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Noncrystalline AjO5 dielectric films have been synthesized by remote plasma enhanced chemical
vapor depositiofRPECVD and deposited ofi) H-terminated SiL00) and(ii) on SiO, prepared by
remote plasma assisted oxidation and RPECVD @h(8) substrates using organometallic source
gases injected downstream from a Hgf@asma. Chemical composition and morphology of the
Al,O4 films and their interfaces have been studied by Auger electron spectro@sBfy, Fourier
transform infrared spectroscopy, nuclear resonance profiltiRP), and x-ray diffraction(XRD).
Previous studies in which AD; was deposited by thermal CVD, rapid thermal CMBRTCVD),

direct PECVD, and physical vapor deposition generally resulted in relatively thick 8iO
Al-silicate interfacial layers which impact adversely on the highest attainable capacitance. In line
AES and NRP indicate the as-deposited RPECVD films are fully oxidized on deposition, and their
interfaces can be chemically abrupt with Si oxide or Al silicate interfacial layers that are no more
than 0.6 to 0.8 nm thick. However, these relatively abrupt interfaces do not ensure good device
performance. Electrical measurements indicate negative fixed charge on the ordef?of 10
charges/crh The fixed charge resides at the,®} interface, and can be moved away from the
silicon substrate by deposition of a thir,1-2 nm, intermediate layer of RPECVD SiO © 2001
American Vacuum Society.DOI: 10.1116/1.1379316

|. INTRODUCTION between the AlO; film and silicon substrate as measured by
) ) ) ) nuclear resonance profilindNRP) and x-ray photoelectron
As device dimensions are scaled according to the 1999hactroscopyXPS). Gusevet al® reported work on atomic
Technology Roadmap for Semiconductbrthe equivalent layer CVD(ALCVD) Al O; where they investigated both the
gate oxide thickness, EOT, must decrease below about 1ghysical and electrical properties of the deposited films.
. . . _ 2 '
a one volt potential drop across the oxide~i$ Alcm “and  pigh-resolution transmission electron microscopy results,
begins to reduce the ratio of on- to off-state current in a fieldhey showed it was possible to deposit ,@4 on

effect transistor. To reduce the off-state leakage currents dug-terminated silicon substrates without forming an interfa-
to tunneling through silicon dioxide and maintain a capaci-cja] oxide or silicate layer.
tance equivalent to what is obtained with a gielectric Transistors with an equivalent gate oxide thickness of
with a physical thickness of 1.5 nm and below, alternativep.96 nm with ALO; oxide as the gate dielectric material have
highk dielectrics are being investigatésee Refs. 2, 3, and peen fabricated by Chiet al® These devices indicate;,
references thereinThese higtk alternative dielectrics will  =3x'%cm™2 and a positive flat band shift, indicating inter-
yield the required levels of EOT for device scaling at largerfacial negative fixed charge. Buchaneinal.” reported work
physical thickness, thereby providing a materials pathwayn n-MOSFETs formed by ALCVD AJO; with 0.08 um
for reducing the tunneling current. Other factors such as congate lengths. They also observed a negative fixed charge for
duction band offset energies also play a role in determininglevices with an equivalent oxide thickness of 1.3 nm.
the tunnel leakage, and these generally decrease with in- This article focuses on noncrystalline thin films of,@k
creasingk. and its physical and electrical properties. The dielectric con-
Recently aluminum oxide has been the focus of severadtants of these films are approximatelyfef. 3, and based
studies. Kleinet al? studied the deposition of AD; with a  on the dielectric constant ratio 6f2.4 between AlO; and
chemical vapor depositioiCVD) growth method. Their SiO,, dielectric films can be at least two times thicker for the
work reports evidence for a silicate layer at the interfacesame capacitance. However, recent XPS measurements have
indicated that the band offset energy between the conduction
dElectronic mail: gerrylucovsky@ncsu.edu bands of Si and AD; is about 2.1 eV, or about 1 eV lower
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Helium/Oxygen the ALOj; films remain amorphous. It has been shown for
SiO, films deposited by RPECVD, that a rapid thermal an-
Silane neal at a temperature 6f900 °C for approximately 30 sto 1
Plasma Coil Absolute - . :
(RF Power] > v Hevslon min is necessary to promote structural and chemical relax
I ation of the film;“ so that the anneal for AD; is not opti-
Needle

L J e mized for a low defect density the Si—Si@hat is used in
d %"'ﬁ'ﬂ“ some of the electrical measurements. A 30 min post metalli-
e zation anneal in a forming gas mixture of 10% iH N, at
/Q 400 °C concluded the sample preparation.

Substrate_| ©

Li?ﬂ;gﬁg‘ TEDATSE The films for the Fourier-transform infrared spectroscopy
ChambaF Bubbler (FTIR) and x-ray diffraction(XRD) characterizations were
Throttle >100 nm thick and were annealed with the same rapid ther-
Valve : mal annealer temperature-time cycles as the MOS capacitors.
Mechanical h
Bypass Pump Auger electron spectroscofAES) was preformedn situ.
THE Interrupting the deposition every 10 s and scanning with

AES, we were able to investigate the formation of the alu-
Fic. 1. Physical configuration of the RPECVD deposition chamber isminum oxide and silicon substrate interface.
shown. The ALO; interfaces with HF last, H-terminated Si, and
with SiO, interfacial layers were investigated using resonant
NRP!3 The narrow, isolated resonance at 404.9 ¥eX the
cross section curve of tiéAl( p, y)?8Si nuclear reaction was
fised to obtain Al concentration depth distributions. The mea-
sured excitation curves, i.e., gamma-ray yield versus incident
?.)roton energy, in the vicinity of the resonance energy were
converted into concentration profiles using tis®@ACES
program®® which is based on stochastic theory of energy loss
of ions in solid. By measuring the excitation curves for thin
and thick aluminum films, the nuclear reaction resonance at
II. EXPERIMENTAL METHODS 404.9 keV was determined to be narrower than 40 eV. A

Aluminum oxide was deposited using a remote pIasmasample geometry Wi_th a tilt 65° with respe_ct to the incident
enhanced CVD (RPECVD technique". The aluminum 0eam, was used to increase depth resolution. Several factors
source is a liquid metal organic, triethyldialuminum tri-sec- contribute to the quantitative aspects of depth resolution:
butoxide (TEDA-TSB),'° contained in bubbler setup. The the extremely narrow nuclear reaction resonance at 40 eV,
carrier gas is helium. The pressure in the bubbler is held i) the significant energy loss 0E240_5 keV protons i@y,

30 Torr and is maintained by closed loop control using ar@Pproximately 380 keVmg'cm?, if a density of 3.98
absolute baratron and a needle valffég. 1). The tempera- gcm ° is assumediiii) the low energy spread of the proton
ture of the bubbler assembly is held at 75 °C by a silicone oiPeam(a Gaussian lineshape with approximately 80 eV full
bath. The setup and operation of the bubbler is described iwidth at half maximum(FWHM) at the resonance energy of
Ref. 11. The aluminum source vapor is injected into the405 ke\), as provided by the 500 keV HVEE ion implanter
chamber through a heated injector assembly located to that Porto Alegre, Brazil, andv) an effective thickness mag-
side of the sample. nification factor of 2.4 due to the tilted geometry. The ulti-

A mixture of helium and oxygen is excited by 30 W of rf mate resolution is limited by energy straggling and angular
power at 13.56 MHz and is injected directly above the submultiple scattering processes. In the present study, the depth
strate. The substrate is held at 300 °C in order to desorb anfgsolution was estimated to be 0.4-0.5 nm near the surface,
organic molecules from the surface. The pressure in th#hich degraded to about 0.6 to 0.8 nm near the burig@Al
chamber is controlled to 0.3 Torr. 2% silane, gikh He is  interface.
injected via a “showerhead” ring below the plasma tube, The silicon profiles were determined by NRP using the
and replaces the TEDA-TSB flow for the deposition of SiO narrow, isolated resonance approximately 414 k&R(
films. =100 eV) for the?>Si(p, y)*%P nuclear reactiol® **Using a

For electrical measurements, field isolation metal—oxide-tilt angle of 60° sample the depth resolution is 0.7 nm at
semiconducto(MOS) capacitors were fabricated on 0.06— sample surface, which degrades to approximately 1.0 nm at a
0.08 Q2 cm boron doped Si, and 0.02—0.0bcm phosphor- depth of 8.0 nm into the film. The excitation curves and the
ous doped Si substrates. Prior to the Al gate metal contagtrofiles determined bysPACES simulations are shown in
evaporation, the samples were annealed at 800 °C for 30 Kigs. 3 and 4.
using an AG Associates minipulse rapid thermal annealer. The capacitance—voltage measurements were performed
As will be discussed, annealing at 900 °C results in the crysby a HP 4284A LCR meter at 1 MHz. The current—voltage
tallization of the AbO;3 film, so that after the 800 °C anneal measurements were preformed by a HP 4140B voltage

than for SiQ and Si® Based on the tunneling through a
simple trapezoidal or rectangular barrier, this reduces th
amount of direct tunneling current reduction to what is at-
tainable with a physical thickness reduction corresponding t
an effectivek-value (based on a 3.15 eV offgedf about 7.5.
This is still technologically significant and therefore of inter-
est in the device community.
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source with a picoammeter and V0|tage ramp f/dt of Fig. 3 display the calculated and normalized concentra-

=0.05V/s. Both types of measurements were preformed dions of Al and Si as a function of deptfir*°the normalized
25°C in a light tight box. concentrations are 1.0 for both /&, and bulk Si.

For the deposition of AD; on the HF last Si, there is an

Ill. EXPERIMENTAL RESULTS AND DISCUSSION abrupt drop in the Al concentration followed by a rapid onset

OF THE REDUCED DATA of the_S| concentration. If we take the intersection of the Al
and Si concentrations as the where, the location of the plane
A. Interface formation: AES and NRP where the interfacial layer begins, then the bulk Si concen-

The AES spectra are shown in Fig. 2 display the evolvingiration is reached in<1.0 nm. There are essentially no
chemical composition and bonding at the Si interface an§n@nges in the experimental data or in the Al and Si concen-
within the deposited AD; thin film. The left-hand side plot rations after annealing at 800 °C. This means there is no
is for Al,O; deposited directly on HF last, H-terminated Si, detéctable intermixing of the AD; and SiQ and the transi-
The right-hand side plot is for AD; deposited on 0.6 nm of 0N régime remains abrupt. _ _
Si0, that was formed by remote plasma assisted oxidatio Figure 4 contains NRP data and Al and Si concentrations

n ! .
i.e., exposing the HF last silicon for 30 s to active O atomgOF the deposition of AlO; onto a RPECVD Si@layer. The

and metastable molecules extracted from a remote ﬂe/oshoulder in the Si concentration profile indicates the thick-
plasma discharge. The thickness of the interfacial,%i@er ~ "€SS of the Si@layer, ~2 nm. There are changes in the

was determined by comparing the relative amplitudes of th@Pruptness of the Al profile before and after the 800 °C an-
Si—0 (76 eV) and the Si/Si91 eV) AES featured® neal indicating the intermixing of the deposited,®} and

After the deposition of AIO; for 10 s of the two AES SiO, films. Since the two traces in Fig. 4 come from different

spectra in Fig. 2 are essentially the same. In particular, thEgions of the same wafer, and since the depositeDAl
were not of uniform thickness across the entire wafer, the

ratio of the intensities of the Si—O and Si—Si features indi- e > )
cates that approximately 0.6 nm of Si@as formed during extent of the mixing is best estimated from the changes in the
abruptness of the interfacial profiles of both the Si and Al

the initial stages of the AD; deposition on to HF last Si. In A el ) ¢
addition, the lineshape of the Al—O feature-a65 eV does atoms. Based on this subjective analysis of the profiles, the

not change with increasing deposition time. It is a Sing|einterna! transition layer thickness is of thg order of 1 nm, or
peak and located at an energy consistent with aluminur@PProximately three molecular layers, thick.

bonded to oxygeh’ From this, we can conclude the Al at-

oms are not bonded to Si atoms at the interface, and that the

Al is fully oxidized throughout the deposited film.

NRP independently demonstrates thaj@ interface on
HF last Si is abrupt, with the spread of Al atoms into the Bulk characterization was carried out using FTIR and
interfacial Si oxide layer being less than 0.6—0.8 nm, theXRD. The films for these studies werel00 nm thick. The
limiting resolution of the NRP measurement. This estimate ideatures in the FTIR spectra are bond specific and give in-
based on the spread of the proton beam within the film. Figformation of coordination as well, whereas the XRD spectra
ure 3 is the NRP study for the deposition of,@8} directly  can be used to determine the onset of crystallization, i.e., the
onto HF last Si. The lower traces with the experimentaltransition from a noncrystalline or amorphous film to a crys-
points are the gamma ray yield data, and the upper portionwlline or partially crystallized film. Based on FTIR and

B. Bulk oxide characterization
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XRD data shown in Figs. 5 and 6, we observe that after thgponds to thé¢110) plane for corundum ADs.*8 The broad
900 °C anneal, the coordination of the Al atoms has changedeature at about 70° is due to Si.

and the film has crystallized.

Figure 5 displays two FTIR spectra for an as-depositedC Electrical ch terizati
film and for a film annealed at 900 °C. FTIR spectra of films ™ ectrical charactenization
annealed at 600, 700, and 800 °C were essentially the same Field isolation MOS capacitors were made retype and

as that of the as-deposited film and are not displayed in Figp-type S{100 substrates with carrier concentrations in the
5. The features in the FTIR spectra after the 900 °C are in thenid 10" cm™2 range. RPECVD AJO; was used as the gate
spectral regime of features previously identified in crystallinedielectric and was deposited onto four different interfages
Al,O; in the corundum structur€. The broad feature in the HF last, H-terminated Si(ii) 0.6 nm SiQ prepared by re-
as-deposited film results from both Al and O atom motionsmote plasma-assisted oxidation via a Hefltasma,(iii ) 1.2
whereas the sharper feature in the 900 °C spectrum is duam of deposited RPECVD deposited $j@nd (iv) 2.2 nm
mostly to O-atom motion. The shift of the spectrum to lowerof RPECVD deposited SiQ
wave numbers is consistent wifh an increase in the aver- C-V measurements were performed at 1 MHz, and the
age coordination of the Al atoms from4.5 in the noncrys- data in Fig. 7 was analyzed using a fit program that performs
talline state!? to 6 in the corundum om-Al,O; structure, a least squares fit routine and yields values of flat band volt-
and(ii) an increase in the ionic character of the bonding thatge and oxide thickness normalized to the dielectric constant
accompanies the increase in average coordination of the Aif Si0,.?° Samples deposited on the HF last silicon had flat
and O atoms. band voltages that were shifted positively for increasing
For as-deposited films, and those annealed up to 800 °Ghickness for bothp-type andn-type Si substrates, i.e., in
there are no sharp features in the XRD specttsee Fig. §; so-calledn-MOS andp-metal—oxide—semiconductor capaci-
however, a diffraction peak associated with crystallingdyl  tor structures whera andp, respectively, refer to the minor-
appears at about 40° after the 900 °C anneal, which corraty carriers in thep-type andn-type substrate&his notation

J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul /Aug 2001
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Fic. 5. FTIR for >100 nm of aluminum oxide on silicon before and after a

900 °C anneal.
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Fic. 6. XRD for aluminum oxide on $100) is presented.
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is the convention for field effect transistor devices, where the The slopes, obtained from the fits to theMlOS andp-
channels for carrier transport are formed by substrate invetMOSCAPs correspond to negative fixed interfacial charge
sion). densities of—7.0+1.0x 10'*Ycm 2. The values of® ¢ are
Figure 8 presents plots of the flat band voltage as a funceonsistent with the work function difference between Si and
tion of EOT of the AbO; portion of the gate dielectritsee  the Fermi level position in the doped Si substrates. This
Eqg. (1)]. The EOT for the AJO; portion of the composite analysis places the fixed charge the interface between the
dielectric was obtained by subtracting 0.6 nm from the totalSiO, and the RPECVD AlO; layer. By varying the thickness
EOT. This subtraction was based on the AES and NRP dataf the SiQ layer deposited between the Si substrate and the
for the HF last depositions, and on experimental data thafl,O5 layer, the position of the fixed charge can be con-
indicated that the fixed charge levels at the remote plasmdirmed. Before discussing the data for these stacked dielec-
processed Si-SiQinterfaces were at most in the mid trics, the solution to Poisson’s equation is presented.
10%m™2. The flat band voltages for referenneMOS and By using Poisson’s equation, the potential due the inter-
p-MOSCAPs with SiQ interfaces were equal to within ex- facial charge can be calculated, and be subtracted from the
perimental error of~0.05 V, to the metal-semiconductor work function difference® s, which is the flat band voltage
work function differences for the silicon substrates and Alin the absence of fixed charge, and the flat band voltage,
gate electrodes. The flat band voltage—EOT data have beér;, can be then be calculated as in Et);%*
fit with straight lines consistent with the analysis to be pre-

sented. Theg-intercept in this fit is the metal-semiconductor ‘
work function difference® s, and the slope indicates the Veg=Pys— L. QSiO'(dSIO+ Sio 'dAIO) +Qa0
fixed charge at the interface between the@\portion of the €0-Ksio Kaio
stacked dielectric and the interfacial layeér. Ksio
: k_'dAIO - (1)
AlO
2'55 Intorface Layer -7 Qsio is the charge located at the Si—Siidterface, and o
200 2 LT Lo 7 is the charge located at the internal dielectric interface be-
is] - tween the SiQinterface layer and the RPECVD £, layer.
s 1 € is the permitivity of free spacégo andkyo , are, respec-
S 10] tively, the dielectric constants of SjGnd ALO; 3.8 and
é’ ] 9.0, anddgip anddy g are, respectively, the physical thick-
S 081 nesses of the SiDand ALO; constituent layers of the
2 oo stacked dielectric. Equatiofi) can be rearranged and writ-
= ] ten in terms of the contributions tdrg in which dg;o and
08y dao are the scaling variables, as in Hg);
-1.0—_
] q Ksio
-1.50.0 015 1!0 | 1{5 I 2:0 2:5 3{0 325 ' 4:0 4:5 50 VFB: (DMS_ EO—I(SIO ’ QSiO. dSiO+ (QSiO+ QAIO) ’ m
Equvalent Oxide Thickness of ALO, Layer (nm)
Fic. 8. Flatband voltage as a function of the aluminum oxide EOT is shown. ~daio]- (2)
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If the flat band shift is plotted as a function of aluminum 3
oxide thickness, then fixed charge residing at the SiSiO
interface will affect both the slope and tly@éntercept value.

If the charge is only at the internal SjOAl,O5 dielectric 014
interface then only the slope will be affected; i.e., the slope i
will be proportional toQao, and the intercept witld,. ]

Figure 8 presents the flat band voltage-EOT plotsrfor 183
MOS andp-MOSCAPs. Frorm-MOS data, the slopes and S ]

. . R o 1E-4
y-intercepts for varying amounts of SjGare the same to 3 ]
within experimental error as the respective slopes and 153
y-intercepts or the HF last devices with 0.6 nm of interfacial ]

i pmos

13

0.01 4 0.01 4
1E-3 o

1E4

1 1
1E-5 5 '
E ;

Si0,. The p-MOS data exhibit changes in both slope and 3 ¥
y-intercept as compared to the HF last devices. 1E-7g' L ideen) | BT '

The NRP results indicated a mixing of &5 and the 1E-sq,.......,.......,....(,...;. 1E-8:i,:;:li-,..,.,....,....
RPECVD SiQ after the 800 °C anneal. This is mixing is 50 40 30 20 A0 00 05 00 05 10 15
confirmed in theC—V results from a reduced value in the Vg-Vfb (Volt) Vg-Vb (Volt)

EOT for aluminum oxide on RPECVD silicon dioxide. The
measured EOT of the device should be a weighted addition
of the silicon dioxide and aluminum oxide as in E8);
Ksio Al atoms are ponded pnly to oxygen, and that ther.e is no
EOT=T,,(Si0y) + 2 * T (Al,Oy). ) detectable SI|ICId6§A|—S.I) or metal-metalAl-Al ). bondmg.
The AES spectra of Fig. 2 and the NRP of Fig. 3 indicate

. . that when A}O; is deposited by RPECVD at 300 °C on HF
Analysis of MOSCAPs op-type andn-type Si substrates last, H terminated Si, this is accompanied by approximately

with the same deposition times as those in Fig. 8 resulted '%.6 nm of SiQ being formed subcutaneously at the Si—

gate oxides with physical thicknesses, respectively, of 1. ielectric interface. NRP further indicates that the interface

?ggtezzljzfrgm.trfgjr t\r;ed;apﬁ]f%i tlf::S t(r)]fGthEeoT V(\;"rifoﬁx' of the AlLO; film with this subcutaneously formed Sj@ayer
' B ' ! SS Siport is abrupt to within~0.4-0.6 nm as deposited, and after an

of the dielectric was then subtracted from EOT to give con-g, o e
tribution due to the AIO; layer. If dgip values of 1.2 and 2.2 800 °C anneal. Analysis -V data forn MOSCAPs anc

. M APs for the HF | itions ar nsisten
nm were used to calculate the thickness of theQAl the OSCAPs for the ast AD; depositions are consistent

resultant AjO3 layer thicknesses were significantly thinner
compared to that of an equivalent,®; deposited on the HF NMOS PMOS
last Si. Instead, thicknesses of 1.0 and 1.6 nm were required ]
to attain aluminum oxide thickness that corresponded well to
HF last devices. This effect is presumed to result from a
mixing of the SiQ and ALO; layers that determined from
the resonant NRP studiésee Fig. 4. When SiQ is mixed
with higher dielectric materials, the effective dielectric con-
stant of the resulting material is always higher than that of
Si0,.? (i) |
Figure 9 indicates current density—voltade,V, data for Giy (i) L
n MOS andp MOSCAPs, for substrate accumulation. The
primary features of the leakage current in Fig. 9, is an asym- b)
metry in theJ—V trances for equivalent EOT and bias. This .
is attributed to an inherent asymmetry in the band alignment

and resulting band bendingee Fig. 10 Forn MOSCAPs, \ %
‘. P bu W

Fic. 9. Leakage current density W&g—Vfb is presented.

AlO,

..... -

|

\

the current is injected from the gate and the semiconductor
bands bend down providing a large barrier that reduces direct
tunneling. In thep MOSCAPs, the current is injected from
the substrate, the semiconductor bands bend up providing a
smaller tunneling barrier for an equivalent bias and EOT. T L™
This inherent difference in barrier heights results in an in-
creased current density forMOSCAPs.

Fic. 10. Ideal band bending for andp-MOS devices is presented whéie
aluminum gate metalji) aluminum oxide layer(iii) silicon dioxide inter-
IV. SUMMARY facial layer, andiv) silicon substrate(a) Flat band condition(b) Accumu-
. L lation condition where both are biased with an equal magnitude of gate
The AES speptra of F'g- 2 indicate only one Al feature. oitage. Fom MOS, the device experiences gate injection andpfdOS
The energy of this peak in the AES spectra indicates that theere is substrate injection.
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with a stacked dielectric structure which include®.6 nm tive crystalline temperatures, and this has been observed in

of SiO, between the Si substrate and the@y film. experiments we have performed on,@s—Ta05 pseudobi-
The analysis ofC—V data, in particular the variation of nary alloys prepared by remote plasma deposition.

flat band voltage as a function of the 8k contribution to
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