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Interface instabilities and electronic properties of ZrO > on silicon (100)
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The interface stability of Zr-based hidhdielectrics with an oxide buffer layer was explored with
x-ray (hv=1254 eV} and ultraviolet(hv=21.2 e\} photoemission spectroscopy. Zirconium oxide
films were grown and characterizédsitu in a stepwise sequence to explore their chemical stability
and electronic properties as a function of film thickness and processing conditions. The buffer layers
serve to lower the interface state density and to address the high temperature instabilitiesiof ZrO
direct contact with Si. This research addresses three ise)gbe development of the band offsets

and electronic structure during the low temperai{Ire: 300° C) growth processe$?) variations in

the band structure as effected by process conditions and anndaling00°C), and (3) the
interface stability of Zr oxide films at high temperatuf@s>700° Q. Annealing the as-grown films

to 600°C results in an-2 eV shift of the Zr@-Si band alignment, giving a band offset that is,
favorable to devices, in agreement with predictions and in agreement with other experiments. We
propose that the as-grown films contain excess oxygen resulting in a charge transfer from the Si
substrate to the intern8ZrO,-Si0O,) interface and that annealing to 600° C is sufficient to drive off
this oxygen. Further annealing to 900°C, in the presence of excess Si at the surface, results in
decomposition of the oxide to form ZSi© 2004 American Institute of Physics

[DOI: 10.1063/1.1776313

I. INTRODUCTION sults indicate that the temperature at which the interface de-
composes during vacuum annealing is in the range of
The planned scaling of integrated circuit devices in-880—1000°C. Chang and Lin noted the instability and sug-
volves a reduction of the gate insulator thickness to obtaigjested possible reaction paths for converting Zréhd
the targeted capacitance and sheet charge density in the charSiO, into gaseous Si®.They have also calculated free
nel. As the gate dielectric thickness is reduced below 2 nmenergies for these reactions at different temperatures and
direct tunneling between the gate and channel becomes sigquilibrium pressures, showing that at low overpressures of
nificant, leading to increased power consumption and devic8iO and ZrO the decomposition reaction is energetically fa-
failures. As an alternative to reducing the physical thicknessorable.
of the gate oxide the dielectric constant could be increased. Stemmeret al. showed that annealing in an oxygen par-
This would allow the desired increase in capacitance with d@ial pressure<10’ Torr yielded ZrSj precipitates and that
physically thicker layer, resulting in both a reduced tunnelinggreater partial pressures of oxygen can suppress the decom-
current and an increase in sheet charge density. With conveposition reactioﬂ.They also found that at high oxygen par-
tional thermal oxides and oxynitrides approaching theirtial pressures, Si©formation occurs at the dielectric-Si in-
physical limits, the exploration of alternative materials hasterface.
gained significant momentuf. Other studies have explored the electronic structure of Zr
The fundamental criteria for a gate dielectric include dielectrics on Si. Miyazakét al. found a band gap of 5.5 eV
band offsets that will block both electrons and holes, chemiand a valence band offsé¢BO) of 3.15 eV for evaporated
cal stability in contact with both the silicon substrate and theZrO, on S(100). Their results also indicated that annealing
gate material, and a low density of interface electronic stateghese films to 500°C in 18 Torr dry O, does not signifi-
Zirconium oxides and silicates, with their large band gap ofcantly effect either the band gap or the vB&.
~5.8 eV and dielectric constants of 15—-25, are of particular  In this study, we have spectroscopically explored the
interest:™ Moreover, the Zr@-Si band offsets have been chemical and electronic instabilities of Zr oxide on a Si sub-
predicted to be favorable for blocking both holes andstrate with SiQ and SiN, buffer layers. Using ultrahigh
electrons’ vacuum(UHV) transfer between processing and character-
A typical complimentary metal oxide semiconductor ization chambers we were able to perform measurements at
process includes a 900—1000°C dopant activation anneakrious points during film processing and explore the evolu-
during which the gate dielectric must not undergo significantion of the Zr oxide films from both a chemical and an elec-
chemical changes or interfacial reactions. Previous studies dfonic perspective.
Zr oxides and silicates on Si have noted several instabilities.
The interface between Zr oxides and Si has been reported {5 EXPERIMENT
be chemically unstable at high temperatures by Chang and All experiments were performed on 25 mm diameter,
Lin, Copelet al, and Stemmeet al, among others.’ Re- type, 0.05 to 10 cm (1x 10' to 5x 10 cmi® phosphor-
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ous), Si(100 wafers. Prior to loading into UHV the wafers radius hemispherical analyzer and VSW HAC300 were op-
were cleaned with a wet chemical dip in JT Baker 100 forerated with a pass energy of 10 eV resulting in an electron
15 min. at room temperature, a 1 min rinse in deionized waenergy resolution of 0.1 eV. A negative 4.00 V bias was ap-
ter, and a 10:1 HF: KD spin etch. plied to overcome the analyzer work function. All photo-

After chemical cleaning the wafer was loaded into aemission spectra measured binding energy relative to the Si
UHV integrated growth and analysis system which includes=ermi level and the electron spectrometers have been cali-
a linear UHV transfer system interconnecting 13 differentbrated with anin situ deposited Au film.
process and characterization chambers. Five of these cham- The approximate oxide film thickness can be calculated
bers were employed in this study, including plasma oxidafrom the thickness of the deposited metal layer using the
tion, electron beam deposition of zirconium, solid sourcemolar densities and the molar masses of Zr metal and.ZrO
molecular beam epitax¢MBE) deposition of Si, x-ray pho- This analysis gives a ratio of 1.5:1 for the thickness of a
toemission spectroscopiXPS), and ultraviolet photoemis- ZrO, film formed from Zr metal. The estimated film thick-
sion spectroscopyUPS. nesses discussed here are calculated in this way and assume

An initial oxygen plasma exposure was employed to recomplete oxidation of the deposited Zr layer. This approach
move residual hydrocarbon contamination and to form théas been corroborated by the relative intensity changes of the
thin (0.5 nm oxide buffer layer. Zirconium oxide thin film Si bulk peak from the Si core level spectra, as a function
growth involved successive steps of zirconium metal depoof film thickness.
sition followed by plasma oxidation with annealing steps to ~ In addition to the thin(~0.5 nm SiO, buffer layer,
relax the oxide structure and to explore film stability. After Separate experiments were conducted where a tBieknm
each process step the films were analyzed with XPS and Upggposited Si@ buffer and a 1.0 nm §N, buffer were em-
to observe trends in chemical and electronic properties. ~ ployed to further explore the stability of the Zr oxide. Thick,

The initial O, plasma clean/buffer layer formation and 30 nm, SiQ buffer was deposited by RPECVD using 10
subsequent oxidations were performed in a remote plasm&ccm of 1% SiH in He, 10 sccm of @ and 50 sccm of He
enhanced chemical vapor depositiRPECVD) chamber gasses for 120 min. The nitride buffer was formed by expos-
with a base pressure 0b310°° Torr. Plasma exposures took INg @ clean Si wafer to an electron cyclotron resonance
place with a wafer surface temperature of 300°C, a gas flolasma at 600°C and 7:610°* Torr N, for 5 min. After
of ten standard cubic centimeters per min(ecm) O, and  buffer layer formation, Zr@ growth proceeds in the same
50 sccm He, and an operating pressure of 60 mTorr He/O Stepwise deposition, annealing, and spectroscopy procedure
Twenty watts of inductively coupled rf power were used toas Was employed with the 0.5 nm SiBuffer. A solid source
excite the plasma. MBE system was used to deposit 2.0 nm of Si on top of the

Zirconium metal depositions were completed with thehighk layer to explore stability in the presence of excess Si.
substrate at room temperature in a UHV chamber with a base
pressure of X 1071° Torr. The deposited Zr thicknesses of
0.2,0.4, and 0.8 nm were obtained at rates of 0.04 nm/g|. RESULTS
where the deposition rate and thickness were measured wi
a quartz crystal oscillator.

Annealing steps were performed in UHV, with wafers With the stepwise growth and characterization tech-
radiatively heated by a coiled tungsten filament and temperaiiques the evolution of the interface chemistry and valence
tures measured by a thermocouple held behind the center band electronic states can be measured as a function of film
the wafer. For temperatures of 600°C and above, the wafdhickness. Metal films were deposited in steps of
surface temperature was measured with an optical pyron®.2,0.2,0.4,0.8, and 0.8 nm which, after oxidation, gave cu-
eter; for lower temperatures, the thermocouple reading hasulative oxide thicknesses of 0.3,0.6,1.2,2.4, and 3.5 nm,
been calibrated based on a linear extrapolation from higherespectively, where these values have been determined using
temperatures where the pyrometer can be used. A Eurotherthe density-ratio approximation discussed above.
temperature control was employed to regulate the annealing In an effort to determine the band bending of the initial
process, utilizing ramp rates of 4Q/min with maximum  oxidized surface we had previously measured the valence
sample temperatures held for either 5 or 10 min. band maximumVBM) and Si 2 core level of a clean, hy-

XPS characterization takes place at a pressure of 2rogen terminated §i00) surface’® For a wafer of the same
X 107° Torr using the 1253.6 eV M« line from a Fisons specification as those used in this study we find the Si VBM
XR3 dual anode source and a Fisons Clam Il electron anae be 0.85 eV below the Fermi level, and the Bicdre level
lyzer. The resolution of the analyzer was determined fromat 99.65 eV. This gives an energy difference between the Si
the full width half maximum of a gold 4§,, spectral peak to 2p core level and the VBM oAE=98.8+£0.1 eV. The result
be =1.0 eV; however, through curve fitting, the centroid of is similar to that of other reports.The small difference may
spectral peaks can be resolved to +0.1 eV. Observatioarise due to the calibrations of the separate electron spec-
“windows” were set around the Sp20 1s, and Zr 3l bind-  trometers used for our XPS and UPS measurements. The Si
ing energies to record core level shifts. Ultraviolet photo-2p core level for the initial thin Si© film (observed at
emission spectra were obtained using a He discharge lan9.65 eV}, in conjunction with thisAE, places the Si fermi
primarily generating the He | line at 21.2 eV in a chamberlevel at 0.85+0.1 eV above the VBM. The resistivity range
with a base pressure of31071° Torr. AVSW 50 mm mean of the substrate also gives the bulk Fermi level at

t . .
A]. Low temperature Zr oxide formation
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TABLE |. Tabulated XPS peak positions and UPS valence band data in binding energy relative t&tHerstrO, deposited on a 0.5 nm Sj@uffer layer.
The valence band offs€¢¥BO) includes band bending and the conduction band offSBO) includes the band gaf®.0 eV for SiQ and 5.8 eV for ZrQ).

Process step Sif2bulk) Si 2p(Si0,) 0O 1s(Si0,) 0O 1s(ZrO,) Zr 3d(oxide Zr 3d(metallic) VBM BB VBO CBO

Sio, 99.65 103.3 532.5 n/a n/a N/a 5.2 0.0 4.3 3.7
0.3 nm 99.45 102.2 531.6 529.9 182.4 N/a 3.4 -0.2 2.3 2.4
0.6 nm 99.45 102.0 531.5 529.7 182.1 N/a 2.7 -0.2 1.6 3.1
1.2 nm 99.40 101.7 531.4 529.5 181.8 N/a 2.2 -0.3 11 3.6
2.4 nm 99.40 101.8 531.4 529.4 181.7 N/a 2.1 -0.3 0.9 3.8
3.5 nm 99.30 101.5 531.3 529.1 181.4 N/a 1.9 -0.4 0.7 4.0
600°C 99.50 103.1 532.5 531.2 183.8 N/a 4.6 -0.2 3.6 11
750°C 99.55 103.3 532.5 531.2 183.7 N/a 4.4 -0.1 3.4 1.3
900°C 99.45 N/a N/a N/a N/a 179.1 0.0 -0.2 N/a N/a

~0.9+0.1 eV above the VBM. These results are consistent The oxide-related Sif2core level, shown in Fig. 2, dis-
with flat band conditions after the initial oxidation. played similar trends, shifting from 103.3 to 102.2 eV after
The XPS of the initial plasma oxidized (D0 surface  the formation of 0.3 nm Zr@ After the deposition of 1.2 and
displayed the bulk Si core level at 99.65 eV binding en- 3.5 nm films, the oxide related SpZeak was observed at
ergy and an oxide related peak at 103.3@dble ). These  101.7 and 101.5 eV, respectively. Shifts in the $i Qib-
results were essentially identical to our prior report whichgirate peak were much smaller, with the peak initially ob-
indicated flat bands at the interface of the Situffer layer  garved at 99.65 eV for the SiChuffer layer, shifting to
and the Si” Analysis of the UPS data obtained after the 99.45 eV for the 0.3 nm film, and finally to 99.30 eV after
formation of the Si@ buffer indicated a VBO of 4.3 eV, in 3.5 nm had been deposited’. We ascribe the shifts in the

agreement W'Fh our previous resu_lt_s and othe_r re_ﬂﬁr]t%. ~99 eV peak to changes in band bending of the Si substrate.
After the first 0.2 nm Zr deposition and oxidation, the O . . . .
1s core level spectrum, shown in Fig. 1, indicated a large, The Zr_aj core I_eveI(F|g. ) dls_played an ncrease in
shift in binding energy. We found that the core level from the!Mtensity with film thickness, and, like the GsTore level,
as-prepared SiQbuffer layer was at 532.5 eV and that after shifted to lower binding energy with each processing step.
the formation of 0.3 nm of Zrg) the strongest peak was then The peak position shifted from 182.4 eV for the 0.3 nm Zr
observed at 531.6 eV, with a noticeable shoulder aPXide to 181.4 eV for the 3.5 nm film.
529.9 eV. Further growth resulted in the529 eV peak be- The UPS spectra of the oxidized films indicated the
coming more intense, while the peak in the 531 eV range/BM to be at 3.4 eV binding energyrelative to the bulk
became relatively less intense. Both peaks tended to shift tBermi leve), after the first 0.3 nm of oxide growth. The
lower binding energy during the process. At 1.2 nm filmVBM shifted progressively toward 1.9 eV with each addi-
thickness, the peaks were of approximately equal intensityional deposition stegFig. 4). Table | contains a summary of

and were centered at 531.4 and 529.5 eV, respectively. Aftahe XPS core level binding energies and the UPS VBM ob-
the final growth steg3.5 nm film thicknesg the more in-  gapeq during low temperature growth.

tense peak was at 529.1 eV with a shoulder at 531.3 eV.
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FIG. 1. XPS core level spectra of the @ ttansition for various thicknesses FIG. 2. XPS core level spectra of the S #ansition for various thicknesses
of the Zr oxide film on a 1.0 nm Sigbuffer layer. of the Zr oxide film on a 1.0 nm SiQbuffer layer.
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after different annealing temperatures. The shift from the as-grown 3.5 nm
FIG. 3. XPS core level spectra of the Zd 3ransition for various thick-  zr oxide is large(>>2 eV) when annealed to 600°C. There is a smaller shift
nesses of the Zr oxide film on a 1.0 nm Sikffer layer(note the plotorder  to lower binding energy as the film is annealed to higher temperature
is reversed with respect to Figs. 1 and 2 for clarity (750° Q). After the 900°C anneal emission is observed rgarindicating
the film has a metalliclike character. The relative intensity of each spectrum
has been normalized for clarity.

B. High temperature instability
To explore thermal stability, the stepwise grown film. Was Similar to the changes in the VBM the core level spectra
annealed to 600, 750, and 900°C. The 600°C annealing reaqicated small changes with further annealing to 750°C.

sulted in a large shift in the oxide valence baf#g. 5.,  The zr i core level was shifted 0.1 eV lower in binding
shifting from a binding energyBE) of 1.9 eV for the as- energy, the O 4 core levels were unchanged, and the Bi 2

grown 3.5 nm film to a BE of 4.6 eV for the postannealed .y e jevels were both higher in binding energy by 0.2 and
film. Further annealing to 750° C resulted in a 0.2 eV shift 0f0.05 eV for the oxide- and bulk-related features, respec-
the VBM back toward the Fermi level to a BE of 4.4 eV tively. ’

(Table . o , After annealing to 900°C the Osicore level was re-
The core level spectra underwent similar large shifts afy,,ced to an almost undetectable level, and the &p8ak

ter annealing to 600° CFig. 6). The O k spectrum of the a5 ghifted to 179.1 eV, a position representative of Zr metal

as-grown film initially displayed a 529.1 eV peak with & o 7 jjicide. The oxide-related Sipewas not observable

531.3 eV shoulder, that, after annealing, had shifted tQ,q the pulk-related Siwas observed at 99.45 eV, having

531.2 eV with a shoulder at 532.5eV. The Zd peak  pocome much more intense. The UPS spectrum showed

shifted from 181.4 to 183.8 V. The oxide-related §1 2 gnission extending to the Fermi level, indicating a film with

sh?fted from 101.5 to 103.1 eV, and the buII_(-reIated BI 2 a metallic Character, and atomic force microscc[AFM)
shifted from 99.30 to 99.50 eV. After annealing, the oxide- o ealed a high density of islands with radii 600 nm.

related Si d core level showed an increase in intensity and a
decrease in peak width compared to the as-deposited state. o
C. Stability with alternate buffer layers

To explore the conditions of high temperature stability
ZrO, films were prepared with both a 30 nm Si@uffer
layer and a 1 nm gN, buffer layer. The 3 nm Zr oxide film
was characterized in the as-grown state, annealed, and then
characterized again.

After formation of the Zr oxide on the 30 nm SjO
buffer, the O & spectrum displayed peaks at 533.5 and
531.6 eV(Table Il). Annealing in UHV to 600° C resulted in
a shift of the 533.5 eV peak to 533.2 eV while the other peak
remained unchanged at 531.6 €¥ig. 7). Annealing to
750°C found the O 4 peaks were at 533.1eV and
531.5 eV, respectively, and a subsequent 900°C anneal had
shifted them to 533.2 and 531.3 eV. After annealing to
7 6 5 4 3 ) 2 1 E 900°C, the 533.2 eV peak was slightly increased in intensity
F relative to the peak at 531.3 eV. The oxide-related(Sc@re

level remained fixed at 104.0 eV through the annealing steps

FIG. 4. The UPS valence band spectra for various thicknesses of the ZF19. 7), and the Zr 8 core levels showed small shifts simi-
oxide film on a 1.0 nm Si@buffer layer. lar to the O & spectra.

Intensity (arb units)

Binding Energy (eV)
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(a)

FIG. 6. XPS core level spectra of the
3.5 nm Zr oxide (a) O 1s and the(b) Si 2p transitions
for the as-grown 3.5 nm Zr oxide film
and after 600, 750 and 900°i@ situ
anneal. The O 4peak has a large shift
600°C when annealed at 600°C and then dis-
appears after annealing at 900°C. The
oxide related Si g (~102-103 eV
750°C also shows a sizable shift when an-
nealed to 600°C and also disappears
H after annealing to 900°C. The Sp2
i\Y scale bulk peak (~99 eV) becomes much
i more intense after the 900°C anneal.
900°C

Intensity (arb units)

AR g st

53 532 528 524 108 104 100 96 92
Binding Energy (eV)

A 2.0 nm thick Si layer was deposited by MBE on the ized by XPS, displayed core level positions of 99.55 V for
annealed Zr oxide film to explore the effect of excess Si orthe Si 2 bulk peak, 101.5 for the Si@nitride related peak,
the decomposition process. After Si deposition thefBt@e  529.2 for the O & peak, and 181.5 eV for the Zrd3core
level showed a Si bulk peak at 99.55 eV as well as the oxidetevel (Table Ill). On annealing to 600°C all of the core level
related peak at 103.6 e¥ig. 8). The SiG related O 3peak  spectra shifted to higher binding energy. The Bicdre lev-

was unchanged at 533.2 eV, but the Zn@lated peak was els shifted to 99.70 and 102.3 eV, respectively, the © 1
shifted slightly to 531.5 eV. The ZrdBcore level was re-  ghifted to 530.9, and the Zrd3shifted to 183.2. The films

duced in intensity due to the Si layer and was shifted tQyas further annealed to 750 and 900° C after which the bulk

183.8 eV. Si 2p was observed at 99.80 eV, the nitride bonded i 2

Annealing to 600°C and subsequently 750/Ig. 8) - gpiteq slightly to 102.4 eV, and the Gsand Zr 3 were
resulted in a decreased intensity of the $i ulk-related unchanged at 530.9 and 183.2 eV, respectively

(1:82160 lSY/eI:I'hing/v;hpeea(lixsldoi-:ﬁleat&dsg);(ira ‘:’\gfrfit téggkz to After a 2 nm thick Si layer was deposited via MBE, the
and.531 6 eV after both the 600 and 750°C annealing S'tepbulk Si 2p core level was found to be at 99.50 eV, the nitride
These peaks also changed in relative intensity with anneal sonded Si p was no longer visible, and the Gand Zr aj.
ing, with the 533.2 eV peak increasing with respect to thecore levels had shifted to 531.3 and 183.5 eV, respectively.
531.6 eV peak After annealing to 600°C the nitride bonded $i ®as once
When annealed to 900°C the film underwent significan@d@in visible at 102.8 eV; alongside the E’Ulk peak at
changes. The intensity of the G tore level was reduced to 99-60 eV. Annealing to 750°C and finally 900°C resulted in
a level only slightly above the system noise, the oxide-the emergence of a metallic or silicidelike Zdl 8ore level at
related Si p core level was not observed, and the Areak ~ 179.6 eV and a reduction in the oxide-related component at
was shifted to a position characteristic of Zr metal or Zr182.9 eV. After 900°C the VB spectra was of metallic char-
silicide. acter, with intensity extending to the Fermi level. The nitride
To further evaluate the effect of the buffer layer on highbonded Si p was detected at 102.2 eV, a position similar to
temperature stability we deposited a 1 nrg\Sibuffer layer,  the original SiN, buffer layer. Tables Il and Ill contain a
3 nm of ZrG,, and then repeated the annealing experimentsummary of the data for ZrOfilms on alternate buffer
with and without excess Si. The as-grown film as charactertayers.

TABLE II. Tabulated XPS peak positions and UPS valence band data in binding energy relative t&tHerSi
ZrO, deposited on an-30 nm SiQ buffer layer.

Process step Sibulk)  Si 2p(Si0,) O 1s(Si0,) O 1s(ZrO,)  Zr 3d(oxide  Zr 3d(metallic)

Sio, N/a 104.8 533.9 N/a N/a N/a

Zr0, N/a 104.3 533.5 531.6 183.9 N/a
600°C N/a 104.0 533.2 531.6 183.8 N/a
750°C N/a 104.0 533.1 531.5 183.7 N/a
900°C N/a 104.0 533.2 531.3 184.0 N/a
Si 95.55 103.6 533.2 531.5 183.8 N/a
600°C 99.45 104.0 533.2 531.6 184.0 N/a
750 °C 99.60 104.1 533.2 531.6 183.9 N/a

99.55 99.35 N/a 533.5 N/a N/a 179.2
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D. Low temperature instability IV. DISCUSSION

The large shifts of the VBM and core levels, observed  We divide this section into three parts giving the details
after annealing to 600°C, were explored thoroughly in an-of (a) the integrity of the Si@ buffer layer during low tem-
other study that also measured a similar effect observed in Tperature ZrQ deposition(b) the high temperature instability
and HF oxides® Our observations of Zrthin films indi-  and oxide decomposition, arid) the low temperature insta-
cated that when annealed at low temperatuf€s;600°C)  bility and changes in electronic structure.
the VBM and core levels shift up to 2 eV. Shifts in the
valence band and core levels were observed for annealin
temperatures as low as 200° C. Exposing the annealed film to
an oxygen plasma was found to shift the VBM and core  The relative intensity of the bulk and oxide bonded Bi 2
levels back to their respective as-grown binding energy poeore level remained unchanged during film growth, indicat-
sitions. Subsequent annealing and oxidation steps consigig that, to our detection sensitivity, there was no diffusion of
tently shift the band structure and, to within experimentalSi into the ZrQ layer. Nor were any core level shifts ob-
error, give identical results. served that would indicate the formation of a Zr silicate. It

These shifts were observed for Zr@eposited on the was also observed that, with annealing to 600°C, the posi-
0.5 nm SiQ and the 1 nm 3N, buffer layers but not the tions of the Si p and the SiQ related component of the O
30 nm SiQ buffer. To explore this, a series of 3 nm ZrO 1s core level return to that of the as-prepared buffer layer.
films were deposited on Siuffer layers of different thick- This further suggests that there has been no chemical change
nesseg0.5,2.0, and 3.5 ninand the shifts in the electronic of the SiQ in the buffer layer. Stemmeet al. and Ra-
structure were measured. Findings from this series of filmsnanatharet al. have shown that the formation of a silicate is
indicate that the magnitude of the VB and core level shiftsthermodynamically unfavorable and that over a wide range
decreases with increasing buffer layer thickness, approachingf compositions the films will spontaneously phase separate
zero as the buffer layer thickness increases beyond 3.5 nmin the amorphous phasé:**Based on this analysis we sug-

. Integrity of the SiO , buffer layer

1@ (b)

tures are hardly evident after the 900°C anneal.

2 .

< 2nm Si

£

8 600°C FIG. 8. XPS core level spectra of tii@) O 1s and the
2 (b) Si 2p transitions from 3.0 nm Zr oxide deposited on
‘® L PN ° : : H H
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TABLE Ill. Tabulated XPS peak positions and UPS valence band data in binding energy relative td&Eth®SZrO, deposited on ar-1 nm SgN, buffer
layer. The valence band offs@fBO) includes band bending. The conduction band off€R0) is not given as the band gap values needed to calculate the
CBO are not well defined in the presence of excess Si.

Process step Sig2bulk) Si 2p(SizN,) O 1s(Si0,) O 1s(ZrO,) Zr 3d(oxide Zr 3d(metallic) N 1s BB VBM VBO

SisNy 99.75 102.3 532.2 N/a N/a N/a 397.8 0.1 N/a N/a
Zro, 99.55 101.5 531.4 529.9 181.5 N/a 397.2 -0.1 2.1 11
600°C 99.70 102.3 N/a 530.9 183.2 N/a 397.6 0.0 4.0 3.1
750°C 99.85 102.4 N/a 530.9 183.2 N/a 397.8 0.2 4.1 3.3
900°C 99.80 102.4 N/a 530.9 183.2 N/a 397.5 0.1 4.0 3.2
Si 99.50 n/a N/a 531.3 183.5 N/a N/a -0.2 0.4 N/a
600°C 99.60 102.8 N/a 531.4 183.6 N/a 397.7 -0.1 3.9 2.9
750°C 99.65 102.4 N/a 531.2 183.1 179.3 397.5 0.0 2.8 1.9
900°C 99.65 102.2 N/a 531.9 182.9 179.6 397.6 0.0 0.0 N/a

gest that the low temperature growth process allows us trom the substrate to the highinterface leading to the de-
deposit ZrQ on an ultrathin SiQ buffer layer while main- composition reaction. We further suggest that the 30 nm
taining the integrity of the two layers. SiO, and the 1 nm SN, buffer layers inhibit this diffusion
and thus prevent the decomposition of the £rO
Reaction probabilities from a free energy perspective
have been calculated by Chaagal. and a summary of that
Previous work on Zr oxides has found them to be stablavork is contained in Table IV.Ramanatharet al. have re-
on Si, but only in the limit of temperatures less thanported that HF and Zr-silicate films tend to phase separate
~850°C>%1"18 There has, however, been some disagreeinto zirconia and silica during high-temperature anneals, in-
ment about the particular temperature where this instabilitydicating that the first three reaction paths in Table IV are
appears. Copett al. find that 900°C annealing for 2 min unlikely to occur® Consequently, we expect that the most
does not lead to decomposition of their Zrfdms but that a  likely reaction path for the decomposition of our films is the
30 s flash to 1000°C does result in decomposifi@hanget  last reaction path given in Table IV, 2Z§®5Si— ZrO(,
al. find that 880°C is sufficient to drive the decomposition +3SiQg+ZrSk,.
reaction at low oxygen partial pressures, and they also pro- Stemmetet al. have demonstrated that annealing films in
pose likely reaction paths, all of which involve excess Si as ain oxygen ambient rather than in vacuum can improve sta-
reactant(Table 1V).° bility at 900°C, but these annealing conditions will likely
Our results indicate that ZrOfilms on thin (0.5 nm result in SiQ growth at the Si interfacé.
SiO, buffer layers are unstable at900°C, decomposing
into a metallic film, which is most likely ZrSi Atomic force . -
. . : . . C. Low temperature instability
microscopy images of the decomposed films display a high

B. High temperature instability

density of ~500 nm diameter islands. Stemmetr al. have The large shifts in electronic structure observed with an-
also reported the formation of ZrSislands during vacuum nealing have been explored in another publication, which
annealing of Zr oxide films on Si. also includes findings for other transition metal oxi(€&,

In contrast to the results for the thin buffer layer, we findand HfQ).13 The following presents a summary of those
that two different buffer layers, a 30 nm Siayer and a results as they apply to ZgO
1 nm SgN, layer, can both suppress the decomposition reac- We suggest that exposure to a remote oxygen plasma
tion during annealing at up t&900° C. Moreover, the depo- (and a high concentration of excited oxygéntroduces ex-
sition of a top, 2 nm, Si layer and a second annealing ta@ess oxygen into the Zllilm. We further suggest that this
900°C, result in the decomposition of the Zrfilm and the  excess oxygen is a source of electronic states near the buffer
formation of Zr silicide. These results indicate that the avail-layer—highk interface. Electrons tunnel from the substrate
ability of excess Si leads to the decomposition of the ZrO to populate these states, giving rise to a potential across the
We suggest that the 0.5 nm SiGayer allows Si to diffuse SiO, buffer layer. Annealing removes the excess oxygen and

TABLE IV. Chemical reduction of ZrSiQand ZrG involving SiQg and ZrQ, formation. The equilibrium pressures of $ifand ZrQy are set at 0.01 Torr
at all temperatures, and thAG’=AGP+RTIn P; is used for the gaseous species. Values\fGrare given in kcal/mol for Zr@and ZrSiQ decompositiorf.

Reactions 25°C 527°C 727°C 927°C 1127°C
ZrSiO,+5Si— 4SiO+ZrSj 272 141 90 39 -10
2ZrSiO+ 7Si— ZrO+7Si0O+ZrS) 620 358 256 155 54
ZrSi0,— Si0,+Zr0, 5 4 3 3 2
SiO,+Si—2Si0 130 65 40 15 -9
27r0,+5Si—ZrO+3Si0O+ZrS} 349 219 168 118 69

®See Ref. 5.
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(a) (b) Annealing has also been shown to reduce the fixed charge
density in films that exhibit either positive or negative fixed
chargel.9 The magnitude of the fixed charge density agrees
A - relatively well among the published studies, even for films
N - that have been prepared by different techniques. The sign of
i the fixed charge, on the other hand, is not well understood,
and the conflicting results may suggest that multiple pro-
cesses are involved. It is evident that further study is needed

E. - S I to correlate processing conditions with the electronic proper-
4 ties of these interfaces.
_ " _
+ V. CONCLUSIONS
4 ™ 2By We have used x-ray and ultraviolet electron spectroscopy
4 oxide to study the chemistry and interface electronic states during
. the stepwise growth and annealing of Zr@n Si. An inter-
™ facial buffer layer of SiQ or SEN, was formed to reduce the
oxide number of interface states and improve interface stability.
sio, si0, The low temperature deposition technique allowed the for-

mation of ZrG, on the buffer layer without mixing, and the
FIG. 9. Schematic diagram of the valence and conduction bands f¢athe o layers remain distinct. Annealing the films to 600°C

as-grown and th¢b) annealed state of the TM oxide film on a thin $iO - . . ~
buffer layer. The valence band offs6tE,) can change by up to-2.5 eV resulted in large changes in the band alignment that are at

with annealing. The depictions afe) beforein situ annealing where excess tributed to the presence of excess oxygen in the as-grown
oxygen near the Zr@SiO, interface attracts electrons from the substrate, films. These large shifts of up to 2 eV are consistent and
resulting in a potential across the Si®uffer layer and(b) after in situ repeatable for multiple oxidation and annealing steps. An-
annealing where the oxygen has diffused to vacuum, reducing the interface . ° L " . .
electronic states, and the bands become flat. nealing at 900°C resulted in film decomposition into ZySi
and a high density of silicide islands was observed with

h iated el [ leadi fIbd'hAFM'
the associated electronic states, leading to flat bands withno . stability of the film at 900°C was improved by both

potential across the Siuffer layer. Figure 9 schematically thick (30 nm) SiO, buffer layer and a 1 nm $il, buffer

ZIT;)ZVS the band structure of the as-grown and annealeg Zr ayer. Zirconium oxide films grown on these alternate buffer
L . . layers showed little change with annealing at high tempera-
As discussed in Ref. 13, the magnitude of the band StrUCH res. However. a similar 900°C annealing step after the

ture shift decreases as the buffer layer thickness is increase, ldition of a 2 r’lm Si cap led to decomposition of the ZrO

With our model, the probability of an eleciron tunneling These results demonstrate that the presence of excess Si
through the buffer layer would be expected to decrease as tqgads to a decomposition reaction of the Zi@in films and

buffer layer thickness increased. This tunneling dependen(i% P : .
. o o tath N, buffer | th | stability.
would explain the lack of band structure shifts in the £rO ata thin SN, buffer layer may improve thermal stability

film prepared on a 30 nm Sibuffer layer.
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