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The ion implantation of heavy dopant species through very thin silicon oxide gate insulators 
d?grades the insulating properties of the oxide inducing an enhanced leakage current in MOS 
siructures as well as a decrease of the dielectric breakdown voltage. In the present work we 
study quantitatively the possible physico-chemical causes of these degradation phenomena 
a l d  of their recovery by thermal annealing using isotopic tracing techniques. Films of 

with thicknesses ranging from 4 to 10 nm thermally grown on (100) silicon wafers were 
irnplanted with As and Sb to fluences between 1014 and 1016 Using nuclear reaction 
aialyses, secondary ions mass spectrometry, nuclear resonance profiling and channeling of 
a-particles with detection a t  grazing angles we measured the amount of oxygen lost from the 
silicon dioxide films due to sputtering a t  the oxide-vacuum interface, the amounts of oxygen 
r6 coil-implanted into silicon from the oxide film and into the silicon oxide from the residual 
gits in the implantation chamber, and the change in the stoichiometry of the silicon dioxide 
films due to through-oxide implantation. The results of the present work together with the 
results existing in the literature on the electrical characterization of the same systems are 
u!;ed to discuss the possible physico- chemical causes of the observed dielectric loss, and 
sclme preliminary results on the recovery of the dielectric characteristics of the oxide films 
b:r thermal annealing in oxygen atmospheres after implantation are also discussed. 

I. Introduction 

It is usual in silicon semiconductor devices produced 

in very large srale integration (VLSI) technology to per- 
form the ion implantation of the active silicon surface 
regions across the gate dielectric, which consists of a sil- 
icon dioxide film thermally grown from the silicon sub- 

strate before ion implantation. The silicon semiconduc- 

tor devices produced in VLSI technology require silicon 

oxide layers tc' be used as gate dielectrics with thickness 

of 10 nm and below. Such ion implantation through the 

very thin gate oxide is known to cause a most undesir- 
able degradat on of the dielectric characteristics of the 

silicon oxide, as it has been largely reported in the liter- 

ature for the case of metal-oxide-semiconductor (MOS) 

structures following arsenic source/drain ion implanta- 
tion at typical fluences from 1 x 1015 to 1 x 1016 A ~ . c m - ~  
[I-41 . The phenomenon is unique to MOS structures 
where the gate edges are over regions of thin oxide as is 

typical for self-aligned source/drain implants depicted 

in Fig. I .  

The implantation-induced dielectric degradation 

manifests itself by a lowering of the breakdown voltage 

and an increase of the prebreakdown leakage current in 

MOS devices (Fig.2). The magnitude of the degrada- 
tion is greatest following implants of heavier dopants 

(As,Sb), while lighter dopants (B,P) produce a much 

smaller effect. hrthermore, significant changes of Lhe 
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above mentioned dielectric characteristics were only ob- 

served for gate oxides thiner than 12 nm. At and above 

that thickness the effects of through oxide ion implan- 

tation were seen to be very small[']. 
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Figure 1: A polysilicon gate MOS structure of the kind 
addressed in this study with the gate edge overlaying the 
very thin gate oxide dielectric film. The  implants are nor- 
maly performed a t  7' tilt in order to  avoid implantation in 
a clianneling direction. (From Ref.2). 

In the search for the possible mechanisms to explain 

the implantation-induced degradation previous authors 

have considered the defects produced in the oxide by 

the crossing implanted ions, the implantation-induced 

gate charging, stress effects, recoiled atoms and ion mix- 

ing. Of those, mainly oxide damage and displacement 

of oxygen and silicon atoms associated with collisions 

can be considered as significant causes. Atomic dis- 

placement, in particular, cai1 alter the stoichiometry of 

the SiOz film and it has been well demonstrated the en- 

hanced conductivity of nonstoichiometric silicon oxide 

films. For example a 7% silicon-rich oxide film formed 

by chemical vapour deposition (CVD) was found to con- 

duct a current of 400 pA.cm-2 at 4 MV.cmV1, whereas 

a stoichiometric, thermally grown film conducts current 

of only picoamperes at this field[5]. Atomic displace- 

ment can also produce mixing at the Si02-Si interface, 

altering the chemistry of the interface and consequently 

its electrical properties. The theory of ballistic mixing 

(recoil implantation) estimates for 50 keV As implants 

through an oxide film 10 nm thick one oxygen recoil into 

the underlying silicon per incident implant ion16]. Thus 

a typical As junction implantation of 3 x 1015 cm-?- 

would displace about 10% of the oxygen atoms from a 

gate oxide film, thereby allowing for a disruption of the 

oxide stoichiometry and a significant contamination of 

the near to the interface silicon layers. Furthermore, 

the film thickness is reduced by an amount which can 

be by itself responsible for most of the observed dielec- 

tric loss. 

For the present and future stages of VLSI tech- 

nology it becomes decisive to reestablish the dielectric 

quality of silicon oxide after implantation, and so the 

adequate post-implantation treatment is also searched. 

To achieve this aim a clear understanding of the mech- 

anisms of dielectric degradation is necessary, especially 

because the scale rules set a trend for a further decrease 

of the gate oxide thickness. 

Although reasonably well identified from a qual- 

itative point of view, the possible mechanisms for 

implantation-induced dielectric loss have not been so 

far well characterized from a quantitative point of view. 

This lack of a good quantitative picture of the various 

phenomena occurring in the above described physical 

situation can be attributed to the rather poor sensiti- 

vity of the available methods to  measure concentra- 

tions, stoichiometric ratios and depth profiles of oxygen 

in the near to the surface regions and to the shadowing 

of some of these phenomena by reoxidation in air of the 

implanted MOS structures. 

In the present work we study quantitatively the 

atomic transport of oxygen in thermally grown Si02 

films on silicon substrates due to through-oxide ion im- 

plantation with As and Sb. The film thicknesses were 

in the range hetween 4 and 10 nm and the quantities 

to be measured are the oxygen lost by sputtering at 

the Si02-vacuum interface, the oxygen recoil-implanted 

from the Si02 films into silicon substrates, the oxygen 

recoil-implanted from the residual gas in the implanta- 

tion chamber into the Si02 film, the change in thick- 

ness of the Si02 films and the change in stoichiometry of 

these films. In order to make the present measurements 

we grew thermally the SiOz films in Oz gas isotopically 

enriched to 97% with I%, so eliminating possible shad- 

owing effects due to reoxidation in air. Other important 

experimental improvements used here were i) the mea- 

surement of the concentration versus depth profiles of 

by combining secondary ions mass spectrometry 

(SIMS) which has very high sensitivity unless for the 

very near surface region, with the profiling by means of 

the 180(p,(u)15N nuclear resonance at 151 KeV which 
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Figure 2: Hi:;tograms obtained from 200-pm square capacitors with 7.5 nm silicon oxide dielectric films of: (a) the voltage 
needed to force 100 pA through the gate oxide dielectric in unimplanted and through-oxide implanted samples: (b) dielectric 
breakdown for unimplanted and through-oxide implanted samples. (From Ref. 7). 

presents very good sensitivity near to the surface; and 

ii) the deterinination of the oxygen/silicon stoichiomet- 

ric ratios of the oxides by means of the combination of 

channeling of cr-particles along the crystallographic axis 

of the under!ying silicon substrate with the detection of 

the backscattered a-particles a t  grazing angles. 

On the basis of our results we present a discussion 

of the relative magnitude of each one of the possible 

effects of ion implantation through very thin gate oxides 

that contriblte to its dielectric degradation, and we 

report on prdiminary results of thermal reoxidation of 

the implante tl structures aimed to recover the dielectric 

characteristks of the film. 

11. Experiniental  p rocedures  

11.1 Samples  prepara t ion  

The silicon oxide films used in the present work were 

prepared by rapid thermal oxidation (RTO) of (100) sil- 

icon wafers, using a furnace at the Groupe de Physique 

des Solides, TJniversité Paris 7, that could be pumped 

down to pressures in the range of 10-? Pa and after 

pressurized vrith oxygen gas that could be recovered 

after the RT3 procedure. The O2 gas used for the 

oxidations wâs enriched to 97% with the 180 isotope. 

All the oxidai,ions were performed at a temperature of 

1050°C, pressures of 0 2  in the range between 8000 and 

14000 Pa, for times between 60 and 160 S. The result- 

ing films had thicknesses between 4 and 10 nm, with 

an uniformity in the central region of the wafer better 

than 5%. 

Immediately before RTO the silicon wafers were 

submitted to a chemical etching cleaning procedure in 

a solution of HF-ethanol followed by rinse in ethanol. 

This procedure removes completely the native oxide 

and slows down significantly the regrowth of this ox- 

ide. 

11.2 I o n  implantat ion,  t he rma l  anneal ings and 

removal of oxides 

The ion implantations were performed in the sili- 

con oxide on silicon samples in different ion implanters, 

namely the 200 KeV ion implanter of Université Paris 

XI at Orsay, the HVEE-400 KeV ion implanter at 

Porto Alegre, and the 250 KeV ion implanter at Bag- 

neux. The implantation energies were chosen to be 100 

KeV for As and 140 KeV for Sb, which according to 

TRIM calculations would give a projected range of 60 

nm (much larger than the oxide thicknesses) for both 

species. The pressure in the implantation chambers 

were always below 10-4 Pa and implantation current 



532 I. J .  R. Baumvol et ai. 

densities were typically in the range of 1 , u A . ~ m - ~ .  

Thermal annealings of the implanted samples were 

always performed before oxide removal. A classical fur- 

nace was used, which could also be kept in ultra-high 

vacuum (P < i0-5Pa) during the annealing. Typi- 

cal temperatures for thermal annealing of the samples 

were in the range between 700 and 800°C and times 

between 10 and 60 min. The criterion for choosing the 

thermal annealing parameters was given by the anal- 

ysis of the annealed samples with channeling of 1.5 

MeV a-particles, requiring complete epitaxial regrowth 

of the silicon layer amorphised by ion implantation and 

also a near to 100% substitutionallity of the implanted 

species. 

In many cases the remaining oxide layer after ion 

implantation and thermal annealing was removed by 

chemical etching in a diluted HF solution in water. The 

etching times necessary to  completely remove the oxide 

were established in each case, ranging around 30 S. 

11.3 Analyt ical  m e t h o d s  

The total amounts of 160 and were measured 

by nuclear reaction analysis (NRA) using the 2.5 MeV 

Van de Graaf accelerator of the Groupe de Physique des 

Solides, Université Paris 7, using energies correspond- 

ing to  plateaus in the cross sections of the used nuclear 

reactions. For the determination of the total amounts 

of 160, the 160(d,p)170 reaction a t  deuteron energies of 

810 KeV was used. The detection angle of the protons 

was 90' and a 13 pm mylar foil was placed in front of the 

detector to  stop the backscattered deuterons. A Si1602 

standard having 5.7 x 1017 160.cm-2 was used and this 

. 2 .  The total method has a sensitivity of 1014 160 cm- 

amounts of were measured using the 1%(p,a)15N 

nuclear reaction a t  proton energies of 730 KeV. The de- 

tection angle of the a-particles was 165' and a 13 mm 

thick mylar foil was placed in front of the detector. A 

standard having 2.55 x 1017 I % . c ~ - ~  was used 

and this method has a sensitivity to '9 of 1012 cm-2 

~71. 
The depth profiIes of '9 were measured by sec- 

ondary ions mass spectrometry (SIMS) at the labo- 

ratories of IBM-France, where only the profiles after 

remova1 of the oxide were measured. Nuclear reso- 

nance profiling was alternatively used by means of the 

151 KeV resonance of the 1"(p,a)15~ nuclear reaction 

(I' = 100 eV), using the proton beam of the HVEE-400 

KeV ion implanter at Porto Alegre. A highly tilted 

sample geometry was used for the measurements (70') 

in order to  increase the length of the trajectory of the 

incident protons in the oxide films. The a-particles 

were detected at 90" with respect to  the direction of 

incidence of tlie proton beam. A 3 pm thick mylar foil 

was placed in front of the detector to  stop the backscat- 

tered protons[71. 

The stoichiometry of the silicon oxide films was mea- 

sured by a very convenient combination of channeling of 

1.5 MeV a-particles along the < 100 > axis of the un- 

derlying silicon substrate with the detection of the scat- 

tered a-particles at a very grazing angle (95' with tlie 

direction of incidence of the beam). This method has 

been largely discussed by Feldman and c o - w ~ r k e r s [ ~ ~ ~ ]  

and it is perhaps unique in determining precisely the 

stoichiometry of very thin films of silicon oxide on sili- 

con substrates. 

111. Exper imenta l  resu l t s  

111.1 Total a m o u n t s  of oxygen 

Table I gives the total amounts of 180 and 160 as 

measured by NRA in silicon oxide films of various dif- 

ferent thickness before and after through oxide implan- 

tation with As (100 KeV, 3 x 1015 cmV2) and Sb (140 

KeV, 1 x 1015 ~ m - ~ ) ,  as well as in the implanted sam- 

ples after the remova1 of the remaining oxide layers by 

means of chemical etching. 

One can see that the total amounts of 160 for the 

different initial oxide thicknesses remains more or less 

constant before and after implantation and are reduced 

to a smaller (also more or less constant) value after ox- 

ide removal. They represent the 160 previously existing 

in the silicon wafers plus that incorporated by thermal 

oxidation and reoxidation in air as well as that due to  

recoil implantation from the residual gas in the implan- 

tation chamber. The constancy on the total amounts of 

160 reveals the very little influente of all these factors 

in the composition of the oxide films. 

The amount of oxygen removed from the samples 

by sputtering at tlie oxide-vacuum interface due to the 
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implanted ions is essentially given by the difference be- 

tween the total amount of '9 in the initial oxide filnz 

and that ren~aining in tlie film after implantation. Ta- 

ble H shows that sputtering can be responsible for a 

thinning of t ie initial oxide films by amounts that vary 

from 15 to 30%, depending on the initial oxide thick- 

ness and on the implantation parameters. In general 

the heavier implanted species (Sb) is more efficient in 

removing oxygen atoms by sputtering than the ligliter 

one (As). 

The amoiint of oxygen recoil implanted into the sil- 

icon substrate is essentially represented by the total 

amounts of 30 remaining in tlie samples after tlie re- 

mova1 of the oxide layer. The amounts of recoil- 

implanted in;o silicon do not depend significantly on 

the initial oxide thickness, whereas Sb implantation is 

again much rlore efficient than As in recoil-implanting 

oxygen. 

Table I1 sliows the effect of the implantation doses of 

As and Sb bcth in oxide thinning by sputtering and in 

the recoil-im~llantation of oxygen into silicon. A Silà02 

film of initial -;hickness of 7.4 nm was used. The implan- 

tation doses ~Varied from 7 x loi4 to  1 x 1016 ~ m - ~ .  It 

is seen in Tahle I1 that the thinning of the oxide films 

and the amoiints of oxygen recoil-implanted into sili- 

con have a dxmat ic  increase a t  the higher implantation 

doses. 

111.2 Oxide stoichiometry 

The changes in the stoichiometry of the implanted 

oxide films with respect to the stoichiometry of the 

unimplanted f lms were measured by means of channel- 

ing of 1.5 Me\' a-particles along the < 100 > crystallo- 

graphic axis o l  the underlying silicon substrate, in the 

grazing angle detection geometry of tlie backscattered 

a-particles. The experimental procedure consisted in 

first submittir g the implanted samples to  furnace an- 

nealing in u l t rv  high vacuum for epitaxial regrowth of 

the silicon sulface layer that was amorpliised by the 

ion implantation procedure. The annealing tempera- 

tures were rather moderate (around 700°C) and the 

annealing times were chosen such as to  lead in each 

case to tlie complete epitaxial regrowth of the amor- 

phised layer, whiclz was verified again by channeling of 

a-particles iii the < 100 > axis, with detection of the 

backscattered particles at 165' with respect to the di- 

rection of incidence of the beam. After reaching a com- 

plete epitaxial regrowth, the channeling measurements 

with grazing angle detection were accomplished and the 

stoichiometry of tlie films was determined according to 

tlie analysis described in Refs. 8 and 9. 

An example is given in Fig. 3 were we show the 

< 100 > oriented backscattering spectra of 1.5 MeV 

incident a-particles detected at 95' with respect to the 

direction of incidence of the beam. In Fig. 3a it is 

shown the spectrum obtained from a silicon oxide film 

thermally grown by RTP in a 97% enriched Oz gas 

(P = 8400 Pa., T = 1050°C, t = 60 s). The areas of 

the signals coiresponding to Si, '9 and 160 were cal- 

culated and the analytical procedure described in Refs. 

8 and 9 leads to a + 160) / Si ratio of 2.02 f 0.2, 

confirming the perfectly stoichiometric composition of 

the thermally grown silicon dioxide films. In Fig. 3b 

it is shown the spectrum obtained from the same film 

after: i) As implantation to  a dose of 3 x 1015 ~ m - ~ ;  

ii) annealing at 700°C for 60 min in ultra-high vacuum; 

and iii) confirmation of the complete epitaxial regrowth 

of tlie amorphised layer by channeling and a 100% sub- 

stitutionallity of tlie implanted As ions. The calculation 

of tlie areas of the laO, 160 2nd Si signals in the exper- 

imental spectrum and the same analysis made for the 

unimplanted sample gives in this case a ('9 + 160) 

/ Si ratio of 1.86 f 0.3, revealing that after implanta- 

tion the silicon dioxide film became significantly oxygen 

deficient 

Tlie same kind of analysis was made in severa1 dif- 

fereiit tlirough-oxide implanted samples and the re- 

sults gave always non-stoichiometric films deficient in 

oxygen. She  oxygen/silicon ratios in the through- 

irnpdnted films varied frorn 1.6 to 1.9, depending on 

the initial oxide thickness and the implantation dose 

and species. Not a clear correlation between implanta- 

tion Ijarameters and filrns composition was obtained in 

this case. 
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Table I - The total amounts of 180 and 160 (in units of 1015 atoms.cm-') in the as thermally grown silicon 
dioxide films on silicon samples, and the total amounts of these isotopes in the corresponding samples after ion 
implantation and after ion implantation and oxide removal by chemical etching. The total thickness of the oxide 
films was calculated using the equivalent thickness of silicon dioxide: 1 x 10~~O.cm-'=0.225 nm. The total amounts 
of '9 were determined with a precision better than 1% and those of '% with a precision better than 5%. 

Table I1 - The total amounts of '9 and 160 (in units of 1015 atoms.cm-') in 7.4 nm thick silicon dioxide films 
(31.2 x 1015 180.cm-') as thermally grown silicon oxide and the total amounts of these isotopes on these samples 
after through oxide implantation with As and Sb at various fluences before and after remova1 of the remaining oxide 
layer after implantation. 

After Ion Implantation and Oxide Remova1 
3 x 1015As.cm-2 1 x l~ '~Sb.crn- '  
180  l60 l80 l60 

1015 cm-2 
2.1 1.1 1.9 1.3 

Initial Oxide Film 

'9 160 Total Thickness 
1015 cm-2 (nm) 
20.1 1.9 4.9 

Channel 

After Ion Implantation 
3 x 1015As.cm-2 1 x 1015Sb.cm-2 
l80 160 180 160 

1015 cm-' 
14.0 2.2 16.5 2.7 

Implantation Dose 
As,Sb (1015cm-2) 
As Sb 
1.0 0.7 

Figure 3: Channeling and grazing angle detection: the spec- 
trum of a-particles scattered from a 4.9 nm thick silicon ox- 
ide fiIm grown on a (100) silicon wafer, with the 1.5 MeV 
incident o-particle beam oriented along the < 100 > axis 
and the scattered particles detected at 95' with the direction 
of incidence of the beam. The arrows indicate the surface 
position of the different elements appearing in the spectrum. 
The carbon peak is due to the contamination of the sample 
in air and during the implantation process; it remains in the 
outermost surface of the sample. 

23.3 2.4 5.7 
31.2 2.0 7.4 

. 39.4 2.2 9.3 

111.3 Concent ra t ion  versus depth profiles 

16.3 2.8 19.6 2.9 1 2.6 1.3 2.2 1.3 
22.1 2.6 26.8 2.6 2.8 1.2 3.1 1.4 
26.2 2.7 28.3 2.3 2.3 1.7 2.9 1.1 

'9 After Ion Implantation 
1"0(1015cm-2) 

As Sb 
26.0 28.1 

The concentration versus depth profiles of the l80 

atoms recoil-implanted from the silicon oxide films into 

the silicon substrate were measured before and after 

removal of the oxide as well as before and after thermal 

annealing of the implanted samples. SIMS and nuclear 

resonance profiling were used. 

In Fig. 4 we show the excitation curves for the 

1"(p,a)15N nuclear reaction measured for the 7.4 nm 

Si022 film as grown and after through-implantation 

with As and Sb to different doses. These curves can he 

converted into concentration versus depth profiles by 

the methods described in Ref. 10, but for the purposes 

of the present work it is satisfactory only to introduce 

an approximate depth scale calculated on the basis of 

the energy loss of protons in silicon dioxide. The exci- 

tation curve for the unimplanted oxide film presents a 

clear plateaus which corresponds to  the homogeneous 

concentration region of the silicon dioxide film. The 

After Ion Implantation and Oxide Remova1 
1"0(1015cm-2 

As Sb 
0.9 0.9 

progressive thinning of the oxide a t  increasing implan- 
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Figure 4: The excitation curves of the 151 keV resonance 
(ER= 151.2 kcV, rR = 100 eV) in the 1SO(p,~)15N nuclear 
reaction measiired for the as-grown 7.4 nm thick silicon ox- 
ide film on a silicon substrate (e) and for the same film im- 
planted with : 00 keV As ions at  fluences of 1 x 1015 cm-2 
(a), 6 x 1015 ~ r n - ~  (A)  and 1 x 1016 cm-2 (+). The samples 
were tilted by 60' with respect to the direction of incidence 
of the beam. The E - ER scale can be converted into a 
depth scale: E' - ER = I keV corresponds to 2.6 nm. 

tation doses is also apparent from the inspection of Fig. 

4, as well as the introduction of small amounts of ''0 

into silicon ciue to  recoil implantation. 

Depth (nm) 

4500 

Figure 5: Deptli profiles as measured by secondary ions mass 
spectrometry (SIMS) after oxide removal, for a through- 
oxide implanted silicon oxide on silicon film (4.9 nm thick). 
The profiles of "0 were measured for the sarnple immedi- 
ately after im~lantat ion with As ions (100 keV, 3 x 1015 
cm-') as well as after ion implantation followed by thermal 
annealing in ultra-high vacuum at  700°C during 60 min. 
The 160 and As profiles were measured only for the im- 
planted and an lealed sample. 

. *  
- . 

s . . . 

The conceltration profile of the recoil implanted 

'% into siliccn measured by SIMS for the case of As 

implantation is given in Fig. 5, where we show the 180 

profiles after oxide remova1 for the implanted and non- 

annealed and for the implanted and annealed samples. 

Also shown are the 160 and 75As profiles which are not 

significantly altered by annealing. One notice in Fig. 

5 the redistribution of ''0 in the silicon substrate af- 

ter thermal annealing: the surface concentration of 180 

decreases almost one order of magnitude; the profile is 

exponential-like before annealing, while it shows two 

pronounced peaks after annealing, one at the depth of 

the maximum concentration of the implanted arsenic 

and another at the depth corresponding to the previ- 

ous amorphous-crystalline interface. It is however well 

known that the SIMS technique has extremely poor sen- 

sitivity in the first few nanometers below the surface be- 

cause of the instabilities in the sputtering process. For 

this reason the depth profiles of recoil-implanted atoms 

into the silicon substrate were measured after oxide re- 

mova1 by the alternative technique of the "O(p,a)15N 

nuclear resonance profiling. The advantage is that, by 

using a highly tilted sample geometry (70') we can 

reach very high sensitivity and depth resolution in the 

first 10 nm below the surface, so complementing the 

informations obtained by SIMS. Fig. 6 shows the exci- 

tation curves for the case of through-oxide implantation 

with As ions in non-annealed and annealed samples af- 

ter oxide removal. 

Figure 6: The excitation curves ofthe 151 keV resonance 
in the 180(p,a)15N nuclear reaction measured after oxide 
removal, for the throu h oxide implanted samples with As 
ions (100 keV, 1 x 186-cm-2). After implantation only 
(e), and after implantation followed by thermal annealing 
in ultra-high vacuum at  700°C during 60 min (4). The 
samples were tilt,ed by 70" with respect to the direction. 
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IV. Discussion and conclusions 

The results here obtained reveal that the through- 

oxide implantation of heavy dopant species of silicon 

like As and Sb cause severe physico-chemical changes in 

the oxide films which can explain most of the observed 

dielectric degradation of the films. Apart of the defects 

produced in the oxide by the implanted ions, which 

have not been considered here, we can discuss from a 

quantitative point of view these other modifications of 

the oxide films. 

First of a11 we have determined that As and Sb 

implantation through the oxide films remove oxygen 

atoms by sputtering at the oxide-vacuum interface by 

amounts that vary from 10% of the total number of 

oxygen atoms initially existing in the films, at  the lower 

implantation doses, to 50% at the higher implantation 

doses. This thinning effect did not manifest itself as 

an important cause of dielectric loss in MOS structures 

when oxides of 20 nm or thicker were used., However, as 

the initial oxide thickness was reduced to 10 nm or less, 

the ion implantation to  the higher doses performed here 

can reduce the effective oxide thickness in the device to 

a point that turns the electric field in the dielectric (for 

the typical bias voltages used in the corresponding MOS 

device gates) higher than that allowed by the dielectric 

strength of the oxide, even if it would be stoichiometric. 

Another important effect of through-oxide implan- 

tation is the recoil implantation of oxygen atoms from 

the film into the underlying silicon substrate. We 

showed that the recoil- implanted oxygen atoms are 

confined to a very shallow region beneath the oxide- 

silicon interface (a  few nanometers deep), with one peak 

of concentration at that interface, and so even for the 

rather small amounts of oxygen recoil-implanted into 

silicon at the lower implantation doses, their concen- 

tration near to  the interface reaches several atomic per- 

cent which creates a non-stoichiometric transition zone 

between the dielectric film and the semiconductor sub- 

strate which conducts far more electric current than the 

sharp dielectric- semiconductor interface existing previ- 

ously to  implantation. This effect becomes catastrophic 

for the higher implantation doses (above 6 x 1015 cm-2 

for As implants, for instance) where more than 30% 

of the oxygen atoms in the film are recoil-implanted 

into silicon, leading to very high concentrations of oxy- 

gen in silicon near to  the oxide-semiconductor interface. 

We also showed that the oxygen atoms recoil-implanted 

into silicon are redistributed by thermal annealing, oc- 

cupying specific regions of the doped silicon layer and so 

altering also the semiconductor properties of the silicon 

active zone. 

Furthermore we have demonstrated that the 

through-oxide ion implantation of As and Sb changes 

the stoichiometry of the initially perfectly stoichiomet- 

ric silicon dioxide films. The oxide films are oxygen- 

defective after implantation, having stoichiometries be- 

tween SiOl,6 and SiOl.s after thermal annealing in vac- 

uum. This is well known to be a cause of enhanced 

electrical conductivity in the oxide, an effect which has 

been reported in the literature for the specific case of 

silicon oxide. 

In conclusion we have measured individual and 

quantitatively several different possible causes of the 

dielectric degradation of silicon dioxide due to through- 

oxide implantation, such that one can examine the ef- 

ficacy of each one of these possible causes by compari- 

son with the measured dielectric characteristics of the 

through-implanted oxide films. 

We have also performed preliminary thermal an- 

nealings of the through-implanted oxide films in an oxy- 

gen atmosphere (using pure 1602 gas in order to be 

able to separate the effect of reoxidation with 160 dur- 

ing thermal annealing from the Si la02 films remaining 

after implantation) trying to recover the original thick- 

nesses and stoichiometries of the oxide films. We have, 

however, kept the annealing temperatures and time in- 

tervals which can activate the dopants without major 

redistribution of their concentration versus depth pro- 

files. This is a very strict requirement of VLSI tech- 

nology which cannot be overcome. The result was that 

the amounts of 160 incorporated in the films were not 

enough to restore the oxide thickness and stoichiometry, 

consistently with the literature where several reports 

show the difficulties in recovering the original dielec- 

tric properties of the silicon dioxide films after through 

oxide ion implantation. We will continue these experi- 

ments by trying to perform rapid thermal annealings in 

oxygen atmosp1:eres at much higher temperatures than 
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the ones wed so far. 
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