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We report on the effects of the wet and dry oxidation processes on the interfacial roughness and time
dependent dielectric breakdowDDB) characteristics of the poly-Si/S5i(100) trilayer. The
interface roughness of the oxide layers buried under a thick poly-Si electrode has been investigated
using an x-ray reflectivity technique. Analysis of x-ray reflectivity data for the trilayer samples and
for a bare oxide film shows that interface roughness of poly-Si electrodei®i€dfaces depends on
oxidation process while oxide layers have smooth,&Bsubtstrate interfaces. TDDB of the SiO

layer has also been observed to depend on the oxidation process, indicating that the interface
roughness is a crucial factor affecting the TDDB characteristics. The wet oxidizediBids more

stable to dielectric breakdown and has smoother interfaces than the dry oxidized sampl@98©
American Institute of Physic§S0003-695(98)00704-9

Sio, films are technologically very important for their oxides in metal-oxide-semiconduct¢MOS) devices, and
application as a gate oxide material in dynamic random actheir TDDB characteristics.
cess memoryDRAM). The reliability of the device depends Two oxide samples with a nominal thickness of 100 A
on the dielectric property of the oxide film. Hence, under-Were prepared op-type S{001) substrate bya) wet oxida-
standing the degradation of oxide films under electrical stresion and(b) dry oxidation methods at LG Semicon Co. After
leading to dielectric breakdown is essential to fabricatéh® oxidation process, the oxides were annealed unger N
highly reliable device$.Recently many attempts have been &imosphere for 30 min. Both oxide films were capped with
made to determine the causes of the degradation of the€?00 A thick p-type poly-Si electrodes by chemical vapour
films leading to device failurés In an earlier study it was dePosition. X-ray reflectivity data were collected using syn-
proposed that the failures of SiQayers are mainly due to Cchrotron radiation at Pohang Light Sour@.S) 3C2 beam-
defects in the bulk rather than interface defécgome stud- In€ With a Huber four circle goniometer. A @il1) double
ies on the effect of interfacial structure of the oxide film on CrYStal monochromator was used to choose the x-ray wave-

electrical characteristic have been reportetlit has been I(;nsgi’g; igtﬁr?]illéb':(;: \TVEZB erz'?earizrde:)nne\r/]\/taslfg?spa,bt\:lftgirlucrzns
observed that the surface quality of the Si wafer plays an M K P: . :
. S : " . .. rate was measured as a function of time when constant cur-
important role in dielectric stability of the devices, which is

o .  rents of 100 mA/crh were injected into the capacitor cells.
an indication that interface roughness affects the electrical : L
In Fig. 1 x-ray specular reflectivity data of both wet and

characteristics. Recently, electrical breakdown studies of - : . i
Si0,/SisN,/Si0, (ONO) film showed that degradation of dry oxidized samples are shown along with the fit explained

time dependent dielectric break-dowfDDB) is caused by

interface roughness of silicon nitrid8isN,) film.3#In these 10° > 18_1
studies interface roughness was measured with transmission 10:; 2 10
electron microscopy and atomic force microscopy, and the . ¢ & 10°

. . . . . r Q10
degradation was attributed to local thinning of layer thick- 2 4§ T o™ a)
ness. g 10§ (©)

It is well known that SiQ layers, grown thermally either & :g“s r 5

in wet or dry oxygen ambient, show different TDDB 10° :
characteristicd. However, quantitative comparison between 10° | (@)
interface roughness of the buried SiCayer prepared by 10::‘r '''' - (b)
both oxidation processes with their effects on TDDB charac- ™ E s . : : -
teristics has not been reported to our knowledge. In this letter 0(degrees)

we present our investigation on th_e effect of oxidation in WetFIG. 1. X-ray reflectivity of poly-Si/Sig¥Si(100) for thermally grown SiQ
and dry oxygen atmosphere on interface roughness of th@ms using (a) wet oxidation and(b) dry oxidation process. Solid lines
poly-Si/SiQ/Si(lOO) trilayer, which is the structure of gate represent the fitting. Inset: Simulated x-ray reflectivity curigdor a layer
with an AED contrast of 0.01 A% and having smooth interfaces of 2 A
roughness, antb) for a layer with an AED contrast of 0.06 & and having
3E|ectronic mail: kibong@Uvision.postech.ac.kr both smooth and rough interfaceE2A and 8 A roughness, respectively.
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below. For the analysis we incorporated correction of geoTABLE I. Parameters obtained from the fit for wet and dry oxidised gate

metrical factors(foot-print correctiop and substracted the ©°Xides.
offspecular diffuse background to obtain true specular reflec- Thickness AED Roughness Absorption
tivity intensities. Figure 1 shows the corrected x-ray reflec-sample Layer A) (A3 A) (x10°9)

tivity data. We observe a sudden drop in reflectivity above

the critical anglef, indicating that both samples have large pg'%;zs' 20%%20 8:22 287 é;g%
roughness amplitudes at the poly-Si electrode surfaces. How- Si 0.70 2 1.61
ever, we can see the difference between the two curves at the poly-Si  198G-20  0.69 34 1.61
large angle of incidenced. For the wet oxidized sample wet Sig, 102 0.63 2 0.87
oscillations in the reflectivity curve are clearly observable, Si 0.70 2 161

o 7 o Sio,/Si Sio, 77 0.667 3.37 0.84
while in the case of a dry oxidized sample the oscillations A& odel A2 si 0.706 209 159
not observed. The period of the oscillation corresponds t@;o,/s; Sio, 77 238 0.84
102 A which is the nominal thickness of the buried oxide model B2 Si 0.706 2.00 1.59

layers. The oscillations in the reflectivity are due to a large
contrast in the average electron densiyED) between the *Parameters of a bare oxide layer obtained using Parratt’s recursion relation.
layers(i.e., a large difference in AED values of the layers
and smooth interfacés’ If either of these conditions are not the inset. We found that increased interface roughness for a
satisfied then the oscillations in the reflectivity are not ob-layer even with a larger AED contrast reduces the oscilla-
served as illustrated for the dry oxidized sample in Fig. 1tions in the reflectivity curve very rapidly. The reflectivity
The oscillation in reflectivity curve is observed only at large curve (similar to that of the dry oxidized sampleould be
angles due to the large thickness of poly-Si layer on top ofichieved as shown in curvéd) of the inset assuming a
the oxide layer. smooth interfacéo~2 A) and a rough interfacer~8 A) for
To analyze our x-ray reflectivity data quantitatively we a buried SiQ layer with an AED contrast of 0.06 2. Thus
have used a simple semi-kinematical approximation. The exwe conclude that smooth interfaces of poly-Si/S& sub-
plicit formula for the reflectivity amplitudéX=E,¢s /Ejnc.) strate for the wet oxidized sample gives rise to oscillations in
can be expressed as the reflectivity curve at high angles while absence of oscil-
lations in the reflectivity for dry oxidized sample is due to
N . 12 the large interface roughness at one of the Siterfaces.
X=|21 rne ', ¢= _Z q;d; , 1) For the structure of gate oxides it is very difficult to
= =1 . L .
determine which interface of the dry oxide layer has a larger
whereN(=3) is the number of layers, is the Fresnel co- foughness amplitude. This is evident frdix| of Eq. (1)
efficient of thelth interface which determines the amplitude Which contains a symmetric oscillatory term with respect to
of oscillation and depends on the contrast of AEDjs the ~ the exchange of roughness amplitudes. In order to determine
thickness of thgth layer, andy; is the normal component of Which interface is rough, we prepared a dry oxide thin film
the incident wave vector of thigh layer containing both real On @ Si substrate without a cap layer to avoid symmetric
and imaginary components of the layer's refraction indexinterfaces; the interfaces are now those of air/Sihd
Hence, the above expression includes the effects of absorfiC./Si-substrate. The x-ray reflectivity data of this sample
tion and refraction. Roughness at each interface was intrca'® shown in Fig. 2. We have used Parratt's formalison
duced using a Debye—Waller like term such thais multi- ~ @nalyze the x-ray reflectivity data. First we considered a
plied by a factor of eXpéq.qu“.z), whereg, is the interface single layer of Si@ with no variation in AED in the layer
roughness amplitud&We did not include multiple scattering (model g; the result of the fit is presented by a solid line. We
effects since the reflected intensities are very wigess than ~ tried to improve the fit by including variations in AED in the
10~* of the incident beam intensity oxide layet®!! (model b; and got consistent values for
The parameters obtained from fitting the above expres-
sion to the specular x-ray reflectivity data are given in Table  ,, 1
l. The top surface roughness of poly-Si is estimated to be 1o+ ] ¢
about 30 A for both samples. We observe that one of the 10§
interface roughness of Sjan the dry oxidized sample is 10° 4
larger than that of the wet oxidized sample. We also observe ‘?:24 1
smaller contrast in AED between poly-Si and $i@ the dry " :
oxidized sample than that of the wet oxidized sample. To . ] S
pinpoint whether the large amplitude of roughness or the 1% ] )
small AED contrast is responsible for the absence of oscilla- ~ 10°
tions in the reflectivity of the dry oxidized sample, we have ™1
simulated the reflectivity curves by varying the contrast in 00 05 10 15 20 25 30 35
AED and the interface roughness. We show the simulated 6(degrees)
result in the inset of Fig. 1. We find that if both interface o . o
roughness of poly-Si/SiQand SiQ/sub-Si is 2 A, then even F'C: 2. X-ray reflectivity of a thermally grown Siilm by dry oxidation
. . process. Solid lines represent the fit using Parratt's recursion relation for
with a very small AED contrast of 0.017& we still observe  moqel a(a), and model k{b). Inset: Electron density profiles for model a and
oscillation in the reflectivity curve as shown in curi@ of model b. Sizes of errors are equivalent to those of symbols.
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100 ness of the gate oxide layer buried under a thick electrode
! . can be quantitatively characterised by x-ray reflectivity mea-
3 eo0 s (b) ¢ (a) surements with a simple semikinematical analysis. It is also
© . o shown that there is a clear difference between x-ray reflec-
:% 60+ .: s tivity curves of wet and dry oxidized samples. The wet oxi-
2 ] L . dized layer has smoother interfaces and, as a result, is more
X . o stable under electrical stress than the dry oxidized one. Simi-
§ 20 o s lar analysis can be used to study interfaces and dielectric
o’ . stability of other oxides which are considered as candidates
~ — . . : for a charge storage material for the next generation memory
100 150 200 250 300 deViceS.
Time to Breakdown (sec)
FIG. 3. TDDB plot of poly-Si/SiQ /Si(100 of thermally grown SiQ film This work Was sypported by !‘G Semicon Co. through
using (a) wet oxidation andb) dry oxidation process. the Industry-University collaboration program, by KOSEF

under Contract No. 96-0702-01-01-3 and ASSRC and by a
roughness amplitudes. The variation in AED is shown in a>P€cial Fund BSRI at POSTECH. The experiments at PLS

magnified scale in the inset of Fig. 2. In model b interfaceWere supported by MOST and POSCO.
widths at air/SiQ and SiQ/Si were only considered and the
total thickness of the Slgllm was keDt.the Sa.me a; model 1w. J. BertramVLSI Technology2nd ed., edited by S. M. SZ&988, p.
a. The parameters obtained from the fit are given in Table I. 15
We estimate roughness amplitudes of the SBDsubstrate  2Y. Murakami, T. Shiota, and T. Shingyouji, J. Appl. Phy&s, 5302
interface in dry oxides as-2 A, which is consistent with 3(H19$4>- v H. Uchida. T. Aok 4N, Hirashita. [EEE T Elect
. —16 . . . lanaka, H. Uchida, I. AjiloKa, an . Hirashita, rans. electron
values obtained by o'_che?%. By taking a clue from this [ 20t o 1 (1093,
st.udy, we have _attnbuted the smooth .|nterface to the4y. Reisinger and A. Splitzer, J. Appl. Phyz9, 3028(1996.
SiO,/Si-substrate interface for the dry oxidized sample. 5T. Ohmi, M. Miyashita, M. Itano, T. Imaoka, and |. Kawanabe, |EEE
In Fig. 3 we show TDDB characteristics of the samples. G?aFZ‘S-RE'eCtlflor,:ADtev'ng_D 59'5?; ﬁfg?@
. . . . P. Russell, Mater. SCI. Rep, .
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even for the dry 0X|d|zed sample is Yery smeai8 A) com BA. Ourmazd, D. W. Taylor, J. A. Rentschler, and J. Bevk, Phys. Rev. Lett.
pared to the layer thicknegs-100 A), it is not clear whether ¢ 213(1987.
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