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Germanium combined with higk-dielectrics has recently been put forth by the semiconductor
industry as potential replacement for planar silicon transistors, which are unlikely to accommodate
the severe scaling requirements for sub-45-nm generations. Therefore, we have studied the atomic
layer deposition(ALD) of HfO, high-« dielectric layers on HF-cleaned Ge substrates. In this
contribution, we describe the Hf@rowth characteristics, HfObulk properties, and Ge interface.
Substrate-enhanced Hf@rowth occurs: the growth per cycle is larger in the first reaction cycles
than the steady growth per cycle of 0.04 nm. The enhanced growth goes together with island
growth, indicating that more than a monolayer coverage of H&equired for a closed film. A
closed HfQ layer is achieved after depositing 4—5 Hf@honolayers, corresponding to about 25
ALD reaction cycles. Cross-sectional transmission electron microscopy images show that HfO
layers thinner than 3 nm are amorphous as deposited, while local epitaxial crystallization has
occurred in thicker HfQ films. Other HfG bulk properties are similar for Ge and Si substrates.
According to this physical characterization study, Hf€an be used in Ge-based devices as a gate
oxide with physical thickness scaled down to 1.6 nm2@05 American Institute of Physics
[DOI: 10.1063/1.1856221

I. INTRODUCTION thickness rang&? In order to function as a gate dielectric,
) _ ) ) . the layer should also be smooth and contain no holes. As the
Germanium is a high-performance device material dueALD growth behavior can depend on the substfafeit is

to |_ts narrow band gap, high mobility and low dopant aCtI'important to investigate and compare the growth character-
vation temperatures. It has recently been put forth by th?

requirements for sub-45-nm transistor generations. However .
a major technological drawback to the use of Ge is the dif-“jrow{h per cycleor growth rate, defined as the total amount

ficulty in growing an insulating oxide comparable to Si@ of material deposited per reaction cytldhe growth per

Si technology. Deposited higkh-materials may provide a so- cycle can be expressed as thickness increnflem) or as

. . 6
lution for the gate dielectric of Ge-based transistors. Indeed!'cT€a5€ of areal .ole'nsﬁ(ylumber of atoms/nf)." A Seco'.“d
the successful use of a Zg@ielectric film in Ge field-effect growth characteristic influenced by the substrate is the

transistordFETS has recently been demonstratethe low- growth mod¢ which refers to the way the deposited material

field mobility for the Ge/ZrQ FETs was twice that of is arranged on the substrate; the material can be deposited as
Si/Sio, FETs! islands, or in a more favorable case as a closed two-

High-performance devices in the sub-45-nm technologyimensional layer. _ _
mode should reach the equivalent oxide thickr(&RT) tar- For the ALD of HfQ, on Si substrates, using Hf{Cand
gets below 0.8 nm. For ZrOand HfO, dielectrics with ak ~ H20 precursors, both growth per cycle and growth mode
value of 20-25, this means that films thinner than 4 nmhave .beer; 10_1|5nvest|gated for  different  surface
should be deposited. Atomic layer depositichLD) is a preparation$:>*°**The growth per cycle can accurately be

suitable technique to deposit uniform films in the nanometefletermined by means of a Rutherford backscattering spec-
troscopy(RBS) as the number of Hf atoms/rfiThe growth

dAlso at K.U. Leuven, INSYS, Kasteelpark Arenberg, B-3001 Leuven, Bel- per CyCle as thl(?kness can be obtained frqm the RBS Hf
gium. coverage assuming a value for the Hf@ensity? or from
PElectronic mail: matty.caymax@imec.be ellipsometry if the layers are thicker than about 10 ¥,
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On the other hand, the experimental determination of thd. XPS
growth mode is less straightforward. Essentially, we want to Ge/HfO, samples were analyzed by XPS after several

monitor the composition of the top surface of the sample anRjNeeks of air exposure. XPS measurements were performed

observe how fast the substrate intensity decreases as a fuqﬁ—a Quantum 2000 from PHQ1) using a monochromatic
tion of the Hf coverage. Therefore, very surface sensitiveAI K,, radiation in a high-power modél00 W, measuring

techniques, such as low-energy ion scatter{h§|S) or spot 100, scanned over 1400500 u2). The angle be-

time-of-flight secondary-ion-mass spectromeffDFSIMS yyeen the axis of the analyzer and the sample surface was
should be used. The combination of RBS and TOFSIMS ha.@oo. The amount of C was found to bel0 at. %. which is a

shown that the growth per cycle dependence on the substrafgy ma| contamination level for samples stored in ambient air.
can give a first indication of the growth mode. Strong inhi- 1 Ge line, corresponding to a kinetic energy of 260 eV,
bition effects in the first ALD cycles have been associated a5 detectable only for Hfgsamples of less than 60 cycles.
with islandlike morphology and poor electrical properties of thicker HfO, layers attenuate the GpXignal too much.
the dielectric Iayef‘.’g'll’ls'lgGrowth inhibition is very pro-  pue to a strong overlap between the Q@om HfO,) and
nounced on hydrogen- terminated Si substrates and may Rfe Geal peak, this region could not be used to analyze the
related to the low reactivity of the Hf¢precursor with Si=H  gyiqation of the Ge interface. The GeBnes gave chemical
bonds. The introduction of more reactive Si-OH groups, fOfinformation about the bottom interface. Standard sensitivity
example, gy chemical oxidatidnor by remote plasma  factors were used to convert peak areas to atomic concentra-
treatments? leads to a more constant growth per cycle and &jons. The thickness of the Ge@nd HfO, layers was esti-
more two-dimensional growth mode. LEIS has demonstrate¢,5teqd by means of a three-layer model calculatfoiihe
HfO, layer closure after ten reaction cycles for ALD on gscape mean free paths of the photoelectrons was calculated
chemical oxide substratés. using the Tanuma—Powell-PefiiPP2 formula®*

In this contribution, we investigate the ALD of Hfn The HF-cleaned Ge substrate was also characterized by
Ge substrates by means of several complementary analysigs. The air exposure between cleaning and XPS measure-

techniques. Both growth per cycle and growth mode argnent was limited to less than 15 min. The @dBes were
studied using RBS, TOFSIMS, and LEIS. The Ge interfaceanalyzed.

will be particularly important with respect to device perfor-
mance. Therefore, the Ge interface is also investigated bg. RBS
means of x-ray photoelectron spectroscdpyrS and me-
dium energy ion scatteringMEIS). Cross-sectional trans-
mission electron microscopyTEM), x-ray diffraction
(XRD), and TOFSIMS depth profiling further characterize
the HfO, layer on Ge substrates.

RBS was performed in a RBS400 Endstati@harles
Evans and Associatgsvhich is installed around a 6SDH-
12MV tandem (National Electrostatics CorporatipnThe
measurements were performed with a 1-MeV lHeam in a
rotating random mode. The scatter angle was 168°. The ac-
cumulation dose was 2QC. Beam current was limited to
5 nA to avoid pile up in the electronics. A beamchopper was
used for normalization. TheumpP simulation code was ap-

Il. EXPERIMENTAL DETAILS plied to calculate the areal density of Hhumber of

atoms/cr).
A. HfO, layer growth

Prior to deposition, 100-mm GEOQ substrates were D- LEIS

cleaned for 5 min in a 2% HF solution, rinsed in de-ionized | EIS measurements were performed with 3-kéve"
water, and dried in clean room air. Both (&80 and miscut  and?’Ne*. First a*He" measurement was performed to get a
Ge(100 substrates were used. The miscut was 5.7° towardgeneral impression of the surface composition, using an ion
(111). The results for miscut G&00) were not different from  dose of 2.1x 103 jons/cn? to measure one spectrum. Mea-
the results for GEL00. HfO, was deposited in an ASM surements with 3-ke\f’Ne" were performed directly after
ALCVD™ Pulsar 2000 reactor, integrated on a Polygon™the “He" measurements using an ion dose of 1.1
8200 platform’® All depositions were performed at 300 °C x 10" ions/cn?. For each sample the analysis was based
with HfCl, and HO precursors. The pressure in the reactorupon an average of three spectra to obtain adequate statistics.
was 1 Torr. The cycle numbers ranged between 1 and 300’here was a linear dependency between the Hf and Ge in-
The pulse and purge times were optimized for Hffdms  tensities, which allows a reliable determination of maximum
grown in tens to hundreds of ALD reaction cycles. The op-Hf and Ge intensities by extrapolation. The surface fractions
timized process gave uniform HfGilms over the 100-mm of Hf and Ge were calculated by dividing the Hf and Ge
Ge wafers. Reactant doses below that needed for saturatidmtensity by their maximum intensities.

caused a sharp thickness decrease at the back end of the Cleaning the sample surface prior to LEIS analysis is
wafer. Small changes in the pulse and purge times did ndhevitable as organics, adsorbed during air exposure between
affect the amount of material deposited. Uniform film thick- sample preparation and LEIS analysis, diminish the surface
ness and low sensitivity towards pulse and purge times indispectrum intensity. Two different cleaning methods prior to
cated that surface saturation was obtained and ALD conditEIS analysis were used: low-energy atomic oxidation and
tions prevailed. calcination. Low-energy atomic oxidation was performed at
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room temperature with 16-mbar oxygen pressure. The TABLE I. XPS and MEIS GeQthickness(nm). * not measured.
minimum time needed to obtain a clean surface by atomic
oxidation was determined for a sample consisting of
5-cycles HfQ deposited on a HF-cleaned Ge. An increase of Sample XPS MEIS
the complete spectrum intensity was observed with increas-

GeQ, thickness(nm)

. . . . . . . . - —| *

ing oxidation time, indicating a decreasing content of organ- HF-cleaned Ge 0.2-03

. . . . HF-cleaned Ge+30-cycles HfO * 0.3

ics. Extrapolation of the results after 0, 3, 6, and 9-min oxi-

dati indi d that 15 mi ffici btai | HF-cleaned Ge+40-cycles H{O 0.3 *
ation indicated that 15 min was sufficient to obtain a clean e yeaned Ge+60-cycles HO 04 03

surface. In a second cleaning method, samples were first calyr_gjeaned Ge+80-cycles HiO 0.4 *
cined for 20 min at 300 °C using an oxygen pressure of
200 mbar. After calcination, samples were oxidized using

atomic oxygen. Subsequent atomic oxidation treatments digh K o source radiation and an incidence angle of 3°. The
not change the LEIS spectrum, suggesting a fully cleanegitfractometer is equipped with a parabolic multilayer mirror
surface after calcination. However, the Hfpeak area was o, parallel beam optics and a furnace for situ high-
systematically lower after calcination than after atomic OXi'temperature XRD tests. The sample was heated from room
dation. This indicates that the surface was altered during Catsmperature to a test temperature, at which a scan in éhe 2
cination: either HfQ has clustered or G,) has segregated range from 20 to 40 takes about 30 min. After the scan, the

to the surface. Only LEIS results after the first cleaningsample was heated to a higher temperature for a new scan
method, atomic oxidation only, will therefore be used foruith the same schedule.

analysis of the Hf@ growth mode.

E. TOFSIMS lll. RESULTS

All TOFSIMS measurements were performed using arf* XPS

lon TOF-IV instrument using a 10-keV Aranalysis ion First, XPS measurements were performed to characterize
beam. Normalized intensities were calculated by dividing thehe uncleaned and HF-cleaned Ge substrate. Thal Gess

Hf and Ge intensity by the signal measured on a pureHfO (spectrum not shownwere measured at binding energy be-
or Ge surface. For the depth profiles, a dual beam setup witfyeen 28 and 35 eV and were separated into substrate Ge

a 500-eV AF ion beam was used. and oxidized Ge. After HF clean, the binding energy of the
oxidized Ge peak significantly reduced in intensity and
E. MEIS shifted from 33 to 32 eV. This indicates that the native oxide

on the uncleaned Ge wafer, consisting mainly of Gefas

The MEIS instrumentHigh Voltage Engineering B.V., otched during HF clean. Only a limited amount of suboxide
Amersfoort, the Netherlangishas been described in detail (0.2—0.3 nn) was present after the HF clegfable .

elsewheré”** Protons with an energy of 98.80+0.08 keV Second, XPS was used to characterize the Ge interface
were used. Backscattered ion energies were analyzed with g samples with 40, 60, and 80 cycles of HiOThe Ge3

high-energy-resolution toroidal electrostatic detetdt  \ere separated into substrate G 182.2 eV and interfa-
(A_E/E~O.1%_). Depth profiles of the elements were ob_— cial GeQ (at 184.9 eV [Fig. 1(@)]. As expected, the inten-
tained from simulations of the measured backscattered iogjyy, of the Ge signal decreased with increasing Hf coverage.
energy distribution assuming that the film densities arérpg thickness of the Genterfacial layer, as deduced from
known or can be extrapolated from known data. The scattery three-layer model, was sm&0.3 nm (Table ). The Hf4f

ing geometry used had the incident beam aligned ii@0&] o415 consisted of one single doublet with a peak position at
direction, deviating-5.7° from macroscopic surface normal, 17 5 gy [Fig. 1b)]. No indications for metallic Hf or Hf
due to the miscut of the Ge substrate wafer. Therefore, thg vides were observed.

data were acquired at a scattering angle of 130.7°. Prior to

MEIS analysis, the samples were exposed to air for several

days. Only minor top surface carbon contamination was deg. RBS

tected. )
The RBS Hf content as a function of the number of ALD

cycles is shown in Fig. 2. The growth per cycle in the first
G. TEM ten ALD reaction cycles is shown in Fig. 3. The ALD growth
Cross-sectional TEM specimens were prepared by convas enhanced by the Ge substrate; the growth per cycle was
ventional ion milling and observed in Jeol 200CX and Phil- higher in the first reaction cycles than in the steady regime.

ips CM30 TEMs at 200 and 300 kV, respectively. The amount of Hf deposited in the first reaction cycle is
7.6 Hf/nn2. This corresponds to almost one monolayer of

HfO, (9.15 Hf/nm?), as calculated from the bulk density of
HfO, (9.68 g cm?).2%° Within few cycles, the growth per

A high-temperature grazing incidence x-ray diffraction cycle decreased to a steady value of about 1.1 HPnior
(HT-GI-XRD) was performed with a9-6 XRD diffracto-  0.040 nm assuming the bulk density. Thus, the steady growth
meter (3003 TT Seifert, Ahrensburg, Germanwysing a is similar as the case of HfOgrowth on Si substraté's®

H. XRD
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FIG. 1. XPS spectra fofa) Ge3 and (b) Hf4f for a sample with
80-cycles HfQ deposited on HF-cleaned Ge.

C. LEIS

Figures 4a) and 4b), respectively, show th&He" and
2ONe* LEIS spectra measured after atomic oxidation on
samples with different number of Hf(ycles. Peaks of O,
Ge, and Hf were clearly visible. No other elements were
observed. The surface of the pure Ge wdfgrcycles was
oxidized, as shown by the O peak in the LEIS spectfig.
4(a)]. With increasing number of cycles, the Ge peak de-,

RBS Hf-coverage / nm ?

E. MEIS

MEIS was used to estimate film composition and inter-
T facial oxide thickness. Figure 8 shows a proton backscatter-

RBS growth-per-cycle

J. Appl. Phys. 97, 064104 (2005)
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D. TOFSIMS

Figure 6 shows the evolution of the normalized Hf and
Ge intensities at the top surface, as measured by TOFSIMS.
Similarly as in LEIS, the HfQ intensity increased and the
Ge intensity decreased with the number of cycles. The
TOFSIMS Hf signal follows the same trend as LEIS, with
saturation around 25 reaction cycles.

TOFSIMS was also used to achieve a depth profile of the
Hf, Cl, and Ge intensitiegFig. 7). No significant amount of
Ge was observed in the HfCbulk. The shape of the CI
profile for HfO, deposition on Hf-cleaned Ge is similar to
that for HfO, deposited on Si substrat&swith a Cl peak at
the bottom HfQ interface.

50 100 150
Number of ALD reaction cycles

200

FIG. 2. Hf coverage measured by RBS as a function of the number of ALD
reaction cycles on HF-cleaned Ge substrates.

of a Ge peak in thé’Ne" spectrum[Fig. 4(b)]. From this
point, the Hf peak in théHe" spectrum substantially broad-
ens to the low-energy side. Asymmetric broadening origi-
nates from ion scattering of Hf atoms below the surfdce.
The HfO, and Ge surface fractions, calculated by nor-
malizing the LEIS Hf and Ge signals, are shown in Fig. 5.
The HfO, surface fraction increased and the Ge surface frac-
tion decreased with the number of ALD reaction cycles, as
expected. After 25 cycles; the H{Gilm covers the surface
completely.

A HF-last Ge
O Oxygen-free Ge

y

2 4 6 8
Number of ALD reaction cycles

10

FIG. 3. Growth per cycle from RBS in the first ten ALD reaction cycles for

creased and the Hf peak increased. After 25 cycles, the Ggr.cleaned Ge and oxygen-free Ge. The black line shows a trend line
surface was fully covered by HfQas shown by the absence through the RBS data. This trend line is used for growth mode simulations.
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FIG. 6. Evolution of the normalized TOFSIMS Hf and Ge intensity as a

Hf
function of the number of ALD cycles.
80
25 - F. TEM
12 Cross-sectional TEM images of samples with 12-, 40-,
and 200-cycles Hf@ deposited on an HF-cleaned Ge sub-

2 M strate are shown in Fig. 9. The Ge interface was smooth. A
1 | bright contrast layer was observed at this interface. This con-
0 \LJ\ trast is most probably due to the presence of a thin interfacial
oxide layer, as indicated by XPS and MEIS. The thin KHfO
600 1000 1400 1800 2200 layers both were amorphous as deposited. The 200-cycles
(b) Energy (eV) HfO, layer was 9.0 nm thick and polycrystalline. Some crys-
FIG. 4. LEIS spectra after atomic oxidation measured \ah3-keV “He" tals were for-med -in epitaxy with the Ge SUbStraFe; one can
ioné aﬁd(b) 3-keV ?Ne' ions. The number of ALD reaction cycles is see the Com.muatlon of the11) Ge crystallographic planes
indicated in the figure. through the interface.
The HfO, thickness deduced from TEM is shown in
Table II. HfO, densities were calculated for the three
ing energy spectrum from an as-deposited 3-nm-thick HfO samples by combining the TEM HfQhickness and RBS Hf
film. Both 3- and 6-nm HfQ spectra can be fitted with very coverage.
thin (0.3 nm GeQ, interfacial oxides (Table ). The
HfO,/ GeO,/ Ge interfaces are likely to be sharp, the positionG. XRD

of the Ge peak indicating that there is not much Hf~-Ge-O  xvRpD measurements were performed on as-deposited

intermixing. In addition, Cl concentrations of about samples with 100-, 200-, and 300-cycles of Hf@vhich
10 atoms/crd were detected close to the Ge interface, at-

LEIS Intensity (a.u.)
3]

tributed to the use of the Hf¢lprecursor in the ALD pro-
cess. Probably, this Cl is distributed in several monolayers
located close to the Ge interface. MEIS angular distribution 5]
profiles show no evidence for crystallinity, both 3- and 10
6-nm HfO, films appearing to be amorphous. |
. Cl
10”1
1.2 2
|AHf-signaI IGe-signaI| g
o 1 A g 103
5 : <
808
£ 2 G
g ]
3 04
i " 10
=02
0 A i T T L T
0 20 40 60 8 100 120 Depth (a.u.)

Number of ALD reaction cycles
FIG. 7. TOFSIMS Hf, Cl, and Ge depth profiles for a 200-cycles Hyer
FIG. 5. LEIS surface fractions of Hf and Ge as a function of the ALD cycle (9 nm) deposited on an HF-cleaned Ge substrate. The CI profile was mea-
number for atomic oxygen cleaned samples. The Ge surface fraction of theured in the negative ion polarity while the Hf and Ge profiles were mea-
sample without HfQ is not exactly equal to 1, as the maximum Ge intensity sured in the positive ion polarity. The intensities can thus not be directly
was estimated from extrapolatidBec. Il D). compared.

Downloaded 16 Sep 2008 to 129.100.41.190. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



064104-6 Delabie et al. J. Appl. Phys. 97, 064104 (2005)

T T T T T TABLE II. Density of HfO, layers deduced from the TEM thickng$3g. 9)
Hf and the RBS Hf coveragéFig. 2.
1500 n 1
Number of ALD TEM thickness  HfO, density % of HfO, bulk
cycles (nm) (1072 HfO,/cmP) density
= 1000¢
S A B
500l Energy [keV] 1 ‘ :
200 9.0 2.69 97
0 Cl Ge
(@) , , L]
0 80 84 8 92 96 substrate&® At 800 °C, only a very small amount of cubic
1.00} Energy [keV] 1 phase remains. The spectra shown in Fig. 10 res&aD0)
5 Ge and (002 textures, or the intensities of the peaks are higher
% 0.75f than in powder diffraction. This indicates the epitaxial orien-
g tation of the crystallites.
8 B0 XRD indicated that thinner Hf@layers (5 and 9 nm
o were amorphous as deposited, and crystallize at a tempera-
ture between 300 and 400 °C. The phase transformation
0.00 from cubic to monoclinic is also observed.
0 20 40 60 80

Depth [A] IV. DISCUSSION

FIG. 8. (@) Experimental MEIS spectrurfdoty and calculated H yield A. Reactive sites at the Ge substrate

(solid line) for a 60-cycles HfQ layer (3 nm) deposited on HF-cleaned Ge. . " .
The oxygen and chlorine peaks are shown enlarged in the ifisefthe Hf, The chemical composition of the substrate can influence

Ge, O, and Cl depth profiles used for the calculatédylélds in (a). both growth per cycle and growth mode of the atomic layer
deposition. Therefore, we have characterized the Ge sub-

) ) strate after HF clean with XPS. A small amount of suboxide
correspond to 5-, 9-, and 14-nm, respectively. Figure 1Qemains present on Ge after HF cle@able ). Prior to HfO,
shows the results for 14-nm HfOThe as-deposited layer is yeposition, this substrate is conditioned in the ALD reactor at
partially crystalline and is composed of 10 vol % cubic, 300 °c in 1 Torr of N. At this temperature, H starts to
10 vol % monoclinic, and 80 vol % amorphous phase. Atgesorh from the Ga00) substraté®> High-resolution elec-
400 °C, a fully crystalline layer forms. With the increase of {4, energy-loss spectroscopitHREELS studies have
temperature, the cubic phase, which is metastable in the tenayown that the dihydride and monohydride coverage de-
perature range of the test, transforms into a monocliniG eases to zero at 300 and 380 °C. respectﬁ?ellyhas been
phase. A similar phase transformation occurs for 1@ Si. ghown that coadsorbed O creates little perturbation to the H
desorption kinetics of G& Above 300 °C, O is proposed to
be present in the form of a bridge-bonded spetiedthough

800°C
700°C
600°C
400°C
—Mm as-dep
20 25 30 35 40
20

FIG. 9. Cross-sectional TEM images of@ 12-cycles,(b) 40-cycles, and  FIG. 10. XRD spectra as a function of temperature for a 300-cycles, HfO
(c) 200-cycles HfQ layer deposited on a HF-cleaned (B@0) substrate. layer (14 nm deposited on HF-cleaned Ge.
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OH groups may also be present. Thus, monohydrides, oxy-
. o A HF-last Ge

gen bridges as well as OH groups could be present at the Ge ®
substrate before ALD. 2 PO random

For HF-cleaned $100), on the other hand, no signifi- A deposition
cant amount of oxide is presetitBoth mono-, di-, and tri- § § two-dimensional
hydrides are present at the Hf@LD process temperature, T 2 growih
as H desorption occurs only at temperatures above g - a
500 °C***¥Si—H is known to be a very low-activity site for £
ALD with metal chloride precursors. E

Thus, the active sites for ALD on HF-cleaned Ge prob- N A

ably are OH groups, possibly also the Ge—-O-Ge bridge con- 2185 :‘: &0 /80 7 100
figuration, probably not Ge—H. As the reactive sites at HF- FEONRIRERI
cleaned Ge anq Si substrates clearly are very different, WEIG. 11. Normalized LEIS Ge intensitgorresponding to surface fractions
can expect a different growth behavior on HF-cleaned Ges a function of the RBS Hf content, as compared to two-dimensional
and Si substrates. This will indeed be shown in the followinggrowth and random deposition.
paragraphs.
surface but the first few atomic layers can determine the
TOFSIMS intensity. An exponential decay of the substrate

intensity is often observéd®
B. Analysis of the HfO , growth mode y

The normalized intensities of the substrate and the de- /o= exp(=t/\).

posited HfQ layer (obtained from LEIS and TOFSIMSjive  Here t is the film thickness\ can be considered as a param-
information about the growth mode when they are combineger that qualitatively describes how fast the layer closes. For
with the total amount of Hf@ deposited(as measured by 0, growth on Si chemical oxide, which is close to two
RBS). In the two-dimensional growth modéalso called  gimensjonal, the TOFSIMS Si signal decays exponentially
layer-by-layer growth and Frank van der Merwe growthe  yith \ ~0.2 nm? This decay curve is shown in Fig. 12 to-
surface fraction of the substrate first decreases linearly Wm@ether with the TOFSIMS Ge decay curve for Hf@eposi-
the amount of material deposited. From the point where onggn on HE-cleaned Ge. Up to 12 ALD cycles, the Ge inten-
HfO, monolayer(9.15 |-!f/nm—2) is present, itis zero. Onthe ity decays much slower as compared to the two-dimensional
other hand, an approximately exponential decay of the sulyeference. The data points can be fitted with an exponential
strate surface fraction is expected in tlzdom deposition  f,nction with A=0.6 nm. This high\ value again points to
mode”**In this growth mode, all surface sites have the sameg|ang growth. The TOFSIMS decay of the Ge substrate sig-
probability of deposition. If the substrate intensity decay isng| accelerates after 12 ALD reaction cyclewgs. 6 and 12
even slower than i6n the random deposition mode, island Although LEIS and TOFSIMS both suggest the forma-
growth |s.preva|lmg3. We will compare LEIS and TOFSIMS tjon of islands, islands are not directly visible with TEM. For
results with the theoretical models in order to determine the »_cycles HfQ, LEIS shows that only 60% of the substrate
growth mode. . . is covered by HfQ. However, the HfQ layer visible on the
The interpretation of LEIS results is straightforward be- ¢ross-sectional TEM image appears to be closed and rather
cause the measured intensity comes from the first atomigyooth[Fig. 9(a)]. The islands and voids between islands are
layer and, as such, directly gives the surface fraction. Theosypected to be of much smaller dimensions than the thick-
retical surface fraction curves for two-dimensional and ran{,ess of the TEM cross secti¢B0—100 nn). Therefore, it is
dom deposition were calculated, as described in Ref. 7, usingot possible to distinguish them individually in the cross-
the growth per cycle curve shown in Fig. 3. The LEIS sur-
face fractions for HfQ growth on HF-cleaned Ge deviate

significantly from the theoretical surface fraction curves, 14 A HF-ast Ge

both for two-dimensional and random depositidfig. 11]. = \AAA —— 2 dimensional growth
According to the two-dimensional growth, the Hftayer ﬁ %’ \ AA

should be closed already at about 9.15 HffArmuch ear- ES 01 N 2AD

lier than observed by LEIS, about 40 mnThe closure point E 5 \ A reaction cycles
measured with LEIS for Hf@deposition on HF-cleaned Ge g ,E; \\ A

is similar as expected on the basis of random deposition. o 2 0.011 \

However, before closure we observe a significant deviation o 2 \ R

between the measured and calculated curves; LEIS system- \

atically shows higher Ge and lower HfQurface fractions. 0.001 : \

0 20 40 60 80 100

This demonstrates that island growttMolmer—Weber
RBS Hf-coverage/nm’

growth) takes pIacé.Another possibility is that Hf mixes

with Ge,_formlng a. HfGteayer' . ... FIG. 12. Experimental TOFSIMS decay of the Ge signal as compared to the
The interpretation of the TOFSIMS substrate intensitieSheoretical decay for two-dimensional growfiv/l;=exp(—t/\) with

is more complicated than LEIS, as not only the outermosto.2 nni.
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section view due to the dark contrast of Hf(Plan view only 28% +5% of the Ge substrate is covered after the first
TEM, on the other hand, gives a “top view” of the sample.reaction cycle. This indicates the presence of islands of on
However, plan view TEM(not shown also could not con- average three monolayers high in the first reaction cycle.
firm the presence of the HfOslands because the thin HfO Such islands could indeed allow a much higher Cl coverage
layer gave a too weak contrast. as compared to a flat surface due to a larger effectivearea.
The islandlike growth on HF-cleaned Ge must be distin-  The formation of supermonolayer-high islands shows
guished from the island growth, for example, on HF-cleanedhat the HfQ growth on Ge is nonideal, because the height
Si. First, it goes together with the growth enhancement inof the islands after one reaction cycle should not exceed one
stead of the growth inhibition observed on HF-cleanedmonolayer. One possible explanation would be the occur-
Si*®1%35econd, the Hf@layer closure on HF-cleaned Ge is rence of gas phase reactions between Hf- and O-containing
faster as compared to HF-cleaned Si; the Kf&@er on Ge compounds. One obvious O source is th@®Hprecursor that
closes after about 1.6 nm, while for Si more than 4 nm mustould linger around in the gas phase during the subsequent
be deposite&? The faster layer closure can indicate thatHfCl, pulse. We have investigated the separation of the pre-
there are more nucleation sites at the HF-cleaned Ge suloursor pulses by considering various purge times between
strate(e.g., OH, see Sec. IV )Aas compared to HF-cleaned these pulses up to 10 s. The amount of Hf@posited in the
Si. A higher island density can then be expected, resulting iffirst reaction cycle was found to be independent on the purge
faster layer closure. time, suggesting a clear separation between H&d HO
pulses. Another source of O could be OH on the Ge surface
(as known from XPS measurementhat could be trans-
C. Analysis of growth enhancement ported into the gas phase according to the following reaction:

Growth enhancement in the first reaction cycles is not  20H" + MCl, — 2CI" + MCI,(OH),
common for ALD processes, although in some cases it has
been observetf:*****The Ge surface is very smooth, S0 MCI,(OH), — MO} + 2HCI.

the high growth per cycle cannot be attributed to surface i B Thi
roughness or even a microporous structure such as, e.g., if!iS Process is often referred to as agglomeratiori.This

the ALD growth of ALO; on SILK.*® agglomeration process may occur when metal halide precur-
The possible reactions involved in the chemisorption ofSOrS are used, for example, for the Tj(4,0 TiO, and
HfCI, on the Ge substrate can be analyzed by means of 4'Cla/H20 ZrO, ALD processed! The transport of oxy-
recent model of growth per cycle in ALBThe model is  9€n from the substrate to the growing metal oxide particle
based on the mass balance of chemisorption and assumednight be explained by an intermediate M@H), species,
two-dimensional arrangement of the adsorbed ligands. ThE0ving OH groups from the substrate to the formed metal
amount of Hf adsorbed in the first reaction cycles is directlychloride surface species. No clear evidence has been pre-
obtained from the growth per cycle as 7.6 ®nfiFig. 3. sented for agglomeration reactions in HBfALD on Si sub.—
During the HfC}, reaction, each Hf atom brings along four Strates. However, agglomeration cogld occur more easily on
Cl ligands (using the HfC} precursoy. Thus, according to G€ substrates, as the Ge-O bond is weaker than the Si-O
mass balance, about 30 Cl ligandsRrrrive to the surface. bond, facilitating the release of O necessary for the formation
The maximum number of Cl ligands remaining on a flatof the agglomerates. _ _
surface when steric hindrance prevails can be estimated from SOmMe support for the agglomeration mechanism comes
the van der Waals radius of GD.175 nm (Ref. 40 as from the growth studies of Hf©on an O-free Ge substrate.
9.4 nn2].® Therefore, according to the growth per cycle The XPS spectrum clearly demonstrated that no £e0D
model, at least30-9.4~21 Cl ligands nrm? must have suboxide was present on this substrate before,Hf€posi-
been removed from the surface. The typical mechanism foion- The growth per cycle for Hf©deposition on O-free Ge
removing Cl ligands is ligand exchange in which Cl is re-Was significantly lower as compared to HF-cleaned Ge sub-

leased as HCI strates(Fig. 3), indicating that the growth enhancement is
X . related to the presence of oxygen at the Ge substrate. Fur-
mOH' + MCl, — mOMCI,,_,+ mHCI, thermore, agglomeration has usually been associated with

where the asterisk denotes a surface species. This would rghlorination of the substrate. According to MEIS and TOF-
quire the presence of at least 21 OH groups pef amthe SIMS, there was indeed a S|gn|ﬂca|_1fc amount of Cl present
Ge surface before the HfQteaction. This is much more than €10S€ to the Ge interface for deposition on HF-cleaned Ge.
allowed by steric hindrance, considering the van der Waald O©FSIMS indeed indicates that the Cl peak at the bottom
radius of 0.14 nm for OH. Thus, the growth per cycle seemdnterface is hlgher for Hf@ deposition on Ge substrates, as
to be higher than allowed by steric hindrance in the m8del. Compared to Si substratesee also Sec. IV P

The assumption that a two-dimensional layer of ad-
sorbed species is form%may not be valid in this case. In- HfO,
deed, the combination of LEIS and RBS indicates that, in thel Densit
first reaction cycle, Hf@is not present as a flat monolayer Y
but more probably as supermonolayer-high islands. Spread- The density of the Hf@layers(Table 1) depends on the
ing out 7.6/Hf nm? over the substrate as a monolayer wouldlayer thickness. A similar dependence was also observed for
give a surface fraction of 83%. However, LEIS shows thatALD HfO, on Si substraté$®® and for metal-organic

bulk properties on Ge substrates
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chemical-vapor deposition (MOCVD) HfO, on Si  monoclinic phase is observed. The main difference for Ge
substrate®® The low density of the thinnest layers could and Si substrates is that no epitaxial crystallization was ob-
reflect their island morphology. For closed Hf@ayers on  served on Si.

Ge substrates, a density of more than 80% of the bulk den-

sity is obtained. This is in agreement with the density ofE. The Ge interface

ALD HfO, deposited on Si substrates with similar

thicknes<h17 The interface between HfCand the Ge channel will be

particularly important in regard to device performance. First,
the presence of low-quality Ge oxide or suboxide may de-
2. Ge/Hf intermixing grade the electrical performance. Second, the thickness of the
interfacial layer (with low-x valug directly adds to the
equivalent oxide thicknes§EOT) of the highx stack. It
should therefore be as thin as possible if subnanometer EOT
targets are aimed for.
The cross-sectional TEM imagésig. 9) show a smooth
Ge interface with no obvious indication of an interfacial
layer. XPS and MEIS investigations both indicate the pres-
ence of a thin(about 0.3 nm oxide interfacial layer. More-
Both TOFSIMS and MEIS show some Cl in the ALD oyer, the XPS binding energy of the Gahes indicates that
HfO, films due to the use of the Hfprecursor. TOFSIMS  the chemical composition of the interfacial layer is GeO
indicates a similar bulk CI content for Ge and Si substrates. The stability of the interfacial oxide layer during air ex-

However, the Cl peak at the bottom interface is higher for Ggyosure is important in case the gate is subsequently deposited
substrates. This could be due to substrate chlorination reagy sity For nonclosed HfQ layers deposited on Ge, ellip-
tions associated with the agglomeration process. MEIS indigometer measurements show a thickness increase during air
cates a Cl content close to the Ge interface of abougxposure due to interfacial oxide growth. LEIS also indicates
10 Cl/nnt. As this Cl content corresponds to about onethat nonclosed Hf@layers on Ge are not stable during cal-
monolayer, the Cl is probably distributed in several mono-;inations at 300 °C. For ZrQand ALO; layers deposited on
layers located close to the Ge interface. Si substrates, it has also been reported that interfacial oxide
forms easily during air exposure when the highayers are

not fully closed®”**Closed HfG layers on Ge, on the other
hand, are stable during air exposure.

TOFSIMS depth profilegFig. 7) indicate no significant
concentration of Ge in the Hf(bulk, in contrast to what is
observed, for example, for HiOdeposited by MOCVD on
HF-cleaned Ge substrates.

3. Impurities

4. Crystallization behavior

Cross-sectional TEM, XRD, and MEIS show that thin
HfO, layers (<9 nm) are amorphous as deposited. XRD V. CONCLUSIONS
shows that a 14-nm-thick HfQayer is partially crystalline,
with some HfQ grains oriented in epitaxy with the Ge sub-
strate(Fig. 10. XRD and TEM disagree on the critical H{O
thickness at which crystallization starts to occur. With TEM,
crystals are already observed in a 9-nm Ki@yer. On the
other hand, XRD shows no diffraction peaks for a 9-nm

We have demonstrated the atomic layer deposition of
HfO, on HF-cleaned Ge substrates using the Hi#id HO
precursors. According to this physical characterization study,
the physical thickness of HfQOdielectric layers grown on
HF-cleaned Ge can be scaled down to about 1.6 nm. Opti-
HfO,, but they appear for a 14-nm H§Qayer. The sensitiv- mization of the surface preparation resulting in a more two-

' dimensional growth mode may allow the further scaling of

Ity of XRD is probably not sufficient to detect a limited dielectrics layers to less than 1.6 nm. A second critical issue
amount of crystalline phase. Alternatively, the crystallites ob—f th Itimgte scaling of the G.e/hig.hstacks is the inter-
served in a 9-nm layer by TEM might have grown in such an or the u Hing .
orientation that grazing incidence XRD cannot detect themfcaCIaI layer. A promlsmg_observatmn for Hg_Cstacks_depos- .
ited on HF-cleaned Ge is that the bottom interfacial layer is

The fact that thin films are amorphous implies that also : . . . .
thicker layers are amorphous in the first stages of the depé?ss than 0.4 nm thin. The scaling potential combined with

sition process. As such, epitaxial crystallization occurs in athe high mobility of the Ge substrate makes the Ge/high-

later stage of the ALD process, not during the ALD gas-StaCkS promisin.g for high-performa_ncg complementary

substrate reactions itself. The presence of small amounts (519etal—OX|de semiconductdCMOS) applications.

O or Cl at the Ge interface and the lattice mismatch betwee
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