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Hydrogen-assisted pulsed-laser deposition of (001)CeO, on (001) Ge
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The growth of epitaxial (001)Cepn a(001) Ge surface using a hydrogen-assisted pulsed-laser
deposition method is reported. Hydrogen gas is introduced during film growth in order to reduce or
eliminate the presence of the Gefbom the semiconductor surface during the initial nucleation of

the metal—oxide film. The hydrogen partial pressure and substrate temperature are selected to be
sufficiently high such that the germanium native oxides are thermodynamically unstable. The Gibbs
free energy of CeQis larger in magnitude than that of the Ge native oxides, making it more
favorable for the metal—oxide to reside at the interface in comparison to the native Ge oxides. By
satisfying these criteria, the metal—oxide/semiconductor interface is shown to be atomically abrupt
with no native oxide present. @000 American Institute of PhysidsS0003-695(00)04413-2

Metal—oxide—semiconductdiMOS) structures are key formation of a GeGfree surface. Using this approach,
elements in microelectronic applicatioh$Much of the suc-  (001)-oriented Ce@ thin films were obtained on th&01)
cess of silicon in microprocessor and memory technologie§&e surface. The resulting metal—oxide/semiconductor inter-
can be directly attributed to the ability to form well-defined face is atomically abrupt, with no apparent native oxide
Si/SiG, interfaces for MOS-type structures, in which $iO present at the semiconductor/metal—oxide interface. These
serves as the gate oxide. Various semiconductor materiatesults differ from that observed for Ce©n (001) Si, where
would be attractive for MOS-type device applications giventhe film is (110 oriented with significant Si@formation at
a method to form well-defined oxide/semiconductor inter-the film/substrate interfade®
faces suitable for functional structures. For example, Ge and The deposition 0f001) epitaxial cerium oxide on single
SiGe alloys are attractive semiconductor materials for elecerystal Ge(001) was performed by PLD using a KrF excimer
tronic applications, possessing higher carrier mobilities andaser. A (001) single crystal Ge substrate was cleaned by
thermal conductivities than that of silicon. Unfortunately, thesuccessive rinsing in trichloroethylene, acetone, and metha-
native germanium oxides are not suitable for MOS-type denol, followed by rinsing in de-ionized water. The native ox-
vice structures:* The formation of stable metal—oxides on ide was then removed by a 30 s dipping in a 1:10H@H
Ge could prove instrumental in the development of Gesolution. The substrate was blown dry with dry nitrogen and
and/or SiGe alloy integrated circuits. For applications in-mounted on the heater platen using silver paint. The sample
volving sensors, photovoltaics, and optoelectronics, the forwas loaded into the vacuum chamber for PLD of the oxide
mation of well-defined metal—oxide/semiconductor inter-film. The chamber was evacuated to an initial base pressure
faces for semiconductor materials other than silicon is vitathat ranged from % 10~ ° to 2x 10" ° Torr. The mounted Ge
to current and future device architectures. In many cases, orgibstrate was annealed in vacuum at 350 °C for 2—12 h in
would prefer to have a well-defined metal—oxide/semi-order to decompose the organic binder in the silver paint.
conductor structure devoid of any native oxide at the interPrior to heating, the ablation target wamssitu cleaned by
face, as the presence of native oxide at the interface oftelaser ablation with a shutter between the substrates and ab-
limits the performance of these structures. This has beelation target.
demonstrated for the case of silicon, in which molecular  In order to minimize or eliminate any native germanium
beam epitaxy was used to grow a crystalline oxide as @xide on the substrate surface prior to growth, hydrogen gas
monolithic, commensurate structure on silicom addition,  was introduced into the chamber to a sufficient pressure such
a method to form oxides that are epitaxial on semiconductorghat the ratio of hydrogen to water vapor partial pressure
would enable the integration of various epitaxial oxide ma-P(H,)/(P(H,0)) was approximately at or above the GeO
terials and device structures with semiconductor electronicstability curve at the anticipated oxide film growth tempera-
by providing a crystalline oxide template for additional epi- ture as shown in Fig. 1. This curve was derived from Elling-
taxial oxide film growth. ham diagrams for oxide materidis? The oxide stability

In this letter, we report on the epitaxial growth and prop-line can be estimated from the temperature-dependent Gibbs
erties of CeQ on (001) Ge using pulsed-laser deposition free energy of the chosen native oxide when compared to the
(PLD). In order to eliminate the native Gg@On the Ge sur-  H,O/H, equilibrium behavior. Depending on the anticipated
face and achieve epitaxy, hydrogen was introduced as metal—oxide deposition temperature, the Ge@stability
background gas during the film nucleatfdhThe use of hy-  criterion translates into a value d?(H,)/P(H,0)>0.04,
drogen greatly relaxes vacuum requirements needed for thsreferably greater than 1.0. As a practical matter, the base
pressure of the vacuum systems consists mostlyaf. H

aAuthor to whom correspondence should be addressed; electronic mail:  FOF the expe_riments reported here, a ﬂQW of
ntn@ornl.gov 4%H,/96%Ar was introduced into the chamber with the
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FIG. 1. Plot showing Ge@stability line with respect to the ratio of hydro-
gen gas to water vapor. The conditions for which Gé® unstable are C O (‘202)'
explicitly denoted. " 2

10° ¢

()

H,/Ar pressure ranging from 10 to 10 ! Torr, depending
on the base pressure. For example, aAd pressure of 0.1
Torr yields a hydrogen partial pressure 0k40 3 Torr, and
a value ofP(H,)/P(H,0) of 8x10? for a base pressure of
5% 10 ® Torr. The substrate was then heated to the growth
temperature in the 4%}R6%Ar background. As the sub-
strate is heated, the hydrogen reduces any Gbél resides ’f ,f 'M
or forms on the substrate surface, resulting in the gas-phase o' . ‘ ,
etching of the native oxide. The final growth temperature -150-100 -50 0 50 100 150
must be consistent with the requirement that the conditions ¢ (deg)
(temperature, water vapor partial pressure, hydrogen partial
pressurgbe above the GeGstability line where the forma- FIG. 2. X-ray diffraction scans along the surface norifaland in-planes
tion of GeQ is thermodynamically unfavored. Under these (b) scans through the Ce@202) peak.
conditions, a metal—oxide material that is stable for the cho-
sen temperature/water vapor/hydrogen conditions can be d€e0,(202) show that the Cef100) is rotated 45° with re-
posited onto the heated substrate by means of PLD. Thispect to the Gg100 with an in-plane mosaic spread of
oxide material should be thermodynamically stable in con—~2.7°. High-resolution scans also show that film is slightly
tact with Ge'® Cerium—oxide satisfies this criterion. tetragonal. The out-of-plane lattice constantis5.406 A,

After heating to the selected growth temperature, a£eOwith an in-plane lattice spacing G=b=5.420A. This is
film was deposited on the Ge surface. The KrF excimer lasegonsistent with the CeQattempting to lattice match to the
energy density was-1.5 J/cnf with a laser repetition rate of larger Ge lattice spacing. Similar results were obtained for
1 Hz. These conditions yielded a deposition rate~dl.1  CeQ, films deposited in a system with a base pressure of
nm/laser pulse when using a pressed and sintered, @8O 5x10 ®Torr using a hydrogen partial pressure of
lation target. Both the metal cation and oxygen atoms aréx 10 3 Torr, although the x-ray diffraction peaks were
provided by laser ablation as short, discreet pulses. Betweeslightly broader with higher base pressure.
the laser pulses, the metal—oxide / semiconductor system can Reflection high energy electron diffractiofRHEED)
relax to the conditions that thermodynamically favor insta-was used to characterize the development of crystallinity
bility of the native oxides. After the initial film nucleation, during nucleation. Figure 3 shows the RHEED patterns ob-
additional CeQ could be deposited on the initial oxide film tained from the G@O01) surface along thé¢110) direction
template using deposition conditions that do not necessarilgefore growth(a), and after depositing- 1 nm(b) and 4 nm
coincide with the requirements of Ge@hermodynamic in-  (c) of CeQ, at 750 °C. In these experiments, the base pres-
stability as outlined for the template oxide layer, thus allow-sure was X 10 ° Torr with a H,/Ar pressure of 10° Torr.
ing the CeQ stoichiometry to be controlled. After film Before deposition, a well-defined reconstruct@dl) Ge sur-
growth, the germanium substrate was typically cooled in
vacuum.

Figure 2 shows the x-ray diffraction data for a 50 nm (a) (b) (c)
thick CeQ film on (001) Ge deposited at 750° witR(H,)
=4x10""Torr and a base pressur@x10 °Torr. Ap-
proximately 5 nm was deposited in the presence of hydro-
gen. The remaining 45 nm of Cg@as deposited with no
hydrogen flow. The film is epitaxial with @01) orientation.

The out-of-plane rocking curve for this film yields a full- £ 3 RHEED images along the @40 direction taken prior to film

width-half-maximum of 2.8°. In-plane> scans through the deposition(a), and after depositing 1 nrtb) and 4 nm(c) of CeO,.
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ERE AR Ee s o 2 promote the epitaxial gr_ovvth of oxides on semiconductor
LI E T T T YT Ty surfaces should be applicable not only to Gesd Ge by

. » b - PLD, but to other material systems and physical vapor depo-

- ' sition techniques. By introducing hydrogen during film
nucleation, the base pressure requirements are greatly re-
laxed as compared to conventional approaches that rely on
the thermal desorption of the native oxides prior to film
growth. In addition, the hydrogen-assisted approach will
generally lend itself to processing temperatures that are
lower than what would be required for conventional ultra-
high vacuum oxide desorption. The resulting epitaxial
metal—oxide film should be useful as a crystalline oxide tem-
plate for subsequent growth of additional epitaxial oxide lay-
ers on the semiconductor surface. These structure may prove
FIG. 4. High resolution STEM image of the atomically abrupt G&&e  yseful for numerous electronic and optoelectronic devices,
crystalline interface. including MOS field-effect transistors, random-access
memory devices, and optical waveguide structures.
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