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The physical and electrical properties of HfGi@ielectric layers deposited by atomic layer depositidhD) are reported. The
precursor chemistries used for deposition were Ff&LO for HfO, and NH,(CH,);Si(OC,Hs)5 /05 for SiO,. Two processes

with HfCl,:NH,(CH,);Si(OC,Hs) 3 precursor pulse ratios of 5:@HfO ,-rich”) and 1:1(“SiO,-rich”) are investigated. Mea-
surements with X-ray photoelectron spectroscopy and channeling Rutherford backscattering spectrometry show that these pro-
cesses result in layers with Kiif + Si) ratios of 0.56 and 0.34-0.37, respectively. X-ray diffraction measurements showed
formation of a HfQ cubic phase in Hf@rich layers starting at 850°C. In Sj@ich layers, no crystallization was detected up to
1100°C. Metal oxide semiconduct@lOS) capacitors with polysilicon electrodes were used for electrical characterization. The
k-value of the Si@-rich layers was found to be 4.8-5.4 and that of the KHfidh layers 12.5-15.1, both with an experimental error

of 10%. The leakage currents of both types of layers were comparable tor&fi&@ence data and increased with polysilicon
activation anneal. A high-resolution transmission electron microscopy study revealed phase segregation intiick Bigers.

In HfO,-rich layers, the phase segregation was less clear, but upon annealing, composition variations at the interfaces were
detected. Given the experimental errors, no impact of phase segregationienatues of both types of layers could be detected.

It is concluded that postdeposition annealing of HiSi&yers for application as gate dielectrics applications in advanced comple-
mentary MOS technologies is essential to optimize stoichiometry and reduce leakage currents.
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For many years, silicon dioxide (SjDhas been the gate dielec- vantage of alloying Hf@ with SiG, lies in the improved thermody-
tric in complementary metal-oxide silicofCMOS) technologies.  namic stability of the dielectric layer, the increased conduction- and
Scaling of the lateral dimensions of MOS-field-effect transistors valence-band offsets, and the higher carrier mobility in the inversion
(MOSFETs)in CMOS technologies has led to scaling of the gate layer of MOSFETS81® Recently, promising MOSFET properties
dielectric thickness to values below 2 nm. When the gate length ofhave also been obtained with HfSION gate dielectrics. In particular,
MOSFETs is scaled down, short channel effe(3€Es)become it was shown that adding nitrogen to the silicate layer considerably
dominant. Therefore, scaling of the gate dielectric thickness is reteduced the charge trapping properties and improved the threshold
quired to maintain control of the gate voltage over the inversionvoltage stability"*<!
charge at the Si/SiQinterface! However, the Si@thickness reduc- Both the chemistry and the deposition technique are crucial pa-
tion results in high leakage currents and degraded reliability. Incor-ameters for obtaining the desired layer composition of ternary
porating nitrogen into SiQincreases the relative permittivitk-  Nigh-x gate dielectrics. An advanced technique to deposl}w Righ-
value)from 3.9 for SiQ to about 5-7 for nitrided Si@, i.e., SION. dielectrics is atomic layer chemical vapor depositigdCVD™)

This means that at the same equivalent oxide thick(EET), the or atomic layer depositiofALD).! In this technique, the reactants

) - are pulsed in separate sequences into the reaction chamber and the
lsei?)kzalif/ecrl;gem through SiON layers is much smaller than througi’katurating surface reactions are self-limited. Because of this, the

. h h . ielectri il surface preparation is of utmost importance for the quality of ALD

Itis expected_, owever, that even SION gate dielectrics will not layers. Electrical and physical properties of Zrgi@yers deposited
meet many requirements for aggr_essw_ely SC?"ed C.MOS' The_reforeoy ALD were reported elsewhefé? In the present work, HfSiQ
@elgctnc Iayers with a h|gk-va|uel,|.e.., hlgh-kdlelectr|c§, are gan- layers deposited by ALD are investigated. The surface preparation
Ing Increasing attention f_or application as a gate dlele_ctnc in aOI'prior to HfSIO, deposition was changed by one or more start pulses.
vanced CMOS tech?ologles‘i Several alternative gate dielectric mag ;o procedure results in different starting surfaces, which may af-
terlalséﬁuch as ¥03,” T,05," Z1O,, and HfQ, have been investi- ot the properties of the HfSiQayers. Reference Hilayers were
gated> " Also, rare-earth metal oxides like 4@3, PrO,, and CeQ

. . i 2 deposited using HfGI/H,O chemistry on a 1 nm SiQayer. In the
have received considerable attentio? However, finding a replace- following sections, the details of the layer deposition process and

ment dielectric for Si@, which exhibits a sufficiently high-value,  experimental results from physical and electrical analysis are pre-
large band offsets, thermodynamic stability, high crystallization tem-gented and discussed.

perature, low charge trapping properties, and good mobility proper-
ties appears challengirtd. _

Hafnium-based dielectrics are expected to be thermodynamically Experimental
stable on Si. Hf@ has a&k-value in the range of 18-22 and a bandgap  Hafnium-silicate (HfSiQ) layers were deposited with various
of about 6 eV, dependent on the deposition technique and appliegrowth starting conditions, both on 143 cm p-type or 1-8Q cm
postdeposition anneal®DAs)!? In order to improve the relatively n-type 4 in. single-crystal §i00) substrates in a flow-type F-450
low crystallization temperature of around 600°C of pure kif@l- ALCVD reactor located in a laboratory environmefelean room

loying HfO, with Al,O; and SiQ has been proposéajl5'rhe ad- class 100000at ASM Microchemistry, Ltd., Finland. The deposi-
tion temperature was 300°C. Precursors used were trimethyl-

aluminum AI(CH;); (TMA), HfCl,, and 3-aminopropyltriethoxy si-

* Electrochemical Society Active Member. J
2 E-mail: chris.rittersma@philips.com ALCVD™ is a trademark of ASM International. Inc.
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lane NH,(CH,)3Si(OGHs); (APTES). Ozone and water were 400
chosen as the oxygen sources. The composition of the layers wa ' @i ori
varied by changing the HfGIAPTES pulse sequence ratio. Two 350 F SiO-rich Layers 1:
different processes were investigated C N
N X (HfCl, + H,O + APTES+ O3) (SiO,-rich)  [1] 2 300 | 05200 15 /', Ef '
_ [ y=0. s
N X [(HfCl, + H,O) X 5 + (APTES+ O3)] (HfO,-rich) ‘;‘ 550 - R® = 0.9448 /-;'
2 [ e
(2] @ : /",/
whereN is the number of cycles. Here, a precursor pulse followed § 200 F 5s
by an G- or H,O pulse is referrt_ad tc_> as olfpulse/purgesequence. (3] t /'/,"
The number of_ cycledl of the SiQ-rich layers was 32, 85, or 170, &= 150 q ‘///' y = 0.8435x + 22.936
and for HfQy-rich layersN was 3, 6, 11, or 20. The number of - O fay R® = 0.9097
sequences, defined &% 2 (SiO,-rich) andN X 6 (HfO,-rich), : .
was hence 64, 170, and 340 for the $i@h layers, and 18, 36, 66, 5z 100 | ® 7 0 03-pulse
and 120 for the Hf@-rich layers, respectively. Prior to deposition, a Q [ ﬁ' @ H20-pulse
5 min 0.5% HF dip was followed by a 10 minsQtart pulse, or ten 50 | A native oxide
cycles of TMA/H,O. The latter results in a 0.8-0.9 nm thick,8; [ 1210c TMAVH20
film. Reference HfQ layers with a thickness of 40 A were deposited L
on 8 in. p-type Si(100yafers with a thin(~1 nm) oxide layer in a 0
Pulsar 2000 reactdqiASM Belgium). 0 50 100 150 200 250 300 350 400
Thickness measurements were done using a UV-visible spectro
scopic reflectometer NanoSpec AFT/4000. The standard deviatior Number of PuIseIPurge
for the thicknesses of thin HfSiQayers was around 7% and for the Sequences

HfO, layers smaller than 3%. For thicker layets,(> 20 nm), the

standard deviation was in some cases 10-15%, most likely due tdfigure 1. Thickness of Si@rich silicate layers for _various starting condi-
CVD-like deposition as a result of inhomogeneous precursor flowslions. Average growth per pulse/purge sequence is 0.82-0.84 AJpulse/purge
inside the chambé? X-ray diffraction (XRD) measurements were S€dquence.

done in the same system. Diffraction patterns were determined after

heating the samples for 30 min at a given temperature. The compo-

sition of the layers was determined by X-ray photoelectron spectrostion variations. The ellipsometer thickness values were typically
copy (XPS, Quantum 2000 from Phiising Al Ka radiation with a 2-20% higher than thickness values determined with HR-TEM.
spot size of 10Qum?. For comparison with the XPS results, chan- Therefore, the growth rates determined here are likely overestimated
neling Rutherford backscattering spectromé®BS) measurements by the same percentage.

were taken from relatively thick24-31 nm)layers which had re- Composition measurementsThe composition of the layers, in

ceived various PDAs. A high-resolution transmission electron mi- . . . .
croscopy(HR-TEM TECNA? F30ST study was done to study the particular the Hf(Hf + Si) and the O/(Hf+ Si) ratios, were deter-

HfSiO, dielectrics and the HfSigsilicon and HfSiQ/polysilicon
interfaces as a function of annealing temperature.

MOS capacitors were fabricated by depositing 100 innsitu
p-doped low-pressure chemical vapor depositgeiCVD) polysili-
con and subsequent wet etching in HF/HNG he deposition tem- 350
perature of the polysilicon layer was 590°C. Activation of the poly-
silicon and PDAs were done in a Mattson SHS1000 rapid thermal
annealRTA) system with a ramp rate of 50°C/s in flowing nitrogen.
A 30 ft H, /N, forming gas annealFGA) at 420°C was done after
patterning and polysilicon activation. The capacitor areas varied be-*=* 250
tween 20X 20 and 200x 200 pm? Capacitance-voltagéC-V) 0
measurements were done at 10 and 100 kHz using a HP4284A im @ 200
pedance analyzer. For current-voltageV) measurements, an
HP4155 analyzer was used. All electrical measurements were don ¢y
on a four-point probe station at constant temperature and under cor’g 150
stant N, flow. -

Results % 100

Thickness and growth rates-Figure 1 and 2 show the thickness 6
of the SiG-rich and HfG-rich HfSiO, layers as a function of the 50
total number of ALD pulse/purge sequences and for different start-
ing conditions. Here the thickness was determined with an ellipsom- 0 s L L L
eter (NanoSpec AFT/4000 The average growth rate per single 0 25 50 75 100 125 150
pulse/purge sequence was determined from the slope of the linear fi
As-determined average growth rates of Si@h mixed layers range Number of Pulse/Purge
from 0.84 A/sequencén Al,Os) to 0.82 A/sequencewith O start Sequences
pulse). For HfQ-rich layers, growth rates of 2.25 A/sequer(ca
Al,0;) and 2.1 A/sequencvith O; start pulsejwvere found. Esti- Figure 2. Thickness of HfQ-rich silicate layers for various starting condi-
mated errors in the growth rates are around 10%, considering nortons. Average growth per pulse/purge sequence is 2.26-2.42 Alpulse/purge
uniformity of the layer thickness and inaccuracies due to composi-sequence.

400

HfO,-rich Layers

300 y=24208x+15 °

R* = 0.8568 ."

/Zé 0 03-pulse

.’ O 10c TMAH20

g,'.'o y = 2.2573x + 11.123
R® = 0.9797
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Figure 3. RBS measurements of Hf@ich silicate layers with various Figure 4. RBS measurements of Sj@ich silicate layers which received
PDAs. as-indicated PDAs.

mined with XPS and with RBS measurements. Figure 3 and 4 show;g|ues for SiQ-rich layers). The increase of the @f + Si) ratio
RBS spectra of two HfSiQlayers (HfQ-rich and SiQ-rich, re-  to 2.26 after a 1000°C, 1 s PDA in,Gnight be due to reoxidation
spectively). The thicknesses of these two layers were24ll7 and  of the HfSiQ,/Si interface. The fact that XPS does not confirm this
315+ 41 A, respectively. Both layers were measured before andtrend can be related to the depth resolution of about 9 nm, while the
after four different PDAs in the range 600-1000°C. The measure-layer is 6-7 times as thick.

ments reveal that the HHf + Si) ratio is not constant over the o . .
entire layer thickness and that this ratio changes as a function of the _Crystallization ~and “interfaces (XRD,HR-TEMjIn Fig. 5,

PDA temperature. In particular, the spectra show that as-depositeRD spectra of HfSIQ layers are shown. The Hi@xich layer was
layers exhibit an initially HfQ-rich lower interface, whereas after 11 €ycles[11 X (5:1) (HfCl/H,O:APTES/Q)], tox = 16.2 nm,
PDA it tends to become Si@ich. Furthermore, simulations on @nd the Si@rich layer 32 cycles [32 (1:1) (HfCl,/
these spectra indicate that after a PDA at 600°C or highepintiie ~ H20:APTES/Q)], to = 10.1 nm, both on native oxide.
top layer becomes Hf@rich. Similar trends are observed for In the HfO,-rich layer, the Hf@-cubic phase is detected around
Si0,-rich layers; however, here the variations become visible after850°C. In the Si@-ich layer, no crystallization could be identified
PDA at 800°C or higher. (with a detection limit of 1 mass % The SiGQ-rich sample was
The RBS measurements were compared with XPS measurementgeasured up to three times and on different spots of the wafer and
for a 90° incident angle of the beam. The penetration depth at thigfter stabilizing the temperature at 1100°C for 30 min, but no peak
angle is estimated to be 9 nm. In Table | a summary of both XPScould be detected. As compared to a binary pif€ference sample,
and RBS composition data is given for as-deposited layers and fothe HfSiQ, layers showed an improvement of the amorphous dielec-
layers with different PDAs. As can be seen, for all PDA conditions tric phase by more than 250°C. Clearly, this can be attributed to the

good agreement is obtained between the XPS and RBS data. presence of Si@in the layers.
As can be seen from Table I, both Sidch and HfG-rich as- A series of HR-TEM photographs of HfSjQayers are shown in
deposited layers appear to be oxygen-rioh, the O/(Hf+ Si) ra- Fig. 6. In the left column, the as-deposited layers are shown. In Fig.

tio is higher than two. The RBS measurements show a tendency (1) and(2), two HfO,-rich layers are shown, and in Fig.(8) and

toward more stoichiometric layers after annealing in the range of(4), two SiQ-rich layers. In both cases, the layer was investigated
600-800°C for 10 s in ©. After a 600°C, 10 s anneal, O/(Hf Si) immediately after polysilicon deposition and after annealing the
= 2.08, and after a 800°C, 10 s annea{ki/ + Si) = 2.00(RBS polysilicon for 1 s at 1000°C. These photographs were taken at the

Table I. Summary of XPS and RBS composition data.

Pulse ratio XPS RBS

HfCl,:APTES PDA Hf/(Hf + Si) O/(Hf + Si) Hf/(Hf + Si) O/(Hf + Si)

1:1 As-deposited 0.35 221 0.38 2.27
600°C, 10s Q@ 0.37 2.27 0.40 2.08
800°C,10s Q@ 0.38 2.22 0.37 2.00
1000°C, 0s @ 0.38 2.19 0.34 2.26

5:1 As-deposited 0.56 211 0.57 2.29
600°C, 10s @ 0.58 2.19 0.50 2.20
800°C, 10s @ 0.56 2.04 0.54 1.87
1000°C, 0s @ 0.57 2.14 0.59 2.16

Downloaded on 2015-05-24 to IP 132.174.254.159 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Societys1 (11) C716-C722(2004) C719

1100°C 'MWMMW A
950°C
>Si02-rich
Layer
850°C 4
Y,
3\
950°C
850°C HfO,-rich
r Layer
J

220 26.0 30.0 34.0 38.0 42.0

20 (3) As deposited SiO.-rich layer

(4) SiO.-rich layer after 1000°C, 1s

Figure 6. Series of HR-TEM photographs of HfSjQ@lielectric layers with

polysilicon electrodes(1) HfO,-rich layer (as deposited)to, = 94 A, t;

= 19 A; (2) HfO,-rich layer (1000°C RTA),t,, = 107 A, t; = 14 A; (3)

middle of large-area capacitors (10801000.m?), and therefore it ISaI)%rEfgog’ygré?ri)dfpcfltfgfﬁ 3 1:43; é&,’&t” 17 A; and(4) Si0,-rich

is assumed that lateral oxidation effects play no role. A clearly ob- no o '

served difference between the Hf@ich and the Si@rich layer is

the appearance of areas with lighter contrast in the latter. Thes.%rs, this increase is typically on the order of 3-6 A. With the excep-

seem to become larger after anneal. In a number of previous publli. . ith tart oul the dielectric/

cations, several authors have discussed the phase segregation |gn Of layers grown with a IZD start puise, the dielectnc

HfSiO, and ZrSiQ dielectric layer$42% The dielectric constant is polysilicon interface layer is less distinct for as-deposited,8ich

not only determined by the SYPHfO, ratio, but also by the shape layers as cor_npared to Hiaich Iay_e_rs. However, its thickness n-
creases relatively more after polysilicon activation anneal than in the

d the size of ph inside the dielectfit® The ob d ph
and the 2126 o PRases NSICE "he cleec™ e opseec prase ase of HfQ-rich layers. After anneal, the thickness of this interface

segregation might therefore have consequences for the effective df found t© b : 18 A
electric constant of the layers. was found to be as large as 18 A.

A detailed overview of the changes in the thickness of the indi-  1he differences between as-deposited and annealed layers sug-
vidual layers is presented in Table II. A number of observations wered€st that the interface betwegas-depositedifSiO, dielectrics and
made. First of all, it is found that the overall thicknegs,, the polysnllcoon are stable during the polysilicon deposition process itself
dielectric thickness including both interface layers, increases aftefat 590°C), and that reactions take place during polysilicon activa-
polysilicon anneal. Second, the lower interface of L@h layers tion temperatures at around 1000‘_’C. Possibly, reactions aI_ready oc-
grown with an Q start pulse or on native oxide tends to become cur at lower temperature. A possible explanation for the interface
more diffuse after anneal. That is, on top of a bright, Sioh variations might be that the excess O present in the layers diffuses
. o IS, on top of ; gnt, toward the interfaces and oxidizes the polysilicon and the silicon
|rk1]tert1;alckel Iayer_, a %raylshdlalyz/er Kv'th a slightly _k()jrlghgelr c?]ntrast thansubstrate It remains unclear how the phosphorous doping in the
the bulk layer is observed. Furthermore, considerable changes at the - ... - o ;

- P . - ilicon aff h ility of the interf layer.
polysilicon/HfSiQ, interface were observed. An increase of the |n-t’k?0 ysilicon affects the stability of the interface laye
terface layer between the dielectric and the polysilicon after anneal Electrical characterization—Figure 7 shows a number of C-V

is observed for all deposition starting conditions. For K@h lay- measurements of a Sj@ich HfSiO, layer after various polysilicon

Figure 5. XRD results for HfQ-rich and SiQ-rich layers.

Table 1l. Comparison of HR-TEM thickness data with NanoSpec thickness data.

NanoSpec Thicknes§EM)? IL (TEM)®

Layer ID Startpulse Pulse ratio  As-depositedA) As-depositedA) 1000°C(A) As-depositedA) 1000°C(A)
B1.D02 Native oxide 5:1 62 48 51 9 8

B1 D11 H,O pulse 5:1 159 94 107 19 14
B1. D18 Al,04 5:1 52 47 39 17 16
B2.D04 0, pulse 11 59 49 60 14 12
B2_D06 H,0 pulse 11 66 75 80 12 11
B2_DO07 Native oxide 1:1 142 143 161 17 15
B2_D10 Al,O4 1:1 103 78 81 11 14

aTotal thickness of the dielectric, including top and bottom interface layers.
b Thickness of the bright bottom interface layer.
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Figure 7. C-V characteristics of Si@rich HfSiO, (64 cycles 1:1 with @ Bias VOltage [V]
start pulse)for various polysilicon annealésilicate layer is as-deposited ) )
EOTs range from 38'Bas.deposite)jto 40.4 A(1070°C Spike annepl Figure 9. C-V measurements of pr'lch Iayer on ALO3 start surface,
including reference Hf@with polysilicon after 900°C activation anneal.

activation anneals. These Si@ich layers received no PDA prior to

polysilicon deposition. The equivalent oxide thickn€8©T) of this

layer varied between 38.@&s-depositedand 34.6 A(1000°C, 1 s  Measurements, the flatband voltages changed from—580 (as

RTP). After a 1070°C, 0 s RTAstep, the capacitor appears to break deposited), —554 (900°C), and —469 (1000°C), to —481 mV

down; the observed increase of the EOT is most likely due to inter-(1070°C). Assuming this shift is completely due to fixed chage

face oxide growth. The EOT values were obtained using a MOSlocated at the interfaces, this corresponds to an increase from 3.5 to

C-V simulation program, taking into account quantum-mechanical5.8 X 10'* cm™2in the range “as-deposited, 1000°C.” The leakage

corrections and polysilicon depletion effeéfsFor the four shown  currents of equally sized capacitors is shown in Fig. 8. In the range
as-deposited to 1000°C RTA, the current density\gz — 1] in-
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1.0E-01 ~:-@-- 1000CRTA 1.OE+00 §
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Figure 8. |-V characteristics of Si@rich HfSiO, layers for various poly-  Figure 10. I-V measurements of Hf@rich HfSiO, layer on ALO; start
silicon annealgsame layer as in Fig.)7 surface, including reference data of 4 nm HfO
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Figure 11. EOT of silicate layervs.gate dielectric thickness. EO/E.oxide
thickness(NanoSpec dajaThe k-value for SiQ-rich layers equals 4.8; for
HfO,-rich layers thek-value is 15.1.

HE/(HE+Si) or Zr/(Zr+Si) x 100%

Figure 12. As-determineck-values of HfSiQ layersvs. Hf/(Hf + Si) ratio.
Data of ALD ZrSiQ, layers from previous work includéd.

wheret is physical thickness of the layer and the subscripts refer

creases from 3.X 10 8to 1.4x 108 Acm2 i.e., two orders of

to the (lower) interface layer(IL) and the high-kdielectric (d). In

magnitude. After anneal at 1070°C, the current density increaseig. 11, the EOT of the HfSiQlayers is plottedvs. the thickness
of the layers(ellipsometer data, as-deposited polysilicohhe as-

In Fig. 9 and 10, C-V- and |-V measurements of a 52 A thick determinedk-values of Si@rich layers arek = 5.5 (O; start
HfO,-rich layer grown on AJO; are shown. Measurements of 1 nm pulse, not shownandk = 4.8 (Al,Os start surface), and of HfQ®
Si0,/4 nm HfO, with no PDA and the same polysilicon electrode rich layers with identical start conditionk = 12.3 and 15.1,

another two orders of magnitude.

are included as reference. The thinnest EOT of this H&Yer was
27.9 A after 1000°C, 1 s activation anneal and subsequent 420°C, 2
min N,/H, anneal. The flatband voltagé-g of this layer shifted
from —582 to —666 mV (with increasing RTA temperaturei.e.,
shifted by 336-260 mV from the ide#®l-g. TheVg of the reference
HfO, was shifted by 392 mV\{gg = —485 mV). It was found that
the Vg of this HfO, layer could be shifted 100 mV toward the ideal
value with a 600°C, 10 s PDA in £ without an increase in the
EOT. Annealing a 75 A thick Hf@rich mixed layer at higher tem-
peraturej.e., in the range 800-1000°C for 10 s inp, Oshowed that
the Vg, with as-deposited polysilicon, could be improved from
—603 mV (as-depositedio —722 mV(1000°C, 1 s @), however, at
the expense of a considerable increase in EOT. The hysteresis, me
sured alV g, in the layers was typically on the order of 5-15 mV for
thin layers(52 A HfO,-rich on Al,O;) and up to 138 mV for thick
layers (B2_D10, to, = 103 A), with no clear trend difference be-
tween SiQ-rich and HfQ-rich layers. The EOT values of all inves-
tigated as-deposited HfSjOayers without polysilicon activation
varied between 38 and 230 A for Si@ich layers and between
32 and 164 A for HfQ-rich layers. After activation anneals, EOT
values decreased typically by 5-15% of the as-deposited value
while the total dielectric thickness increasege HR-TEM results,
Table II).

The k-values of the layers were found using a linear fit of EOT
vs. physical thickness

(3]

respectively.

0
1.OE+02 ¢ @
1.0E+01 |
E 8 M Polysilicon (as-deposited)
LOE¥00 ¢ O @ Polysilicon + 900C Anneal
NE 1.0E-01 o © Polysilicon + 1000C Anneal
% 1.0E-02 ¢ % O Si02 Reference
> 10803 | o}
3 : ©
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5 1 :
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2 1.0B-05 | [
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1.0E-07 | °©
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1.0E-09 L ] —
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Equivalent Oxide Thickness [A]

Figure 13. Leakage current densities|Mgg — 1| as function of EOT(both
SiO,-rich and HfG-rich layers).
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According to Table I, the thickness of the layers as found with neling is the dominating leakage current mechanism. Therefore, op-
NanoSpec is overestimated by roughly 10% as compared to HRtimizing the stoichiometry of the HfSiQlayers without compromis-
TEM, so that thek-values given here are possibly overestimated bying the EOT seems crucial for improving both the thermodynamic
the same percentage. The posshlealue variation as a function of  and the electrical properties of ALD HfSjJayers deposited using
the annealing temperature and the phase segregation as discuss@g chemistry.
previously could not be accurately determined, mainly because of
the uncertainty in the physical thickness of the layers after anneal- Acknowledgments
ing. Considering errors in fitting the C-V data and variation in the

thickness and composition, the estimated overall error in the given 1 N€ authors thank Jan Verhoeven and Jaap Snifeleitips) for
k-values is around 10%. their assistance in fabricating the MOS capacitors, David Massoubre

: : for C-V and |-V measurements, Emile Nabur¢fhilips) for XRD
It has been suggested in the past thatiéhvalues of HfQ/SiO, ; ) -
vary superlinearly as a function of the Hf:Si composition ratitn measurements, Yde Tamminga and Ad Hend(Rilips) for their

Fig. 12, thek-values of HfSIQ are plottedvs. the Hf/(Hf + Si) assistance with RBS and XPS measurements, and Jan Willem Maes

composition ratiqRBS data). In this figure, two data points of ALD
Zr0,/Si0, layers have been includédClearly, we observe a sub-
linear scaling behavior of thlevalue as function of the composition.
Figure 13 shows that the leakage currents measurelV @t
— 1] are higher than the SiOreference. This indicates that both
types of HfSiQ layers are rather poor dielectrics. The high leakage 1-
currents might be due to the intrinsic roughness in the silicon sub- =
strates(see HR-TEM in Fig. 6)or abundant bulk or interface de- 3.
fects. Both types of defects result in defect-assisted tunneling
through the bulk of the layers. This was investigated by measuring 4
the 1-V characteristics in the range 25-150°C. An increase of the g’
leakage current at higher substrate temperature could indicate the
presence of shallow defects, which are thermally activated. Here it7.
was found that an increase of the temperature had only a minor®:
effect(<0.5 order of magnitudeyn the leakage current through thin =~ ¢
layers, whereas one to two orders of leakage current increase could
be observed for thicker layers. This would indicate direct tunneling 10.
through thinner layers and defect-assisted tunneling through th(i1
thicker layers. 12

13.
14.
15.

Conclusions

The physical and electrical properties of Hfgifayers deposited
by ALD using HfCl, and APTES as precursors were reported. An g
HfCl,;APTES ALD pulse ratio of 1:1 resulted in a Si®@ich HfSIO, 17.
dielectric layer with a HfHf + Si) ratio of around 0.36. The aver-
age deposition rate of this type of HfSjQayer is 0.82-0.84
Alsequence. A HfGl:APTES ALD-pulse ratio of 5:1 resulted in a
HfO,-rich layer with a Hf/(Hf+ Si) ratio of 0.56 and an average
deposition rate of 2.25-2.42 A/sequence. In both types of layersy;
roughly 10% excess oxygen was found (if/ + Si) ~ 2.2). In the 22.
first, no crystallization was found up to 1100°C, and in the latter the
HfO,-cubic phase was detected at 850°C. As-determixedlues
range from 4.8 (Si@rich) to 15.1 (HfQ-rich). Both values were
determined within approximately 10-15% error. RBS, XPS, and HR-24.

18.

19.

TEM analysis revealed substantial changes in the homogeneity of>
the layers upon RTA, both with and without a polysilicon layer on ,¢
top. No dependence of thevalue on the annealing temperature

could be determined, mainly because of the uncertainty in the thick27.
ness of the layers after anneal. The leakage currents through ar’f'
nealed layers increase more with temperature than those through”

as-deposited layers. This observation suggests that trap-assisted two-

(ASM) for depositing the Hf@ reference wafers.

Philips Research Leuven assisted in meeting the publication costs of this
article.
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