-

View metadata, citation and similar papers at core.ac.uk brought to you byj(: CORE

provided by Cork Open Research Archive

\‘ ‘ ORA Cork Open Research Archive
[ Cartlann Taighde Oscailte Chorcai

Title Si(100)-SiO2 interface properties following rapid thermal processing
Author(s) O'Sullivan, B. J.; Hurley, Paul K.; Leveugle, C.; Das, J. H.
Publication date 2001-04

Original citation O’Sullivan, B. J., Hurley, P. K., Leveugle, C. and Das, J. H. (2001)

'Si(100)-Si02 interface properties following rapid thermal processing',
Journal of Applied Physics, 89(7), pp. 3811-3820. doi:
10.1063/1.1343897

Type of publication |Article (peer-reviewed)

Link to publisher's  |http://aip.scitation.org/doi/abs/10.1063/1.1343897
version http://dx.doi.org/10.1063/1.1343897

Access to the full text of the published version may require a

subscription.

Rights © 2001 American Institute of Physics, This article may be
downloaded for personal use only. Any other use requires prior
permission of the author and AIP Publishing. The following article
appeared in O’Sullivan, B. J., Hurley, P. K., Leveugle, C. and Das, J.
H. (2001) 'Si(100)-Si02 interface properties following rapid thermal
processing', Journal of Applied Physics, 89(7), pp. 3811-3820 and
may be found at http://aip.scitation.org/doi/abs/10.1063/1.1343897

Item downloaded http://hdl.handle.net/10468/4239
from

Downloaded on 2018-08-23T18:40:59Z7

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh


https://core.ac.uk/display/85256819?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://aip.scitation.org/doi/abs/10.1063/1.1343897
http://dx.doi.org/10.1063/1.1343897
http://hdl.handle.net/10468/4239

Si(100)-Si0O, interface properties following rapid thermal processing
B. J. O’'Sullivan and P. K. HurleyC. LeveugleJ. H. Das

Citation: Journal of Applied Physics 89, 3811 (2001); doi: 10.1063/1.1343897
View online: http://dx.doi.org/10.1063/1.1343897

View Table of Contents: http://aip.scitation.org/toc/jap/89/7

Published by the American Institute of Physics

Articles you may be interested in

Ultrathin silicon dioxide layers with a low leakage current density formed by chemical oxidation of Si
Applied Physics Letters 81, 3410 (2002); 10.1063/1.1517723

Infrared spectroscopic analysis of the Si/ SiO2 interface structure of thermally oxidized silicon
Journal of Applied Physics 87, 1322 (2000); 10.1063/1.372017

‘ il
| sy

Publish your research in the

Save your money for your research. , mal of Applied Physics
It's now FREE to publish with us - " im your place in applied

no page, color or publication charges apply. physics history.



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/949446391/x01/AIP-PT/JAP_ArticleDL_050317/PTBG_instrument_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/O%27Sullivan%2C+B+J
http://aip.scitation.org/author/Hurley%2C+P+K
http://aip.scitation.org/author/Leveugle%2C+C
http://aip.scitation.org/author/Das%2C+J+H
/loi/jap
http://dx.doi.org/10.1063/1.1343897
http://aip.scitation.org/toc/jap/89/7
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.1517723
http://aip.scitation.org/doi/abs/10.1063/1.372017

JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 7 1 APRIL 2001
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(Received 30 August 2000; accepted for publication 1 December)2000

An experimental examination of the properties of th€l80)—-SiG, interface measured following

rapid thermal processin(RTP) is presented. The interface properties have been examined using
high frequency and quasi-static capacitance-voltd@¢) analysis of metal-oxide-silicofMOS)
capacitor structures immediately following either rapid thermal oxidatiRhO) or rapid thermal
annealingRTA). The experimental results reveal a characteristic peak in the CV response measured
following dry RTO and RTA >800°C), as the Fermi level at the (800)—-SiO, interface
approaches the conduction band edge. Analysis of the QSCV responses reveals a high interface state
density across the energy gap following dry RTO and RTA processing, with a characteristic peak
density in the range 5%10' to 1.7x10%cm 2eV ! located at approximately 0.85—0.88 eV
above the valence band edge. When the background density of states for a hydrogen-passivated
interface is subtracted, another peak of lower density 182 to 7x 10*?cm™2eV?) is observed

at approximately 0.25-0.33 eV above the valence band edge. The experimental results point to a
common interface state defect present after processes involving rapid coolirgl(0C/s) from

a temperature of 800 °C or above, in a hydrogen free ambient. This work demonstrates that the
interface states measured following RTP>800 °C) are the net contribution of the,,/Py,

silicon dangling bond defects for the oxidized 280 orientation. An important conclusion arising

from this work is that the primary effect of an RTA in nitrogé00—1050 °Cis to cause hydrogen
desorption from pre-existinB,, /Py, silicon dangling bond defects. The implications of this work

to the study of the Si—SiQinterface, and the technological implications for silicon based MOS
processes, are briefly discussed. The significance of these new results to thin oxide growth and
optimization by RTO are also considered. ZD01 American Institute of Physics.

[DOI: 10.1063/1.1343897

I. INTRODUCTION structures exposed to RTA, or for mercury or aluminum gate
MOS structures measured directly following RTO. These re-
sults have been obtained primarily on samples measured di-

conventional furnace processing for a range of processinl‘gCtIy following exposure to RTA, with no annealing in hy-
steps. The use of RTP is driven by the necessity to reduce tH09en after the RTA process step. The atypical CV
overall thermal budget associated with device fabrication anfesponse has also been obtained from experiments designed
in particular to maintain the desired device electrical properto investigate polysilicon depletion effectan samples in-

ties. RTA is now used for process steps such as: dopariended to characterize boron doping of the polysilicon ldyer,
activation, dopant redistribution, reflow of dielectric layers, or on short-loop experiments examining a clustered approach
and formation of contacts and metal silicides. There is also @ MOSFET gate stack formatidriPeak responses in the CV
growing interest in RTO to form thin dielectric layers for the characteristics have also been observed on aluminum/oxide/
gate oxide of MOS field effect transistoIOSFETY and  sjjicon structured? and for oxide layers grown by RTO and

for the storage capau'tor Q|electr|c in dynamic random accesg,easured using a mercury probe technitiue.

memory (DRAM) applications. The intention of this article is to bring together a range

As the properties of the Si—SjOnterface and the bulk of CV observations that have been reported by the authors,
of the SiQ layer are central to the performance and long _811.12 . oo .
term stability of MOS based devices, the influence of RTPand other group%, o tp prov.|de Qetalled information O,n
on the properties of the Si—SjOnterface is an area that is (€ Properties of the §i00-SiG, interface measured di-

clearly important to characterize and understand. In recerf€ctly following RTA or RTO. In addition, the work suggests
years, a range of publications have appeared which indicated explanation for the physical origin of the measured inter-
the emergence of atypical capacitance—voltég)é) charac- face states, as well as considering the significance of the
teristics obtained on polysilicon/oxide/silicon capacitor findings.

In current silicon based metal-oxide-silicAdOS) tech-
nologies, rapid thermal processitBTP) is now replacing

0021-8979/2001/89(7)/3811/10/$18.00 3811 © 2001 American Institute of Physics
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FIG. 2. Measured quasi-static CV characteris{&ame capacitor structures
FIG. 1. Measured high frequencyl MHz) CV characteristics of as in Fig. 1/process)1'l_'he §0Iid line is the c_ontrol s_ample Which received
polysilicon/oxide(120 A)p-silicon (100) capacitor structures from process N0 RTA. The dotted line is for the capacitor which was subjected to a
1. The solid line is the control sample which received no RTA. The dotted1050 °C, 10 s RTA in N as the final processing step. Neither sample re-
line is for the capacitor which was exposed to a 1050 °C, 10 s RTAyiasN ce|ve(_j a final forming gas :_:llloy. Th_e figure illustrates the emergence of a
the final processing step. Neither sample received a final forming gas alloy?€aK in the CV characteristic resulting from the RTA process.

The experimental results are divided broadly into twoq .y 115.m2 Following a pre-oxidation clean, a 120 A ox-
sections. In the first section, the(800—SiG, interface prop- ;4o was grown in dry oxygen at 850 °C, followed by a 60
erties of polysilicon/oxide/silicon capacitor structures eX- .1 anneal in N at 850 °C. The ramp down rate following
posed to an RTA in the temperature range 600-105AC  ;i4ation is 3 °C/min, with a pull from the furnace at 600 °C
sin Ny, as the flna_l processing step, are presented and ang; 8 cm/min. The gate was formed by chemical vapor depo-
lyzed. The results in this section also include the effect okjson of 3000 A of polysilicon. Following the removal of the
annealing the polysilicon/oxide/silicon capacitor samples iy silicon and oxide layers from the backside of the wafer,
form'lng gas >400 °p) followmg the RTA. In the seconq the polysilicon was phosphorus doped from a PQsolrce.
section, the_$ilOO)—S|_Oz interface properties m?asured di- Dry etching of the polysilicon layer formed capacitors of
rectly following RTO in the range 1000-1100°C are ana-y,iqys areas. Following the resist strip, the samples received
lyzed using the mercury probe CV technique. The density of, 3 min anneal in nitrogen at 900 °C. As a final process
states(DOS) across the energy gap at the 18I0 -Si0, IN" "~ step, capacitors were subjected to 10 s RTAs in nitrogen in
terface have been calculated from the QSCV characteristicg, temperature range 600—1050°C. The RTA treatments

It is important to emphasize that analysis of the QSCVyere performed in a STEAG Heatpulse 8108 system. Se-

measurements has yielded the same general trend in the DORted samples received no RTA treatméntbsequently re-
profiles for a wide range of samples fabricated in differentferred to as process).1

research centers and semiconductor fabrication facilities. The
experimental results have been observed flerand p-type
(100 silicon substrates; for furnace and rapid thermal oxida-

tion at various temperatures; and for degenerately doped 3
polysilicon or mercury gate contacts. In the case of polysili- —
con gate contacts, the results have been obtained for OCI 25 o

in situ, and implanted polysilicon layers, wet and dry poly-
silicon definition, and for LOCOS and non-LOCOS isolated a2
capacitor structures. This eliminates the possibility that the E_ 15
observations are due to process or machine specific contami- = '
nation effects. In this paper representative experimental re- (&)
sults are presented for polysilicon gate capacitor structures

fabricated using two thermal processes and for the mercury- 0.5

gate structures fabricated with three different processes.

T

0’.,..1.‘..\..(.1 ............
-3 -2 -1 0 1 2 3

Il. SAMPLE FABRICATION DETAILS

A. Polysilicon gate MOS capacitors FIG. 3. Measured quasi-static CV characteristics of polysilicon/

The experimental and calculated results presented i xide(120 A)p silicon(100) capacitor structuregprocess 1 subjected to
TA at a range of temperatures as the final processing step. All RTA pro-

FigS. 1-5 Were_Obtained for 150 mm bOf(B'D doped sil'icon cesses were 10 s duration in.N'he control sample exposed to no RTA is
(100 wafers with a dopant concentration of approximatelyalso shown.
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FIG. 4. Densities of interface state®;() across the energy gap at the 9
Si(100-SiG; interface, extracted from the measured QSCV characteristic ) -
in Fig. 3. The interface state densities are plotted with reference to th IG. 6 Mgasured high _TrequencyB kHZ.) CV_ characteristics of
highest energy in the valence barf,}. The figure shows the data for the polysilicon/oxide(263 A)# silicon (100) capacitor structures from process
1050 °C RTA. 925°C RTA. and for .the control sampfleo RTA) from 2. The figure shows the CV response for the capacitor subjected to a 10 s
process 1 ’ ’ RTA at 1050 °C in N as the final processing stégotted ling, and for the

' capacitor processed with RTA at 1050 °C, 10 g, &hd final alloy at 440 °C
in 5% H,/95%N, for 60 min (solid line).

For the wafers exposed to RTA with a subsequent alloy
(Figs. 6-8, the starting material was 100 mm phosphoruscalibrations were performed. The QSCV response was mea-
(P) doped silicon(100 wafers with a doping concentration sured using a HP4140B picoammeter/voltage source. In ad-
of approximately & 10®°cm™3. Following a pre-oxidation dition, current-voltage characteristics of the MOS structure
clean, a 260 A oxide was grown in dry oxygen at 950 °C,over the intended CV bias range were recorded on all
followed by an anneal in nitrogen for 20 min at 950 °C. Thesamples prior to HFCV and QSCV analysis to ensure negli-
gate contact was formed by chemical vapor deposition agjible (<1x10 ?2amps) oxide conduction. All measure-
620 °C of 4500 A of polysilicon. The polysilicon gate layer ments were performed at room temperature.
was doped from a POgkource after removal of the oxide
and the polysilicon layers from the back of the wafer. Wetg. Mercury gate MOS capacitors
etching of the polysilicon layer formed capacitors of various

areas. After capacitor definition the wafers were exposed to a _ ©F the samples measured directly following RTO, three
10 s RTA at 1050°C in a Nambient(AST SHS-100 sys- oxidation conditions are considered. The samples were mea-

tem). Selected wafers then experienced an additional alloy att"ed directly after RTO, using a mercury probe CV system

440 °C in 5% H/95%N, for 60 min after the RTA step. This (Four Dimensions CV map Measurements were performed
is subsequently referred to as process 2. at room temperature. For the results presented in Figs. 9 and

For all polysilicon gate structures the HFCV response
was measured on-wafer with a HP4284A multiple frequency

1014 c

CV meter. Prior to all measurements open and short circuit 2 RTA ' ' T
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FIG. 7. Density of interface stated(;) across the energy gap at the
E- EV [eV] Si(100-SiG; interface, extracted from the measured HFCV characteristics
in Fig. 6 for process 2. The interface state densities are plotted with refer-
FIG. 5. Densities of interface state®,() across the energy gap at the ence to the highest energy in the valence bagg) ( The figure shows the
Si(100-Si0, interface for the 1050 °C and 925 °C RTA samples from pro- data for the 1050 °C RTA only sample, and for the sample subjected to RTA
cess 1, with the background U-shaped density of states for the contrand alloy. TheD;, values fromE, to mid-gap are not plotted as the extrac-
sample(no RTA) subtracted. tion was performed using HFCV data.
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FIG. 8. Density of interface state®©() from mid-gap to the conduction FIG. 10. Densities of interface stateBi() across the energy gap at the

band edge gap at the($00-Si0, interface for the RTA only sampl@ro- Si(100-Si0, interface determined from the QSCV response in Fig. 9 from

cess 2, with the background U-shaped density of states for the controlProcess 3. The background U-shaped density of states for the control sample

sample (RTAralloy) subtracted. (RTO+alloy) has been subtracted. The interface state densities are plotted
with reference to the highest energy in the valence ba&ngl. (

10, the starting S ubstrates were 200 rmzypej(loox W.Ith pacitor structures from process 1. The figure illustrates the
a substrate doping concentration of 50**cm 3. Following . . o o
o . . . CV response obtained following polysilicon gate definition,
a pre-oxidation HF dip, a 75 A oxide layer was grown in with no RTA (solid line), and the CV response measured
100% G by RTO at 1100°C for 30 s in a STEAG Starfire o . P
A after the 10 s, 1050 °C RTA in N(dotted ling. The RTA
RTP system(process R The CV results in Fig. 11 anB, . ; : .
0 step has introduced distortion near accumulation, and also
plot in Fig. 12 are for 200 mm boron doped B0 wafers, e .
. : 4. 3 induced a flat band voltage shift in the region between accu-
with a dopant concentration of810**cm™3. For process 4, : . : :
mulation and inversion. These general observations are con-

i 1 0,
a 40 A oxide film was grown by RTO at 1000 1€00% Q) sistent with the HFCV results presented in Ref. 3. The cor-

for 8 s in aSTEAG RTP Heatpulse 8800. In process 5, a 40responding QSCV characteristics are shown in Fig. 2. The

A fim was grown at 101.5 C for 33 s in 2.25 slpm QSCV of the capacitor exposed to the RTA exhibits the dis-
H,0/2.75 slpm N ambient with a STEAG RTP Steampulse. - . . .
. tortion in accumulation, as seen in the high frequency CV
For all RTO processes the ramp up rate was approximatel . . . .
haracteristic, as well as distortion between accumulation

60 °Cls, with ramp down rates of approximately 40 °C/s. Theand inversion. However, the most striking feature in the

ramp down was performed in an,mbient. characteristic is the emergence of a peak in the CV response,

in the vicinity of strong inversion. Since the effect occurs as
Il EXPERIMENTAL RESULTS the silicon/oxide interface approaches inversion, the peak is
A. Polysilicon gate MOS capacitors: RTA not observed by high frequency CV analysis fopdype

N . silicon substrate. The results in Fig. 3 show the QSCV char-
The resuIFs n Fig. 1 show the h'g.h frequgr(dy!\{le) acteristics for a range of RTA temperatures. From the QSCV
CV characteristics obtained for polysilicon/oxide/silicon Ca- characteristics, it is evident that the effect of the RTA step on
the Si—SiQ interface increases as a function of the RTA
temperaturdfor a constant RTA time of 10)sAlso from the

0~9,'*v"|"'1"'|"'7' T T
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FIG. 9. Quasi-static CV characteristics, and corresponding surface potential Vg V]
(#5) versus gate voltageV) relationship, for a 75 A oxide grown by RTO
at 1100 °C(process B The CV response was measured directly following FIG. 11. Normalized quasi-static CV characteristics#a0 A thick oxides

the RTO process using a mercury probe CV technique. layers grown by dry(process #and steam dilutedprocess HRTO.
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gap has approximately half the density of the upper energy
gap maximum. The upper energy gap maximum occurs in
the range 0.85-0.87 eV, with peak densities of 6.5
X 10%cm 2eV ! and 8.9 10%cm 2eV ! for the 925°C
and 1050 °C RTAs, respectively. The interface state density
has a minimum value &,+0.6eV. As a consequence of
the lower peak value of the interface state density between
E, andE;, a clear peak in the DOS profile is not observed
prior to subtraction of the background U-shaped density of
states. It is worth noting that the interface trap capacitance in
the vicinity of the peak in the CV characteristic is signifi-

1014

10" L

D. [cmZeV ]

0 oz o4 o6 o8 i cantly greater than the oxide capacitan@®,j. For ex-

ample, in the case of the 1050 °C RTA, the interface trap
capacitance for the upper energy gap DOS pedka gate

. _2 . .
FIG. 12. Densities of interface stateB;) across the energy gap at the voltage of 0.15 Vis 1.4 fFum™<, corresponding to approxi-

Si(100-Si0, interface determined from the dry and steam assisted Qscvmately five times the oxide capacitance.
responses shown in Fig. Ifirocesses 4 and.5 The results in Fig. 6 show the high frequen@/ kHz)

CV behavior measured for the case of RTA oritjotted
line), and for RTA and subsequent alldgolid line), for
figure, it is seen that RTA temperatures as low as 600 °*Gapacitor structures from process 2. Only high frequency CV
cause a measurable distortion in the QSCV characteristicgiata were recorded for this process. The MOS capacitor
(The QSCV characteristics in Fig. 3 demonstrate the samgtructure measured after RTA exhibits a peak in the CV char-
general features as presented in Ref. 1. acteristic as the Fermi level at the(8)0—SiO, interface
The distortion of the QSCV curves after the RTA indi- gpproaches the conduction band edge. As the silicon doping
cates the presence of interface states at the Sp-Sii@ace. s n-type for this process, the prominent peak occurs as the
Moreover, the presence of the peak near inversion is an insjicon/oxide surface approaches accumulation, and is there-
dication of an interface state distribution that peaks about g, observed using both quasistatic and high frequency CV
specific energj/:** The interface state density has been de+echniques. To allow accurate DOS values to be extracted
termined from analysis of the QSCV characteristics. The SUlfom the HECV data, the test signal frequency of the imped-
face pqtential for each correqunding gate voltagg h'as beea{hce meter was reduced until the peak response in the CV
Qetermlned using the Berglund integfaThe DOS d'St”obu' characteristic was frequency independent. Within the limita-
tion atcross ;heh energy ?ap forl the RT;]A‘ sampﬂQ_ESfC, tions imposed by measurement noise, this frequency was de-
105070, and the control sample are shown in Fig(fdr termined to be 8 kHz. Hence, for test signal frequencies of

clarity the 600°C and 800°C RTA DOS profiles are nOt<8 kHz, the response of the upper ener ap interface state
shown). The interface state density is plotted with reference,; the tést si ngl frequenc Cg‘:] be coSZiger% d quasi-static
to the highest energy in the valence barig] ). Following 9 q y N '

the RTA process, the interface state densities are higher tha dT[;]OS vtall:es Wetret ex;r.aft-(ta)dtgsmg r:h|s frﬁquency.t ted
the control sampleino RTA) over the energy rang&, € Interface stale distributions have been extracle

+0.2 toE,+1.0eV. However, the prominent feature is thefrom the RTA only sample8 kH2) and for the RTAralloy

peak in the DOS value at around 0.85 eV above the valenc%ample' Th? re_sults are presented in Fig. 7. Interface state
band edge E,). The peak is not observed on the control den§|ty prgﬂleg in the lower portion of the energy gap are not
sample. An increase in the RTA temperature, increases tHvailable in this case, as the CV data were recorded at a
total density of stateé.e., integral under the pegkout does frequency too high for minority carrier response in the sub-

not change the position of the maximum interface state derstrate. The DOS data are considered to be valid from ap-
sity. proximately mid-gapE,+0.56 to E,+1.05eV. From the

To examine the contribution of the interface states meafigure, it is evident that an alloy in 5%95% N, at 440 °C
sured following RTA, the background U-shaped distributionfor 60 min entirely removes the upper energy gap peak in the
of interface states for the control sammhn RTA and no DOS distribution. The interface state distribution after RTA,
forming gas annehlhas been subtracted. Interpolation wasre-plotted with the background U-shaped distribution of
used' as the data sets do not share ComE\erEU values. RTA+aIIOy subtracted, is shown in Fig. 8. The interface
The result of subtracting the background U-shaped density dftate  density exhibits a clear peak of density 7.5
states is shown in Fig. 5. The procedure of subtracting the< 10"2cm™2eV ™! at an energy level of 0.88 eV. The upper
background density of states is considered to be valid oveenergy gap DOS profile peaks at the same energy as for
the rangeE, +0.15 toE, + 1.05 eV. When the background is process 1, with a similar peak densisee Fig. 5.
subtracted, a peak in the DOS profile emerges in the lower Finally, it is noted that the interface states measured fol-
portion of the energy gap, in the rangg+0.25-0.28¢eV, lowing RTA are stable at room temperature. The CV char-
with a peak density of 3:810"%cm ?eV™! and 4.6 acteristics and associated DOS profiles have been recorded
X 10*?cm~2 eV ! for the 925 °C and 1050 °C RTAs, respec- intermittently over a six year period. No changes in the in-
tively. The peak interface state density in the lower energyerface state density profile were measured.

E-E,[eV]
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B. Mercury gate MOS capacitors: RTO
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Figure 9 shows the QSCV response, and corresponding . 105? c P g@%% ]
surface potentials) versus gate voltageV() relationship, 925°C (P1) AT
[~ 1100°C RTO (P3) o [ \%

for a 75 A oxide layer grown by RTO in dry oxygen at
1100 °C(process 8 The measurement was performed using
a mercury probe as the gate contact. The samples were mea-
sured directly after the RTO growth. Once again, a peak
appears in the QSCV response, in the vicinity of strong in-
version, as the Fermi level at the(800—-SiO, interface ap-
proaches the conduction band edge. The pinning of the sur-
face potential as the Fermi level at the(1%80-SiG, 0
interface moves through the upper band gap interface defect
is also evident. The QSCV characteristics for the dry RTO
Processes gre similar to previous measuremenis thin FIG. 13. Densities of interface stateB;() across the energy gap at the
(=30 A) SiO, layers grown on $100 by dry RTO at Si(100-Si0, interface measured following RTA at 925 °C and 1050 °C for
900 °C. The interface state density profile extracted from theolysilicon gate MOS structurgprocess 1: Pjl and for oxide layer grown
QSCV (with the background DOS for an RFealloy sample by dry RTO at 1100 °Qprocess 3: PB3 measured using a mercury probe
subtractel is shown in Fig. 10. With the background SV SYste™
U-shaped DOS removed, the interface state profile exhibits
essentially the same featurgs as the po_lysi!icon gate MOR, piSCUSSION: ORIGIN OF INTERFACE STATES
structures measured following RTA, with interface state
peaks occurring &, +0.33eV andE,+0.88eV. From the results in the previous section, immediately
Interestingly, the peak in the CV response, and in theafter RTA (for polysilicon gate samplg¢sr directly follow-
corresponding DOS, is not observed for the case of steaiig a dry RTO process, two interface state peaksEat
assisted RTO. This is illustrated in Fig. 11, where the nor-+0.25-0.33 eV andE,+0.85-0.88 eV are recorded at the
malized QSCV data are plotted for the40 A thick oxides  Si(100-SiG; interface. The upper energy gap interface state
grown by dry(process #and steam dilute¢process 5RTO.  peak has the higher density X60"cm ?eV* to 1.7
The extracted interface state density profiles for both QSC\< 108cm™2eV 1), and as a consequence, results in a peak
responses are shown in Fig. 12. In the case of the steanesponse inthe CV characteristic. The lower energy gap peak
diluted RTO growth, no peak is evident in the upper portionis less distinct, and is only clearly evident when the back-
of the energy gap. ground U-shaped distribution of states for a hydrogen-
However, a feature is evident in the lower energy gap apassivated sample is subtracted. These results point to a
an energy level of approximately, +0.25 eV[from Fig. 11  common interface state defect present after processes involv-
a large flat band voltage shift is evident for the steam RTGONg rapid cooling (16-1¢*°C/s) from a temperature of
sample Vg~ —1.2V)]. This largeVy,, corresponding to =800°C in a hydrogen free ambient. Within experimental
fixed positive oxide charge densities in excess df &t 2, accuracy the same DOS profiles are obtained for a broad
is present as the sample received no post-oxidation annealirignge of process conditions, oxide thickness values, and pro-
following the steam assisted RTO. cessing tools. This eliminates the possibility of the interface
This positive charge is reduced to negligible values withstates originate from either process or machine specific con-
appropriate inert annealing following the oxidation processtamination, and points to interfacial states that are specific to
This issue is not considered further here, as it is not relevarthe S{100-SiG, interface.
to the main focus of the article. The similarity in the interface state distributions for a
range of process conditions indicates that the dry RTA/RTO
processes either(l) generate additionalinterface states
which are not present for oxides fabricated by conventional
furnace processing; @) dissociate hydrogen from RTA, or
The interface state density profiles across the energy gamrevent hydrogen passivation of RTO interface states, which
measured following RTA or dry RTO demonstrate a strikingare fundamental to the properties of thé180)—SiGO; inter-
similarity. This is illustrated in Fig. 13, where the interface face.
state density profileswith the background U-shaped DOS Generation of additional defects by RTP has been sug-
subtractey are plotted together for the polysilicon gate ca-gested in other works. It has been proposed that the defect
pacitors exposed to 925°C and 1050 °C RTxocess }, generation occurs as a consequence of the rapid cooling rates
and for the oxide grown by dry RTO at 1100 {@rocess 3 experienced during RTP*’ The suggestion that the RTA/
The capacitors were fabricated at different facilities usingRTO processes generate additional interface states is prob-
different pre-oxidation cleans, different oxidation processedematic for a number of reasons. From the results above,
(RTO/furnace, and different oxide thicknesses. However, following a 10 s RTA in N at 1050 °C(which would be
within the limitations that are inherent to the extractiontypical for a polysilicon gate doping activation cycle in a
proceduré?® the interface state density profiles exhibit the CMOS procesg the integrated interface state densities
same characteristic features. across the energy gap would be in excessxfl0?cm 2, If

it

D [x10? cm?ZeVv™]

C. Comparison of results
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these were additional interface states generated by the RTAABL-E |-d Density gr_\d err]lergy |ive| oPy, Cegtershat thle &08)_'5%' "
H |_nter ace determined In other works, compared to the values obtained in this

RTO processes, then MOS capacnore or MOS.FETS prostudy following RTA/RTO.E, refers to the energy position of the peak in

Ces_se_d using R_TA' or RTCg for gate oxide forma_tlon, W_OU|dthe DOS distribution in the upper and lower portion of the energy[gaf).

exhibit an additional X 10*2cm™2 hydrogen passivated in- D, is the value of the interface state dengityn 2eV 1] at the peaks in the

terface states when compared to MOS capacitors or MOSR0S profile.

FETSs fabricated using no RTP processes. The hydrogen pas- E PeakD.

_sivation will inevitably occur during fuII_ (_jevice _fabricatio_n_, Work Method [e\’,] [cm’zevlll]

in processes such as polysilicon deposition, oxide deposition;

2
etching, and final alloy® This high density of additional 2 Vacuum anneat F,+033 35010

a~ 2
hydrogen passivated interface states would result in reliabilg SZcuum anneal- E:ig:gz ; '70; igz
ity degradation of MOS/MOSFET structures fabricated using conductance
RTP. However, published results on thin gate oxides grown
by RTO exhibit improved oxide reliability during charge to This work—RTO SBE’C%SC\S’i 75 A Evig-:g g’gz 18112
preakdown measurements when cor)"!pared to omdee grown .\ ork—RTO RTO/Q’SpCV EZ+0-29 6.9¢ 1012
in a conventional furnack¥. Also, polysilicon gate capacitors 1000 °C,p-Si [37 A] E,+0.85  17x108
exposed to RTA have been reported to exhibit improved oxXThis work—RTA RTA/QSCV E,+0.8¢ 1x 108
ide reliability compared to oxides with no RTA processes. 1050 °C,n-Si
The argument that RTA/RTO processes generate additiondis Work—RTA Fonglf’QcSCVSi Evigg ;-96; 18112
interface states, not present for conventional furnace oxidaz .. = oo of A/Qscpzv E 4028 3810
tion, cannot be reconciled with these published results. 925 °C, p-Si E,+0.85  6.5x102

This leaves the second argument as the source of the
interface states measured after RTA/RTO. To examine thig>ee Ref. 19.
argument it is instructive to first consider the extensive studcﬁgedsg'aﬁ'”able for lower band gap.
ies that have been performed on defects that are unigque to thgracted from HFCV. Only upper band gap data available.
Si—SiO, interface. When experimental procedures are em-
ployed to ensure the Si—Sjlnterface states are not passi-
vated by hydrogen, then using techniques such as: electrafe energy gap using EPR. Table | shows the density and
paramagnetic resonand&PR),'®° CV characterizatioR)  energy level of theP,, centers at the 8100—SiO, interface
and the MOS conductance mettddinterface states have obtained from the works of Geratdiand Urer?? The results
been detected at specific levels in the energy gap. Using thsbtained from this work for polysilicon gate MOS capacitors
EPR method it has been shown that for unpassivatedxposed to RTA, and samples measured following RTO, are
Si—SiG, interfaces the majority of the measured interfacepresented for comparison.
states are silicon atoms with dangling borf,) orbitals®® The results in Table | show that the interface states mea-
The techniqgue most commonly used to dissociate the hydrasured following RTA/RTO exhibit essentially the same de-
gen from the Si—Siinterfacial defects is vacuum annealing fect density and energy levels as the combiRgg/P,,, lev-
(1x 10 ®Torr) at temperatures in the vicinity of 700 °C. An els following vacuum annealing, or obtained by a rapid pull
alternative technique is to rapidl<l s pull the wafers following a furnace oxidation. In addition, the results pre-
following a conventional furnace oxidatid. sented in Fig. 13 exhibit very close agreement with the DOS
The EPR signal due to thie,, center is characteristic to profile across the energy gap determined for Ehg/Py;
the Si—SiQ interface and silicon orientaticit.In the case of ~centers on dry oxidized &i00) wafers!® Based on this ob-
a silicon(111) orientation, it is widely accepted to be a triva- servation and the results in Table |, we argue that the mea-
lent silicon center {S=Si;) located at the interface, where sured interface states following RTA/RTO can be reliably
the dangling bond is located perpendicular to the siliconidentified as the combined effect of tig,,/P,; defects at
oxide plané For the S{111)-SiO, interface, the DOS dis- the S{100-SiO, interface. Moreover, this explanation is
tribution across the energy gap demonstrates two clear peakéso consistent with other published work Bp defects. For
in the lower and upper portions of the energy gap. The pretemperatures in excess of 500 °C, hydrogen is dissociated
cise energy levels of the peaks in the DOS distribution varnfrom the dangling bond defe€t(Siz=SiH—Si,=Si- +H).
slightly with the characterization method used. Typical val-Hence, for vacuum annealing, conventional furnace anneal-
ues areE,+0.27 eV(+/0) andE,+0.84eV(0F).?° How-  ing, or RTA above 500°C, Si—H dissociation will occur.
ever, at the $100-SiO, interface, two EPR active defects Whether or not theP,, centers are measured following a
are detected, termefdl,, and P,;. A recent stud$® has es-  given thermal process is determined by the cooling rate and
tablished that bottP,, and P,,; are chemically identical to the presence/absence of hydrogen/moisture in the ambient. If
the Py, center at the $111)—-SiGO; interface(i.e., -SE=Siy). the cooling from the anneal temperature occurs in a
The interface state distributions resulting from the com-hydrogen/moisture free environmefite., vacuum anneal,
bined P,,, Py, defects at the $100-SiO, interface have RTA), or if the cooling rate is sufficiently rapid to prevent
been examined using EPR, CV, and conductance methodihe passivation ($=Si-+H,—Si;=Si—H+H) occurring
All of the published works show a clear interface state peaki.e., rapid pull from a conventional furnace anneal and
in the upper portion of the energy gap. An interface stateRTA), then theP,, centers will be measured following the
peak of lower density is also recorded in the lower portion ofthermal process. Hence, the observationPgfdefects fol-
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lowing an RTA in N, for a polysilicon gate MOS capacitor is rectly following RTA or RTO. In this case a peak response
entirely consistent with techniques previously used to examwill be measured in the CV characteristic, with curves simi-
ine P, centers. In the case of a dry RTO, the absence ofar to those presented in Figs. 2, 3, 6, and 10. Furthermore,
hydrogen from the processing environment leaves Rge when low doping is present in the polysilicon layerg., 5
centers formed during the oxide growth process unpassivated 10" to 5x10cm™2), or when hydrogen blocking layers
following the RTO cycle. In the case of steam assisted RTGuUch as SN, are present’ the standard forming gas anneal
(see Fig. 12, the peak in the DOS distribution is not seen, (400—450 °C for 60 min in 5H-N,) may not be sufficient to
due to the availability of hydrogen during the cooling pro- passivate the interface states exposed by the RTA précess.
cess. A further point of relevance for the dry RTO samples igIn the case of reduced polysilicon doping levels, this occurs
the difference in the peak DOS in the upper and lower endue to an interaction of the hydrogen with exposed defect
ergy gap for the 1000°C and 1100°C RTO samples. Fronstates in the polysilicon gate laygein these cases, peaks
the work of Stesmarfs, an increasing oxidation temperature occur in the CV characteristics, even after exposure to a
should result in a reduceB,, density over the temperature forming gas anneal. The measurement of such CV character-
range 800—1150 °C. This trend is observed in this work, withistics has caused difficulty with the interpretation of the re-
a lower/upper peak in theD;, profiles of 6.9 sults. Furthermore, the peak response in the CV characteris-
x102cm2eV Y1.7x10%cm 2eV! for a 1000°C RTO, tic for short-loop wafers, will most probably be absent for

reducing to 3.&10%cm 2eV Y/8x10%cm2ev! at fully processed wafers, as the additional procesging., ox-

1100 °C. ide deposition/plasma etchipngrovides exposure to hydro-
For oxide layers grown by a conventional furnace oxi-gen at elevated temperatures, resultind®jppassivation.
dation (aluminum gatg* or for polysilicon gate MOS ca- The results in this work indicate that the interface states

pacitors where the dopant activation is achieved by a conmeasured following RTA/RTO processes are the combined
ventional furnace anne&ee Fig. 1 and Ref.)3the interface  €ffect of thePy,, /Py, centers at the §100-SiO, interface.
state peaks in the upper/lower regions of the energy gap arghe Py, density is set by the precise oxidation conditidhs,
not measured. This observation has been used previously &d the results in this article indicate that the RTA/RTO
discard the explanation that RTA dissociates hydrogen fronprocesses do not generate additional@)-SiO, interface
pre-existingP,, centers. We suggest here that fhecenters  defects, when compared to conventional furnace oxidation
are not measured in this case, as for a conventional furnadgdcles. In the case of metal gate contacts, or heavily doped
anneal, the cooling rate is typically in the range 3—10 °C/polysilicon a standard forming gas alléye., 400 °C, 30 min
min, with a subsequent slow pull from the furndegpically N 10% H/90% N,) will remove the peak in the CV. In the
5—20 cm/min, at temperatures in the vicinity of 600 °C. This case of short-loop experiments with reduced doping in the
period, which could be hours in duration, allows hydrogenpolysilicon gate layefwith RTA dopant activatiop the al-
passivation from moisture in the ambient. Detailed calculaloy temperature and time must be increa$ed.

tions based on previous passivation stutfiédcannot be

performed, as the wafers are not at a controlled temperatum®, Alternative method for the study of P, centers

i Il from the furnace. . . -
during the pull from the furnace From a fundamental perspective, this work indicates that

RTA in nitrogen or dry RTO provide an alternative and com-
V. SIGNIEICANCE plimentary technigque to vacuum annealing, or a rapid pull
from a furnace oxidation, for the study &%, centers at the

The results and analysis presented in this work are cons;j_s;o, interface. The method of using RTP is essentially an
sidered to be significant to a number of areas, such agyiension of the procedures reported in Refs. 19, 20, where

“short-loop experiments,” the study dP,, centers, and for \yafers are rapidly pulled out following a conventional fur-
RTO oxide growth optimization. These issues are covereghace oxidation. The use of RTP has the advantage of a con-

below. trollable cooling rate and a controlled ambient during the
A. Short-loop experiments cooling phase. Furthermore, this work demonstrates that

o - RTA can provide a relatively simple technique for examin-

The continuing development of silicon based CMOSj,4 b defects on the technologically relevant polysilicon
technologies has resulted in the need for research and prgyie siructure. By extension, the RTA technique should also

cess development into a nu_mber of_ asp_ects_ relating to thﬁrovides a means by whid®, centers could be measured on

MOS gate stack. Research is on-going into issues such agy; MoSFET structures. In the case of oxide layers grown

polysilicon gélltfz depletioff)** boron penetration of thin gate by dry RTO, and measured using a mercury probe technique,
oxide layers" the use of a cluster tool approach for MOS . P, centers can be examined prior to any hydrogen pas-
gate stack formatioh,and gate oxide optimization tech- sivation.

nigques. In such experiments, or more generally within pro-
cess development, it is typical to have a reduced number o
masking stages, with the processing proceeding to the firs
metal layer, or with direct contact made to the polysilicon  The ideal approach for optimizing oxide reliability, from

gate layer. Such experiments are typically referred to asn interface state density perspective, is to intrinsically re-
short-loop experiments. When this approach is used, the posluce interface defects during the oxide growth process.
sibility exists that the MOS capacitor will be measured di-However, in the case of MOS based processing, the usual

. Optimization of oxide growth by RTO
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route to interface state reduction is through intentionalinterface states across the energy gap. When the background
(forming gas annealingand unintentionale.g., polysilicon U-shaped density of states for a hydrogen passivated inter-
deposition, plasma oxide deposition, plasma etchingor-  face is subtracted, two distinct peaks in interface state den-
poration of hydrogen, at the Si—SiQnterface, forming sity profile are observed at approximately 0.25-0.33 eV and
P,—H bonds. However, this approach is not ideal as breakd.85-0.88 eV above the valence band edge. The peak densi-
ing of P,—H bond due to high energy electrons/holes resultsies are in the range810?cm 2eV 1-7x10*cm 2eVv !
in a gradual degradation of MOS device behavior. Making &or the lower energy gap level, with values in the range 6.5
guantitative comparison of interface stdg/densities for X 10%2cm 2eV 1-1.7x10%cm 2eV ! for the upper en-
varying growth conditions is not usually possible, as follow-ergy gap level. The density measured is dependent primarily
ing a slow cooling rate from a conventional furnace oxida-on the oxidation and RTA temperatures. As a result of the
tion, or after forming gas annealing, the majority of interfacesmaller density of states betweEp andE;, a clear peak is
statesP}, centers are passivated. only seen in the DOS profile in the lower energy gap when

The results in this work demonstrate that by using athe background distribution for a hydrogen passivated inter-
mercury probe CV system, the properties of the Si-SiOface is subtracted. The upper energy gap peak has a suffi-
interface can be examined directly following dry rapid ther-ciently high density to be detected as a clear peak prior to
mal oxidation, prior to any hydrogen passivation. This openssubtraction of the background DOS and as a consequence
up a relatively simple route for the intrinsic reduction of results in a peak response in the measured CV characteristic.
interface statesRy, centers resulting from the oxide growth Analysis of samples with different processing conditions
process. This can be seen in Table I, where the difference iand different oxide thicknesses exhibit the same general fea-
the peak densities in the upper/lower energy gap clearly reures in the density of states across the energy gap. These
duce as the RTO temperature increases. As a consequenégsults point to a common interface state defect present after
this experimental technique provides a method of optimizingyrocesses involving rapid cooling (3010?°C/s) from a
the RTO conditions for thentrinsic elimination of oxidation temperature o=800°C in a hydrogen/moisture free ambi-
induced interface states, as opposed to hydrogen passivatiasht. By consideration of the results in relation to studies on
which has associated rellablllty implications. Preliminary re-yacuum annealed Samp|es] we argue that the interface states
SUltS, not shown hel’e, also show that the tEChnique can hﬂeasured fo”owing RTA/dry RTO processes can be relia-
used to examine the role of nitrogen at the interface. bably identified as the net contribution of tig,/Py; sili-

con dangling bond defects for the oxidized1%i0) orienta-
tion. It is important to emphasize that the results in this work

D. Device implications indicate that the primary effect of RTA is to cause hydrogen

In addition, the results are of relevance to MOS technol-desorption from pre-existingo /Py, silicon dangling bon.d.
ogy. The results show that a high density Ix 102cm™?) Qefects, and that the RTA process does not_create additional
of P, centers ar@xposedit the Si—SiQ interface following interface defects when compared to conventional furnace an-

an RTA (T=800°C) process. For desired device operation nealing. The rapid_cooling from the f'anneal tgmperature, ina
it is required that the back-end processing, and associatdlydrogen free environment, preventing passivation ofRhe
thermal budget, are sufficient to re-passivate the exposed iﬁ:_enters. In the C"_"SE_Of dry RTO samples_ measured directly
terface states. In the majority of cases, an incorporation ofP!lowing the oxidation step, the dangling bond centers
hydrogen does occur in processing stages such as oxidarmed during the QX|d.at|on process are measure_d prior to
deposition and plasma etchifiyHowever, cases can be en- Y hydrc_)gen passivation. The results presen_ted in this ar-
visaged where the defects may not be completely passivatdif!€ Provide a framework to understand a wide range of
after full processing, resulting in shifts in device parameters@PParently contradictory results that have been obtained in
The presence of barrier layers to hydrogen diffusion, such a&XPeriments where MOS gate stack structures have been
silicon nitride, could block the passivation of the interface M&asured following RTA or RTO processes. Finally, the rel-
states after the RTA step. Variations could also occur irffvance of this work to the study of the Si-3iDterface,
device (e.g., MOS/IMOSFET/EEPROMcharacteristics as a and to silicon based MOS technology development have
function of device area. If the passivation occurs by diffusion®€en briefly discussed. o

of hydrogen from the periphery of the structueg., as in Note added in ProofA number of publications have

the case of SN, layers, then small area devices may oper- recently appeared relating to 'the .electrical acftivityth‘o
ate as expected, with anomalies occurring for larger are@"d Poy centers at the §100-SiO; interface, which are of
structures. significance to the results in this article. Stesmans and

Afanas’ev recent work indicates that post-oxidation vacuum
annealing(600-1100 °¢ can generate additiond,, cen-
ters, while theP,, density remains essentially constant, or
even slightly reduce¥ This electron spin resonance study
In conclusion, results have been presented which denprimarily concerned oxidize@L00) orientation silicon. In ad-
onstrate the impact of rapid thermal processit@)0—  dition, it has been proposed that tRg; center does not have
1050°Q on the properties of the @00—SiO, interface. energy levels in the silicon band g&pand is therefore elec-
Analysis of the quasi-static CV measurements, directly fol-trically inactive, although this is still an area of deb#taf
lowing RTA/dry RTO processing, indicates a high density of Py, is electrically active, it is possible that the RTA0-20

VI. CONCLUSIONS
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