Electron trapping in noncrystalline remote plasma deposited Hf-aluminate
alloys for gate dielectric applications
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The physical and electrical properties of noncrystalline Hf-alumiunate alloys, )& ,03) 1y,

were investigated. Characterization by Auger electron spectroscopy and Fourier transformation
infrared spectroscopy confirm these alloys are homogeneous and pseudobinary in character,
displaying increased thermal stability against crystallization with respect to the respective
end-member oxides. Capacitance—voltage and current density-voltage data as a function of
temperature demonstrate that thedHtates of these alloys act as localized electron traps, and are
at an energy approximately equal to the conduction band offset energy gfudtrespect to Si.

This work also provides additional insight into a previously reported study of Ta-aluminate alloys
with localized electron traps associated witistates of the Ta atoms. @002 American Vacuum
Society. [DOI: 10.1116/1.1481872

[. INTRODUCTION Robertson has calculated the band gaps and band offset
energies with respect to Si for HjCand ALO;,° and has
obtained values of 1.5 eV for the H§© Si band offset and

equivalent gate oxide thickne€8OT) must decrease below 2.8 eV for the A}O;—Si band offset. These assignments are
q Y . . ; e based on crystalline forms of these oxides. Miyazaki has
about 1.5 nm. Scaling of lateral dimensions of Si field effect

transistorg FET9 to <100 nm requires replacement of ther- Sret:trarlrl}:zgd Aiéaluuesi?]f 2'050?(;/(3:2:5;?5”023(22321%/ ;)r:enon—
mally grown SiQ by deposited dielectrics with higher di- y 3 9p b PY-

electric constant& than SiQ. The primary motivation for difference between the two values for,@% is consistent

) . : . with the differences in coordination between crystalline co-
this replacement is based on an assumption that physicall

thicker films with dielectric constants greater than Si@ill Pﬁn_dum,a-AI203, where the coordination is 6, and noncrys-
. . talline Al,O3, where the ratio of four- to sixfold coordinated
reduce tunneling, and at the same time produce low defec;ﬁ

H .1 89
density interfaces that provide equivalent channel transport s 3:1.

for electrons and holes. AD; and HfO, have previously Thg Iowes_t lying conduction band states of,@} are
. . ) : " __associated with 8 and 3 states of Al, whereas the lowest
been investigated as replacement gate dielectrics for silico

dioxide in complementary metal oxide semiconductor@/ing conduction band states of HjQ@re associated withds

(CMOS) devices>® This article extends these studies to he States of Hf. Additionally,gothege antibondingl states are
aluminate pseudobinary alloy system (HJQ(AI,O5) . localized on the Hf atoms, while the Al3s and 3 states

It has previously been established that a large amount &'e significantly more delocalized.
intrinsic fixed negative charge~6-7x10%cm 2, is
present at the internal dielectric interface betweeyOAland IIl. EXPERIMENTAL APPROACH
Si0,.*® Alloying Al,O; with a transition metal oxide that Thin films of the end-member oxides and their aluminate
has inherent positive interfacial charge such as Hif€pre- alloys have been deposited using metal organic bubblers of
sents a possible way to compensate the negative charge wiethyldialuminum  tri-sec-butoxid®, and  Hafnium
the AlL,O; and thereby provide a charge neutral interface that-Butoxide. These materials were deposited at a process
will yield improved channel transport of electrons and holeschamber pressure of 300 mTorr and a 300 °C substrate tem-

Fourier transformation infrare(FTIR) spectroscopy re- perature by remote plasma enhanced chemical vapor deposi-
sults in Fig. 1 suggests that Hf atoms substitutionaly replacéion (RPECVD).*?
the six-fold coordinated Al atoms in the (H§Q(Al,O3)1 Metal—-oxide—semiconductor junction capacitors were
alloys and form a homogenous oxide with unique electricaimade using a field isolation technique with areas ok50
and physical characteristics. This interpretation of the FTIRum? on 0.06—0.08&) cm boron doped and 0.02—0.@5cm
spectra is consistent with increases in the effective crystalliphosphorous dopepgt andn-type Si substrates. Prior to the
zation temperatures of the alloys by at least 100 °C comparealuminum gate contact evaporation, the samples were an-
with the respective end-member oxides. The crystallizatiomealed at temperatures between 800 and 900 °C, which are
temperatures of Al-rich compositions are increased fronbelow the effective composition dependent crystallization
900 °C for ALO3 to 1000 °C and those of the Hf-rich com- temperatures, in an argon ambient for 30 s using an AG

As device dimensions are scaled according to 1869
International Technology Roadmap for Semicondugctdiee

positions are correspondingly increased to 900 °C. Associates minipulse rapid thermal anneal@fA). It has
been shown for silicon dioxide deposited by RPECVD at
¥Electronic mail: rsj@unity.ncsu.edu 300°C that a RTA is necessary to promote structural and
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Fie. 1. FTIR spectra for as deposited Hf aluminates and the end-membefgG- 2. AES of the initial stages of deposition of Hf aluminates. These
oxides, ALO; and HfQ,. The spectra of the Hf aluminates cannot be ob- _res_ults are cqnsistent with previously pub_li_sheqqsl r(_esults in R(_ef. 4, and
tained by a linear superposition of the two end-member oxide spectra, antidicate a thin layer~0.6-1.0 nm, of silicon dioxide formation at the
thus represent new and unique materials. silicon interface.

chemical relaxation of the film and its interface with Si andthick overlayer of AJO; causing the deeper-lying layers to
thereby vyield electrical performance comparable to devicebe attenuated. Results from previously reportegOIstud-
with thermally grown oxides processed at temperatures be€S indicate that this SiQlayer remains relatively thin, 0.6 to
tween 850 and 1000 °& After the RTA and prior to the Al 1.0 nm, and is not increased for increasing deposition times,
gate metal evaporation, a 30 min forming gas anneal wit/P" during postdeposition annealifig. _ o

10% H, in N, at 400 °C was preformed. This sequence in Capacitance-voltageC(-V) data, displayed in Figs. 3
which the forming gas anneal was performed prior to metal@nd 4 was obtained at 1 MHz for the devices at room tem-
ization was followed to reduce reactions between the A|pe(r)ature, and is shown for the two end-member omd;as, a
metal gate and the dielectric films which are known to occu38% HfO, Hf-aluminate device orp-type Si, and a 48%

at temperatures as low as 4002C. HfO, Hf-aluminate device om-type Si. The alloy devices
[ll. EXPERIMENTAL RESULTS 16

Interface formation for the alloys was investigated with
on-line Auger electron spectroscogAES) at the initial 1.4 1

stages of film depositiofFig. 2). The deposition process was
interrupted every 10 s, and the sample was transferred to the
AES chamber of an ultrahigh vacuum compatible multi-
chamber system where an AES scan was performed. The —~
AES spectra revealed two silicon peaks, one for silicon § 10-
bonded to silicon, Si-Si, at91 eV and another of silicon L
bonded to oxygen, Si—O, at76 eV. The Si-Si peak was g g3
present for hydrogen-terminated silicon at the start of the O
deposition. The 76 eV peak appeared after 10 s along with a
decrease in the amplitude of the 91 eV peak. The ratio of 961
these two peak amplitudes is consistent witl0.6 nm of

38% HfO,

SiO, being formed at the interface during the initial stages of 0.4

deposition. An Al-O peak at 54 eV, and Hf—O peaks at 40,

165, and 173 eV were also observed after the alloy deposi- 25 20 45 40 05 00 05 10
tion process was initiated. After 40 s the Si peaks were no Vv, (V)

longer visible, and preceding this the Si—O became increas-

ingly larger in relation to the Si—Si peak. The evolutions of g 3. c—v plots for ALO;, HfO,, and 38% HfQ Hf aluminate orp-type
the Si—0O and Si—Si peaks are consistent with an increasinghlylicon substrates with aluminum gates.
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Fic. 4. C-V plots for Al,O5, HfO,, and 38% HfQ Hf aluminate om-type
silicon substrates with aluminum gates. Fic. 5. Temperature dependence®fV andJ-V for 38% HfO, Hf alu-
minate onp-type silicon substrates with aluminum gates.

display flat-band shifts to more positive voltages with respect
the end-membe_rr oxides. These p05|t|ve increases in flat-baqﬁle oxide for devices with botip-type Si andn-type Si
voltage are attributed to a negative charge at the Si interface
or within the bulk oxide"* The dependence of flat-band volt- substrates.
age on thickness has been used to determine the location of
this charge in AJO; dielectrics? For Al,O; devices there is
a linear dependence on thickness indicating that the charge Hg DISCUSSION
located at the interface between the,®4 film and the in- Shifts in flat-band voltage are generally accepted to be
terfacial SiQ layer™ This assignment is also supported by due to either(i) fixed chargeQ;, (i) mobile chargeQp,,
the temperature dependedt-V and current-voltageJ-V) (i) oxide trapped chargeQ,, or (iv) interface trapped
traces, where the absence of significant hysteresis indicateparge, Q;;, sometimes Ca”eCDit-ls Hysteresis inC-V
that the dominant contribution to the positive flat-band volt-
age shift is due to fixed, and not trapped charge.

The flat-band dependence has not been investigated for

the alloys, but the shift to positive values is significantly ¥ 1E-3 b

larger than for the respective end-member oxides, and add 250°C)
tionally includes significant hysteresis. This is consistent b50°C /

with a significantly larger negative charge due to trapping of /

electrons. The direction of the hysterisis is also consisten 1E-4 5

with electron trapping in the AD; film in the immediate

vicinity of the interfacet® ,

Figure 5 shows the temperature dependencgé-e¥ and 1E5 4
J-V for the 38% Hf-aluminate device op-type Si. The J/ "’g ]
C-V hysteresis was found to increase for temperature ‘2-‘ ]
above 200°C. From 25 to 200 °C the flat-band voltage in- 1.0 3 ]
creases slightly, and above these temperatures the flat banc <= 750G
essentially constant for the positive to negative gate voltag 2
sweeps. Figures(6) and Gb) are the same plots for 48% 2 //
Hf-aluminate device om-type Si. There is no significant g

change in the flat-band voltage or hysteresis until a tempere 041

e o0 C e sand 9505 95 1518 2038 30 o5 4o 15 Za 25
or the J-V temperature dependence in Figgb)5an s

. X V_(V
6(b), thex axis is plotted with &renkle-Poole type scalas sV VE (x10" Wicm)

a function of the square root of the electric .fiel_d. Figure 7g. 6. Temperature dependence®£V andJ—V for 48% HfO, Hf alu-
displaysJ vs 1/T at a fixed value of the electric field across minate onn-type silicon substrates with aluminum gates.
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Fic. 8. Localized bondind and antibondingab, states in Hf aluminates.

T for both 389 d 48% HOHF alumi d The left-hand side indicates the conduction and valence bands of the silicon

F.'(,;" 7. Jvs 1IT for bot 4’ and 4 _A) H OH aluminates orp- andn-type substrate. On the right-hand side are the proposed localized defect states,
silicon substrates, respectively. Activation energies from exponential fits ar8nq bands for the aluminate alloys. The arrows indicate the transitions ob-

included. tained through the analysis of temperature depen@enf andJ-V mea-
surements. The dashed arrow is for a predicted high temperature transition
from the localized Hfl state(not observegito the aluminum oxide matrix

. . . L extended conduction band states.
measurements is normally attribut@glto charge trapping in

the oxide or at the interfacéii) mobile ion charge, ofiii)
remnant polarization as in ferroelectrics.

For the entire temperature range investigated the direction
of hysteresis is consistent with charge trapping. Mobileenergy level scheme in Fig. 8 that is consistent with experi-
charge is generally attributed to positive ion impurities suchmentally determined band conduction band offset enefdies.
as N&, Li", and K" and gives a hysteresis loop in the In addition, it includes a new proposal for defect states that
opposite sense to what is displayed in Figd)%nd gb).1*  are generated by a disruption of the,® network bonding
Neither organic source contains these metals either as meomponent:’’
lecular constituents or as impurities. In addition, we have Figure 7a) can be fit with by two exponential functions
followed standard Si@processing guidelines that in our pre- with different activation energies. For devices Ta-aluminate
vious results have indicated no evidence for mobile charge idlielectrics the two activation energies were associated with
deposited SiQ dielectrics. Finally, there is no evidence for the energy of localized Ta antibondidgstates relative to the
these impurities in the respective end-member oxides. Si conduction band, and the offset energy of theGyl ex-

The temperature dependence of the conduction through dended conduction barsistates'® Unlike the Ta aluminates,
insulating film can be derived from two mechanisifiscar-  the Hf aluminates do not display a decrease in flat-band volt-
rier excitation, such as trap release, dingltransportt® Each  age or a change in hysteresis for the highest temperatures
of these mechanisms can have a temperature dependence deed in this study. For the Ta-aluminates discussed in Ref.
scribed in the form of Eq(1) whereW is an effective acti- 18, the low temperature activation energy©0.3 eV was

vation energy, ang,, is anappropriateprefactor: attributed to the filling of Tal states, and the second energy
was attributed to a release from these localized HEiate
Pr= Bo &xp(—WIKT). @ traps in extended states of the,® host matrix conduction

A single activation energy has been used to characterizeand. The release into transport states produced a decrease in
the temperature dependence in each temperature range hgsteresis initially, and then a reversal in the hysteresis
Fig. 7. We have not made any attempt to separate the excéense, as well as a significant decrease in the flat-band
tation and transport mechanisms because of the assumptionsitage'® For Hf aluminates the second activation energy
that are required. Instead we analyze the temperature deperegime level is accompanied with an increase in hysteresis,
dentJ—V in terms of carrier activation processes alone. Thisand an increase in flat-band voltage shift. These two effects
approach assumes that over the range of temperatures exre consistent with a two-level trapping system where elec-
plored any contributions to the activation energy from tem-trons are not injected into the aluminum oxide matrix con-
perature dependent transport processes are small. The activhsction band states at the highest measurement temperatures,
tion energies obtained in this way are interpreted using abut rather into a second set of trapping states.
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If we assume that the two activation energies for the Hf-rather than a defect that results from the alloy formation and
aluminate alloy dielectrics correspond to two different trapnetwork disruption process.
levels, then the initial energy 0.2 eV is the barrier height for Figure 1b) presents for similar results for Hf aluminate
injection into the first trap, and the second 0.9 eV is energyilectrics usingn-type silicon substrates in which electron
difference between these two trapping states, modified by alfijection is from the substrate rather than the gate electrode.
appropriate Schottky barrier lowering. To calculate the levelThe temperature range is not as large as with ftgpe
of the second trapping state, we add the two activation eneglilicon substrates because of a significant increase in leakage
gies, and also include a Schottky barrier lowering of 0.3 evcurrent! Here there is only one activation energy present,
which is appropriate to the high field of>a10fV/cm at ~ however, the possibility of a second higher temperature ac-
which this process has been observed. This results in a trdfy@t€d trapping process is anticipated by the increase in the
energy relative to the Si conduction band of 1.4 eV, which ig"YStéresis of th€ -V traces at the 250 °C measurement tem-

very close to the estimated 1.5 eV conduction band offset operature. . o -
the HfO, antibondingd states® A much larger energy barrier for hole injection eliminates

The question of the origin of the first activation energy forthe possibility that we are measuring hole traps. The valence

Hf aluminates is now addressed. Even though it is approxipand offset energy with respect to silicon as measured by

mately the same as the initial trapping state energy reporte%hmoem'ss'on spectroscdpjor Alz0; is 3.75 eV, and as
) . ) . Calculated for HfQ (Ref. 6 is 3.4 eV.
for the Ta aluminate alloys, it cannot be assigned to an in-

trinsic antibonding state of the Hf aluminate alloys. Molecu-
lar orbital theory calculations are being preformed by ourV. CONCLUSIONS

group and collaborators on transition metal silicate and alu- Frgm the temperature dependence @£V and J-V
minate alloys:’ These studies are consistent with the bond-races for AYO;—HfO, alloys, we have concluded that there
ing of metal atoms in silicate glass€sFor the addition of  are two localized electron traps at approximately 0.2—0.3 and
Hf(Zr)O, into an SiQ continuous random network, two 1.4 eV above the Si conduction band edge. The 0.2-0.3 eV
Si—0O bonds are broken and these form four terminal networkraps are assigned to Aijnau bonding groups that derive
oxygen atoms with negative charge introducing a silicatefrom a breaking orupturing of the network component of
bonding feature into the infrared absorption spectrum athe Al,O; host material, and the 1.4 eV traps are assigned to
910-20 cm*.?° Studies of Zr and Hf silicate alloys indicate antibonding Hf atord states that form the lowest conduction
that the bonding and antibonding states of this terminalpands of these alloys.
SiOkminagroup are well removed from the silicon band gap, ~ Thus, in contrast to the Ta-aluminate dielectrics of Ref.
since they are not active as trapping/defect states. 18, the Hf-aluminate dielectrics of this article demonstrate a
For the Hf aluminate alloys a similar network disruption two level trapping system, where at low temperatures there is
will occur for the addition of HfQ into an ALOs host, sim-  a trapping state due to the AlQ,, groups, and at higher
ply because of the increased ratio of O to Hf in the KHfO temperatures, a release from this state into a localized! Hf
alloy component relative to the ratio O to Al in Ab;.  State. In the high temperature region the flat band increases
Based on the local bonding of Al atoms in,8, this alloy ~ Pecause two states are now each active as traps. At still

oxide insertion will also disrupt the network bonding 4[9 higher temperatures the electrons could be thermally emitted
component of the ADs;, and generate two terminal from the localized Hfl states into the aluminum oxide ma-

A|Otle?mma| groups. However, the A@mmal group does not trix conduction band, resulting in a decrease in flat-band

occur naturally in any crystalline material and, therefore, isvoltage and hysteresis. In the Ta aluminate alloys, two acti-

assumed to be less stable than thetlm \group, which is vation energies were reported, one for trapping intad Ta
al ' ~ - .
a constituent of all silicate glasses in the low aftdyn ad- states~0.3 eV above the silicon conduction band edge, and

. . ! .. one for release into conducting states of the @ host
dition, empirical calculations based on eIectronegantymatriX18 The release of electrons from the datate traps

models also indicate that it is significantly less stable thaqnto conducting states of the £, matrix is accompanied
3

the S'de?mina' group due to a higher ratio C,)f eIectron§ to by a decrease and reversal in hysteresis, and a decrease in the
nuclear charge. This suggests that the bonding and ant'bonﬂét-band voltage shift.

ing states of the Al g may be in or near the band gap of  Racent experiments performed in our laboratory have
silicon and, therefore, be active as trapping/defect states. Fojsaq x-ray absorption spectroscopy to study Zr and Ta anti-
the Ta aluminates the localized dastate is low in energy, bondingd states in ZrG—SiO,% and TaOs—Al,O; alloys?

and may overlap with this network disruption defect stateith essentially the same result. Zr and Ta introduce local-
thereby making it difficult, if not impossible to distinguish jzed d states whose energies with respect to deep core states
between the disruption defect state and the localized Ta are independent of the alloy compositions and the state of
state based on an analysisJofs T data alon€:*® This point  crystallization. The lowest localized states do not mix in

is supported by the quantitative differences between lowany significant way with the extendadike conduction band
temperature trapping of the Ta and Hf aluminate alloys. Thestates of the SiQof Al,O; alloys. The absence of mixing is
trapping in the Ta aluminate devices is larger, consistent witltonsistent with a band picture in which aluminum oxide acts
the trapping state being an intrinsic energy level of the alloyas the bulk transport matrix, and the localized trapping cen-
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