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Interfacial characteristics of HfO , grown on nitrided Ge (100) substrates
by atomic-layer deposition
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The microstructural and electrical properties of Ge-based metal-oxide—semiconductor capacitors
containing highk gate dielectric layers were investigated with and without the presence of a
GeQNy interface layer. The effect of this nitrided layer on thermal stability of the metal oxide/Ge
structures was probed by medium energy ion energy spectrogbtiphs). Atomic-layer deposited

HfO, on a chemical oxide-terminated G@O00) surface exhibited poor capacitance—voltage
behavior; however, direct substrate surface nitridation at 600 °C i3 &tbient before HfQ
deposition improved the carrier trapping characteristics. Diffusion of metal impu¢itiekiding

Hf) into the interfacial oxide/Ge-substrate may be an important source of the measured degradation
of electrical properties. MEIS results suggested that the Se@nterface layer may inhibit Hf
diffusion into the underlying semiconductor at the temperatures investigat&i0® American
Institute of Physics[DOI: 10.1063/1.1797564

As the continued scaling of Si complementary metal-backscattering in which the energy and angular distributions
oxide—semiconductqiCMOS) devices approaches its funda- of scattered ions are used, and it is a powerful technique to
mental limits, various modified channel materials, such as abtain detailed information about atomic composition in the
strained St, are being investigated to increase the drain curtopmost 5—20 nm of a gate statk.
rent by improving the carrier mobility in the channel region. Four inch diameterp-type (1000 Ge wafers having
Among the possible modifications being studied at presenf).25({2 cm) resistivity were used as substrates. Either a
the conventional S{100) substrate may be replaced by an vendor-supplied chemical oxid&eQ,) or a nitrided inter-
alternative semiconductor material with higher intrinsic car-face oxide was used as a surface passivation layer prior to
rier mobility, such as Ge. Because of its higher low-fieldthe highk dielectric deposition. For surface nitridation, the
carrier mobility for improved injection current density and initial oxide present on the Ge substrates was removed using
smaller band gap for supply voltage scaling, there have beea cyclic rinsing of 50:1 HF solution and de-ionized water,
many attempts to use Ge as a channel material in high-speed the samples were nitrided for 1 min at 600 °C inNH
field effect transistoré? Unfortunately, during device manu- ambient using an AG4108 RTP system. After the surface
facturing, the lack of a sufficiently stable thermal oxide of passivations, the Ge wafers were immediately transferred to
germanium has made obtaining a high quality surface passa cold wall-type high vacuum ALD system and deposition of
vation extremely difficult. Recently, however, Ge-based4.4-4.6-nm-thick HfQ was performed at 300 °C using alter-
MOS capacitors and transistors incorporating depositetating surface-saturating reactions of Hf@hd H,O. Each
highk gate dielectrics which show superior electrical prop-precursor was pulsed for 2 s and purging followed for 30
erties have been demonstrafedin addition, surface nitri- and 60 s after each @ and HfC), pulse, respectively. Vari-
dation (Ge-oxynitride passivationof Ge (100) surfaces has ous sizes of 50-nm-thick Pt gate electrodes for electrical
been investigated and has provided improvements in themeasurements were deposited by the room temperature
electrical properties of higk{Ge gate stacksHowever, the  e-beam evaporation through shadow mask and, subsequently,
mechanism responsible for these improvements and a sy#d was deposited on the back side of the Ge wafers to reduce
tematic comparison of the different surface passivation conthe contact and series resistance of the samples.
ditions have not been reported. Capacitance—voltageC—V) measurements were performed

In this letter, the microstructural and electrical characterwithout any postannealing using an HP4284A precision LCR
istics of HfO, dielectric layers grown by atomic-layer depo- meter. Current-voltagé —V) measurements were performed
sition (ALD) on a chemical oxide and a Ge-oxynitride layer using a Keithley 230 programmable voltage source and 6512
are presented and compared. In order to understand the rgieogrammable electrometer. The thickness and film micro-
of the interfacial Ge¢N, layer formed by direct-nitridation  structures of selected samples were analyzed by cross-
of HF-cleaned Ge substrate in a hidmbient, medium en- sectional transmission electron microscoiEM—Philips
ergy ion scatteringMEIS) analysis was performed. The CM20 FEG-TEM. MEIS analysis was performed with a
MEIS technique is a lower energy version of Rutherford100 keV proton beam in a detector alignment so as to reduce
the contributions from the crystalline Ge substrate, allowing
author to whom correspondence should be addressed; electronic maifl€convolution of spectra into contributions from the HfO

hsubkim@stanford.edu layer, Ge-containing underlayer, and Ge substrate. The inci-
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FIG. 1. Cross-sectional high resolution-TEM images of
ALD-HfO, (4.4—4.6 nm on Ge with different surface
treatments:(a) chemical oxide(0.8—0.9 nm and (b)
GeQN, (1.1-1.2 nm grown at 600 °C for 1 min in

3

@ (b)

dent ions were directed along tfie11] direction in the(110) ~ observed. The root source of these infel®rV characteris-
plane and the scattered ions were along [@1] direction  ficS may be a significant number of interfacial defects origi-
with a scattering angle of 125°. Quantitative depth profileshating from the poorly passivated bonding or the diffusion of
for different species were extracted with a resolution of lesgnetal impurities from the gate dielectric into the substrate. It
than 0.5 nm in the near-surface region. is well known that the incorporation of nitrogen into gate
Figure 1 shows a cross-sectional TEM image Ofdielectrics, such as SQRef 9 or hlgh-k dielectricéo can
HfO,/GeQN,/Ge structure compared with H§Oupon improve dielectric integrity and also inhibit impurity diffu-
chemical oxide passivated Ge without any surface cleaningsion of contaminant species from either the gate dielectric or
A relatively thinner(0.8—0.9 nm interfacial oxide remained the top gate electrode into the channel. A Ge oxynitride layer
in the case of Hf@ deposition on chemical oxide-terminated Was incorporated into the Ge MOS structure through direct
Ge substrate compared to Hf©n a similarly passivated Si hitridation of the Ge.C-V characteristics of Pt/ALD
substraté1.4—1.5 nm interfacial laygrAlso, cross-sectional -HfO,/GeQN,/Ge MOS structures given various different
TEM micrographs obtained from the interface between thelitridation treatments(rapid thermal NH nitridation at
HfO, film and the interfacial layefchemical oxidg were  500-700 °Q were measured, and nitridation at 600 °C was
consistent with greater interface roughness than is typicalljound to exhibit the most promising results. Representative
observed in the HfQY SiO, case’ It is believed that inhomo- C-V data are shown in Fig.(B). Although a significant
geneous dissociation of Ge-oxfder, possibly, a partial density of slow states still exists near the Ge conduction
reaction between the HfOand Ge oxide may occur even band edge, an outstanding improvemenCefV characteris-
at the relatively low ALD deposition temperature, thus tics was achieved through the NHitridation of the Ge sur-
decreasing the interface layer thickness and producing thi&ce before the high-deposition. Higher nitridation tem-
observed roughness. For nitrided Ge samples, a uniforrperatures resulted in a significant increase in the capacitance
1.1-1.2-nm-thick interfacial GeM, layer was observed, as signature of these slow states and an increase of the capaci-
shown in Fig. 1b). This layer may block chemical interac- tance in the inversion bias regime. According to XPS studies,
tions between the deposited HfGilm and the substrate the N incorporation into the Ge@, linearly increased with
more effectively than a Ge oxide layer, in keeping with thenitridation temperature and approximately 25 at. % N was
well-known diffusion barrier characteristics of silicon nitride detected from Ge(, layer nitrided at 600 °C.The ni-
and similar materials. trided layer is believed to act as a diffusion barrier or a
Figure 2a) shows C-V characteristics of ALD-Hf@  passivation layer reducing the density of defects which origi-
film on a Ge(100) surface passivated with a chemical oxide. nate from the poor quality of Ge-based oxides. However, the
Significant hysteresis and dispersion associated with slowxynitride layer may itself generate other trap levels, to
states near the conduction band edge of Ge band gap wewndich the observed slow states can be attributed. A high
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FIG. 2. C-V characteristics of Pt/HfgGe capacitors with different surface treatmerigs: chemical oxide(0.8—-0.9 nm and (b) GeQN, (1.1-1.2 nm
grown at 600 °C for 1 min in Nk
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density of N-related defects has also been observed in silicon = Energy (keV)
nitride films directly deposited on $L00) substrates ol - - :
Figure 3 shows the leakage current densities of ALD- 80 85 90 95 100
grown HfO, films on Ge substrates treated with different () Energy (keV)

surface passivation methods. Although there were significarfilG. 4. MEIS spectra and fitted curves, and the corresponding model struc-
differences inC—V characteristics for the surface passivationture of () HfO, on Ge substrate with chemical oxide afij HfO, on Ge
conditions used, the leakage current densities were identicaVFb_zirrfgsmrg"t”dEd at 600 °C for 1 min in NHambient after cyclic
for both polarities and were similar to or even lower than ’
those of ALD-HfG; films deposited on Si substrates having
identical physical thickness of H{O 600 °C using NH effectively passivated surface defects
In order to understand the role of the interfacial G measured in MOS capacitor electrical testing. MEIS analysis
layer formed by NH nitridation of HF-cleaned Ge sub- Suggested that the presence of a thin @¢Onterposed be-
strates, MEIS analysis was used. Two samples witfween the highk dielectric and Gg100) substrate behaved
~4-nm-thick ALD-HfO, films were deposited onto two dif- as a diffusion barrier for metal species from the metal oxide
ferent Ge substrates: one with chemical oxide passivatioflielectric into the Ge surface region.
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