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Ammonia pretreatment for high- & dielectric growth on silicon
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Thermal nitridation of H/SiL00) surfaces with NH gas has been studied as a pretreatment for
atomic layer deposition of AD;. The chemical nature of both the nitride interface and thgOAl
growth was characterized usimng situ transmission infrared spectroscopy and medium energy ion
scattering. Nitride layers thicker than 3—4 A provide an effective barrier against interfacial SiO
formation and promote the nucleation of 85 growth. © 2004 American Institute of Physics
[DOI: 10.1063/1.1807024

The implementation of higlk-dielectrics to replace SO  silicon nitride surface promotes nucleation and linear growth
gate oxide is urgently needéa.Appropriate highk dielec-  similar to ALO; growth on hydrophilic Si@ surfaces.
tric materials must meet a series of requirements, such as Si(100 samples are prepared using standard RCA clean-
thermodynamic stability with Si to avoid the formation of an ing technique]'sf3 and a 20 s 10% —-20% HF dip to create a
interfacial SiQ layer, and thus to permit the deposition of well-defined  hydrogen surface terminatith. The
gate oxides with the thifi<1 nm) effective oxide thickness H-terminated Sil00) samples are placed in a dry nitrogen
required by the semiconductor industry road rﬁép. purged ALD cell operating at atmospheric pressure and lo-

Atomic layer depositiofALD) is a promising, industri- cated inside the sample compartment of a Nicolet Magna
ally attractive method for depositing ultrathin gate oxidesinfrared spectrometéf. Nitridation is performed by intro-
without the formation of an interfacial SiQayer. However, ducing a 4% NH/N, gas mixture into the reaction chamber,
attempts to use ALD to deposit highdielectrics directly on  raising the sample temperature to the desired temperature at
H-terminated silicon have resulted in the formation of anabout 100 °C/min, and then annealing for 2 min,@y is
unwanted SiQ interfacial layer, On H-terminated $1L00)  deposited by %ternating exposures of trimethylaluminum
for instance, AJO; growth cannot be initiated by replacing (TMA) and D,O™ (respectively 0.001 and 0.02 mole fraction
the hydrogen termination with a hydroxyl group. Previousin 0.81/min N, carrier gas, atmospheric pressuraith at
experiments have shown that exposure of H-terminate#ast 30 min purge time between precursor exposures. The
Si(100) to either G or H,O at elevated temperatures results IR windows are protected during the precursor exposure by
in oxygen insertion into the silicon back-bond without the Shutters and nitrogen purge. The shutters are only opened to
removal of the surface hydrogSrAdditionaIIy, in situ IR take IR measurements between d_eposmon cycles after the
absorption studies of AD; ALD have revealed that Sio  chamber is fully purged. AD; ALD is performed between
formation is associated with the presence of metal precursoy:8 @nd 380 °C. Temperatures are measured using a thermo-
at the surface, i.e., after the initial trimethylaluminum depo-coUPle clipped to the substrate and calibrated using an infra-
sition, which often only partially covers the surfacevhile ~ '€d optical pyrometer. The difference between the thermo-
longer exposures of the metal precursor prior to ALD growthC@UPle and ~actual sample temperatutes measured
do minimize Si(.g formation and promote the growth of optically) is significant(see Table )l due to convective cool-
high-« dielectrics, complete elimination of the SiOnterfa-
cial layer has not been demonstrated. TABLE I. Summary of SjN, growth by annealing H-teminated 8i00) in

In this letter, we investigate ammonia thermal pretreat4% NH/N,. The temperatures are measured using a thermocqlig
ment of H-terminated 5100) to passivate the surface clipped to the sample and_by infrared optical pyrom_etry. The nitride th_ick—

. . . . . nesses were calculated using the measured MEIS nitrogen areal density and
against SiQ formatlon durlng__A£Q3 A_LD’ and we monitor assuming the @N, has the density of bulk @i, (3.3 g/cm?®), then esti-
the surface chemical state with situ infrared spectroscopy. mating other film thicknesses grown at other temperatures by comparing the
SisN, is a well-known diffusion barri€rand has been used to nitride LO mode absorption intensity-850 crt?).
protect materials from semiconductor dopdhtmetals'
water™? and oxygert>** Silicon nitride has also been pro-  Temperature°C)
posed as a barrier between Hf@nd Si to avoid silicate

. . . . . . MEIS Calculated
formation in high« dielectric gate stackslfémd thus to mini- 1, Optical N density(atoms/crd)  SiN, thickness(A)
mize the equivalent oxide thickne¢gOT).”> While silicon
nitride diffusion barriers are often tens of nanometers thick350 439 0.7
we find that 3—4 A is sufficient to prevent the formation of 400 496 . 12
interfacial SiQ during ALO; ALD. We also find that the 500 605 20<10° 3.3

600 715 5.5

700 826 3. 10' 75
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FIG. 2. IR absorbance spectra of 85 grown by ALD at 330 °C on a
FIG. 1. IR transmission absorbance spectra from hydrogen terminateditrided silicon surface, prepared by NHexposure of a H-terminated
Si(100), takenin situ at 45 incidence angle, as the surface was exposed toSi(100) surface ata) 495 °C andb) 605 °C, at atmospheric pressure. The
a 4% NH;/N, gas mixturgatmospheric pressuréor 2 min at the indicated.  reference spectrum is the respective nitrided surface in both cases.
temperature. The reference spectrum fay is from the H-terminated

Si(100 surface and fotb) it is from the sample exposed to Nkt 825°C. . . . .
nitrogen and assumed a film density of bulk ;N

(3.3 g/cn?) to determine the thickness of the,8;, layers
ing of the thermocouple in the atmospheric pressure nitrogegrown at 605 and 825 °C. The,8i, thickness for the films
purge ambient. grown at other temperatures were determined by scaling the
Exposure of Si to Nhlat high temperatures is a standard intensity of the SiN—Si IR absorption peak at 850 ¢hto
process for growing $Ny,2°'21which has been shown to be the values measured at these two poifiable I). These
an effective oxygen diffusion barriet**® thus preventing values represent a lower limit on the film thickness because
interfacial SiQ formation. However, its thickness should be these thin SN, films may be less dense than bulk$,.
minimized to attain low EOT because its dielectric constantCombining SjN, density and SiN-Si IR peak measure-
(~7), while larger than Siq is still lower than other highe = ment uncertainties, the thickness of the 605 °C;Miiride

materials like HfQ and ALO; (25 and 9, respectively film could be as high as 4.1 A3.3 A in Table ), so we
We first monitor the formation of @\, from the expo-  estimate our thickness measurements to be within 1 A.
sure of H-terminated $100) to a 4% NH/N, gas mixture ALD Al,O; film thicknesses are extracted from MEIS

as a function of temperature using situ transmission IR Al areal densities. We find that as a result of the very large
spectroscopysee Fig. 1. There is no decrease of the Si—H exposures used in our experiments, and possible incomplete
stretching modes;-2100 cm* [Fig. 1(a)] or growth of the  purging between growth cycles, some chemical vapor depo-
Si—N—Siphonon modes~840 cni! (Ref. 22 [Fig. 1(b)]  sition may take place resulting in a higher growth ratg to

until the temperature reaches 380 °C, at which point we ob5 A per cyclg than what was reporteg~1.8 A per cycle
serve a small reduction in the Si—H stretching modes. Afor pure (and possibly incomplejeALD growth. 4 Our re-
~440 °C, we observe a drastic reduction in the surface hysults are therefore characteristic of fully saturated layers and
drogen(only traces of the mono-hydride remgimccompa- observations of interfacial silicon oxidation processes are in-
nied by the formation of SiN—Sibonds. Further increases trinsic to the materials system, rather than a result of incom-
in the 4% NH, exposure temperature result in larger plete precursor surface coverage. However, for all the studies
Si—N-Sipeak absorption areas, which we assume to be praeresented in the following, great care is taken to maintain
portional to the thickness of the 8, layer. Evidently, the consistent growth conditions to ensure meaningful compari-
H-terminated surface is inert to NHt low temperatures and Sons.

the surface only begins to react at temperatures where hydro- The effectiveness of Niigrown SiN, in preventing

gen begins to desorb from the surface. At no time during ouSiO, formation is first studied by growing ALD AD; on
experiment do we observe Si—NHbsorption modes be- SiN, surfaces at various temperatures and measuring the
cause the temperatures at which Nkeacts with the formation of interfacial Si@ with transmission IR spectros-
H-terminated surface are above the Nd¢écomposition tem- copy. Figure 2 shows the absorption spectra after one and
peratures observed for NHibsorption on porous &i. four cycles of TMA/D,O exposures, at 331°C, on($00)

We use the Si—N-Snode IR absorption area as a quan-H-terminated surfaces that had been pretreated with a 4%
titative measurement of M, thickness by calibrating it with NH3/N, exposure at~495 and 605°C for Figs.(8) and
medium energy ion scatteringMEIS) for two SiN, films  2(b), respectively. We note AD; growth during the first
grown by exposing an H-terminated(800) surface to 4% exposure cycle on @i, (evident from the AJO; absorption
NH3/N, at 605 and~825 °C. The MEIS spectra are best peak 850 crit), which is not observed under identical depo-
modeled by a thick SigN, layer on a thin SN, layer, in  sition conditions on H-terminated @00). From the TO and
contrast to the IR data which do not exhibit a strong,8i0  LO absorption modes of S§31020 and 1175 cit, respec-
peak at 950 cimt.?? This apparent discrepancy indicates thattively), it is clear that~1 A (average thicknesof SiO, is
the as grown, predominantly 8i, film is heavily oxidized formed on the 1.2-A-thick SN, grown at 495 °qFig. 2a)],
to form oxynitride during the transfer from the growth to the while no measurable SiX<0.1 A) is formed on the 3.3-

MEIS chamber. We used the MEIS measured areal density d&-thick Si,N, grown at 605 °qFig. 2(b)]. We conclude that
Downloaded 16 Sep 2008 to 129.100.41.190. Redistribution subject to AIP license or copyyrlght; see http://apl.aip.org/apl/copyright.jsp



3832  Appl. Phys. Lett., Vol. 85, No. 17, 25 October 2004

WN,

X

TO\LO Si, 0,

TOWLO SiO,
D,0O exposure
temperature

7150 C
™ 6050 C
" 4960 C
[~~~ 439° C
[~~~ 380°C
[~ 318°C

~—~ 1900 C
Si,N, (7 A)

Si-N-Si

0.002

Lt

0.001

T

Absorption

0.000

800 1000 1200
Wavenumbers (cm™)

FIG. 3. IR absorbance spectra showing the oxidation of 3-A-thi<;Ny81'm
Si(100 as a function of the BD exposure temperature. The reference is the
H-terminated surface.

NH3 thermal SiN, films must be between 3 and 4 A thick
before they are continuous and that a continuoysl,Sis
effective in preventing the formation of interfacial SiO

The ability of a continuous N, layer to prevent inter-
facial SiO, formation is further investigated by exposing a
3-A-thick SiN, film to the ALD oxidant, BO, at increasing
temperaturegFig. 3. Itis clear that, while §N, is oxidized
by D,O even at 190 °C to form 3N, there is no SiQ
formation up to 605 °C. In contrast, an H-terminatetL80)
surface first treated with TMA at 330 °(alf of our stan-
dard ALO5 ALD cycle) and then exposed toJO at 380 °C
results in the formation of over 1 A SjO

Finally, the nucleation of AlO; on SN, is examined by
comparing the rate of AD5 growth for the first four cycles
of TMA/D,O exposure to the growth rate of &5 on
H-terminated Sil00 surfaces and on SiOsurfaces, pre-
pared by dipping an H-terminated($00) sample into a so-
lution of 1 HCI:1 H,0,:4 H,O at 80 °C for 10 mirf> In
Fig. 4, the ALO; absorption phonon arg@50 cmt), which
is proportional to AJO5 film thickness, is plotted as a func-
tion of TMA/D,O exposure cycle. On the OH-terminated
SiO, surface we observe linear growth of 85 from the
first TMA/D,O exposure cycle, confirming that there is no
barrier to ALO; nucleatio 4 Al,O5 deposition under the
same conditions on the 8, surface proceeds as fast as
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FIG. 4. Peak areas of the &5 longitudinal optical(LO) absorption band
(assumed proportional to film thickngsas a function of the TMA/RO
deposition cycle for different surfaces: Si—H, $i@nd S{N,.
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growth on hydrophilic SiQ, indicating that the $N, surface

is reactive to TMA and does not pose a barrier toQy
nucleation and growth. In contrast, the first cycle of
TMA/D,0 on the H-terminated surface, even at these very
large precursor exposures, results in no measurabl®;Al
because of the low reactivity of the H-terminated 180
surface with TMA.

In conclusion, we have demonstrated that interfacial
SiO, formation is prevented by 3, films only 3—4 A thick
during ALD growth of ALO;. Immediate growth of AlO;
during the first TMA/D,O exposure cycle demonstrates that
there is no nucleation barrier to Ab; growth on the SN,
surface.
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