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Remote plasma treatment of Si surfaces: Enhanced nucleation
in low-temperature chemical vapor deposition
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The nucleation density on Si(100):H is increased by two orders of magnitude after exposing the
surface to a remote argon plasma. We study HfB, growth from Hf(BH,), and MgO growth from
Mg(DMDBA), plus H,O. In the latter case, pretreatment allows the growth of MgO films with an
rms roughness below 0.5 nm, whereas in absence of plasma treatment no nucleation is observed.
The plasma does not damage the substrate and is compatible with microelectronics technology. We
propose that H desorption is the key mechanism leading to nucleation enhancement, and that remote
plasma activation is likely to be generally applicable. © 2009 American Institute of Physics.

[doi:10.1063/1.3243980]

Nucleation conditions affect both the microstructural
quality and surface roughness of deposited thin films. Sparse
nucleation is a problem in many atomic layer deposition
(ALD) and chemical vapor deposition (CVD) processes,l’2
and it impedes the growth of pinhole-free films at the low
film thickness required in microelectronics and nanotechnol-
ogy, e.g., diffusion barriers.

Several methods to enhance nucleation have been re-
ported: (i) altering the surface termination to aid precursor
adsorption;S’4 (ii) bombarding the surface with energetic par-
ticles that may be chemicalléy reactive’ or nonreactive;’ and
(iii) abrading the surface.” Although each of these ap-
proaches is effective within its context, all are generally
system-specific and may give rise to undesirable changes in
the substrate surface.

Here we describe the use of a noble-gas remote plasma
(RP) to activate the surface of H-terminated silicon by cre-
ating reactive sites that promote rapid nucleation with very
high density. The RP flux does not damage the substrate and
is fully compatible with current microelectronics technology.
We believe that this approach can also be applied to oxide,
carbide, and nitride substrates terminated with H or OH
groups. We demonstrate nucleation enhancement for the two
following low temperature CVD processes: HfB, growth
from the single-source precursor Hf(BH,), (Refs. 7 and 8)
and MgO growth from Mg(DMDBA), and H,O, where
DMDBA =H;BN(CH;),BH,.}

Hydrogen terminated Si(100) substrates are prepared fol-
lowing standard procedulres.9’10 The RP treatment and film
growth by CVD are performed in a UHV chamber pumped
to a base pressure of 10~ Torr as described elsewhere.’
During film growth, the total gas pressure in the chamber is
~107 Torr, such that gas phase collisions are negligible;
therefore, any changes in the film growth kinetics are due to
surface (not gas phase) effects. The RP is generated by flow-
ing 15 sccm of ultrapure argon gas in a Pyrex tube of 3.6 mm

Y Author to whom correspondence should be addressed. Electronic mail:
abelson@illinois.edu.

0003-6951/2009/95(14)/144107/3/$25.00

95, 1441071

inner diameter that passes through an Evanson microwave
cavity operated at 2.45 GHz at a net power of 60 W (90 W
forward and 30 W reflected). Film growth is begun shortly
after the substrate treatment.

Figure 1 shows that the RP treatment has a significant
effect on the nucleation behavior of the Hf(BH,), precursor
at a substrate temperature of 275 °C. The nucleation density
measured by atomic force microscopy (AFM) is significantly
higher on a substrate treated for 30 s (~10'*/cm™2) com-
pared with an untreated substrate (~6 X 10'°/cm™2) (Fig. 1),
and the corresponding AFM line scans show that the film on
the pretreated surface is much smoother [Fig. 1(b)]. An
analysis of the height distribution function P(h) clearly
shows that coalescence has been reached in the pretreated
substrate [Fig. 1(c)]. The P(h) of this sample follows a
Gaussian distribution with no distortion due to the substrate.
The P(h) of the untreated substrate, on the other hand, is
dominated by the substrate contribution (a single sharp peak
at a height of 1 nm) and HfB, islands account for the tail
extending to £#>5 nm.

Rutherford backscattering spectroscopy analysis of the
untreated and pretreated samples gives Hf area densities of
2X 10" and 9% 10%/cm?, respectively. This 45-fold in-
crease in the amount of deposited film is due to enhanced
nucleation upon pretreatment. This finding is confirmed by in
situ spectroscopic ellipsometry measurements. The nucle-
ation delay, i.e., the time lapse between the initial exposure
of the surface to the precursor and the first appearance of
nuclei, is 45 s on untreated surfaces but less than 15 s on
RP-treated surfaces (Fig. 2). The data are fit to a multilayer
model comprising a surface roughness layer, bulk, and Si
substrate. All optical constants are known.

Significant differences are also observed at longer depo-
sition times. The AFM surface roughness after 2 min growth
is 2.1 and 0.8 nm for the untreated and pretreated samples,
respectively. Furthermore, XPS reveals that the film on un-
treated substrate has not reached coalescence even after 8
min, whereas on the treated substrate the Si 2p peak is no
longer detected after 45 s of growth, indicating a continuous
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FIG. 1. (Color online) Influence of remote Ar plasma pretreatment on the
nucleation of HfB, thin films onto H-terminated Si(100) substrates. Top:
AFM images of HfB, nucleation after 30 s growth with and without Ar
plasma treatment, along with the corresponding line profiles. Bottom:
Height distribution function of a H-terminated Si(100) substrate and of HfB,
films after 30 s of CVD on substrates with and without plasma pretreatment.

HfB, film with no pinholes. The enhanced nucleation also
has a significant impact on the microstructure: a 50 nm thick
HfB, film on a treated substrate has a more refined columnar
structure and a smoother surface than film grown on an un-
treated surface (Fig. 3).

In the case of the MgO growth from Mg(DMDBA), and
H,O at 275 °C and a precursor pressure of 2X 10~ Torr,
the MgO film does not nucleate at all on an untreated sub-
strate. Upon RP treatment, nucleation occurs readily (Fig. 4),
but only if the RP is left on during the nucleation stage. We
hypothesize that by continuously creating new active sites,
the plasma counteracts the repassivation of the surface due to
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FIG. 2. Evolution with time of the optical roughness of HfB, films on
pretreated and untreated substrates, as determined by in situ spectroscopic
ellipsometry.

the adsorption of reactants or reaction byproducts. The dense
nucleation results in the growth of extremely smooth MgO
films: the rms roughness is only 0.35 and 0.50 nm for film
thicknesses of 10 and 30 nm, respectively (Fig. 4, inset).

For both the HfB, and MgO CVD processes described
above, the steady-state film growth rate does not change
when the plasma is switched on. This shows that no unin-
tended plasma enhanced CVD process takes place, and that
the fluxes or energies of the plasma-generated species are not
sufficient to drive growth-related surface reactions at signifi-
cant rates. Current-voltage measurements on a flat probe at
the substrate position, for biases up to £18 V with respect to
the chamber ground, yield linear /-V plots with an equivalent
resistance of 27 MJ(), indicating the absence of space charge
effects or a plasma sheath. With the substrate at ground po-
tential, which is the case for film growth, a net positive cur-
rent density of 50 nA/cm? flows from the plasma to ground.

The most likely mechanistic interpretation for the ob-
served nucleation enhancement is RP-stimulated H desorp-
tion, which would create a large population of dangling
bonds on the substrate surface. The mechanistic role of dan-
gling bonds in promoting nucleation is well known: scanning
tunneling microscopy (STM)-induced desorption of hydro-
gen can enable spatially defined CVD that is restricted to
bare (dehydrogenated) areas.'! However, it is remarkably dif-
ficult to determine which plasma species is responsible for
the observed effect. This is a common problem in plasma-
based experiments because (i) it is nearly impossible to cre-
ate a source that emits only one species, or (ii) to vary the
flux of one species without varying others, and (iii) sophis-
ticated apparatus is needed to quantify the fluxes. We and
other authors have shown that a change in the operating con-
ditions of the discharge (i.e., power and pressure) affects the
densities of all the species involved as well as the energy
distribution function of the charged species.

In previous experiments, reaction pathways for hydrogen
desorption have been identified for photons,12 metastable
atoms,B_l6 electrons, and ions,l7 all of which are generated
inside the plasma. In our experimental conditions, we can
rule out the possibility that the surface activation is due to
electrons. The cross section for H desorption is small for
electron energies below 20 eV, and the flux of charged spe-
cies measured at the substrate is small, as noted above.!”
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FIG. 3. Field emission SEM micrographs of 50 nm thick HfB, films grown under untreated and plasma pretreated conditions.

Similarly, we can rule out that surface activation is due to
photons from resonant transitions, because these are scat-
tered due to self-absorption and subsequent reemission (the
mean-free path of Ar 4s photons is <1 mm at 1 mTorr Ar
pressure).

Argon metastables, however, are likely candidates for
the surface activating species. Using a time-of-flight mass
spectrometer, Kurahashi and Yamauchi'® analyzed the de-
sorption of H* from Si(111) surfaces stimulated by a pulsed
He plasma, and concluded that the species responsible for
desorption were fast neutrals and He" metastables. Neither
the desorption of neutral H nor the fluencies and the yields of
the different processes were reported. A similar study
showed that He metastables can desorb H* from a hydroxyl
terminated Na/Ni(100) surface.

To conclude, exposure of a H-terminated silicon sub-
strate to the flux from a remote Ar plasma is an effective
means to activate chemically reactive sites, presumably by H
desorption, such that the nucleation density is very high dur-
ing the thin film growth by CVD. This effect enables the
growth of fully coalesced ultrathin films that are pinhole-free
and smooth. The RP treatment does not require elevated sub-
strate temperatures and is fully compatible with damage-
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FIG. 4. (Color online) Evolution with time of the thickness of MgO film
grown under untreated and plasma treated conditions, as determined by in
situ ellipsometry. Inset: AFM topography of 30 nm thick MgO film grown
under plasma treated conditions.

sensitive technologies. Finally, there is considerable potential
for extension of this approach: on the source end, the use of
He would provide higher excitation energies; on the substrate
end, RP treatment also may activate —OH terminated sub-
strates and be applicable to ALD processes. Due to the mul-
tiplicity of fluxes emanating from the plasma source, further
work is needed to determine the mechanism responsible for
the activation of surface sites.

The authors thank the National Science Foundation for
support under Grant Nos. DMR 03-15428 and CHE 07-
50422. A.Y. thanks La Fundacién la Caixa and Spanish
FECYT/MEC for support. Ex situ materials characterization
was carried out in the Center for Microanalysis of Materials
at the Frederick Seitz Materials Research Laboratory, Uni-
versity of Illinois, which is partially supported by the U.S.
Department of Energy under Grant Nos. DEFGO02-
07ER46453 and DEFG02-07ER46471.

'Y. Kajikawa and S. Noda, Appl. Surf. Sci. 245, 281 (2005).

’R. L. Puurunen and W. Vandervorst, J. Appl. Phys. 96, 7686 (2004).
’3C.E Pomarede, J. Roberts, and E. J. Shero, US Patent 6,613,695 B2, ASM
America, Inc., United States (2003).

‘0. Sneh, T. E. Seidel, and C. Galewski, US Patent 6,638,859 B2, Genus,
Inc., United States (2003).

3S. Yugo, T. Kanai, T. Kimura, and T. Muto, Appl. Phys. Lett. 58, 1036
(1991).

°A. Hoffman, R. Brener, A. Laikhtman, Y. Avigal, and P. J. Evans, Dia-
mond Relat. Mater. 4, 765 (1995).

’s. Jayaraman, E. J. Klein, Y. Yang, D. Y. Kim, G. S. Girolami, and J. R.
Abelson, J. Vac. Sci. Technol. A 23, 631 (2005).

8y. Yang, S. Jayaraman, B. Sperling, D. Y. Kim, G. S. Girolami, and J. R.
Abelson, J. Vac. Sci. Technol. A 25, 200 (2007).

°H. F. Okorn-Schmidt, IBM J. Res. Dev. 43, 351 (1999).

'°G. W. Trucks, K. Raghavachari, G. S. Higashi, and Y. J. Chabal, Phys.
Rev. Lett. 65, 504 (1990).

''T. Mitsui, R. Curtis, and E. Ganz, J. Appl. Phys. 86, 1676 (1999).

"2A. Pusel and P. Hess, Surf. Sci. 433-435, 74 (1999).

Y. Yamauchi, X. Ju, T. Suzuki, and M. Kurahashi, Surf. Sci. 528, 91
(2003).

M. Sesselmann, B. Woratschek, J. Kuppers, G. Ertl, and H. Haberland,
Phys. Rev. B 35, 1547 (1987).

BSw. Sesselmann, H. Conrad, G. Ertl, J. Kuppers, and B. Woratschek, Phys.
Rev. Lett. 50, 446 (1983).

'°H. Hagstrum, Phys. Rev. 96, 336 (1954).

T, Fuse, T. Fujino, J. T. Ryu, M. Katayama, and K. Oura, Surf. Sci. 420,
81 (1999).

M. Kurahashi and Y. Yamauchi, Surf. Sci. 454-456, 300 (2000).

Downloaded 09 Oct 2009 to 130.126.227.189. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1016/j.apsusc.2004.10.021
http://dx.doi.org/10.1063/1.1810193
http://dx.doi.org/10.1063/1.104415
http://dx.doi.org/10.1016/0925-9635(94)05278-6
http://dx.doi.org/10.1016/0925-9635(94)05278-6
http://dx.doi.org/10.1116/1.1927534
http://dx.doi.org/10.1116/1.2409939
http://dx.doi.org/10.1103/PhysRevLett.65.504
http://dx.doi.org/10.1103/PhysRevLett.65.504
http://dx.doi.org/10.1063/1.370946
http://dx.doi.org/10.1016/S0039-6028(99)00072-2
http://dx.doi.org/10.1016/S0039-6028(02)02615-8
http://dx.doi.org/10.1103/PhysRevB.35.1547
http://dx.doi.org/10.1103/PhysRevLett.50.446
http://dx.doi.org/10.1103/PhysRevLett.50.446
http://dx.doi.org/10.1103/PhysRev.96.336
http://dx.doi.org/10.1016/S0039-6028(98)00827-9
http://dx.doi.org/10.1016/S0039-6028(00)00264-8

