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Hafnium oxide films by atomic layer deposition for high- Kk gate dielectric
applications: Analysis of the density of nanometer-thin films
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The density of hafnium oxide films grown by atomic layer deposition for higipate dielectric
applications was investigated for films with thickness in the nanometer range. The density, measured
by combining the film thickness from transmission electron microscopy with the amount of hafnium
deposited from Rutherford backscattering, decreased with decreasing film thickness. The dielectric
constant of hafnium oxide remained constant with decreasing film thickness, however. The main
reason for the decrease in the measured density seemed not to be a decrease in the inherent material
density. Instead, the relative importance of interface roughness in the density measurement
increased with decreasing film thickness. @005 American Institute of Physics
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HfO, layers manufactured by atomic layer depositionmined from TEM. The areal density of Hf atonag;(nm2)
(ALD) are amongst the most promising higleandidates to was detected by RBS using 1-2 MeV He scattering. The
meet the requirements for replacing the Sigate oxide in  measured density,,(g cni®) was obtained by combining the
complementary metal-oxide—semiconductor devices, wheMEM and RBS measurements:
the equivalent oxide thicknes&OT) approaches 1.0 nm.
As the target physical thickness of higtfilms is determined
by the ratio of their dielectric constart(for HfO,~ 20) and
that of SiQ, (3.9) times the EOT for reaching EOTs 1.0 nm
and below, the target thickness of Hf@ims is about 5.0 nm Where M is the molar mass of Hfg@dg mol*) and N, is
and below. Avogadro’s numbefmol™).

Density is one property critically related to the electrical ~ The HfO, thickness measured by TEKMM increased
performance of the layers: low and high leakage currents approximately linearly with the Hf areal density, as seen
are expected for poorly structured films with a low density.from Fig. 1(a). For reference, the areal densities have been
Decreasing density with decreasing thickness has been rgonverted to a “RBS thicknesse®®S through
ported for ALD-grown TiN films? but the origin of the ob-

pm= (CM)/(NARTEM), 1)

servations is not known. Little is currently known of the APBS [nm] fes

density of nanometer-thin ALD-grown HiQfilms, and in 0 2 4 & 8 0 A fnml

this work, we analyze the density of such films. gy —————F Lt 11
Density was measured by combining the film thickness & ¢ L 51_2_' N

from transmission electron microscopfTEM) with the 25
amount of hafnium deposited from Rutherford backscatter-£_
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ing (RBS). HfO, films were grown by ALD onp-type Si £ j

(100) wafers from HfC} and H,O reactants at 300 °C. Be- T T
fore ALD, the wafers were cleaned to remove the native 0 50 100 150 200 0 50 100 150 200
oxide, after which a chemical silicon oxide was grown with a (2 Gy [Nm ] ®) Gy [nm ]

thickness of about 1.0 nfhHfO, films grown on this surface
were amorphous in x-ray diffraction, when the number of ©
ALD reaction cycles was below 200. Cross section TEM
specimens were prepared by conventional ion milling and
observed in Philips CM30 TEM operating at 300 kV. Be-
cause the contrast in the layers changed somewhat graduall
minimum and maximum thickness™M(nm) were deter-

Density p_, [gcm ]

H [ (d) H®S ]

(c

A

dElectronic mail: riikka.puurunen@iki.fi. Present address: VTT Technical
Research Centre of Finland, Information Technology, P.O. Box 1208, FIFIG. 1. Analysis of density of ALD-grown Hf@films: (a) the h"®™ and (b)

02044 VTT, Finland. hTEM—hRBS as function ofc,; and hRBS, (c) the apparent density,, calcu-
BAlso at: University of Leuver(K.U.Leuven, INSYS, Kasteelpark Aren-  lated by combinindi™®™ andc,, [Eq. (1)]; and(d) the p,,, simulated with Eq.
berg, B-3001 Leuven, Belgium. (5), assumingh=0 anda as indicated. The data points correspond to 20, 30,
®Sematech assignee at IMEC. Present address: National Institute of Stad®, 60, 80, and 120 ALD reaction cycles; bulk dengityof 9.68 g cm?® is
dards and Technolog§NIST), Gaithersburg, MD. shown.
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6 - L : : L ness of the original substrate; for example, the current sub-
£ ,1% ;_0'(;22;2”'72 i strate has an rms roughness of about 0.2 fdanoé[ed
f i / L I'bottom), @S Measured by atomic force microscdpyM).
Q 2] c-205 [ (i) Roughness of the top surface of the film also in-
0 "k creases thé'®M. The top surface roughness may consist of
('J é 1'0 1'5 2'0 three componentga) The roughness of the substrate: the

AFES [nm] ALD-grown film follows the substrate conformally, copying
also its roughness. In accord with this fact, the AFM rms
FIG. 2. Results ofC-V measurements for Hfocapacitors(10—400 ALD roughness for the ALD-grown prwas measured as about
reaction cycles onRgg ‘intgrface of 1 nm $#3 nm AI203).AIinear‘depe‘n- 0.2 nm. (b) Atomic-scale roughness originating from the
ﬁ\%lcgeﬂgsngmm th':;dkf:;zs that thax of nanometer-thin H@films is 5 p process: when less than a monolayer of material is
deposited per cycle, atomic-scale roughness is created
through the presence of partly filled material Iay%?gAt
hRBS= (M) (ppNa) , (2)  least one partly filled material layer will in any case be

assuming that the HfQis stoichiometric and has the bulk present, However, it may be too idgal to assume tha_t.one
density p,=9.68 g cm 356 The h™EM is about 0.3—1.2 nm material layer would get completely filled before deposition

higher than thd\RES [Fig. 1(b)]. begins in another layer. Therefore, we assume about tvyo
monolayers as a more reasonable estimate for the atomic-
scale roughness, corresponding to about 0.6 (Amalysis of
the density, to follow, will show that this is a reasonable
estimate. This atomic-scale roughness will most likely not
be seen by AFM, because the AFM tip cannot penetrate
openings narrower than the tip diamet@). Crystallization
dnay occur during the ALD growth, increasing the roughness
with film thickness™*?Such effect was not noticed in AFM
measurements for the current sampias to 120 ALD reac-

The measured HfQdensitiesp,, calculated through Eq.
(1) are shown in Fig. (c). With increasinghRBS, p,, ap-
proaches the expected bulk dengity With decreasindpRES,
in turn, p,, decreases to values significantly belpyy down
to about 60% forhRBS~1 nm. As seen by combining Egs.
(1) and(2), the measured densipy, is simply the ratio of the
thicknesses determined by TEM and RBS, multiplied by th
bulk HfO, density:

= (hRBS/RTEM) 3) tion cycles, however. We estimate the summed top surface
Pm Po- roughness as about 0.2+0.6 nm=0.8 (@danotedr ).
It is therefore the difference betwe®h®™ and hRBS about (iii) Island-like morphology of the ALD-grown films
0.3—1.2 nm, which accounts for the Igw, values. can increase th&™M.2*> Although this contribution may

To investigate whether the loy, affects the dielectric be important on other substrates, on chemically grown sili-
constantx of HfO,, capacitance-voltagéC—V) measure- con oxide, it seems to be of no importan¢denoted
ments were made for capacitors prepared on an interface of;=~0 nm).*
about 1 nm Sig+3 nm ALOs;, with a TiN electrod€. The (iv) Impurities in the bulk HfQ film may decrease the
EOT, calculated from capacitance extracted by Hausser fifilm density. ALD-grown HfQG, films contain at least residual
ting, scaled down linearly with Hf©thickness(Fig. 2). If  chlorine and hydrogen***"*'The bulk impurities would
the lowp,, would be reflected in thE—V measurements, one increase thé"™=" by a factor proportional to the total amount
would expect thex to decrease with decreasing film thick- hafnium depositeddenoted ;< hRES(nm)].

ness, giving a higher slope of EOT versu®S for smaller (v) Impurities present at the substrate—film bottom inter-
thicknesses. The constant slope indicates, however, that tliace may increase th& =M. Especially chlorine is known to
low pp, is not reflected in thex. accumulate at the Hf@substrate interfacE ' Our total re-

To understand why the low,, is not reflected in the flection x-ray fluorescence and time-of-flight secondary ion
value of k, we analyze the reasons behind the low observeanass spectrometry investigations suggest an interfacial chlo-
pm If the films would have atomically sharp interfaces andrine areal density of about 2.5 nAf* Calculating the vol-
consist of 100% of the desired material, thE™ andhR?®S  ume of the chlorine atoms from the van der Waals radius of
would be equal, and we would hayg=p, [Eq. (3)]. How-  0.175 nm? and converting this volume to a thickness indi-
ever, several factors can influence the obsemEd' (Fig.  cates that the chlorine impurities could increasetfé’ by
3). about 0.05 nn{denotedipoiom-

(i) Roughness of the substrate—film bottom interface in-  (vi) Atoms not to be included in the HfC(film, such as
creases th&@™M. This roughness originates from the rough- hydrogen atoms in OH groups, are present at the top film

IDEAL CASE

%)
]
2 FIG. 3. Factors that may increase th&“ compared to
3 an ideal HfQ film (atomically sharp interfaces, no im-
< purities: (a) roughness of the interfaced) impurities
ﬁ in the film and at the interfacesc) porosity, and(d)
HfO, o N
mixing at the substrate—film interface.
4 mixed layer
substrate
roughness impurities porosity layer mixing
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surface. In principle, they may increase té", if they give
a similar contrast as the HfQbut in our case it is not ex-
pected(we denotei,,~0 nm).

(vii) Porosity could account for film densities lower than
the bulk density. It would increase tihéE™ by a factor that

is proportional to the total amount of hafnium depositee-
noted pyhRB(Nm)].
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