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Depth-dependent spectroscopic defect characterization of the interface
between plasma-deposited SiO , and silicon
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We demonstrate the use of low-energy cathodoluminescence spectrd&tdpyto study optical
transitions at defect bonding arrangements at Si—Sierfaces prepared by low-temperature
plasma deposition. Variable-depth excitation achieved by different electron injection energies
provides a clear distinction between luminescence derived {ipthe near-interface region of the
oxide film, (ii) the Si-SiQ interface, and(iii) the underlying crystalline Si substrate.
Cathodoluminescence bands-a0.8 and 1 eV are assigned to interfacial Si atom dangling bonds
with different numbers of back-bonded Si and O atoms. CLS also reveals higher photon energy
features: two bands at1.9 and 2.7 eV assigned to suboxide bonding defects in the as-grown oxide
films, as well as a substrate-related feature-at4 eV. The effects of hydrogenation at 400 °C and
rapid thermal annealing at 900 °C, and especially the combination of both process steps is shown to
dramatically reduce the intensities of the CLS features assigned to interfacial and suboxide bonding
defects. ©1998 American Institute of Physids$S0003-695(98)03632-§

As device dimensions are scaled into the deep submicroRPECVD).>® The work includes studies of films subjected
to achieve higher levels of integration, there must be correto postdeposition annealing and hydrogenation.
sponding decreases in the oxide-equivalent thickness of di- The films were prepared or-10 2 cm boron-doped
electrics,toy oq- FOr example, channel lengths in field effect p-Si(100) substrates, cleaned by repeated oxidation and
transistor(FET) devices are projected to decrease80 nm  etch-back in hydrofluoric acid, with a final oxide-removal
by the year 2012, at which timg, ., values will be at most etch in 1 at. % HF. The Si—SiGtructures were formed by a
1 nm? At these thicknesses, tunneling is the dominant transtwo-step plasma processii) RPAO to form the interface
port mechanism for leakage current, and defects at thgng grow~0.5-0.6 nm of Si@ and (i) RPECVD to de-
Si—SiG, interface will limit device performance and posit the bulk oxide film, for a total SiOthickness of~5
reliability.? In addition, the necessity to produce Si-$i®  nm. For each step, the substrate temperature was 300 °C, the
terfaces with selective incorporation of nitrogen, and ultraprocess pressure 0.3 Torr, and the plasma power 30 W. The
thin SiG, layers that form a substrate for highdielectrics  active species for the RPAO were extracted from a remote
such as TiQ or Tg0s will mandate increased understanding ye/0, (10:1) plasma. For the film deposition, silane diluted
and control of the chemical bonding and defect states in the, He (2%) was delivered downstream, and a Hef@ixture
immediate vicinity of the underlying Si-SiOnterface. Im- 2o ey cited in the plasma tube HelSiH,=200/20/0.2. For
plicit in the development of composite gate dielectrics forannealing studies, samples were subjected to either a 400 °C

FETSs is the necessity to combine interface formation by therénneal in forming gas (NH,) for 30 min, a rapid thermal

mal or plasma-assisted oxidation with either physical, Chem'.énneal(RTA) at 900 °C in Ar for 30 s, or both the RTA and

cal vapor, or plasma-assisted deposition processes. Studl,%sen the 400 °C MWH, anneal. The specimens were trans-

performed to date on Si-SjOinterfaces, and nitrided o .
Si—-SiO, interfaces, have demonstrated that transitions re[erred nar into an ultrahigh va_cugrﬁUHV) chamber for
gnalyss. Auger electron spectra indicated submonolayer car-

gions with suboxide bonding are created during thermal o o ) ,
plasma-assisted oxidation, and that the extent of these r@2N contamination which was easily removed by an anneal at
300 °C. CLS studies were carried out at room temperature

gions is decreased significantly after a 900 °C anheal. - .
In this letter, we report on studies of Si—Si€tructures with electron beam energies between 0.6 and 4.5 keV and

by low-energy cathodoluminescence spectroscopys).” beam currents of 1-4A on a spot~100 um in diameter.
For these heterostructures with 5-nm-thick oxides. the=ven after exposure to an electron beam fluence an order of

Si-Si0, interface was formed by 300 °C remote p|asma_magnitude higher than used for obtaining the spectra, there
assisted oxidatiofRPAO), and the remainder of the SJO Was no observable spectroscopic or visedileam damage.

component of the heterostructure was formed by 300 °C relhe luminescence was recorded with a monochromator set to
mote plasma enhanced chemical vapor deposition-50 meV resolution using a Ge detector for the infrared, and

a S-20 photocathode for the visible-to-ultraviolet spectral
range. The spectra contain no correction for the optical sys-
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FIG. 1. CL spectra of the as-deposited ultrathin silicon dioxide with a S-20¢, .~ | ghecira of the as-deposited silicon dioxide film, in the infrared
photodetector for varying incident electron beam energy. Close to the film

s . - . . regime using a Ge detector. Silicon defect emission is evident at 0.8 eV. The
surface(low excitation energigs defects characteristic of substoichiometric spectra are normalized to this peak. Band edge luminescence from the crvs-
SiO, are detected at 2.7 eV, while near the interfdneermediate excitation P peax. g Y

. . ; . . talline substrate increases with increasing excitation voltage and hence in-
energie$ sucha-SiO, bonding environments show defect luminescence atcreasing excitation depth
1.9 eV. Evidence for direct transitions involving the Si substrate appears at ’

high beam energies.

energy of 2.0 keV reveal only small changes in the relative

CLS spectra of the as-prepared plasma-deposited 50 tensities of the 0.8 and 1 eV bands, but a pronounced de-
film appear in Fig. 1 as a function of electron energy, andcrease in the broad band at 1.9 eV after the anneal. Addition-
therefore surface penetration depth. For 1.0 keV one est@lly, the intensity remains relatively unchanged for the 3.4
mates a depth of maximum energy loss due to electron-hol@V transition after the anneal. Rapid thermal annealing
pair creation of about 30 A, which is known to vary with (RTA) in argon gas at 900 °C at ambient pressure caused the
beam energyE as ~EL7.7 The spectra were taken with broad band at 1.9 eV to vanish below the level of detection.
constant excitation power and thereby a nearly constanthe 900 °C anneal enhances the 3.4 eV feature, but does not
electron-hole pair generation rate. Since other effects such &9ange the relative intensity of the 0.8 and 1 eV bands. Fig-
spatial changes in the electronic density of states may alsére 3 also shows that the features at 0.8 arideV change
influence the intensity, the displayed data are normalized tgignificantly after being subjected to an RTA at 900 °C fol-
the same peak height. The spectra were taken with the S-dowed by hydrogenation at 400 °C. Relative to the 900 °C
phototube which is most sensitive above 1.4 eV. For inter@nneal spectra, the intensities at 0.8 anil eV decrease
mediate beam energies, defined here as 1.5 and 2.0 keV,dsamatically, and the spectral intensity of the 3.4 eV band
prominent feature is observed at 1.9 eV. For lower beanflso decreases.
energies, 0.6 and 1.0 keV, the 1.9 eV feature decreases in The CLS studies have identified five distinct spectral
intensity, and a new defect feature emerges at about 2.7 eVeatures at 0.8~1, 1.9, 2.7, and 3.4 eV. At first sight it
At higher energies, 3.0 and 4.5 keVi) the 1.9 eV peak might be tempting to try to interpret these features in terms
remains(ii) the 2.7 eV peak is not observed, ait) there is  of defect luminescence bands previously identified in irradi-
an additional spectral peak at 3.4 eV that is most readilated quart?, silica glass, and thermally grown silicon
observed as a distinct feature for the 4.5 keV excitation.  dioxide®!! as well as oxidized porous silicdA.However,

In the infrared spectral range recorded with the Ge desince the most dramatic changes in the CLS spectra occur
tector and shown in Fig. 2, two luminescence features werafter the combined 900 °C RTA and 400 °C rehydrogena-
detected at~0.8 eV and at 1.0 eV over the entire range oftion, it is more instructive to compare these results with an-
excitation energies. The relative intensity of 1.0 eV peaknealing studies on similarly prepared Si—$Si@terfaces that
increases with increasing excitation energy, indicating that ihave relied on optical and electrical characterizafibh.
is a component associated with the bulk Si as well as a conSummarizing the results in Refs. 3 and 13, and references
ponent associated with the interfacial layer. therein: (i) as grown oxides, whether by thermal, chemical,

The effect of postdeposition annealing under differentor plasma-assisted techniques, display significant suboxide
ambients has also been measured and spectra obtained witbnding in a transition region at least 0.5 nm thick between
the S-20 phototube and Ge detector are presented in Fig. e Si substrate and the Si@m, (ii) postdeposition anneals
The top two traces in Fig. 3 indicate the effects of the 400 °An an inert ambient at a temperatures of approximately

forming gas anneal. These spectra, taken at an excitatiod00 °C for at least 30 s reduces these suboxide regions sig-
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; tribution; e.g., from disorder-induced near-band edge lumi-
0 ASIO 'S. nescence.
5f 1, 0151 The features at 1.9 and 2.7 eV are assigned to lumines-
f )ry\ /‘“m cent transitions involving an as yet unspecified suboxide
z 4 : / B ¥ bonding defect in the transition regiorarthe grown inter-
5 | \'\ As deposited face. Based on the electron energy dependence, the 1.9 eV
® 3 v T feature is located closer to the interface than the 2.7 eV fea-
= | /MM 400°CH, ture. Since both of these bands are removed completely after
17} r w_ o . . . . .
€ 2f A E— Gzl 900 °C annealing, the assignments are consistent with sig-
= 1 J * RTA 900°C o™ nificant suboxide reductions found by other characterization
S 4t i e e et methods> ! Finally, the 3.4 eV peak likely contains contri-
_ RTA 900°C + 400°C H butions from a substrate bulk resonance associated with the
o bt N e lowest direct band gap in crystalline Si. The CLS peak is at
| <Ge detector>| essentially the same energy as the sharp feature in the imagi-
[ | +—S-20 detectc . . . .
i j i nary part of the dielectric constard,, which is due to op-
05 1 15 2 25 3 35 4 tical transitions in the Brillouin zone betwedhandL along
Photon Energy (eV) the A direction?*

FIG. 3. Evolution of defect bands versus annealing treatments, for the same In sqmmary,'the CL_S StUdY has P“?Y'dec' d.emh'reSOI'Ved
2.0 keV excitation energy. Spectral intensities between the two detectors ai@formation relative to interfacial transition regions and in-
not normalized, but for each detector the relative intensities of the series dferface bonding defects which complement the results of
samples directly reflect the luminescence efficiency. A dramatic decrease iBther studies. In particular this information is important in
defect density is observed at 1.9 eV upon annealing at 900 °C. Posthydr(ﬁ bi id N | I b d.’ . hich ib
genation at 400 °C induces an additional decrease at 0.8 eV. elping | ent'fy. oca Or? Ing envwonments W ich contrib-
ute to electronically active defects at Si—Sidterfaces.

B Therefore, such direct detection of deep electronic defect
nificantly, as seen by Auger electron spectroscopy, X-rayevels can help guide further development of low defect
photoelectron spectroscopy, and optical second harmonisemiconductor—dielectric interfaces.
generation (SHG). An electron transmission interference ] ] ]
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