-
terfacial layer and Zr@ in the TEM micrograph, the ob-
served interfacial layer thickness is consistent with the offset
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0 5 10 156 FIG. 5. High-resolution cross-sectional TEM micrograph@fALD ZrO,
Number of deposition cycles and(b) ALD-ZrO, /ALD-Si-nitride stack films. ZTB exposure time was 60

s. H,O vapor pressure was 0.70 kPa. For the stack film, 850 °C annealing
FIG. 3. Thickness of ALD Zr@ versus number of deposition cycles. The was added for 3 min after the ALD and the anneali#@0 °C for 5 min of
thickness of Zr@ was measured hy ellipsometry. ZTR exposure time wasZrQ,. Number of deposition cycles of underlying ALD Si nitride was 2
60 s. HO vapor pressure was 0.70 kPa. (Tapy=~0.5nm).
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pressed the formation of the Si oxide interfacial layer. Be-
cause of an extremely uniform thickness control capability in
the ultrathin region and the low thermal budget of the ALD
process, the Zrg) Si—nitride stack structure formed by the
ALD process is a promising candidate for the ultrathin gate
dielectrics of sub-0.Jsm complementary metal—oxide—
semiconductor transistors.

= NN

Capacitance (nF)
1Poo0o0co0000

2 -1.5 -1 -0.5 0
Voltage (V) Part of this work has been supported by a Grant-in-Aid
o o for Scientific ResearckB) from the Ministry of Education,
FIG. 6. C-V characteristics at 20 kHz for ALD-ZHJALD-Si-nitride &, 11re Sports, Science and Technology, Japanese Govern-
capacitor(solid lines. Number of deposition cycles was 15 and 2 for ZrO .
and Si nitride, respectively. ZTB exposure time was 60 gOKapor pres- ~ Ment (NQ- 13450129 and the Semiconductor Technology
sure was 0.70 kPa. The calculat€d-V curve (broken ling is also shown ~ Academic Research Cent3TARC).
using the doping level of the Si substrate and the work function of the Al
gate.
Y. Oshita, A. Ogura, A. Hoshino, T. Suzuki, S. Hiiro, and H. Machida, J.
Cryst. Growth235, 365(2002.
an AI/ALD—ZI’02 /ALD—Si—nitride capacitor measured at Y. Oshita, A. Ogura, A. Hoshino, S. Hiiro, and H. Machida, J. Cryst.

. Growth 220, 604 (2000.
20 kHz. The number of depOS|t|0n CyCIeS of %r@as 15. 3H. Ikeda, S. Goto, K. Honda, M. Sakashita, A. Sakai, S. Zaima, and Y.

The observed hysteresid ¥g=50 mV) is considered to be  vasudaExtended Abstracts of the Conference on Solid State Devices and
due to charge trapping in Zgland/or the ZrQ@/Si—nitride 4Materials Tokyo, 2001, p. 498.

; : ; Y.-Z. Hu and S.-P. Tay, J. Vac. Sci. Technol.1B, 1706(2002.

interface. The da_lma_ge that occurr_ed during Al sputtering for_5 " Hubbard and D. G. Schiom, J. Mater. Ré&, 2757 (1996.

electrode formation is also a possible reason because we digy paiog, M. Schieber, M. Michman, and S. Patai, Thin Solid FikTs

not carry out postmetallization annealing after sputtering. 109 (1977.

The EOT value of the stack dielectrics is obtained to be 1.6"W.-J. Qi, R. Nieh, B. H. Lee, L. Kang, Y. Jeon, K. Onishi, T. Ngai, S.

nm from the comparison with the calculated capacitance ?Z‘g?l”ggeé and J. C. Lee, Tech. Dig. - Int. Electron Devices ME39

(bmke_n ling for SiO, dielectrics. The physical thickngss 8Y. Ma, Y. Ono, L. Stecker, D. R. Evans, and S. T. Hsu, Tech. Dig. - Int.
T is observed to be 4.7 nm from TEM for the stack film. Electron Devices Meet1999 149 (1999.
phy.
T, CONsists of the Zr@layer (T,,,=4.2 nm) and the un- °T. S. Jeon, J. M. White and D. L. Kwong, Appl. Phys. L€t8, 368
phy > o phy : (200D.
de”y'”g Si nitride layer Tpn,=0.5 nm). Taking thesgphy 10A. Nakajima, T. Yoshimoto, T. Kidera, K. Obata, S. Yokoyama, H. Su-
values into account, the, value of the ALD ZrQ layer is nami, and M. Hirose, Appl. Phys. Le@7, 2855 (2000.
obtained to be 12. In comparison with the calculated curvé'A. Nakajima, T. Yoshimoto, T. Kidera, K. Obata, S. Yokoyama, H. Su-
(broken curvg the interface trap densit®; was estimated ,nami. and M. Hirose, J. Vac. Sci. Technol.18, 1138(2002.

12 - )
2 _9 -1 Q. D. M. Khosru, A. Nakajima, T. Yoshimoto, and S. Yokoyama, Appl.
to be about 5-4x 10" cm ?eV ! between 0.1 and 0.3 eV Phys. Lett.79, 3488 (2001.

above the valence band edge. Also, the density of the posiza. Nakajima, T. Yoshimoto, T. Kidera, and S. Yokoyama, Appl. Phys. Lett.
tive fixed charge was estimated to be 50> cm™? from the 79, 665(2002. _ _
flatband voltage shift. Details of the electrical properties in- A Nakajima, Q. D. M. Khosru, T. Yoshimoto, T. Kidera, and S.

ludi leak t will b ted el h Yokoyama, Appl. Phys. Leti80, 1252(2002.
Cluding leakage current will be reported elsewnere. 15M. Copel, M. Gribelyuk, and E. Gusev, Appl. Phys. L&t6, 436 (2000.

In summary, ultrathin Zr@ films were successfully 6c. M. Perkins, B. B. Triplett, P. C. Mcintyre, K. C. Saraswat, S. Haukka,
formed by alternately supplying ZTB and,8 gases. Self- 17and M. Tuominen, Appl. Phys. Lett8, 2357(2001). 3
limiting properties of film growth with ZTB exposure time ~ K: Kukli. M. Ritala, and M. Leskela Chem. Vap. Depositior6, 297
and HO vapor pressure We_re achieved at a growth temperasC. Kittel, Introduction to Solid State Physicgth ed.(Wiley, New York,
ture of 200°C. The deposited ZgQvas amorphous when  199¢.
annealed at 400 °C in the,Nambient. Good smoothness at izA- Nakajima and M. Ishigame, Solid State lonib46 133 (2002.
the surface of ALD ZrQ was obtained. XPS spectra showed M. J. Guittet, J. P. Crocombette, and M. Gautier-Soyer, Phys. R&3, B

. . ) . 125117(2001).

that the formed film consists of ZgO TEM observation  21g p vasquez, M. H. Hecht, F. J. Grunthaner, and M. L. Naiman, Appl.

showed that the Si nitride barrier layer successfully sup- Phys. Lett.44, 969 (1984.



