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HfO,/Al,O5 gate dielectric thin film stacks were deposited on Si wafers using the atomic layer
deposition technique. A 3.3-nm-thick AD; interlayer was grown at 400 °C using Al(GH and

O3, and 2.5-3.5-nm-thick HfOfilms were grown at either 300 or 400 °C using Hf@nd HO.
Thermal annealing of the dielectric film stack at temperatures ranging from 400 to 1000 °C under
pure N, atmosphere resulted in variation of the equivalent oxide thicknesses. The equivalent oxide
thickness of the dielectric film stack showed a minimum after annealing at 650 °C irrespective of the
HfO, film growth temperature. High temperatuf2800 °Q annealing induced the formation of

SiO, and intermixing between the HfOand ALO; layers, which resulted in an increase in the
equivalent oxide thickness of the film stack. The structural changes in the stacked films as a function
of the annealing temperature were compared with those of ldf@ ALO; single layers. The film

stack showed minimal hysteregis 15 mV) behavior in the capacitance—voltage curve and a shift

in flat-band voltage of 0.6-0.9 V by negative fixed charges at th®AISIO, interface after
annealing at temperature500 °C. The variation in fixed charge density as a function of the
annealing temperature was also investigated. A minimum equivalent oxide thickness of 1.3 nm with
leakage current density of>810 ¢ A/lcm? at —1 V was obtained with the poly-Si electrode even
after annealing at 1000 °C for 10 s. This leakage current density is seven orders of magnitude
smaller than that of SiQwith similar equivalent oxide thickness. ®003 American Institute of
Physics. [DOI: 10.1063/1.1590414

I. INTRODUCTION ally affected both structurally and electrically. We recently
reported that HfQ films grown directly on a Si wafer either
Among the many candidate materials, Hf@as recently by chemical vapor depositiofCVD) or by atomic layer
been highlighteti* as a replacement for nitrided Si@ate  deposition(ALD) suffered from these problerig. There-
oxide films wused in complementary metal-oxide—fore, it was concluded that a certain reaction barrier layer
semiconducto(CMOS) devices due to its reasonably high (RBL) placed between the HiCfilm and Si substrate is es-
dielectric constan(>20), thermodynamic compatibility of sential for obtaining smaller equivalent oxide thickness
the interface with Si, gate poly-Si compatibility, and rela- (EQT) values. There are several other electrical parameters
tively large band gag5.68 e\). However, most vapor phase that ought to be taken into consideration, such as the shift in
grown HfG, thin films appear to have interfacial layetss)  flat-band voltage {;,) and the interface trap densitp(,),
at the Si interface due to the presence of excess oxidizingyy highk dielectric films to be adopted as gate dielectrics of
elements and concurrent Si diffusion into the growing films.\10s devices. The,, is a critical parameter in selecting the
This reduces the overall capacitance density, and shoulgeyice operation conditions, and a lo, is crucial for
therefore be minimized in order to realize higlcharacter- high-speed operation. Unfortunately, the parameters of
istics. It should be noted that high temperattrel050°C,  highk films are usually inferior to those of conventional

10 9 postannealing is inevitable for current CMOS fabrica—Sio2 because of the high interface and bulk defect
tion processes. During postannealing, higfiims are usu-  §ensitied 2

In this study, an AIO; layer grown by the ALD tech-
dElectronic mail: cheolsh@plaza.snu.ac.kr nique was selected as the RBL because of its large band gap,
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amorphous nature, and reasonably high dielectric constant
(9-10. In addition, the ALD process for the 4D; film
growth is fairly mature at the moment due to its adoption as
a capacitor dielectric in dynamic random access memory
(DRAM).X Process maturity is another critical factor that
should be considered.

In this article, the thermal stability of the structural and
electrical performance of HfJAl,O5 gate dielectric stacks,
such as the EOT andg,, was studied in detail as a function
of the postannealing temperature. In particular, structural
changes in the Hf&YAl,O5 gate dielectric stacks were stud- FIG. 1. HRTEM pictures of the HfEYAI,O; film stack (a) in the as-
ied using high-resolution transmission electron microscopyfiepos'ifEd IState and after annealing(lat 650, (c) 900, and(d) 1000 °C,
and x-ray photoelectron spectroscopy, and the results werg Doy
compared with the electrical characterization results, such as

changes in the EOT antly,. For a more detailed under- | g5o4n, atmosphere to stabilize the electrical properties. A

standing of the changes, the structural alterations of singlg o \jett-Packard 4194A impedance meter and a 4140B pi-

layers, HfQ and ALO; layers, respectively, were also exam- ¢oammeter were used for the capacitance versus voltage

ined after annealing at similar conditions. (C-V) measurements and leakage-current density versus
voltage (-V) measurements, respectively. Since the

Il. EXPERIMENTAL PROCEDURES samples showed little frquency dispersion, @V mea-
surement frequency was fixed at 1 MHz. The EOT of the

HfO, thin films were deposited by the ALD technique film was calculated b¥C—V curve fitting taking into consid-

using a traveling wave-type ALD react@®lus-200, Ever-tek eration the quantum-mechanical effétt.

Co.), which can process two 200-mm-diam wafers simulta-

neously. HfC} and HO were used as the precursor and oxi-|||. RESULTS AND DISCUSSION

dant, respectively. The wafer temperatures were set to 300 , ,

and 400 °C during deposition. Hidilms were grown for 15 A- Structural analysis of the films by HRTEM

and 20 cycles at 300 and 400 °C, respectively, to make thgnd XPS

film thicknesses similar. The thickness nonuniformity 1. High-resolution transmission electron microscopy

[(max—min/2 averagéwas <3%. Details of the deposition

process are reported elsewh&r@he AlL,O; films were

grown by another 200-mm-diam ALD system using trim-

ethylaluminum[ Al(CH3)3] (TMA) and G, as the precursor

Figures 1a)—1(d) show representative HRTEM pictures
of the HfO,/Al,O; film stack in the as-deposited state and
after annealing at 650, 900, and 1000 °C, respectively. Here,
; . . the HfO, film was grown at 300 °C for 15 cycles. The as-
and ox[dant, respectlvg ly, "’?t a wafer t_e mperature of 400 grown HfO, and ALO; film thicknesses were 2.6 and 3.3
The thlckness_, nongnlformlty[(max—mlﬁlz averagé was nm, respectively. It should be noted that the as-grown HfO
<2%. The native oxide on the Si wafer surface was remove((jmd ALO; films have an amorphous structure. Crystalliza-
bi/ IRadlq Cc;rpcxagonfﬁJf Amec\ftﬁQC;‘) (t:IeanmIg |mmfec:;; tion of the ALO5; RBL does not occur even after annealing at
ately prior to AbO; film growth. Postannealing of the 1000 °C, whereas crystallization of the Hf@dlm does occur.

samples was performed with a vertical fused-silica tube fu_r'The crystallized upper layelUL) was HfALO,, as shown

nace at temperatures ranging from 400 to 1000°C for 10 m"ﬂ)y the XPS results shown in Fig. 5. The variations in thick-
under pure N atmosphere (©concentratior:1 ppm). ness of the AIO; RBL, HfO,, and the total layers as a

The film thicknesses were measured by ellipsometry an‘ﬁmction of the postannealing temperature are shown in Fig.

cross-sectional high-resolution transmission electron microsz . ; o
; . . . They all show minimum values at approximately 650 °C
copy (HRTEM) (JEOL JEM-3000F equipped with a field- y PP y

emission electron gun. Ten HRTEM pictures were taken of
each sample to compensate for the error in film thickness 70 —

measurement due to local variations. X-ray photoelectron —® Interfacial layer
. 601 A -—8— Upper layer o

spectroscopyXPS was used to characterize the structural _ T A totallayer ) A
changes. The characteristic x ray of Mgy with photon < 50} T
energy of 1253.6 eV was used for XPS. The overall energy 2 % -
resolution was approximately 1 eV. g Y

For electrical characterization, metal—insulator— § 30 R -
semiconductor capacito(MISCAPS were fabricated by de- L ~h ”"/’j,,,,,,,/;"9
positing Pt top electrodes through a shadow mask using an 20f e ]
electron beam evaporation method. The accurate electrode ol
area of each capacitor was measured using optical micros- 400 500 600 700 800 900 1000

copy. The back side of the wafer was HF cleaned with Al Annealing Temperature (]

_meta”ization subsequently applied. POSth‘jta”ization anneak|g. 2. variations in the thickness of the 48, RBL, HfO,, and total
ing was performed at 400°C for 30 min under 5%H Iayers.
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perature up to 650 °C might be due to the effect of densifi- = TP PR VAR S PR B e
cation and the removal of impurities, such as Cl, from the © /‘~/ \\As-dep.
films. There was a big decrease in the Cl concentration with / N
increase in postannealing temperature in the secondary iol v s ?

mass spectroscodBIMS) analysis resultsnot shown herg
The increase in thickness with an increase in postannealing

Binding Energy [eV]

temperature>650 °C may arise from Si oxidation by re- FIG. 5. XPS results ofa) Si 2p, (b) O 1s, and(c) Hf 4f in HfO, /Al O,

sidual oxygen and intermixing between the two layers, adim after annealing at various temperatures.
shown in the XPS results in Figs. 3-5.

2. X-ray photoelectron spectroscopy

The structural

and compositional
HfO,/Al, O3 film stack according to the annealing tempera-
ture were investigated using XPS. For better understandin

changes of the

tions in the AbO; and HfO, single layers grown under the
same conditions as the films in the HfAl,O5 film stack
were also investigated.

a. XPS of AJO3/Si. First, the XPS results showing the
variations in the AJO3 films as a function of the annealing
ﬂamperature are discussed. Figurgéa) &and 3b) show the

of the changes that take place during annealing, the varig;, iations in XPS peak intensity and position of the i 2
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FIG. 4. XPS results ofa) O 1s and(b) Hf 4f in HfO, film after annealing

at various temperatures.
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and O Is peaks of the 5-nm-thick AD; film as a function of

the annealing temperature, respectively. The dots and the
lines represent the experimental data and the simulation re-
sults, respectively, after curve fitting by decomposition. Fig-
ure 3 shows the excellent match between the experimental
data and the simulation results.

The Si 2o core level XPS spectra were composed of five
different component peaks at binding energies of 99.3, 100.2,
101.2, 102.1, 102.9, and 103.9 eV, respectively. The peak at
99.3 eV was assigned to the Si substri@exidation state
peak and the relative shifts in energy of each peak are sum-
marized in Table | along with data reported in recent
literature'?~1* Many intermediate oxidation stategorre-
sponding to ¥, 2+, 3+, and silicat¢ of Si ions have been
reported®*? in addition to fully oxidized Si@ (4+). First,
these data were compared to literature values; the shifts in
energy of Si™ and S¥* in this study are similar to the
values in the literatur& For the St* peak position, the
difference in the shift in energy was quite serious, 38&f.

12) ~3.86 (Ref. 13 vs 4.60. This might be due to the fact
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TABLE I. Shift in energy observed for each Si oxidation state of S#0d silicate.

Energy shift(eV), [Peak positioneV)]

0.7 nm HfGQ,/
0.6 nm SiQ? 0.7 nm SiQP° Al,0,/Si HfO, /Al 05 /Si
Sit* 1.00 0.94 0.9(100.2 1.0,(100.3
St 1.82 1.83 1.9(101.2 1.9,(101.2
St 2.62 2.56 2.8(102.1) 2.7,(102.0
Si* 3.16 3.6-3.7(102.9-103.0 3.7,(103.0
Sitt 3.67 3.86 4.6(103.9 4.6,(103.9

®Reference 12.
PReference 13.

that the data from the literature in Table | were from ultrathinyariations in both the $i peak and the O 4 peak at 533.6
Si0, (0.6-0.7 nmwhere the Si@ structure was incomplete. eV with the annealing temperature. This certainly decreases
The SiG peak position in this study;103.9 eV, was similar  the density of the capacitance of the film. Interesting obser-
to the value(103.7 eV of thicker SiG, (>3 nm) reported by yations are seen from the Si and O peaks of silicate layers.
Keister et al™* In this study, the interfacial SiDwas be- The St peak intensity increases with the annealing tempera-
lieved to be at least 1 nm thick and the $i€ructure more e up to 900 °C then decreases at 1000 °C. THep®iak
bulk like. The shift in energy of Si was larger than re-  hosition shifts toward lower binding energy by approxi-
ported values by approximately 0.18—0.24 eV, which is beiately 0.2 eV, suggesting that the Al concentration of the
lieved to be due to the larger SjGhickness. The peak de- omaining high silicate increases after annealing at 1000 °C.

noted St may originate from the Al-silicate with high Al appears that the high-silicate layer was rather stable up to
concentratiorthigh silicate. Renaultet al. also assigned a 900 °C with only a slight increase in the Si concentration due

sHi;niI.?r peak inkth<1a_i; 0.7 nm HfgJO.7 Tm Siglzgmﬁ;gtcljsthe to Si diffusion. During annealing at 1000 °C, the high silicate
njléﬁatiseg I/Si € Fresim\,:'admri)rﬁﬁ Z(r% II< t 2 hl|ft ¢ converts into low silicate due to serious Si diffusion from the
a Q/Al,O5/Si) also showed similar peaks at a shift o nderlayers and oxygen diffusion from the atmosphere.

binding energy of 3.6-3.7 eV. Suboxide peaks are observeéome Al ions concurrently segregate towards the surface,

in the ultrathin SiQ films and are known to originate in the L . . o L
Si0,/Si interface region where the oxygen is deficigt4 resulting in a residual high silicate with higher Al concentra-
9 Y9 ) tion as suggested by the variations irf Pieak intensity and

It was reported that rather serious Si diffusion occurs~ .- . I .
during Al,O5; ALD on Si and results in the formation of an position. The Si P peaks from the low silicate might have

: " e
Al-silicate layer*® Crivelli etall® reported double-layer overlapped another Si2peak(probably St*). A thick Si0,

structures composed of Al-rich and Si-rich layers using Ru_Iayer grew concurrently at the interface during annealing at

; ; 1000 °C. The sudden change in film structure at 1000 °C is
therford back scattering spectroscai®BS) experiments on
3_4-nm-thick ALD Alzogg fﬁms. ) exp further confirmed by the behavior of the Ap2peaks. It was

The O s signals in Fig. 8) further help in understand- observe_d that 'Fhe_AI 2 peak position gradually shifted to-
ing layered structures. It was found that the O signals ard/ards higher binding energy at annealing temperatures up to
composed of four components whose peak positions argOO°CZ and that there was asgdden increase in the shift after
530.9, 532.1, 533.0, and 533.6 eV, respectively. From a conf2nnealing at 1000°C. The shift after annealing at 1000 °C
parison with reference datiiit is reasonable to assign the WaS 1.36 eV. The results were compared with those of
peak at 533.6 eV to SiO It is reasonable to assign the peak HfO2/Al203/SI. i o .
at 532.1 eV to high Al concentration Al silicatésigh sili- b. XPS of HfQ/Si. Next, the variations in XPS of
cate. The typical O & peak position of stoichiometric HfO: films are discussed. Figuresa#and 4b) show the
Al,Os is around 531.0 eV Therefore, the peak at 533.0 eV Variations in XPS peak intensity and position, respectively,
should be assigned to the low Al-concentration silicate. Th&f the O Is and Hf 4f peaks of the 5-nm-thick Hf©film as
absence of the Oslpeak at 531 eV suggests that there is@ function of the annealing temperature.
almost no pure AlO; layer. Actually, the dielectric constant The O 1s peak was composed of four peaks where the
of the present AJO; film measured by high-frequeney—V peak positions were 529.7, 531.3, 532.6, and 533.6 eV, re-
was only 7.65” which again supports silicate formation. The Spectively, in the as-deposited state. It is reasonable to assign
remaining two peaks at lower binding energies might havéhe peaks at 531.3, 532.6, and 533.6 eV to thes(pdak of
originated from surface contamination. HfO, (that contains a small amount of)SHf silicate, and

The change in film structure with the annealing temperaSiO,, respectively. It should be noted that the binding energy
ture can be understood from the relative variations in intenof the Hf-silicate O & peak is~0.6 eV smaller than that of
sity of each peak. The as-deposited film appears to consist dfie low-concentration Al-silicate Oslpeak (~533.0 eV.

a high silicate on top, a low-silicate underlayer, and an ultraThe peak at 529.7 eV might have originated from surface
thin SiG, layer at the interface. It is clear that the Sifayer  adsorbed oxygen.

grew monotonically at the film/substrate interface because of The as-deposited film appears to be composed mainly of
the residual oxygen diffusion towards the interface fromHfO, and Hf silicate and Si@ The extent of Si@formation
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H———————————— sity and position of the Sig and O Is peaks, respectively,
of the film shown in Fig. 2, as a function of the annealing
35¢ temperature. The Sif2spectra of this sample up to 900 °C
< a0l are almost identical to those of AD;/Si, suggesting that the
= HfO, overlayer did not affect the underlying Ab5 struc-
O o5l ture. The behavior of the Si2peak corresponding to SjO
W is very similar to that of AJO;/Si. The variations in O &
200 peak corresponding to that of the high-Al silicaf32.3 e\
n and SiQ (533.6 eV} are also similar to that of AD;/Si.
15 460 500 660'760 800 900 1000 However, the O § peak corresponding to the low-Al silicate

(533.1 eV} show somewhat different behavior from that of
the AlLO3/Si. Its intensity decreases monotonically with an
FIG. 6. EOTs of stacked dielectric films as a function of the postannealingncrease in annealing temperature and almost completely dis-
temeeratgre. The Hfpfilms were grown at 300square symbojsand  appears at 1000 °C. It should be noted that the Opéak
4A(|)OoC|;CI§Ie symbols, respectively. Stars correspond to Hf@ithoutan - responding to the low silicate increased at this tempera-
25 Tayer ture for the AbO;/Si case. The Sig and O Is peak inten-
sities corresponding to SjOlargely increase and the *Si
peak position shifts toward lower binding energy by 0.2 eV
is greater than that of AD;/Si probably due to the smaller at this temperature, similar to in the A&;/Si case. SiQ
energy of formation of Hf@ compared to AlO;. This cor-  formation during annealing at 1000 °C appears to be even
responds well to the HRTEM and electrical measurementnore serious than in the case o£,8%/Si although there was
results in which the dielectric constant of the interfacial layera thin HfO, overlayer on top of the AD;. This might be
corresponded to that of a Si-rich Hf silicat®As the anneal- due to the catalytic effect of oxygen molecule dissociation of
ing temperature increases, the interfacial Sigpew mono-  HfO,.'® This suggests that Al ions in the high- and low-
tonically, confirming again the validity of the electrical mea- silicate layers segregate towards the overlying Hf@yer,
surement results for a decrease in density of the capacitand@aving thick SiQ and very thin high silicate with a higher
with an increase in annealing temperat(fég. 6). Al-concentration layer under the H§Qayer. This hypothesis
Interesting observations can be seen in the variations igan be confirmed by the following observations.
Hf-silicate and HfQ peaks with an increase in annealing Other interesting results can be found from variation of
temperature. The Oslpeak intensity corresponding to HfO the O 1s peak corresponding to the H§@~531.4 eV. This
is rather constant up to 900°C but suddenly decreases @eak remained up to 900 °C but completely disappeared after
1000 °C, whereas the Oslpeak intensity corresponding to annealing at 1000 °C as a result of the formation of either Hf
Hf-silicate suddenly increases at 1000 °C. This suggests thailicate or Hf aluminate. Therefore, the rather large © 1
the structural change in the H§@Si system is interfacial peak observed at 532.3 eV after annealing at 1000 °C might
SiO, growth while retaining the Hf@+ Si-rich Hf-silicate  be due either to Hf silicate or Hf aluminate. The observed
structure in the main body of the film up to 900 °C. HRTEM peak position of Hf silicate in the HfQJSi sample was ap-
showed that the Hf@and Hf silicate are crystallized and proximately 532.6 eV. Therefore, the large peak observed at
mixed within a single layer rather than forming a double532.3 eV can be assigned as a Hf-aluminate peak. Further-
layered structur.lt should be noted that the HfCand Hf  more, the almost complete disappearance of the Al silicate
silicate lattice fringes were hardly discernable by HRTEM after annealing at 1000 °C suggests that Al ions from the
due to the large number and similarity of the lattice spacinchigh and low silicates were absorbed by Hféhd formed Hf
of the two phase8.However, at 1000 °C, the HfOreacts aluminate at this temperature. The slightly larger peak width
with diffused Si, O, and Hf silicate and forms Hf silicate (full width half maximunm) of the O 1s peak at 532.3 eV
with a medium Hf concentration, as suggested by the suddeafter annealing at 1000 °C compared to those at lower tem-
increase in the O 4 peak corresponding to Hf silicate and peratures suggests that the peak might be composed of over-
the decrease in the Oslpeak corresponding to HfO Fur-  lapping Hf aluminate and residual high Al-concentration Al
thermore, the peak position of the G peak corresponding silicate. Further confirmation of Hf-aluminate formation is
to Hf silicate moved toward lower binding energy, suggest-given by the shift of the Hf 4 peak at 1000 °C, shown in
ing an increase in the Hf concentration of this material. InFig. 5(c), where the shift in energy from the as-deposited
addition, the peak position of the G peak corresponding to state is only 0.86 eV whereas that for Hf-silicate formation it
HfO, moved toward higher binding energy, suggesting arwas 1.55 eMFig. 4(b)]. Figure 5c) also shows that interfa-
increase in the Si concentration in the remaining HfO cial reaction between AD; and HfO, does not occur up to
Figure 4b) shows the variation in Hf #peak as a func- 650 °C by the nonvarying Hf # peak position up to this
tion of the annealing temperature. It can again be confirmetemperature. Intermixing appears to begin at 900 °C. The Hf
that there was a sudden change in the Hf bonding status atuminate has a crystalline structure as shown in the HRTEM
1000 °C due to the large formation of Hf silicate. picture in Fig. 1d). Both the Si 2 and O 1s peaks consis-
c. XPS of HfQ/AI,O3/Si. Finally, the variations in the tently show a monotonic increase of Si@rmation with an
XPS results for the Hf©Y Al ,O; stacked films are discussed. increase in annealing temperature up to 1000 °C. This might
Figures %a) and 8b) show the variations in XPS peak inten- be due to oxidation of the Si surface by residual oxygen, and

Annealing Temperature [C]
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it may constitute the major reason for the increasing EOT atvere assumed to be slightly larger, i.e., 7.5, thenf the UL

temperatures higher than 650 °C, as shown in Fig. 6. would become 21. Thi$21-26 is a reasonable dielectric
constant for a thin HfQ@ film.
B. Electrical characterization For the film annealed at 650 °C, the estimated EOTs of

. . . . the IL and UL were 1.5 and 0.3 nm, respectively, and the
Information regarding the changes in thickness of eacrzastimatedps of the UL was 24, according to the thicknesses
layer (HRTEM pictures in Figs. 1 and)2and the structural ' . g

change(XPS resuls n Fig. Boffers a more detailed under- 0o 'S80 (S T S 1S - R SO IS e
standing of the variations in EOT in Fig. 6 aig, in Fig. 7 9 g

of stacked films as a function of the annealing temperature. For the film annealed at 900 °C, the IL was considered to

Because the physical thickness of each layer is known fror% o X : o
. . . be composed of 0.8-nm-thick interfacial SiOconsidering
HRTEM, the EOT of each layer can be estimated if the di the appearance of the strong Sislgnal in XPS, and a 2.0-

electric constantsg() of the layers are known. The fixed . . )
- . . nm-thick Al-silicate layer withe, of 7 [2.8 nm (total IL
charge densities(;) can also be determined from estlmatesthicknes$ and—0.8 nm (SiQ thicknes]. Here, the thick-

of EOT andVy,. : : . .
b ness of the interfacial SiOlayer (0.8 nm was estimated
1. Equivalent oxide thicknesses from separate measurement of the increase in thickness in

Figure 6 shows the variations in EOT values of stackedhe ALOs film after annealing under similar conditions. The
dielectric films as a function of the postannealing temperar€ason for the smaller increase in IL thickness in these ex-
ture for HfO, films grown at 300 and 400 °C, respectively. Periments(0.2—-0.3 nmis the absorption of some Al silicate
For a fairer comparison, the number of deposition cycles wa8Y the upper-lying HfQ that forms Hf aluminate, as seen in
increased for the HfQfilm deposited at 400 °C in order to Fig. 5. Therefore, the EOT of the Al-silicate layer should be
produce similar film thickness to that deposited at 300 °C dud.1 nm, and the EOT ang, of the UL are 0.4 nm and 23,
to the decrease in HfOfilm growth rate at 400°E.The  respectively, according to the total EOT and physical thick-
EOT values of a HfQ film, grown at 300 °C, without the ness of the UL(2.3 nm) at this temperature. Here, the EOTs
Al,O; RBL in the as-deposited state and after the postanof interfacial SiQ and Al silicate were estimated separately
nealing stage at 800 °C, are also included in Fig. 6 for combecause this is essential in understandingMfebehavior.

parison. It can be understood that the adoption of ayOAI For the film annealed at 1000 °C, it should be noted that
RBL is to a certain degree effective in improving the thermalthere was a sudden change in film structure at this tempera-
stability of the EOT. ture. The IL became almost SjQwith a small amount of

It can be understood that variations in EQT values aldesidual Al silicate and the UL transformed into Hf alumi-
most exactly follow the variation in total film thickness with nate. Since HRTEM could not resolve the $iénd residual
an increase in postannealing temperature from a comparisd¥ silicate, the IL was considered to be Si@ith a low Al
between Figs. 2 and 6. Both stacked films show minimunconcentration that has, of 4.5-5. The EOT of the IL was
EOT values(1.6—1.8 nm at around 650 °C, which then in- then estimated to be 2.6—-2.3 nm from the physical thickness
crease with the annealing temperature. However, it shouldf 3.0 nm. Therefore, the EOT ang of the UL should be
also be noted that the EOT values of the films annealed €.6—0.8 nm and 16-13, respectively. Theof 16—13 ap-
temperatures>900 °C are larger than that of the film an- pears to be reasonable as a dielectric constant of a crystal-
nealed below 650 °C even though their physical thickness itized thin Hf-aluminate film. We actually measured the di-
smaller(Fig. 2). This can be explained by variations in the electric constant of Hf-aluminate films grown by chemical
film composition and the formation of SjCat the Si inter-  vapor deposition using a metalorganic precursor that con-
face that occur during high temperature annealing. tained Hf and Al, and found that the, of the grown Hf-

For the films shown in Fig. 2, i.e., when the Hf@Im aluminate films ranged from 10 to 20 depending on the film
was grown at 300 °C, the interlayét. ) and UL thicknesses composition:®
are 3.3 and 2.6 nm, respectively, after annealing at 400°C. The physical thicknesses, the assumed and calculated
The estimated EOT of the IL is 1.8 nm when theof the IL &, , the estimated EOTs of the lland interfacial Sig), and
is assumed to be 7 from the separately measured dielectrtbe UL of the films annealed at various temperatures are
constant of the 6-nm-thick AD; layer(7—7.5 grown under summarized in Table Il. The estimated values in Table I
the same conditions. It was also assumed that the IL adeen to be reasonable considering the reasomablalue of
400 °C is composed of an Al-silicate layes, & 7) since the the UL and its variations as a function of the annealing tem-
formation of interfacial Si@ was negligible at this stage ac- perature. The Si and Al concentrations in the UL increase
cording to XPS. Actually, it might be more reasonable towith an increase in annealing temperature, shown in the XPS
assume that the IL is composed of ultrathin §{&0.5 nm  results in Fig. 5, s&, of the HfO, layer (UL) should de-
and Al silicate with higher, (>7). However, since the in- crease gradually up to 900 °C and then suddenly decrease at
terfacial SiQ thickness cannot be estimated separately inLO00 °C due to the almost complete transformation to Hf
this experiment, the IL is considered a single layer wittof ~ aluminate. In addition, the decreasesinof the UL must be
7. The EOT of the UL of the film annealed at 400 °C must becounteracted by the densification effect of the UL as a result
0.4 nm since the total measured EOT was 2.2(@m2-1.8 of the high temperature heat treatment. Therefore, the de-
nm). Therefore, the:, of the UL should be 26 according to crease should be minimized provided the UL remains HfO
the measured physical thickness of 2.6 nme/fof the IL  or Hf silicate. This fits very well to the estimates made
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TABLE Il. Thickness, EOT, and, of the IL and UL after annealing at various temperatures. The estimated
error in EOT is approximately=-0.05 nm. The estimated error Wy, is approximately 5%—-10% due to uncer-
tainty in the Pt workfunction and variation &—V.

Interlayer Upper layer
Temperature Thickness EOT & Thickness EOT & EOT Vi, Vi
(0 (nm) (nm) (nm) (nm) (nm) V) V)
400 33 1.8-1.7 7-75 2.6 04-00 26-21 21 0.78 0.78
650 2.6 15 7 2.0 0.3 24 1.7 0.61 0.83
2.8 1.9
900 (0.8+2.0) (0.8+1.1) 3.9;7 2.3 0.4 23 15 0.56 0.48
1000 3.0 2.6-23 45-5 2.6 0.8-0.6 13-16 0.8-0.6 0.31-0.21 0.79

above. From these calculations, thig behavior as a func- Vvoltagg. Therefore,Q; should be reduced to that of the

tion of the annealing temperature, shown in Fig. 7, was inSiO,/Si or be compensated for by countercharges.
terpreted. For these stacked films, there are three interfaces that

haveQ;'s: SiO,/Si, Al,O5 (or Al-silicate)/SiO,, and HfG,
(or Hf-silicate, Hf-aluminatgAl,O5; (or Al-silicate) inter-

_ o _ faces. TheQ; of the SiGQ /Si interface is usually quite lova
Figure 7 shows the variation M, and hysteresis volt- fey 1019 cm~2), which produces negligibl&/y, in the gate
age (V) in C—V measurements as a function of the post-gjectrode?° For example, if there is a fixed charge density of

annealing temperature. Here, HfGilms were grown at g5y 10 cm 2 at the SiQ/Si interface and the total EOT of
300°C and &~V measurement bias was applied from thehe gielectric stack is 3.0 nm, then tiig, due to this charge
accumulation(—3 V) to the depletion(+2 V) regions and 5 5niy 0.007 V, which is a negligible compared to MR It
returned to the accumulatidr-3 V) region. The very small has also been noted that g of the HfO, (or Hf-silicate/
Vpy values(<20 mV) suggest that charge capturing of the 5| o (or Alsilicate) interface is smaller than that of the
stack films was minimized. Th¥g, due to the mismatch in AlLO; (or Al-silicate/SiO, interface by an order of
workfunction between the Pt top electrode and Si substrate iﬁwagnitudeﬂ Furthermore, the large capacitance of the UL
approximately 0.6 V. Therefore(fb due to interfacial fixed makes theVy, due to theQ; of the HfO, (or Hf-silicate/
charge should be thdy, In Fig. 7 —0.6 V. These values are Al,O3 (or Al-silicate) interface smaller. For example, 8

included in the right-hand column of Table I.I, dgno&‘ﬂ. % 10 ¢m 2 of negative fixed charge with UL capacitance
haer?:;;[?\?g a;n(;eggr:geig/ t::th;[g:lr? g?g{gfén']’ltfr?ﬁ: and an EOT of 0.4 nm inducéd, of only 0.015 V, which is
reason fo aft the ALO5/SIO, interface is that ne .ativel also a negligible compared to thej, here. Therefore, the,

er . AbOs/SIO, > JaVEY ot the ALO; (or Al-silicate)/SiO, interface should be noted.
charged Af" ions with tetrahedral coordination are in con- Because the EOTs of each layer are known, the capaci-

tact with O atoms of interfacial SO’ Crivelli et al!® also .
. . . . tances responsible fovy, can be calculated under the as-
reported similar negative fixed charge density at the

Al,O3/SiO, interface. TheQ; induces a shift in flat-band sumpFion that the A[2)3 (cirzél-silicate)/SiOz interface has
voltage (Vy,) of the gate electrode through capacitive cou-neg""t;vle of |8:1?190%T C'd For e?e;tpllgizthelibzofttt?]e
pling of the gate dielectric, which adversely affects cmos>Sampie anneajed a ueQpo cem - atthe

field effect transisto(FET) operation(a shift in the threshold Al0, (or. Al-silicate)/SiO; interface, as a result O].c ‘capaci-
tance with an EOT of 1.5 nm[1.1 nm (Alsilicate)

+0.4 nm (UL)], is 0.56 V. The calculate®y, values {¢)
0.10 of the samples annealed at various temperatures due to the

2. Flat-band voltage and fixed charge density

assumed); of 8x 102 cm 2 at the ALO; (or Al-silicate)/
08 _, SiO, interface are included in the eighth column of Table II.
> :
06 o The seventh column of Table Il shows the corresponding
2 EOTs of the capacitors (EJY that produce th&/y, at each
-0.04% temperature when th®; is assumed to be constant irrespec-
002]>:~ tive of the annealing temperature. For 400 and 650 °C, the
— > | interfacial SiQ thickness was arbitrarily taken to be 0.1 nm,
00 LAY and the EOT was taken as the total EOF0.1 nm.

%nsgglifgi;ﬁeﬁuﬁ%?m The excellent coincidence betwe¥fy andVy) after an-
nealing at 400 °C shows that the present analysis is quite
FIG. 7. Variation in the shift in flat-band voltag®/f) and hysteresis volt- reasonable. The largery compared to the/g, at 650 °C
age (V) in C-V measurements of HJAI,O; film as a function of the  suggests tha®y, at the interface increases. The smalg}
postannealing temperatur_e. Square symbols correspond to/AFgD; and Compared to thN?b at 900 °C suggests thﬂfb at the inter-
stars correspond to HfQOwithout an ALO; layer. Closed and open symbols f d It of the th | l ffect. Th
correspond to voltage sweeps froaB to +2 and from+2 to —3 V, re- ace ecreases a_S aresult or the therma 'a.nnea mg e h ect. e
spectively. similar decrease iQ; of the AlL,O; (or Al-silicate)/SiO, in-
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1400 ‘ ‘ , in a smaller increase in the EOT values as a result of post-
® Measured . A .

1000 simulated 1 annealing at temperatures650 °C compared to single layer-
&1000:\\ ] HfO, film on Si. The EOT values decrease with postanneal-
3 800l ., ] ing at temperatures:650 °C by densification. The increase
§ % in the EOT with an increase in postannealing temperature
e 600 s ] (>650°0 was due mainly to the formation of Sjy re-
§ 400} sidual oxygen in addition to variations in the total thickness

and composition of the film stack. The RBL was composed
of Al,O3, Al silicate and interfacial Si©.

There are critical differences in phase stability at
1000°C ALO; and HfO, single layers and HfeYAl,Os

N-Emo.w double layers. Almost all of the AD; layer (or high Al

G concentration Al silicatereacted with Si and O and formed a
Lixt0® medium Al concentration Al silicate. The formation of inter-
%’1)(10.5 facial SiO, was serious. For the HiOfilm, Hf silicate also

S formed, and the formation of interfacial Sivas also seri-
Q1x10” ous. The HfQ layer on top of the AlO; layer absorbed Al
B 1x10° during high temperature~1000 °Q annealing, resulting in a
5 ‘ crystallized Hf aluminate with a small amount of Al silicate
© 10555 A0 5 20 25 30 remaining. The formation of interfacial SjGvas as serious

Gate Voltage [V] as that in the AIO; single layer.

' _ The interface and bulk trapping properties of the charge
FIG. 8. (@) C-V and (b) J-V curves of a 4-nm-thick Hf®/AI,0; film  carriers were generally acceptable but were further improved
stack with a poly-Si gate electrode after annealing at 1000 °C for 10 s. - . .
by postannealing. However, the rather high fixed charge den-
sity at the ALO5 (or Al-silicate)/SiO, interface induced a
further shift inVy,, which cannot be removed by postanneal-
ing. The structural incompatibility at the crystalline Hf-

found in the sample annealed at 1000 °C. Mjgagain in- aluminate/SiQ interface increased the fixed charge density

creases, rather than decreases, which suggestQthat- to a very high level after annealing at 1000 °C. A minimum

creases due to annealing at 1000 °C. Since the IL becanlséglogfﬁﬁ nr2n WEq \\//ery smgll .Iealc;e;ge current density r?f
almost SiQ and the UL was Hf aluminate at this tempera- cm® at was obtained from a capacitor wit

ture, the interface between the Siénd Hf aluminate should a poly-Si gate even after annealing at 1000 °C for 10 s.
have negativeQ; density as high as 2410 cm™ 2 when
the EOT is arbitrarily taken as 0.7 nifTable Il). The struc- ACKNOWLEDGMENTS
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