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The HfG, thin-film growth process is investigated by usiimg situ real-time spectroscopic
ellipsometry(SE) technique combined with the first-principles molecular-orkik&D) calculations

of the electronic states. The Hf@Ims are grown on the silicon substrate by using the pulsed-source
metal-organic chemical-vapor deposition method. Particular attention is paid to the formation of an
interfacial layer at the early stage of the growth process by monitoring energy-dependent dielectric
constants of the film. The energy dependence of the electronic polarizabilities and dielectric
constants is calculated for the amorphous Hf6iO,, and HfSiQ, films based on the electronic
states and density of states obtained using the discrete-variaken®1O method with the unit
cluster model. The measured SE spectra show that the average dielectric constants of the film vary
gradually from those for SigXo those for HfQ when the number of deposition cycles increases. By
comparing the varied dielectric constants during the film growth with the calculated results, we find
that the HfQ film growth process can be divided into two stages with different growth mechanisms:
Si0, and H{Si)O, layers are grown at the first stage, which are regarded as the interfacial layers,
and the HfQ layer formation becomes predominant at the second stag@fl0® American Institute

of Physics[DOI: 10.1063/1.1827972

I. INTRODUCTION the overall capacitance, because the IL may be composed

. L . of the silicate layer, which shows the dielectric constant
Present microelectronics industry depends on continuous

L T : L Smaller than that of Hf@8 In addition, the presence of the IL
miniaturization of the integrated circuit components, . o
. . - . . affects the electrical characteristics, such as the channel mo-
especially  metal-oxide-silicon field-effect transistors

(MOSFETS. As the MOSFETSs scale down to below 100 nm, bility or the thre§hold voltage for the MOSFETs, §ignifi-
the alternative gate dielectrics with a dielectric constant cantly due to the interface trapped charge and the oxide fixed
higher than that of SiQ hence with a larger capacitance charge. i i ) i
equivalent thickness, are desired since the issue of gate leak- 1h€ Purpose of this paper is to investigate the growth
age current due to direct tunneling through the conventionaprocess of the Hf9thin film by using thein situ real-time
gate insulator Si@ has become increasingly serious. TheSPectroscopic ellipsometrySE) technique. In - particular,
high dielectric constanhigh) oxide films with the large the mechanism of the mte_rfam_al layer formation _at the
band gap, the low defect density, and the thermodynamicaarly stage of the growth is discussed by analyzing the
stability in contact with silicon are attracting great interest aschange in the dielectric constant dispersions incident to
a replacement to the Sidilms,* and among many poten- the film growth. In order to extract the dielectric constant
tial materials, HfQ has particularly been highlighted dispersions from the measured SE spectra, we need informa-
recently’™’ tion about the optical properties of the materials produced

However, most vapor phase grown Hf@hin films ap- in the HfO, film growth, e.g., HfSiO, Unfortunately,
pear to contain interfacial layei$Ls) at the film-substrate neither the experimental nor the theoretical results reported
interface. The formation of the IL during the film growth to date are sufficient to do this for the HfQr HfSiO,
is one of the most crucial issues and is more or lesamorphous materials, and therefore, we perform the theoret-
inevitable due to the chemical reaction processes andi ical analysis based on the discrete-variatiodal (DV-Xa)
interdiffusions across the growth surface. This reducedirst-principles molecular-orbita{MO) calculations. Based

on these experimental and theoretical results, we finally

3Author to whom correspondence should be addressed; electronic maiPropose  an atomistic model for the HfCfilm growth
soda@pe.titech.ac.jp process.
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Il. REAL-TIME SPECTROSCOPIC ELLIPSOMETRY In this study, we used a one-layer model to calculate the
MEASUREMENTS FOR HfO, THIN FILMS average dielectric function of the film frofW,A) measured
just before(e.g., the Si substrateand after the film deposi-

th lsed al ic chemical d ” tion. First, making use of Snell’s law and Fresnel’s law, the
€ puise —sourcegmeg—orgamc chemical-vapor depositiofa|actric function of the substratey,, can be derived as
(MOCVD) method; which can be regarded as an atomlcfollows.

layer deposition technique to realize the layer-by-layer depo- ,

sition in the CVD. A spectroscopic phase modulated ellip- _ — . -p
someter(UVISEL™: Jovin-Yvon, Inct® was introduced in Esub™ Esub™ 185ub= 80 SIM cbo[l + (1—+p) tarf gbo] ,
the CVD chamber for the spectroscopic ellipsometry obser- 3)
vation during the film growth. HN(CHjs),], and G, were

used as the precursor and oxidant with the duration of 3 andhere ey and ¢, represent the vacuum permittivity and an
40 s, respectively. Ar purge was used between each chemicahgle of incidenc&71° in our experimental setiyprhe ratio
pulse for 20 s. Consequently, the total process time for each is given by

cycle was 83 s, and we grew the film with a thickness of

In our experiments, Hf@thin films were deposited by

about 6 nm in 35 cycles. Thp-type S(100) substrate was p= M:tar(\l'sub)exp(i Agup), (4)
used, and the substrate temperature was maintained at I's sub

300 °C during the deposition so that the grown BHffdm \horer is the Fresnel coefficient for reflection between the

would be in the amorphous phase. This is because a lowg{npient and the substratee hereafter denote this as ambi-

leakage current is expected for the films grown in the amorg ¢ substrate which can be represented kb and the com-
phous phase than those grown in the crystalline phase. Thge, index of refraction of the substrali,, -° Next, we get
native oxide on the Si wafer surface was removed with HRy o dielectric function of the file, ayer USiNG the following

dipping immediately prior to the film growth. The equivalent

X ) . equations:
oxide thickness(EOT) and the leakage currents via the s
grown HfO, dielectric films were obtained from th€—V R = Fogp + M€~ =|R |e%e
and| -V measurements. The physical thickness of the HfO P +r01pr12pe‘2“s P ’
film was extracted from the cross-section transmission elec- (5)
tron microscopy(TEM) images. The spatial distributions of Fogs + 108 22 _
e . . _ — — =R |eI5RS
Hf, O, and Si in the films were also evaluated by using en ST ]t e 20 IR )
01s' 125

ergy dispersive x-ray spectroscodyDX) analysis.

The in situ spectroscopic ellipsometry has widely been
used to study thin-film growth processes because it facilitates §
monitoring the change in the average composition of the
entire film by measuring the dielectric functioHs:>wWe con-
ducted the spectroscopic ellipsometry measurements at vari- Ro = tan( W oye) XA A Lave) 7)
ous stages of the layer-by-layer deposition process to track R tayer Layer

the development of the filnn situ and at real time. Further . . ) ,
details about the experimental setup and the UV-visible elyvhere the subscripts 01 and 12 denote ambient film and film

lipsometer can be found elsewh dpd4 substrate, respectively. In E¢), é represents the phase shift

Optical properties of any medium can be described b
the complex index of refractio\l=n+ik, or the complex
dielectric function,e=¢,+ig;. ¢ and N are related to each
other bye=N?, and so the real and imaginary partssofan
also be determined from the refractive inde»and the ex-
tinction coefficienk, &, =n?-k? ande;=2nk. In principle, the
ellipsometry measure® andA, which denote the changes in
the amplitude and phase of polarization between the incide
and reflected waves,

_ 2mdin; COS¢hy

N : (6)

of light in the film, d; andn, are the thickness and the re-
Yractive index of the film, andp; and A are the angle of
incidence and the wavelength of the light.

By substituting Eqs(5) and(6) with Eq. (7), we obtain
a complex number equation, which can be converted into
two real number equations. On the other hand, when the
dielectric oxide film is a transparent material, the imaginary
rﬁart Of & ayer (eLayerim) IS Zero. Therefore, two unknown pa-
rameters, the real part @f .ye; (€L ayerr) @nd the film thick-
nessd ayeddy), can be obtained from Eq&)—(7) in principle

I with the experimental results. In our study, by setting an
= tan‘1<—p>, (1) initial guess obtained from the results of the fitting or other
Ird evaluation methods, the numerical calculations were per-

formed to find a set ofe ayerr,diaye) that reproduce the
A=8,- 6, (2)  experimental results the best. The unbiased estimator of the
mean-square deviation is obtained for individual energy

wherer and & give the amplitude ratio and the phase shift Points of the measured spectrum as follows:
between the electric vector of the reflected waves and inci- _ 2 2

. Err=\(¥y—-¥ +(Agg— A , 8
dent waves. The subscripgsand s refer to the plane-wave V(Wear= Wexp)” + (Acai = Aexy) ®
electric-field components, parallel and perpendicular to thevhere the subscripts exp and cal are the experimental and
plane of incidencé® calculated values.
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Ill. THEORETICAL ANALYSIS OF DIELECTRIC

. . e2 fnn’(wnn/z - wz)z
CONSTANTS FOR THE HfO,, SiO,, AND HfSiO, alw)=— 5 DS,DS,
CLUSTERS m (@ = @)+ 0
The optical constants,N(E)=n(E)+ik(E) or &(E) XdEdE, . (11

=¢/(E)+ig(E), are defined as a function of the photon en-|n this study, we used Eqll) to compute the electronic
ergy, E=hw=hc/\, and these are called optical diSperSiO”polarizabilities.

relations. Herev and A represent the photon frequency and £or calculating the real parts effrom the polarizability

wavelength, respectively, ards the speed of light. Because gp6ve we used the following Lorentz—Lorenz formula:
the photon energy used for the ellipsometry is in the
ultraviolet-to-visible region, only the electronic dielectric -1 _ Npa
dispersions are discussed in this study. e+2 3gy

Generally, a procedure for computing the electronic di- .
electric constants of the amorphous materials can be dé{\_/herego andNp, are the vacuum perr_nﬂthy and the number
scribed in the following three stepél) defining a suitable of clusters per unit volume, respegt!vely. i
unit cluster from the amorphous structures, whose electronic On the other hano_l, the probability for tr_'e photon tran3|_-
states are expected to be similar to those of the amorphod!&?n f_rom_the unoccupied MOs to the occupied MOs per unit
materials,(2) calculating the electronic states of the cluster,tlme is given by
and(3) calculating the energy-dependent electronic dielectric 3me’N,,
constants of the cluster from the electronic states. In this W(®) :WE {fon 80 = ny)}
study, steps(1l) and (2) were carried out by using the O nn
DV-Xae first-principles MO methods. The theoretical details 3meN,, f f s

nn O\W

(12

of the DV-Xa method are summarized in the Appendix, and =
so only step3) is explained in this section.

Bals7elcé| on the first-order time-dependent perturbation — w,y)DS,DS, JAEdE,, (13

thoery; "=~ the polarizability and the photon transition prob- h h in th . h h .
ability can be obtained from the calculated electronic statesy er(eg; aenza(‘;azgneters In the equation are the same as those in

For the isotropic medium, e.g., amorphous materials, the op=4° ) . . .
b ¢ P pE By using the relationship betweemand the absorption

tical polarizability is given b

cal polarizability 15 giv y coefficientI’, I'(w)=w(w)n/c, as well as that between thke
andl, I'(w)=2wk(w)/c,'® the extinction coefficienk can be
derived as follows:

2m80

2 (o
e ( o=t ) )= S0 10~ )
Y EqW nn'

:e—zz% _37Te2nNmJ‘f s

oo O - dmegw {for 8w

e2 1:nn’ _ / ’ ’
:afﬂz—zDSnDS«)dEndEn,, (9) ©ny)DS DS, HEE,, (14

Wppy — @

wheren is the refractive index of the medium.
In this work we first calculated the electronic states for
) the HfO,, SIiO,, and HfSIQ cluster models shown in Fig. 8
wheree andm are the electron charge and massis the  py sing the DVXa methodgsee Appendix The calculated
photon frequencyw=E/%, and wyy is the transition fre-  pogs are shown in Fig. 1 for the three clusters: DQ&t-
quency related to MOs energyny =(En—Ey)/7. M and  pang sidg and the orbital resolved partial DO$BDOS$
In") denote the wave functions of the unoccupied MOs angjeft-hand side for the occupied and unoccupied MOs near
the occupied MOs, and,, is the position operatobD$, and  the pand gap that correspond to the valence band and the
DS, represent the density of sta®@OS) of the unoccupied  conduction band, respectively. From the calculated DOSs,
MOs and the occupied MOs, respectively. The optical oscilyye derived the band gaps between the highest occupied mo-
lator strength that means the number of optical oscillators igscylar orbital and the lowest unoccupied molecular orbital
given by (LUMO). As seen in Fig. 1, the band gaps of BfGBiO,,
and HfSiQ, clusters are approximately 4.9, 10.5, and 4.6 eV.
These results are qualitatively consistent with the band-gap
Mwpry o values taken from the latest literaturésThere have been
3—h|<n|rnn’|n | (10 several earlier reports on the electronic states for, H0ly-
morphic formg and monoclinic Hf@ through the first-
Since the excited stata) has an finite lifetime, the pho- principles pseudopotential calculations. For example, the
ton relaxation process must be considefet the relaxation  band gaps of 5.59Ref. 20 and 5.8 eV(Ref. 21 were re-
coefficienty,,, is added in Eq(8) as follows: ported for thea-quartz SiQ, and those of 3.6Ref. 22 and

fn’n:
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FIG. 1. Density of statesDOS) and
orbital resolved partial DO$PDOS
of the occupied and unoccupied MOs
near the band gap for the H§OSIO,,
and HfSiQ, clusters. PDOSleft) and
DOS (right) for (a) the HfO, cluster
and(b) the SiG, cluster.

4.12 eV (Ref. 23 for the monoclinic HfQ. These band-gap compositional ratio of the Hf element {g>y), the higher
values are still much smaller than the experimental value ofthe Hf outermost orbital densities are. Inversely, the greater

8.9 eV for SiG and 5.68 eV for HfQ. It is intriguing that
our present results of 10.5 eV for Si@nd 4.9 eV for HfQ

the concentration of Si element (8<y), the higher the Si
outermost orbital densities are. These facts are useful for

are closer to the experimental values. This may indicate thatredicting the optical properties of the }Sf,0,.

our cluster model extracted from the amorphous random-
network structures works well despite its simplicity.
It should be noted that the band gaps for Hfénd

Based on these electronic states, we then computed the
polarizability and dielectric constants of the HiGiO,, and
HfSiO, amorphous films by using the obtained band gaps

HfSiO, are almost the same because these are basically dend DOS distributions with Eq$10)—(12). The parameters

termined by the weak interactions between Hf-&nd the

other kinds of atomic orbitalgHf-5d is a nonbonding or-
bital). The DOS distributions also show that the OccupledTABLE |. Parameters used in the optical property calculations for the,HfO

MOs predominantly consist of the Gsand O-2 orbitals
while the unoccupied MOs consist of HEpHf-6s, and Hf
-6p orbitals for HfO,, and Si-®, Si-3d, and Si-3 orbitals
for SiO,. In contrast, the DOS near the top or bottom of the
band gap is larger than that at other energies. Moreover, the
results indicate that the band gap for thg$ifO, cluster is
similar to that for HfQ mainly because the Hféborbital
forms the LUMO state. Furthermore, the unoccupied MOs
for Hf,Si,O, are composed of the Hf outermost atomic orbit- si 2
als, &, 6s, and &, as well as the Si outermost atomic or- HISIO,
bital, 3p, 3d, and 3. A trend is seen that the greater the

used in the calculation are summarized in Table |. The oscil-

SiO,, and HfSiQ mediums. The oscillator strengtlis,, representing the
optical transition probabilities and the relaxation coefficiepis represent-

ing the optical transition relaxation process were assumed to be 0.017 and
0.05 eV for all pairs of MOsn andn’, respectively.

Number of clusters Oscillator Relaxation
per unit volume strength  coefficient Integral limits
Medium Np(m™) for Yo (€Y)  min—-maxeV)
HfO 1.027x 1078 0.017 0.05 -20-30
4.266% 1077 0.017 0.05 -20-30
6.027x 10?7 0.017 0.05 -20-30
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FIG. 2. The electronic optical properties of the HfG5i0,, and HfSiQ FIG. 3. Real-time spectroscopic ellipsometry spectra measured at every
mediums.(a) The electronic polarizabilities calculated by the band-gap val- 5 cycles during the Hf@films growth.(a) The A decreases gradually with

ues and DOS distributions using Eq8) and (10). (b) The electronic di- yirtually maintaining the overall curve shape when the number of c_ycles
electric constants calculated from the electronic polarizabilities using Eqincreasestb) The ¥ spectrum curve shows almost no change because it was
(11). less sensitive to the phase shift due to an increase in the film thickness.

larger electronic permittivity if we have two materials with

| the same DOS distributions. Also, the material with the
probabilities between the valence and the conduction bandﬁigher DOS near the band gap would show a larger elec-

and the relaxation coefficientg,y, which represent the op- o5 permittivity if we compare two materials with the

tical relaxation processes were assumed to be 0.017 ans%me band gap. A steeper increase seen fopfif@he high-

0.05ev forIaII p]:aurs of (I;/I?snhand n, respelctnllel_y. The energy region is supposed to result from the constant ap-
constant value of,, used for the present calculations was proximation used for calculating the oscillator strengths,

evaluated from the sum rule for the transition probability, . qoes not work properly in the high-energy region.

(i.e., the sum over all the possible trans.itions is u)anth Based on the above arguments on the band gap and DOS
the number of those MOs. We made a bit random choice foElistribution concerning the I;lSiyOZ, one can predict that, in

3’.”“’ within a frer?son?blle _enﬁegrgy range in o;eler tc? ﬁVOi?‘ thegeneral, if the compositional ratio of Hf is greater than that
ivergence of the calculationSput it was confirmed that the of Si (x>y), the &,(E) curve of H{SLO, would be closer to

results are virtually independent of the choice of the Val”e'that of HfO,, inversely, if the compositional ratio of Si is

Figures Za) an dd &b) shlow the elictrgnilc polarizability o eater than that of Hix<y), the &,(E) curve of HESi,0,
functions,a(E), and the real parts of the dielectric constants, o 1'be closer to that of SO

&(E), calculated for the three amorphous films. The values
of &(E) calculeted for Si@and. HfO, are in good agreement gv. RESULTS AND DISCUSSION
with the experimental values, in particular at low energies, o

2.11 for SiQ (Ref. 24 and that of 3.79 for HfQ (Ref. 25 Before conducting thé situ real-time spectroscopic el-
measured at the energy of 1.5 eV. The imaginary parts of thBpsometry, we measured thé—V and |-V characteristics
dielectric functionsg;(E), which are related to the light ab- for HfO, thin film deposited in the optimized conditions de-
sorption, are zero for these mediums because the incidestribed in Sec. Il. The EOT and the leakage current density
photon energies are less than the band gaps, and the optiedl a bias voltage of -1V were 1.61 nm and 1.75
transition probabilities are virtually zero. It can be seen fromx 102 A/cm?, respectively, indicating that the films have
these theoretical results that the electronic permittivity ofgood electrical characteristics as the highate dielectrics.
SiO;, is the smallest while that of HfQs the largest, and the Figure 3 shows the real-time spectroscopic ellipsometry
electronic permittivity of HfSiQ is between those for SO  spectra taken at every 5 cycles during the film growth. We
and HfO,, as guessed by intuition. Thg(E) curve for SiQ  observed thaf\ decreases gradually with virtually maintain-

is flatter than those for HfSigand HfO,, which both show a ing the overall curve shape when the number of cycles in-
monotonic increase in the high-energy region. It is mainlycreases. On the other hand, the spectrum curve shows
because their band-gap values and DOS distributions are sigittle change because it was less sensitive to the phase shift
nificantly different. Actually, because the photon energies areaused by an increase in the film thickness.

less than the band gape < w,y) in Eq. (1), it is apparent By usingA and¥ measured before the film deposition
that the material with a smaller band gap would show &i.e., only the Si substrateand then after every 5 cycles of

lator strengthf,,, which represents the optical transition
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FIG. 4. (a) Photon energy dependence of average dielectric constants mea- (i (i) (i (iv)
sured at every 5 cycles arib) the total film thickness as a function of the N D) N 'VJ
number of cycles. e e
(b) 1% stage 2* stage

the depOSItIOI’l, the ,d'el,eCt”C ConSt&,mt(re,al part Ofe) av- FIG. 5. () Comparison of the experimental results obtained from SE spectra
eraged over the entire film and the film thickness were evalugith the theoretical results for HEQ SiO,, and HfSIQ, (b) A schematic
ated as described in Sec. Il. Figure 4 shows the photon ertagram of two different growth processes: the first stage in which formation
ergy dependencer(E) [Fig. 4a)] and the Change in the film of the interfa_cia_ll Iayer_s is dominant and the second stage in which formation
thickness as a function of the number of cycleig. 4b)],  ° Pure hafia is dominant

respectively. In Fig. &), the e, curves lie in the range from

2 1o 6 during the film growth, and the average dielectricergy up to 3.5 eV, but the difference between the theoretical
constant of the film gradually increases when the number ofnq experimental results is apparent above 3.5 eV. This is
cycles increases. On the other hand, the film thickness inyrihuted to the energy-independent oscillator strength ap-
creases almost linearly as shown in Figoiindicating that 5 gximation adopted in our calculations mentioned in
the growth rate was constant during the deposition. The f””Sec 1

thlcknetss Iafter 5 and 35cycles were 2.0 and 6.2 nm, These results indicate that the Hffdim growth process
respectively. %an be divided into two stagdsee Fig. #0)], which have

Figure 5a) compares these experimental results obtained,. . . )
. ; . ifferent growth mechanisms, the fir agel lesg in
from the SE spectra with the theoretical results shown in Sec, erent growth mechanisms, the first st 5 cycles

: Which formation of the interfacial layers consisting of
Ill. It can be seen that the value ef obtained for less than Hf,Si,0, is dominant, and the second stadé cycles-) in
5 cycles is close to the calculated results for the SMith XYz ’ y

which formation of pure Hf@is dominant. Figures 6 and 7

the increase in the number of cycles, overgllincreases ilustrate th tion TEM i dth ii
gradually and appears to settle in its steady position finally'. ustrate the cross-section image and he composition

In particular,s, obtained after 35 cycles ranges from 4 to 6, analysis by EDX for the Hf@thin films under investigation.

which is relatively close to the calculated dielectric constantd" 1€ TEM images shown in Fig. 6, we confirmed that the
of the HfO,. It should also be noted that the average dielectotal thickness of the film and that of the interfacial layer
tric constants for the film before the 15 cycles are betweef/€"® approximately 6.9 and 2.1 nm, respectively, which are
two theoretical dispersion curves for Si@nd HfSiQ, and N good agreement with 2.0 and 6.2 nm estimated from the
with the increase of the number of cycles, the dielectric conSE Spectra. Furthermore, we found from the element distri-

stant curves of the film approache to that for Hf$i@adu- bution profiles across the film obtained by using EDX analy-
ally. This indicates the formation of kBi,O, layers during sis that the concentrations of Hf and O increase in the inter-
which the composition ratio of Hf to Six/y) varies from facial layer region while the concentration of Si decreases
almost 0 to 1 with the increase in the number of cycles. Aftelgradually in the direction from the substrate to the surface
the 15 cycles, the average dielectric constants of the film ar&1)—(2)). Above the interfacial layer the concentrations of
between the theoretical curves for HfSi@nd HfO,. The  Hf and O are relatively high while the concentration of Si is
dielectric constant curves finally reach the steady positiorvirtually zero. The interfacial layer is supposed to be a
near that of HfQ, indicating that HfQ layer formation is  Hf,Si O, layer in which the ratio of Hf to Six/y) increased
eventually dominant. This trend is clear for the photon en-gradually, and the upper layer is mainly composed of $fO
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FIG. 6. TEM image of the HfQ thin film deposited by pulsed-source
MOCVD in the optimized conditions described in Sec. Il. The thickness of
interfacial layer and total film were approximately 2.1 and 6.9 nm,
respectively.

V. SUMMARY AND CONCLUSIONS 3)
We investigated the growth process of the HtBin film
and its dielectric properties by using tle situ real-time
spectroscopic ellipsometry combined with the first-principles
MO calculations. Particular attention was paid to the forma-
tion of the interfacial layer at an early stage of the growth
process. The results obtained from this study are summarized
as follows:

(1) The real-time spectroscopic ellipsometry spectra were
measured every 5 cycles during the growth process, and
the energy-dependent average dielectric constants were
evaluated as a function of the number of cycles. With
increasing the number of cycles, we observed that the

J. Appl. Phys. 97, 023527 (2005)

dielectric dispersion curves move gradually from that for
SiO, to that for HfO,.

The DOS distributions were calculated for the HfO
SiO,, and HfSiQ clusters by using the DV« first-
principles MO method. The obtained band gaps were
4.9, 10.5, and 4.6 eV for Hf§) Si0,, and HfSIQ, re-
spectively. The results show that the occupied MOs con-
sist mainly of the O-8 and O-2 orbitals while the un-
occupied MOs consist of the Hfes Hf-6s, and Hf-6
orbitals for HfQ, and the Si-B, Si-3d, and Si-3 orbitals

for SiO,. Based on the calculated electronic states, the
electronic polarizabilities and dielectric functions for
these three clusters were then computed. We found that
the dielectric function for Si@is the smallest while that

of HfO, is the largest, and the dielectric function of
HfSiO, is between them. The electronic states and the
dielectric functions for the intermediate }$ii,O, struc-
tures can also be estimated approximately from these
results.

The experimental and theoretical results(in and (2)
were compared to analyze the gradual change in the di-
electric constants during the HjOfilm growth. We
found that the HfQ film growth process can be divided
into two stages which have different growth mecha-
nisms: the first stagé~15 cycles with the growth of
Si0, or HfSiO, layers and the second stage
(15 cycles~) with the formation of HfQ layers pre-
dominantly. SiQ and H{Si,O, layers grown during the
first stage can be regarded as the interfacial layers. All
these results look consistent with the film structure
analysis by using TEM and the film composition analy-
sis by using EDX.
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APPENDIX: DV- Xa CALCULATIONS FOR THE HfO ,,
SiO,, AND HfSiO , CLUSTERS

The electronic states of the amorphous films can be ap-
proximately described by that of the unit clusters extracted
from the amorphous random-network structures. We chose a
first-principles molecular-orbitaMO) calculation, the non-
relativistic discrete-variationaka (DV-Xa) method devel-
oped by Ellis and Paintéf Ellis and Roser! and Adachiet
al.? to calculate the electronic states of the clusters, using a

FIG. 7. Composition analysis for the HjQhin film deposited by pulsed- program codescat.?® This method bases on the Hartree—

source MOCVD in the optimized conditions described in Sec. Il by EDX 1
evaluation(a) Scanning TEM dark field image of the sample. The solid line

was the location for line scan of EDX analysib) The distribution profile
of the Hf, O, and Si along the solid line @).

Slater equations shown in E@1), and the exchange
and correlation energies are taken into account by the use of
Xa potential given by Eq(A2).%°
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TABLE Il. Positions of atoms or ions in the HIDSIO,, and HfSiQ clus-
ters.

Cluster  Atom or ion x(A) y(R) zZ(R)
Hf-1 -1.918 0.000 -0.855
Hf-2 1.918 0.000 -0.855
o) 0.000 0.000 0.000
o1 -3.363 0.000 0.669
FIG. 8. Cluster models extracted from random network of the amorphous  HfO2 o2 3.363 0.000 0.669
thin film for DV-X « calculations. The large circles are for Si or Hf and the o3 -2.155 -1.715 -2.044
small circles are for O or G. The sticks are for the bonds. In the case of Ol~-4 2.155 -1.715 -2.044
2155 A (Ref. 33 and Si-0-51 bond angle=135- (Refo. 36 and 3 1 oS 2155 175 -20u
=1. ef. and Si—O-Si bon = . -
the case of HfQ cluster, both of thevi1 anngZ are Hf atoms, Hf-O bond O.l - 2.155 1.715 ~2.044
lengthd=2.10 A (Ref. 38 and Hf-O—Hf bond anglé=135°. In the case of Si-1 ~1.480 0.000 ~0.659
HfSiO, cluster,M1 is a Si atom andV2 is a Hf atom, Si-O bond length Si-2 1.480 0.000 —0.659
d1=1.62 A and Hf-O bond lengti2=2.10 A, Si~-O-Hf bond angl® ] 0.000 0.000 0.000
=135°, o1 -2.595 0.000 0.516
Sio, o2 2.595 0.000 0.516
1 7 t) o3 -1.662 -1.323 -1.577
2 v pirp o4 1.662 -1.323 -1.577
{ Vi ? ” +f Mo dr2+VXCT(r1)]¢kT(r1) o5 -1.662 1323 -1577
0o~-6 1.662 1.323 -1.577
=& Py(ry), (A1) Si -1.480 0.000 -0.659
Hf 1.918 0.000 -0.855
3 o) 0.000 0.000 0.000
Vxci(ry) = - 3a 4—91(r1)1’3 , (A2) o1 -2.595 0.000 0.516
m HfSio, O-2 3.363 0.000 0.669
whereeg, is the MO energy angb(r,) is the local charge 03 -1.662 -1.323 -1.577
density calculated by EqA3), o4 2156 -1715  -2.044
o~5 -1.662 1.323 -1.577
pi(r) = 2 fig Py (1) Py (ry). (A3) o6 215 1715 -2.044
kT
The parametew is fixed at a constant of 0.7 suitable for
transitional metal compound&3* MOs are constructed by According to the cluster model in Fig. 8, we calculated
linear combination of atomic orbitald. CAO) as follows: the coordinate values of the atoms or ions in the clusters
shown in Table Il. All the calculations of the energy levels
Py(ry) :E Cikxj(ra), (A4)  and DOS were performed using these data. In our calcula-
j

tions, we used the basis functions of—Bd for Hf atoms,
where x;(r,) denotes the AO as a numerical basis function1s—3d for Si atoms, and &-2p for O atoms. To describe the
solved from the Schrodinger’s equations of the atoms, an@_CCUplf_?d MO an_d unoccupied MO states, the outermost or-
the coefficients, are corresponding to the density of statesbitals involved in the calculations were chosen to be
(DOS). Self-consistent charge calculation with degree of(5d,6s,6p) for Hf atoms, (3s,3p,3d) for Si atoms, and
convergence within 0.01% of the Muulliken charge was(2s,2p) for O atoms. The DOS profile is given by replacing
made to accomplish the self-consistent-field calculatioreach discrete level by a Lorentzian with a width of 0.05 eV,
practically.32 weighted by the degeneracy of the orbitals, so that DOS of

The electronic states of the H§OSIO,, and HfSiQ,  the occupied MOs and unoccupied MOs near the band gap
clusters which were used to approximate the amorphous mean be considered to represent that of the valence bands and
diums formed in the HfQ film growth were calculated in the conduction bands of the film.
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