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Character of defects at an ion-irradiated buried thin-film interface
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In order to investigate the nature of defects produced by ion irradiation through a heterostructure, a
silicon-on-insulator substrate with a buried Sifayer at a depth of-1.5 um was irradiated. The
implantation was done using 2 Me¥Si* ions in the dose range of 0.2x10'° cm 2. The
subsequent defect analysis was performed using the Au labeling technique. Besides the presence of
an expected excess of vacancy-type defects in the Si overld§r @n additional vacancy excess
peak was observed at the frontside of the buried interfa6g)( The Vi is found to increase
linearly with increasing dose of the high-energy implant. The presence o¥/ffjipeak near the
interface is also predicted by the TRIM Monte Carlo code. Additional Monte Carlo simulations of
damage production via high-energy implantation inXSiype structures show that the nature of the
defects at the front S¥ interface can be changed from vacancy to interstitial-type by increasing the
mass of atoms in the buried thin-filnX. These experiments provide quantitative verification of
nonuniform defect production at an ion-irradiated buried interface in Si.2002 American
Institute of Physics.[DOI: 10.1063/1.1470258

I. INTRODUCTION metric techniques like Rutherford backscatterif®BS) or
secondary ion mass spectrometB8tMS). The direct quanti-

In recent times, the idea of integrating different materialstative detection of interstitials and vacancies has been diffi-
with Si and other substrates has grown in importance due teult. Numerous techniques have been used to profile point
the tremendous potential to make SOphiStiC&tEd devices. Thﬁ;fects f0||owing imp|antati0n. For examp|e, positron anni-
integrated materials approach can lead to structures witRjjation spectroscopy,ion channeling, impurity-defect in-
opto-, electro-, and mechanical abilities coupled onto geraction profiling’ Raman spectroscopyetc. The most re-
single chip® This obviously attractive possibility brings with liable quantitative technique for studying interstitials,
it a number of processing complications, among which therparticularly for Si, has been via the growth of interstitial
mal expansion mismatétand the presence of the numerous cjsterg or via the behavior of dopants known to diffuse by

interfaces are particularly important. The presence of thermal,; stitial mechanism®-1 In comparison, the quantitative

expansion mismatches will be manifest in any thermal treat'study of vacancies in Si is even more diffickitHowever,

ments of the integrated structures, while the inter1‘ace§.eCentIy we have calibrated the Au labeling techniduend
will appear in the coupling of properties between the variou%sed it to make a number of quantitative measurements of

layers. ex . . . . .
L : \/ eneration in Si from high-ener ion(HEI
In this view, postprocessing of the structures to control. 9 a4 . 9 9y .( )
strain and interface properties will require techniques that arlemplantatlon. In this work, we use the Au labeling tech-
nique to detect and quantitatively study the production of

capable of a spatial deposition of energy as well as mass. | . . )
implantation is the primary technique for such situations. I(t)\?-type defects near the front interface of a buried Siin

can be used to modify bulk as well as interfacial propertiesfllm in Si after |mplantat!on by 2 MeV'Si”. We also used
via doping, intermixing, etc. In fact, one of the most exten-the Monte Carlo simulation code TRIKRef. 1_5 to (_)bs_erve
sively studied problems is that of radiation-induced mixingth€ nature of the excess defects at the buried Syie@r-
across interfaces. Numerous bobksd review articlesare  1ace. Monte Carlo simulations also show that for structures
available on the topic of ion-beam mixing of interfaces and®f type SilX, the mass of atoms in the thin-filXi strongly
buried thin films. However, these studies have typically rednfluences the concentration of the excess defieet | or V

lied on the detection of interfacial intermixing via spectro- type) at the front interface. The simulations suggest that not
only the concentration but also the type of deféicor V

AElectronic mail: ramkik@wuphys.wustl.edu type) at the interface can be controlled by an appropriate

Ypresent address: Lawrence Livermore National Laboratory, Livermore, C/i:hoICe of mass of the_ b_u“ed Iayer' affordlng a pOSSIble ap-
94550. proach to control strain in overlayers.
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Il. EXPERIMENT 25x10" F75 ' ' T Boxy 3

Fy o @ ° *Bulk Si 1x10™ cm? %z; B

20x10™ [V o SOl 1x10™ em™? pisse E

The silicon-on-insulatofSOI) wafer used in this work ¢ 1510 i o =~ SOINo Impfant 225 ]

had an approximately 1.am-thick top Si layer, while the £ 3 % S

buried SiQ thin film was 0.2um thick. The thick Si top & *ox0” 3 B

layer was prepared by rapid thermal chemical vapor deposi-  50x10" v \ % 2
. . . . . tot Aol N 3

tion of a~1.3-um-thick Si layer on commercially available 0 = o S B =

bonded SOI having a 0.2m silicon p/p* epi-Si top layer. Depth{um)

The substrate below the buried oxit®OX) was Czochral-

ski silicon. The final 1.5 0.2-um-thick Si was nominally
undoped and the background O and C concentrations wert
below the SIMS detection limits of~5x 107 and ~5

X 10 cm 3, respectively. Cross-sectional transmission
electron microscopyTEM) analysis of the as-grown wafer
did not reveal any bulk or interfacial defects. The HEI im- oo EiiinlaaAn ™ i U , .
plantation through the SiQOlayer was achieved by implant- 0 0.5 " Depth (umf 25 3 35
ing 2 MeV 8Si" in the dose range of 0.2-x110'® cm™ 2

using a National Electrostatics Pelletron accelerator at aﬁiﬁ-st;t(?s;i’épﬁ:g‘ggft‘gn%bszm?dh/ﬁ;,g()ﬁIi?nar:éﬂg)Isvti)t?]”gngg\r/aSiSOI
angle of 7,0 to the substrate normal. The beam current wa adose of K10'6 cm™2. Alsg shogvn is thg);\u ;)rofile into a bulk Si wafer
1.4 uA while the substrate temperature was held at 70 °C tQontaining the identical HE{open circle and a SOI sample without the
prevent amorphization_ Since the projected rar@@ (of the HEI (dashed ling The buried oxide layefBOX) is indicated by the shaded

2 MeV Siimplant is~2 wm with r le 0f~0.25 um area.(b) Overlaid signals of Ayopen circlesand Si(dashed lingusing the
ev'S plantis M th a straggle of-0.25 [as depth scales obtained via RBS. This overlay was used to determine that the

calcglated .from TRI.M98(Ref. 16] the interStitial'type de- rear edge of the extra Au peak in the SOI samples was at the front edge of
fect is behind the SiQlayer. the BOX layer.

PreviouslyV-type defects have been probed by a second

Si implant of suitably chosen energy such that Eyeof this ) o
implant lies in the region of the vacanciEs.’ A suitably The Monte Carlo binary collision code TRIMO@&ef.

chosen heat treatment then induces recombination betwedfp) Was also used to determine the nature of the excess de-

the vacancies and injected interstitials. Here, Si was imi€CtS_at the interface following the implantation. A
planted in the interface region of the<1L0!6 cm~2 dose HEI Si(1.5um)/Si0,(0.2 um)/Si structure was used to simulate

. 28 . . .
sample with energies of 1.15R{~1.41um), 13 R, damage production due & 2 MeV-°Si implant at an inci-

dent angle of 7°. The atomic densities used were 6.98
~1.52um), or 1.5 MeV R,~1.66um). The ener as ) .
Hm) & pm) 9y WaS . 1?2 atoms/cr for SiO, and 4.9& 10?? atoms/cm for Si.

varied slightly to compensate for any variation in the depthThe damage production was observed using a full damage
of the Si/SiQ interface as well as to control the number of Si cascade calculation. The displacement eneiy used for
atoms implanted near the interface. The areal density of thﬁwe Si substrate ana the buried layer in this and all subse-
implant'ed Si atoms in Fhe S regio.n. near the ipterface W‘r.’lsduent TRIM calculations was 15 eV. Additional TRIM simu-
determined by measuring the position of the interface vi ations were carried out to determine the dependence of the
. . . . %xcess defects at the front interface on the mass of atoms in
the simulated implanted profile as determ|rled by TRlMg_B'the buried thin film. The implant parameters were identical to
These samples were then annealed at 760 °C for 1020 s Nife previous simulation. These additional simulations were
tube furnace under 1 atm of Aflow rate of 1.5 lpm. De-  carjeq out using the SK/Si heterostructure with the buried
pending upon the nature of the preexisting defects near thl%yerx of thickness 0.2um and density identical to SiCof
interface, this anneal will either grow interstitial clusters org g9g« 1022 atoms/cri but containing atoms of mass 12, 28,
recombine the added Si atoms with any existifgype de- 31, and 73 amu. The depth of the thin film wagf from
fects. The defect production in the SOI wafers was compareghe surfacdas opposed to the earlier simulation where it was
with bulk Si(100) wafers of float-zone typ€=2), where the gt 5 depth of 1.5um). Following the full cascade damage
identical 2 MeV Si implant in the dose range of 0.2—1 cajculation, local recombination was used to determine the
X 10 em™? Si was carried out. defect excess. In addition, the ballistic contribution to inter-

Finally, the vacancy defect profiles were measured usingnixing of the thin-film and substrate atoms was also fol-
Au labeling® by implanting 68 keV**®Au™ at a dose of 8 |owed.

X 10" cm™2 followed by a drive-in anneal at 750 °@n 1

atm Ar with flow _rate of 1.5 I_prin The ann(_aal 1\g/as performed ;| RESULTS AND DISCUSSION

until the saturation of Au in the/®* region:® Rutherford _ o

backscattering using 2.8—3.0 MéYAe** was performed to A. Exc_:ess defects_ at the buried Si /SiO, interface:

measure the resulting Au profiles. Calibration experiment&*Perimental findings

reported previoushk? have shown that under these HEI im- Figure Xa) shows the typical Au profile obtained in a
plant conditions thev® concentration is equal to the Au HEI sample with a X 10'® cm~2 dose Si implant in the SOI
concentration multiplied by the calibration factos 1.2. substrate. Also shown is the Au labeling into a SOI substrate
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without any HEI. Three distinct regions of Au can be iden-  3.0x10™
tified in Fig. 1(a) for the HEI samples: the surface implanted o~ 25¢10°
Au peak in the region of 0—0.2m, the Au profile in the £ 20x10"
window of 0.5—-1.5um, and the peak in the region between = ;s.10°
1.6 and 1.m. As compared to this, there is no Au trapped 5 , o
in the sample without any prior implant. The Au profile in = Z . e
the region of 0.5-1.5um is known to arise due th¥®* 0
defects® This region(referred to as th & region has been

studied extensively in bulk float-zone BiWe have recently

—[Au] in HEI 1x10"® cm EXPT
——[I] 1.15-MeV TRIM

—[1j 1.3 MeV TRIM

—=—[I] 1.5 MeV TRIM
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showrt® that for the dose conditions used in this work, the — 30x10°F B B oX Ry
Au concentration in th&/& region is related to th&®* con- 2540°F —pr sy
centration by a calibration factdr=1.2. To determine if the =~ 20x10"f == sy gEssRRssRs
rofile in the SOI sample was quantitatively similar to that = 1.5x10®°F BRI
P P q y = : SRS
. . . . E 90%0%0%6% %0 %% %%
obtained in the bulk FZ-Si substrates, the profiles from a 1 £ 1.0x10®}f RS SSERSSSERI,
_ . . E 3 of HKINRAXX
X 10'® cm~? dose HEI in SOI and bulk FZ Si were com- 5.0x10" EorEnguidl) Soo RIS
pared. As shown in Fig. (&), after Au drive-in into the as- 0.k 2
implanted samples, a similar profile was obtained for both

substrates in the region of 0.5 to1.5 um. However, an 10"
essential difference between the Au profiles of the two sub-«~
strates is the “extra” Au peak in the region betweeri.6

and 1.8um. To determine the precise position of this extra

4x10M

3x10™ [

<
g
. - . . . w F " [Au}= 4.2x10™ -0.86[1] cm”

peak, the Au signal was overlaid with the Si substrate signal g 2x10"|- - 0o e
5 : = 0.
L
£l
<

using the depth scales obtained via R8%s shown in Fig.
1(b), the rear edge of the Au peak corresponds to the front
edge of the buried Si©thin film, as indicated by the dip in 0 0.5x107 B 10" 1.5x10™
the Si signal. This proved that the Au peak in the region [ from TRIM (em")

between~1.6 and 1.8um corresponded to Au at the front FiG. 2. (a) The experimentally observed Au profile for the 2 MeV, 1
interface of the Si/Si@layer. x 10" cm™2 Si HEI (solid ling) in comparison with the spatial distribution

To determine the nature of the defects that resulted in Alﬁ)f the interstitials obtained from TRIM calculations following the low-
nergy Si implants of 1.15-1.5 Meb) Au profiles of the region near the

trapping in this interface region, extra Si atoms were a'ddeﬁuried interface following the interaction between the defects of the HEI and
following the 1x10' cm™2 dose HEI implant. The extra interstitials from the low-energy Siimplant&) Integrated Au concentration
atoms were then reacted with the existing defects at the irgfter the various low-energy implants for the depth window of 1.3—1.59
terface by a 760 °C and 1020 s implant. If interstitial defectq[;tci’gﬁg :fg(’:)'?s: :Ei gzn”:ber of Si interstitials obtained from the TRIM calcu-

. . . e depth window. The slope of the linear decrease on
are present at the interface, the extra Si atoms will tend t@e amount of Au(~0.8 is identical to that obtained in the calibration
cluster with them and under the chosen anneal conditionsxperiment.
would ripen to create large interstitial clusters{8iL1}-type
defects’ These defects should show up as an increase in the
concentration of trapped A(Ref. 22 or be visible under 1.45<10", 1.38< 10", and 1.0% 10" cm? for the 1.15,
TEM. On the other hand, ¥/-type defects are present at the 1.3, and 1.5 MeV implants, respectively. The amount of
interface, the extra Si atoms will recombine with some of thetrapped Au decreases linearly with the injected Si atoms. The
vacancies. This should lead to a decrease in the amount sfope of this variation, which gives the decrease in the num-
Au trapped following Au labeling. Alternately, the extra at- ber of Au atoms for every additional Si atom, is0.86
oms could rapidly recombine at the Si/Siiterface, which  £0.26. The reciprocal of this ratio, which measures the num-
is known to be a sink for interstitiafS, thereby leaving the ber of interstitials needed to reduce the amount of trapped Au
defects and therefore the amount of trapped Au unchangedly 1 atom is~1.16+0.35. This number is in agreement with
Shown in Fig. 2a) are the simulated TRIM implantation our earlier observed value of .2 for Vg in FZ Si,
profiles for the low-energy Si atoms with respect to the ex-which measured the number of vacancies required to trap 1
perimentally measured position of the buried oxide layerAu atom. Furthermore, the amount of Si atoms placed at the
Also shown is the experimental Au profile for the SOl interface (the areal density varied from 1.870' to
sample containing the X10'® cm™? Si HEI (and 760°C, ~1.45x10"cm ?) is large enough to form interstitial
1020 s annea! In Fig. 2b) the result of implanting the extra clusteré® when implanted alone. However, transmission
Si atoms, as measured by Au labeling, is shown. Clearly, thelectron microscopy observations in cross section did not
amount of trapped Au has decreased after the second inshow any extended interstitial defects at the interface in the
plant, indicating that these defects a&faype. The change in HEI samples containing the second Si implant. Therefore,
the Au concentration as a function of the implanted Si atomshese three results: the linear decrease in the interface Au
is shown more clearly in Fig.(2). Here, the number of im- with Si injection, the agreement in thevalue, and the ab-
planted Si atoms was estimated from the area under the cungence of extended interstitial defects provides conclusive evi-
between 1.3um up to the front interface of the Si/Sj@e-  dence that the existing defects at the interfaegerred to as
gion at ~1.59 um [Fig. 2(@]. The integrated doses were V) following the HEI areV type.

1x10™ — k = 1/slope = 1.16

Error bar = +/-3x10" em?

Downloaded 30 Jul 2002 to 128.252.35.135. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



6328 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Kalyanaraman et al.

107 ; . . 8x10% ; , S— .
E BOXX 7 — 3 ,BOXX ]
@ e 2x10% em? g 7 @ 2Mev, 1x10" om? Si TRIM ; ]
*—6x10'5 cm™ £ 23 [ 9 N
— 16 2 Q S 6x107 | % g
- | 1x107° cm 4 P r g ]
'E = L N
E oo - & 4x10®F oo 7]
S F s 3 v F | E|
N F N E g C e
b ] 23 XK .
2. Tk ] B x10%r o
. £ AN )] Y 1 vy ’ %% ]
A AR FOATY * . . estotets .
10“’O o i 75 LT = 50 0y 0.50 1.00 1.50 2.00 2.50
- - Depth (um) : . Depth (um)
14 - r - X%
7X1014 E ) l I '——l[V, 15 = 1,2'x10“‘ + 0.044; om® ] a b (b) 2:MeV, 1x10°® cm? i ‘ BOX
OXI0E oy o5l " E 0 e V™) TRIM S
G osx10ME [V'"‘ex S0l - & E e [V Experiment X
g 4x10”§— —-—[Vz:ex]Bulk —g 5 10%° 3 SF
£ ax1o™ g . -3 a§> : K
2 10" - - 3 = gl 3

2x10 E @’ — — [VSiex]SOI= 3.2x10" + 0.04¢ cm™ 3 3 A -/ e 6&%@

14 - F 3 W

10" E i TV = a7x10Y + 005pem? ] ol B e w F . s
0 E 1 i 1 1 1 hs
0 2x10" 4x10" 6x10" 8x10" 10x10"  12x10" 0.00 040 O'B% th (um) 120 160
Dose of high-energy implant (cm™) pth {n

FIG. 3. () V¥ profile for various doses of the 2 MeV Si HEI obtained from FIG. 4. (a) Frenkel pair profile obtained from the TRIM calculation for the

6 a2 o ; -
Au labeling and calibration factdc=1.2. (b) Linear dose dependence was t2h'Mke\|g Ol)? |101 rcnl g' '}'EI |fn 1themS((3bI) SéJbStrate conrt]a|n|ggfat()12rn—f_l
observed for the integratédepth window of 0.5—1..m) [Vg] for the SOI lc ayer at a depth of 1.am. Xcess vacancy delect proliie

ex following local recombination from the point defect distribution calculated

(open circlesand bulk Si(solid squares Also shown is the integratgd/ | S . )
: . . from TRIM (solid line) compared to the experimentally obserx&d profile
(depth window of 1.5-1.8m) for the interface regiorfopen squargs for a 2 MeV, 1xX10% cm™2 Si HEI. The depth scale of the experimental

which also shows a linear increase with HEI dose. profile was stretched by a factor 0f1.15 to align the buried interface
position.

To further quantify the behavior of thé;, a HEI dose-
dependent study was performed. Shown in Fi@) 3 the
V& profile for the SOI substrate as a function of HEI dose.
Increasing dose increas¥§; as well asV{y. Using calibra-

tion factork of 1.2 for theVg andVyy regions, the integrated

Fig. 4(b) was based on the total number of atoms, i.e., both
Si and O. As Fig. 5 shows, a significant concentration of O
(peak concentration is-4x 10'® cm™3) is intermixed across

\ex tration for the tw ! funcii f th the Si/SiQ interface. The areal density of O in the Si side of
. lco?cgrgra:jlon or be Iottredglons. as';_a);_lrjrc]: 'Og Oth ®the interface is~1.2x10% cm 2 for the 1x 10 cm 2
implanted Si dose can be plotted, as in Fith e dep dose. This indicates that intermixed atoms could contribute

window used to determine the areal concentra_tlon was 0'5§ignificantly to the total atom concentration at the interface
1.5 um for Vg and 1.5—-1.8um for V,,;. Both regions show

. . ; R and will play a role in determining the behavior of the de-
a linear increase with dose. Also shown in Fi¢h)ds theVg;

, . fects at the interface. In fact, we have recently reported on
reeglon Ob.fﬁ.w?: for thebbulk Fffhs" Clearly, the slotpgg;of the[he thermal behavior of excess vacancies and the possible
InSiangit\?(I)In Ir\]/vhi?eetr:()er ostresra?ll cc?:(:eerr:l?:t?grzeg}e;\ﬁex |)s effect of O on their behavidr Although the simulation pre-

' nt i ex itati i i .
reater the slope is similar to thé region. Thus, tha/® dicts Vi, a quantitative comparison betvyeen the experimen
9 i reg ' It tally observed/j and the TRIM observations shows that the

. o ex : ;
region behaves similar to thv.Si region, s_uggestlng that .simulation predicts values that are almostxl@igher than
similar excess damage production mechanisms are operating

for both cases.

4F T T T T - T T 3 T E
B. Excess defects at the buried Si  /SiO, interface: 10 , %
Simulation 107 3 E
Since binary collision codes have successfully predicted , ]
the existence of exced&type defects in th&/ g region?* we ST
can use the Monte Carlo binary collision code TRIM to un- E, 107
derstand the effect of a buried thin film on the excess defect © r Total [0] = 1.2x10" o
profile. Shown in Fig. &) is the Frenkel pair profile pro- 10" [ ' o 3
duced following the X 10'® cm™2 dose HEI in the SOI sub- 1 —> S 5 3
strate. Following local recombination, the excess defect con- 1o L (7,/————;& ]
centration is shown in Fig. (8), where the ordinate is in 100 120 1.40 1.60 180 200
terms of the vacancy excess. The experimentally observed Depth (um)

V®is also shown. Besides the excess in#§region from
the surface to about 1.2m, there is also clearly a largé FIG. 5. Oxygen mixing profile following the TRIM calculatiorf @ 2 MeV,

. . 1X 10 cm™2 Si implant into the SOI substrate containing a @ud-thick
peak at the front interface. Therefore, the experimentally ObBOX layer at a depth of 1.wm. The areal density of the intermixed oxygen

ex . o . ) .
S_e_rvedvint IS qualltatlvely pred'_Cted by a simple binary COI'_ was estimated for the dark shaded area, which corresponded to oxygen in
lision calculation. The calculation of the excess as shown inhe top Si layer.
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s C o ] = Si (p= 4.98x10%2 cm’™) X (p= 6.98x10% cm™)
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- .8 V7 = 12x -04¢cm™ Depth (um)
PR = srarmr A S BV B 20
0 4x10% 8x10" 1.2x10' 1X10 (b)-2-12 Si
'HEI Dose ¢ (cm'z) «? -e-73
£ ----Siinto X=12
. . L 1x10"®{ —*—SiintoX=31
FIG. 6. IntegralVj as a function of the HEI dose obtained from the TRIM o0 — -0 Siinlo X=73,#
simulations(open squargscompared to the experimentally observed values 5 A
(solid circles. O 1X10"® L .
0.95
that observed experimentally. Shown in Fig. 6 are the inte- "
gral V& from experiment and simulationV is ~10X £ 2X10
higher for the TRIM calculation over experiment. It must be = 0
remembered that the TRIM simulation only involves local |4~ 0X10
recombination of defects. In the experiment, the Au drive-in | § "
is carried out at 750 °C. Given the fact that point defects in Si § . 2X10
. . x
are very mobile, the tru&®* concentration must also take <, 5o |Si(p=4.98x10% em®)| X (o= 6 98x10% cm’)
ax10? e PRI g, L L L

into account any dynamic effects following the recombina-
tion. A more sophisticated simulation taking into account the
mobility and thermal stability of the various defect clusters
and their interaction with impurities and interfaces must beriG. 7. () Simulatedv® profiles at the frontside of the SUSi structure as
used to give an accurate quantitative picture of\tﬁégen- observed from TRIM simulations for various masseXoThe solid vertical

eration. Nevertheless. the qualitative agreement obtained H\kge at 1 um denotes the front interface between Si ahdhe profiles here
’ ere estimated by treating any intermixed atoms fréno be interstitial

usm'g .the simple binary collision COd_e “ke_ TRIM allows a type. All the simulations were for a 2 MeV,>210" cm~2 Si HEI into a
preliminary study of the effect of various implant and sub-1-um-thick top Si layer and 0.2m-thick X layer. TheX layer had an

strate parameters on excess defect production. atomic density of 6.98 10? cm™3. (b) Simulated concentration of thé
atoms intermixed into the Si side of the front interface and the Si atoms

0.96 0.98 1.00 1.02 1.04 1.06
Depth (um)

. . . . intermixed into theX side. (c) SimulatedV®* profiles at the front interface
g.' E)icﬁss defects at buried Si /X/Si structures: obtained by treating the intermixeXiatoms as substitutional impurities.
Imulation

Given the qualitative success of the Monte Carlo calcu-
lation in verifying the nature of the excess defects at thepurities will annihilate vacancies, thetype impurities will
interface, the study of various aspects of the excess defeabt. In the case of Fig.(@), the impurity was assumed to be
production on thin-film properties can be attempted. As del type. If the impurities are considered substitutional, the
scribed earlier, hypothetical 02m-wide thin films contain- result is a decrease in th&* and an increase itf*. Figure
ing atoms of mass 12, 28, 31, and 73 amu were placed at #c) shows the effect of substitutional impurities on the re-
depth of 1.0 um in these simulations. A 2 MeV, 2 sulting excess defect profile. The case f&r of mass
X 10" cm™? dose Si implant was simulated and the resulting=28 amu is also included as now tiXeatoms need not be
excess defect production was evaluated. Figue Shows distinguished from the substrate cag€* has now decreased
the V& profiles in these TRIM calculations. The immediately for the 12 and 31 amu cases, whif& has increased for 73
apparent feature is the decreasa/fif at the frontside of the amu. It should be emphasized here that the calculations were
interface(between 0.98 and 1,0m) as a function of increas- done for hypothetical layers having atomic density of 6.98
ing mass. In fact, for the case of mass 73 amu, the excess 10?2 cm 3. Therefore, the result foX=28 amu, corre-
defect becomes interstitial typ¢®(), indicating acrossover sponding to Si atoms, shows an enhan¢&tiat the interface
in the sign of the defedi.e., V¥ to 1®¥) at some intermediate of the atomic density change. Similar calculations performed
mass. Shown in Fig.(B) are the concentration profiles for with X=28 but with the atomic density of Si did not show
impurity atoms intermixed into the Si side of the front inter- enhanced/®*.
face and the Si atoms recoiled into the thin film. Here, the  Figure 8 plots the integrated®* at the front interface
case for mass28 amu is not plotted because teatoms (the integral window is~0.9—1.0um) with and without the
could not be distinguished from the substrate Si atoms. In theubstitutional impurity atoms as a function of the mass of the
estimation of the excess, the behavior of these intermixethin-film atoms. Significantlyy/** decreases linearly with in-
impurity atoms, i.e., their substitutional vs. interstitidl) creasing mass, with the position of tb®ssoverfrom V®* to
character must be accounted for. While the substitutional im+®* occurring at approximately 61 amifor interstitial impu-
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FIG. 8. Linear dependence of th¥};] on the mass oK atoms as obtained g 4.5x10
from TRIM simulations. The position of the crossover, which indicates the Z5 24 M
position of change in the sign of the excess defect at the front interface, is W 2.5x10%Y
also marked. The position of the crossover varies depending on the behavior 2
of the intermixedX atoms as interstitial or substitutional type. The crossover 0.5x107 ‘ T ‘ i ‘
occurs at~61 amu for interstitial-typ& atoms, while it occurs at51 amu 095 100 105 110 115 120 125
for substitutional type. The calculations here are for the 2 MeV, 2 Depth (um)

X 10 cm™2 Si implant into a Si(1.5.m)/X(0.2 «m)/Si heterostructure.
FIG. 9. (a) Net excess defect concentration following implantation in re-

gions where the recoil production is changed over the bulk values can be
. o . . . estimated by the net flux of atoms into elemental volud\ from the
rities). For substitutional impurities, therossovershifts t0  syrrounding regions. The functige(f) determines the probability that an
lower masses, and for this combination of Si implantationatom from a neighboring region will be knocked ird¥. Thus, integration
energy and depth of interface occurs-a61 amu. of p(r) over the volume neighboringV minus the number of atoms coming
out from dV determines the net flux from which the net excess is deter-

Table | lists the Integral quantities of the Frenkel pair mined. (b) TRIM calculation of the total energy deposited to nuclear stop-

(FP) (I ?‘nd V), the rPUdea_r energ_y deposited, forward re- ping (E}"9) for the variousX layers used. Change H"° in going from the
coiled Si atoms, the impurity recoils, and the excess defectsulk Si to theX layer provides one situation by which the recoil production

for the front interface. In general, there is a consistent variain the X layer is different from bulk Si.

tion in any quantity with increasing mass. For instance, the

number of FPs in the Si substrate and the nuclear energy

(E4"9 deposited in the thin film increases with increasingchange in the number of atoms it contains is determined

mass, while thé/®* following the recombination of the FPs mainly by two factorsi(i) the recoils from neighboring re-

decreases. For the case wheis 28 or 31, the comparable gions that stop irdV, and(ii) the atoms knocked out afV

FP density for 28 as compared to 31 arises because of th®y energetic collisions. We define a functip(f), which is

increased efficiency of energy transfer between two atoms dhe rate per unit volume at which atoms from the neighbor-

identical masgi.e., here the implanted ion has mass 28 amuing regions are scattered by the ion-beam flincluding

as compared to between the different mad8és.addition,  recoils, etc. and come to rest in the volume elemei. The

the number of impurity atoms intermixed into the frontside net flux to pointP (into dV) is the integral ofp(f) over the

increases with mass, while the number of Si recoils in thesurrounding regions, whergf) is nonzero, minus the rate

thin film decreases with increasing mass for the depth winat which atoms are kicked out afV. In the homogeneous

dow of 1.01-1.1um. bulk, the net change in the number of atomsdi is rela-
The net excess defect density following ion implantationtively small (the excess vacancies obtained experimentally

through interfaces can be understood by considering the fluare very small compared to the total point defect popula-

of atoms to various regions near the interfaces. For an ekions). However, if there is an inhomogeneity; i.e., a neigh-

emental volumelV at a positionP [Fig. 9a)], the net rate of boring region where the recoil production rate is different

TABLE |. Results of the TRIM simulation for the 2 MeV, 210 cm 2 Si implant into
Si(1.0.m)/X(0.2 um)/Si heterostructure for the front Si/interface. The excess defects are calculated in the
Si side of the front interface in the depth window of 0.9—L®. The density ofX for all the masses was
~6.98x 107 atoms/cr.

No. of FPs Efue Sirecoils X recoils Excess defecteem™?)
X atom Mass (cm™? (eVlion) (cm™?) (cm™?) +ve for V¥ —ve for |
(amu <1.0um <1.0pm >1.0um <1.0pum Substitutional Interstitial
12 3.1x 10" 6.3x 10° 8.3x10%  1.6x10' 8.6x 10 1x 10"
28 3.3x 10Y 1.2x10° 6.2x 10"
30 3.3x 10" 1.3x10°  6.7x10%  2.1x10% 4% 108 6x 10
73 3.6x10" 2.4x10°  5.7x108  2.9x10% —5.3x10'° —2.3x10%
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from that in bulk Si, then another functige* (f) must be evidence of extended interstitial defects, clearly proved that
used in this region and the rate of accumulation of atoms irthe defects at the frontside of the buried interface were va-
dV will be different from the bulk value. For instance Afis ~ cancy type. The concentration of thg; was found to in-
close to a free surface, the (f) is zero beyond the surface, crease linearly with increasing HEI dose with a slope similar
since the vacuum contributes nothing to the accumulation ofo that of theVg' suggesting that a similar damage produc-
atoms indV. The rate of loss frondV is not affected by the tion mechanism is involved at the interface.
presence of the surface, and therefore the approximate bal- Monte Carlo simulations of 2 MeV Si implantation into
ance between the incoming and outgoing atond\irwill be  a Si(1.5)/SiQ(0.2 um)/Si heterostructure confirmed the ex-
lost. In most cases wheieis near a surface, net vacancies istence of excess vacancy-type defects at the frontside of the
can be expected to accumulatedN'. buried interface. Further simulations were performed on
An effect that can cause a change in the recoil producstructures of type Si(1.2m)/X(0.2um)/Si using 2 MeV
tion rate near interfaces between different materials is th&i, and varying the mass & from that of 12—73 amu. The
nuclear energy deposited into the material because of a difnass ofX was found to be a very important parameter in the
ferent mas$, atomic density, etc., as compared to Si. Fromconcentration of the excess defects at the front interface. A
the simulations carried out here, tEx%‘”C (inevVem 3 in-  change in sign of the excess defect frafito | type at the
creases with increasing mapBig. 9b)], as expected.In  front interface occurred for a mass of61 amu or greater,
addition, theEyuc changes rapidly in going across the inter- when the defects were treated as interstitial type. This tran-
face. This leads to a change in recoil production across thsition shifted to lower masé~51 amy when the impurity
interface and from our flux model provides a condition for anatoms from the buried layer were treated as substitutional-
excess defect concentration that is enhanced over the butipe defects.
value. Further, the increasirig)“° will increase the cascade The experimental results and Monte Carlo simulations
size (and the density of cascadesausing a “spillover” of ~ suggest that it may be possible to control the sign of the
mass and energy across the interface. This spillover is clearlgefect at buried interfaces. This may be an important effect
manifested in the increase in the number of recoiled impurityconsidering the fact that point defects and their clusters at the
atoms from the interface with increasing mdgsg. 7(b)], interface can be used to tailor the strain of the overlayer. For
and therefore changes the net fluxdiV compared to the instance, consider the presence of vacancy clusters near the
situation in bulk Si. These preliminary qualitative findings front interface of a SX/Si heterostructure, wherein the top
from the TRIM calculations emphasize that the mass of theSi layer is sufficiently thin. In this case, a thin overlayer of Si
interface atoms play an important role in the net excess dezan be subject to slightly larger compressive stresses, simply
fect population at the interface. Importantly, these simulabecause of the additional available volume provided by the
tions show that the defect type and/or defect density at thelusters. The sign of the applied stress can be reversed if
front interface can be controlled. While this model can beinstead of vacancies, an excess of interstitials existed at the
used to understand the presence of W& peak at various interface. In other words, it is possible to envision tailoring
interfaces, for instance, at the back $iSi interface[Fig.  the overlayer to accommodate an appropriate stress simply
4(b)], it does leaves out secondary effects, such as the reduby choosing the right combination of the buried layer mass
tion in the energetic particle flux with distance. and implant parameter.
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