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Divacancy and resistivity profiles inn-type Si implanted with 1.15-MeV protons
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Defect profiles were determined in proton-implanted low-dofdt<1x10cm™3) n-type silicon layers
by performing positron-electron pair momentum-distribution measurements with a slow-positron beam, con-
ventional positron lifetime, ané*-e~ pair momentum-distribution measurements witif°Ala-source and
spreading resistance measurements. The dominant positron trap induced by 1.15 and 3.0 MeV proton implan-
tations is the silicon divacancy,. Compared to the values in bulk, the characteristic positron lifetime and the
characteristic low- and high-momentum parameters okthe ™ pair momentum distribution at the divacancy
are 7q=300 ps=1.35r,, S4=1.05%,, and W4=0.78N,, respectively. The divacancy is observed in the
negative charge sta¥g, . The divacancy profile is determinednrtype Si implanted with 1.15-Me\20 um)
protons to a dose %10 cm 2 and the maximum concentratidiv, ]=4—-8x 10" cm™2 is observed at
depths 16—1&m. The resistivity increases with increasing divacancy concentration. After annealing at 400 °C
the spreading resistance measurements reveal a region of shallow hydrogen-related donors at depths 15-21
pm. The positron annihilation results support the idea that the introduction of shallow donors is due to the
formation of hydrogen-vacancy complexes during the annedlB@163-18207)08216-1

[. INTRODUCTION proton implantation and subsequent thermal annealing at
300-500 °C introduces hydrogen-related shallow donors at
Proton implantation can be used for controlling the minor-E.—0.026 eV in silicor®™* If the concentration of these do-
ity carrier lifetime in silicon power devices. The nors is not negligible compared to the dopant concentration,
implantation-induced defects in silicon serve as recombinathe donors can be harmful for the device performance, for
tion centers and reduce the free-carrier lifetime in theexample, by lowering the breakdown voltage of the device.
device! As a charged heavy particle the implanted proton In order to understand the emergence of the deep levels
has a well-defined stopping range in the target material. Thand the electrical properties of the implanted material it is
defect layer induced by proton implantation is therefore wellimportant to know the atomic structure of the defects.
localized, in contrast with defect distributions introduced byPositron-annihilation spectroscopy can be used for studying
electron irradiation or by conventional gold or platinium dif- vacancy-type and negative ion-type defects in
fusion. semiconductors:’ The positron lifetime and the momentum
The performance of the proton-implanted silicon devicedistribution of the annihilating positron-electron pair de-
depends strongly on the implantation-induced defects. Thpends on the annihilation state of the positron. Positron trap-
defects are often electrically active and have deep electroping at vacancy defects is manifested as an increase of the
levels in the band gap of silicon. In low-dose implantationspositron lifetime with respect to the positron lifetime in the
capacitance measurements have been used to determine thitice and as a narrowing of the*-e~ pair momentum
deep electron levels. For example, deep-level-transient spedistribution with respect to the momentum distribution in the
troscopy(DLTS) measurements in a silicop-n diode im-  lattice. lon-type defects can trap positrons at low tempera-
planted with 1.5 MeV protons to a doseA0'° cm 2 reveal  tures and the corresponding annihilation state is close to the
an acceptor level d&.—0.42 eV, whereE, is the energy at  free-annihilation state in the lattice.
the bottom of the conduction baAdhis deep level seems to In previous positron-annihilation studieg™-e~ pair
be the dominant recombination center and it is attributed tanomentum-distribution measurements with a slow-positron
the divacancy. When low-doped silicon is implanted to abeam have been performed in silicon implanted with various
high proton dose# 10" cm™2) the material becomes elec- proton energies: 15.5 ke\77 and 300 K, Brusat al®), 30,
trically compensated and highly resistive. This can be ob60, and 100 ke300 K, Keinoneret al?). In these studies a
served, e.g., by spreading resistance measurements. localized divacancy layer near the surface was observed and
The proton-implanted silicon device often requires an anthe absence of positron trapping at vacancies near the proton
nealing stage during the packaging. Then the device behavisange can be explained by the formation of hydrogen-
is determined by the defects remaining after the annealingzacancy complexes escaping the positron detection. In the
An interesting phenomenon related to the annealing is thatudy of Goldberg, Schultz, and Simp$®rariously doped
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TABLE I. n-type S{P) samples prepared for slow-positron, fast-positron, and spreading resistance measurements. The proton implan-
tations were performed at three different runs. Samples ,,, A2, andA5 have been thermally annealed at 400 °C during 5 min after the
proton implantation. Sampld®l,_4, H1,_;, andAl,_, prepared for slow-positron measurements have been chemically etched at different
depths. The etched deptkg., are indicated by the subscripts; b, ¢, andd=0, 6, 9.5, and 14.&m for as-grown sampleR1,_4, a,

b, c, d, e f, g, h, andi=0, 5, 10, 14.5, 17, 19, 20, 23, and 28n for proton-implanted sampldd1,_;, anda, b, c, d, e, f, g, and
h=0, 4, 5, 9, 13, 15, 16.5, and 22m for proton-implanted and annealed sampds_,, .

Proton implantation

Unimplanted

Measurement reference Energy Range Dose As-implanted Annealed
technique samples Run (MeV) (um) (cm™3?) samples samples
Slow positrons R1,, R1l,, R1l., Rly 1 1.15 20 1x 10 Hi,, H1,,...H1L, Al,, Al,,...Al,

2 1.15 20 1x 10t H2 A2
Fast positrons R2 2 3.0 90 1x 10 H3

2 3.0 90 8x 10% H4
Spreading resistance R5 3 1.15 20 1x 104 H5 A5

Si samples were implanted with 1.0- and 2.6-Mé€X K)  n*-type Czochralski-silicon substrate. As shown in Table I,
protons and the saturation of the divacancy formation washe implantations were performed at 300 K with proton en-
studied with a slow-positron beam. Higher proton implanta-ergies 1.15 MeV(20 um) and 3.0 MeV(90 um) at three
tion energies have been used in positron lifetime measureseparate runs. Twenty-one layedd,_;, H2, H5, Al,_;,
ments with a?’Na positron source. Mdnen, Rajainmki, A2, andA5 were implanted with 1.15 MeV protons to a dose
and Linderoth™*?studied silicon implanted with 7 MeY15  1x 10" cm 2. Layers Al, ,,, A2, and A5 were subse-
K) protons and irradiated with 12 MeV proto(k5 K). The  quently annealed at 400 °C during 5 min. Two layets
observed annealing stages were attributed to monovacanciesmd H4, were implanted with 3.0 MeV protons to doses 1
oxygen-vacancy complexes, and hydrogen-vacancy comx 10 and 8x 10'* cm™?, respectively. Layerf1, 4, R2,

plexes. andR5 are unimplanted reference samples.
Our objective in this work is to correlate vacancy and
resistivity profiles in room-temperature proton-implanted

lightly n-type chemically vapor depositd@VD) Si(P) lay- B. Profiling measurements with slow positrons
ers, before and after 5 min. annealing at 400 °C. We concen- and spreading resistance
trate on layers where the proton range is eitheu2®(1.15 For the vacancy profiling, layersil, ;, Al, ,, and

MeV) or 90 um (3.0 MeV) and where capacitance measure-r1_ , were chemically etched in a solution of HF and
ments are impossible due to the compensation by |mplantq_-”\|o3 in order to remove different depths,e, of material.
tion. . _ ~ The etched depths were measured with a Rank-Taylor Taly-
The vacancy profile along the proton track is obtained in ayrf 10 profiler and they are indicated in Table I. After etch-
set of layers which, after 1.15 MeV proton implantations injng, these layers were subjected to Doppler-broadening mea-
depths from 0 to 2%um. The implantation-induced vacancies proadening\ E,, of the annihilation line at 511 keV is related
are detected by measuring teé-e~ pair momentum distri-  t5 the momentum of the annihilating”-e~ pair by AE
bution via the Doppler-broadening of the 511-keV annihila-:pZ/ZC’ wherep, is the momentum component alongythe
tion line. The Doppler broadening is measured in eachine of emission of the two annihilation gamma rays.
etched layer with a slow-positron beam that allows us to vary Tpe Doppler-broadened annihilation lingE.) at 511
: ; : y
the mean positron-implantation depth from 0 tquB1. The ey was measured as a function of the incident positron
resistivity profiles after 1.15 MeV proton implantation are energy. By scanning the energy of the monoenergel (
obtained with spreading resistance measurements. <3eV) positron beam from 0.5 to 24 keV, the mean
In order to determine the nature and the charge state %ositron-penetration depth was changed from 4 nm (o8
the defects we performed pqsitzron lifetime and Doppler-at each incident positron energy, the annihilation line
broadenl_ng mea_surements Wlth 4Na positron source in I(E,), containing 2¢1CP counts, was recorded with a high
n-type Si layers implanted with 1.15- and 3.0-MeV protons. ity (HP) germanium detector with an energy resolution of
Positrons scan then the whole proton track because they aje, keV. The shape of the*-e~ pair momentum distribu-

implanted from the surface to a mean penetration depth of,,, is characterized by the low-momentum paramétend
about 100um. the high-momentum paramet®, defined as the ratioS
= NS/NTOT and W: (NW]_"F NWZ)/NTOT! respectively. The

Il. EXPERIMENT integral Ng is the area of the central regigf11-0.7, 511
| +0.7] keV of the annihilation peak\,y; andNy,, are areas
A. Samples of the wing regiong511-5.1, 511-2.8] keV and[511+2.8,

The proton-implanted silicon layers were @0n thick, 511+5.1] keV, respectively, antll;o7 is the total area of the
(11)  oriented, and doped with  phosphorus annihilation peak in the regiof611-6.4, 511-6.4] keV.
[P]=1x10"cm 3. The layers were CVD grown on a Thus,SandW parameters are the fractions of positrons an-
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nihilating with electrons in the low-momentum range DEPTH (nm)
=(0-2.8)x10 3myc and in the high-momentum rangg

sample surface.

For resistivity profiling, we measured the spreading resis-
tance at 300 K at depths 0—30n below the layer surface in
layersH5, A5, andR5.

O Reference
® H'-impl.
1.15 MeV, 10" cm™
Etched 14.5 pm

0492, .. .. e B

0 5 10 15 20 25
Positron lifetime and Doppler-broadening measurements POSITRON ENERGY (keV)

were carried out as a function of temperature for the as-
grown layerR2, for the 1.15-MeM20 um) proton-implanted

!ayers H2 andA2 and for the 3.0-MeV(9-0 pm) proton- annihilation line measured at 300 K vs incident positron energy in
|mpIant¢d Iayfers_-l3 andH4. In the proton-implanted layers as-grown (sample R1,) and in proton-implantedsample H1,)

the positron lifetime spectra can be decomposed to free andype sj. The solid lines are fits of E€La in the data.
defect-related annihilation states, which enables us to deter-

mine the characteristic positron lifetime and the characterisgrves at small incident energies can be understood to result
tic momentum parameterS and W of the implantation-  from the positron diffusion to the surface. We can describe

S

. 0 100 500 1500 2500
=(11-20)x 10~ 3myc, respectively. & — . : :
Doppler-broadening measurements with the slow-positron & 0.508 - i
beam at the surface®—-3 um) of layersH1,_;, give the a o*
defect profile induced by the 1.15 MeV proton implantation. iy
Measurements in layer&al,_,, give the defect profile after TN = 0.504 | 5 ]
implantation and annealing at 400 °C. LayedRd,_4 are =3
measured in order to monitor the effect of the etching onthe = %,
2 = 0.500 1
Z
Ll
=
o
3
5
-

C. Bulk measurements with fast positrons from a?’Na source

FIG. 1. Low-momentum paramet&rof the Doppler-broadened

induced defects. _ _ the S(E) andW(E) curves as
The positron source was 6QCi of B -active 2NaCl
deposited on a am Al foil. The source was sandwiched S(E)= 9surl E) Seur+ 7in(E) Sin» (1a)
between two identical pieces of the sample and the sandwich
was mounted in a cryostat. The temperature of the sample W(E) = 95yl E)Weyer+ 7in( E)Wi (1b)

was scanned between 30 and 300 K, with 20-K steps. At

each temperature the positron lifetime spectrum and thwhereSg,; and Wg, are the values o6 andW at the sur-
Doppler-broadened annihilation line at 511 keV were re-face, S, andW;, are the values inside the layer below the
corded, containing 2 1¢° and 5x 10° counts in the peaks, etched surface, angg,(E) and ;,(E) are the fractions of
respectively. The time resolution of the lifetime spectrometeipositrons annihilating at the surface and in the layer, respec-
was 225 ps. The source was found to contribute to the medively.

sured lifetime spectra with 230- and 500-ps components, cor- The motion of the positron in steady state is described by
responding to annihilations in the Al foil and in the NaCl the diffusion-annihilation equatiér®

salt, respectively. In addition a long component of 1500 ps, 5

related to positronium formation in the source-sample sys- D, Vn(x,E)=(N\pt x)N(X,E)+P(x,E)=0, (2

tem, was observed. The corresponding intensities 5.40/%h : : : :
. eren(x,E) is the stationary positron density at depth

0.8%, and 0.15%, respectively, were subtracted from theand at (incicgent positron engrg& D. is theypositrcrxﬁ—

. . y +

spectra before further analysis. In the DoppIer-broadenln%iffusion coefficient,\,, is the positron annihilation rate in

experiments, the resolution of the HP Ge detector and thﬁwe silicon lattice x is the positron trapping rate to defects in

deﬂnmon; of theS andW parameters are the same as in thethe layer, andP(x,E) is the positron implantation-rate pro-
slow-positron experiments.

file. As the implantation-rate profile we use a Makhovian
distributiont***
ll. RESULTS

d
A. Slow-positron measurements at 300 K P(x,E)=— ax exd — (x/xo)™], 3)

Figure 1 illustrates the typical behavior of the measured
low-momentum parameteB as a function of the incident where the parameteg, is proportional to the mean positron-
slow-positron energy. The shapes of 8() curves in Fig. implantation depthx=0.886¢,=(A/p)[E(keV)]". The den-
1 show similar features in all measured laye®E) in-  sity of silicon isp=2.33 g/cni and we use the implantation
creases strongly from 0.5 to 10 keV and tends to level aparameterA=2.95 ug/cn?, n=1.7, andm=1.9.1%*" The
energies higher than 15 keV. Also tNé(E) curves behave annihilation fractionsyg,: and »;, in Egs. (18 and(1b) are
in a similar way in all measured layers: tN&(E) curves integrals of the first and second term in E2), respectively.
decrease strongly from 0.5 to 10 keV and tend to level affhe fitting of Egs.(1a and(1b) in our data was carried out
energies higher than 15 keV. The leveling indicates that iriteratively by usingvePFIT.*® The adjusted parameters in the
terms of positron annihilation states the layers are relativelyitting procedure wers,, Sqys, Win, Wy and the so-called
homogeneous. The strong changes of #(&) and W(E) effective diffusion lengthiL =D /(\p+ k).
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T T T T — T B. Fast-positron measurements
1.008 | .

H* -> Si(P) 1. Positron lifetime measurements
1x10" cm2

In the as-growm-type Si layerR2 one lifetime compo-
1.006 [ 1,15 MeV 1 g yp Y P

nent was sufficient to describe the positron lifetime spectra at
30-300 K. The measured positron lifetimg; is 221 ps at

® 1.004 - N 30 K and 222 ps at 300 K. At intermediate temperatures the
< positron lifetime depends linearly on the measurement tem-
« 1002+ | perature. In then™ -type substrate the positron lifetime was

the same as in the-type Si layer.

To analyze correctly the positron lifetime spectra in the
1.000 | . proton-implanted layer$l2, H3, andH4, we need to con-
] sider the proton range in the layers. Figure 2 shows that the
——t— 1.15-MeV (20 um) proton-implanted layer is virtually unaf-
fected by the proton implantation at depth®5 um. This
1.00} . unimplanted region, consisting of as-growstype Si and the
n*-type Si substrate, is characterized by the positron lifetime

Tref- IN the implanted region at 0—2pm the positron life-

0.99 - + i time is defined as;y, . Similarly, in the 3.0-MeV(90 um)
= - ‘ proton-implanted layer$l3 andH4 an unimplanted region
§ 0.08t | at depths>95 um is characterized by the positron lifetime

Tref @Nd in a proton-implanted region at 0—@sn the posi-
tron lifetime is 7y -
097 . As mentioned above, the thermal positron diffusion length
L, in as-grownn-type Si is 220 nm at 300 K. Hence, the
fractions of positrons annihilating in the proton-implanted
' . L ' — and unimplanted regions can be calculated from the stopping
distribution P(x) = a exp(—ax) of 8™ particles in Si. For a
DEPTH (pm) 2?Na source and Si we use a characteristic penetration depth
1/a=110 um.*® The fractions of positrons annihilating in the
FIG. 2. Results of the fittings of Eq1a) in S data and Eq(lb)  unimplanted regions are thép;=80% in the 1.15-Me\{(20
in W data. TheS andW data were measured at 300 K in 1.15-MeV um) proton-implanted layeH2 andl,=42% in the 3.0-
proton-implantedn-type Si (samplesH1,_;) at different etched MeV (90 um) proton-implanted layersl3 andH4.
depths. The solid lines are guides to the eye. A three-component model function—dn/dt=(l,/
1) eXP('7)+(12/7)XD( 7))+ (ler/ Tre) XP(-Uer) WaS
In the as-grownn-type Si layersR1,_4 the parameters f|tted in the positron lifetime sp_ectra measurgd in the proton-
S, andW,, were found to be constant and are taken as reﬂmplanted layers. The proton—lm.planted region I1s character-
erence  values: So=0.5032-0.0001, W,.=0.020 45 ized by the two _former e_xponentlal terms. The fitting param-
e etersl s and 7,¢¢ in the unimplanted region are constrained to
+0.00007. Also the diffusion length was constaniy the fixed values given above. The average positron lifetime
=(220=10) nm in sample®R1,_q4. The surface parameters '

were found to vary randomly aS,~0.478-0.499 and in the sample is defined as
Ws,= 0.0256—0.0278.

In the proton-implanted layetd1,_; (1.15 MeV, 20um,
1x 10" cm”?) the S, and W, characterize the positron an- where r,y,= (1,7, +1,7,)/(1,+1,) is the positron lifetime
nihilation states in the regionXeich,Xetent3 M), Where i the proton-implanted region.

Xewch IS the etched depth and @m is the maximum mean  As shown in Fig. 3, in the proton-implanted layki2
positron-implantation depth obtained with the maximum in-(1.15 MeV, 20um, 1X 10" cm™?) the average positron life-
cident energyE=24keV. In Fig. 2 the data point§ time 7, is abover at 30—300 K and increases with de-
=Gn(Xeten) @and W=W;, (X are drawn in the middle of creasing temperature. The second lifetime component in
these 3um regions, i.e., at depthxq+ 1.5 um, and they layerH2 is constanty,= (300 10) ps, throughout the tem-
are normalized to the value®, andW,, respectively, in the perature range 30—-300 K. Also in layer4 (3.0 MeV, 90

Si lattice (see Sec IV A L We see that at depths 0—}4n  um, 8x 10" cm2) we observe in Fig. 3 that,, is above

S (W) is constant and highetlower) than in as-grown 7, at 30—300 K and increases with decreasing temperature.
n-type Si. At depths 14—2@m there is a peak in botBand  The second lifetime component in layEid is constant;r,

W profiles. The tails of the profiles extend to 25—-28&  =(300x5) ps at 110—300 K, and decreases from 300 to 280
where S and W approach the corresponding values in as-ps as temperature decreases from 110 to 30 K. In |Eygr
grown n-type Si. (3.0 MeV, 90 um, 1x 10" cm™2) the positron lifetime re-

In layers Al,_, annealed at 400 °G5;,, and W;, were  sults are similar to those in layek2 andH4. The average
found to be the same as in as-growrtype Si, at depths positron lifetime 7, is 227 ps at 300 K, 234 ps at 110 K,
0-25um. and 237 ps at 30 K. The second lifetime component in layer

0.96

HIGH-MOMENTUM: p, = (11-20)x10°mc LOW-MOMENTUM: p, = (0-2.8)x10"°mec

ofF
(4]
-
o
-
(¢}
N
o
N
(¢}
w
o

Tave= 171+ 1272+ | efTrer= (11 ref)7'impl+ |l retTref,  (4)
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T T T T . T % M T T T T l+ T ] v T
2351 H*->Si(P) 1250 £ i H™ -> Si(P)
> {1.016
8x10cem? - 124 X
> 3.0 MeV 1240 § gg:v(l)‘:/cm'z
~ - . e .
£ 230t ; 1.006 1.012
2 1235 &
© S 1x10™ e .. ,Q
- s O |
230 S 5 1004l 1.008
225} ] &
NN 2 i )
w Q 1x 10 em* 11.004
P 1270 2 1002} 1.15Mev
m =
L 280} 1260 9 1
:l —_—
z 8 - 1250 |
o £ ) i
X & 260f 3 1.00
E E 1240 5
A :
o & 7
240 ry = 0.99}+
——t . ' : : n ,
+ 1320 ; N 11.00
- \ -
1300 S 3 o9
°e & 0.96
L I J w RV
R 280 w
8 ' . g i —_—
= 3501 =
S ] 5 Q 1092
300- d E " 1 L 1 n 1 " 1 " 1 n 1
50 100 150 200 250 300
250 ] TEMPERATURE (K)

50 100 150 200 250 300
TEMPERATURE (K) FIG. 4. S and W parameters of the Doppler-broadened annihi-
lation line vs measurement temperature in unetched proton-
H i 4 —2
FIG. 3. Average positron lifetime,, positron lifetimeryy, in implantedn-type Si:(®) sampl(;ellé-llz, %55 MeV, ]x 1_01 cm and
the proton-implanted region, and the second compongmtf the ~ (©) SampleH4, 3.0 MeV, 8<10™" cm™*. The solid lines are guides
three-component lifetime spectrum vs measurement temperature [ the €ye.
unetched proton-implanted-type Si: (®) sampleH2, 1.15 MeV, .
1x 10" cm2 and (O) sampleH4, 3.0 MeV, 8<10" cm™2. The  in as-grownn-type Si at 30—300 K. The temperature depen-
solid lines are guides to the eye. dences ofs andW are qualitatively similar to that found for
the average positron lifetime. Layef3 was not subjected to
H3 is constantr,=(300+20) ps at 110-300 K and de- Doppler-broadening measurements. -
creases from 300 to 280 ps as temperature decreases from'" Ia¥erA2 (1.15 MeV, 20um, 1x10* cm™“) annealed
110 to 30 K. at 40Q C theS a-ndW parameters are close to the corre-
In layer A2 (1.15 MeV, 20um, 1x 101 cm™2) annealed sponding v_alues in as-growmtype Si. TheS parameter in-
at 400 °C only one component could be fitted in the positrorf'€@ses slightly and the/ parameter decreases slightly as
lifetime spectra at 30—300 K. The positron lifetime showstemperature decreases from 300 to 30 K.
still some temperature dependence and the difference to the

value in as-growm-type Si increases with decreasing tem- C. Spreading resistance measurements at 300 K
perature:7a,e— 1er<0.3 ps at 300 Ky Ter=1 ps at 110 The spreading resistance results at 300 K are presented as
K, and 74— mer=2 ps at 30 K.

a ratio p/ prer= (pnn)/ (tn reNrer) - Herep, w, andn are, re-
spectively, the resistivity, the electron mobility, and the free-
electron concentration in the proton-implanted layer, and
In the as-growm-type Si layerR2 the S parameter in-  pef, un ref, @ndns are the corresponding values in the as-
creases slightly and the/ parameter decreases slightly as grown layerR5.

temperature increases from 30 to 300 K. The spreading resistance profile of the proton-implanted

Figure 4 shows that in the proton-implanted layet®  layer H5 (1.15 MeV, 20 um, 1xX 10" cm™?) in Fig. 7(c)

(1.15 MeV, 20um, 1x 10" cm 2) andH4 (3.0 MeV, 90  shows that the resistivity has increased after proton implan-
um, 8x 10" cm™?) the S parameter is clearly higher and the tation. At depths 0—16um the resistivity of the implanted
W parameter is clearly lower than the corresponding valuetayer is 50—100,,. At 16—18 um there is a peak in the

2. Doppler-broadening measurements
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resistivity. Behind the peak the resistivity decreases againther positron trap, the characteristic positron lifetime of that

and reaches the reference level at abouju# is lower than 300 ps. Hereafter, we shall concentrate on the
In layer A5 annealed at 400 °C, the spreading resistanceharacterization of the 300-ps defect, because it is the domi-

shows strong spatial variations, as seen in Fid).7At the  nant positron trap at 300 K, at which temperature the depth

surface the resistivity is almost the same as in the as-growprofiling experiments with slow positrons and spreading re-

layer. At depths 4—1m the resistivity is much higher than sistance were performed.

in the as-grown layer. At 15-2Lm we observe a region We can use another method to check that the 300-ps de-

where the resistivity is lower than in the as-grown layer, thefect is the dominant positron trap in the proton-implanted

lowest value being 0.p s at 17—18um. At depths>21 um layers. Any of the three mean annihilation quantities

the resistivity is the same as in the as-grown layer. e[Fl=1,e F?=S, F3=W] can be expressed as a super-

position of annihilations states:

IV. DEFECTS IN AS-IMPLANTED LAYERS N N
i [ i ; -
In this section we identify the different positron annihila- F= ”be+; 7qjFa;  with ”b+; 7q=1, (5
tion states in then-type Si layers, before and after proton
implantation. where the subscripb corresponds to the free annihilation

state in the lattice, the subscripd§=d1, d2,... dN corre-
spond toN defect states, ang, and 74; are the fractions of
positrons annihilating in the corresponding states. When only
1. Before implantation one defect is acting as a positron trap, E5).is reduced to
two termsF'= 5,Fi+ 4Fy. ThenS(7), W(7), and S(W)

qre linear functions. Figure 5 shows that tl&¢r) and
W( ) curves for the proton-implanted layef® (1.15 MeV,

A. Defect annihilation characteristics 74, Sy, and Wy

In the as-growm-type Si layerR2, the positron lifetime
221-222 ps is close to the positron lifetimes 219-221 an
217-218 ps found earlier in silicon lattié&?! The small e
linear temperature dependences of the positron lifetigie, 20 #m. 1X 10" cm™?) and H4 (3.0 MeV, 90 um, 8
parameter, antlV parameter can be attributed to the thermal X 10 cm™?) are straight lines. This indicates that the data
expansion of the silicon lattice. Also the diffusion length follow the one-trap mod_el very W?”' Below 110 K _the
(220+10) nm at 300 K in layer®k1,_, is in good agreement S(r) andW(7) curves deviate only slightly from the straight

with the diffusion length 220 nm in bulk silicon at 300 K lIN€s: . -
obtained from the work of Soinineat all® Therefore, we We determine the characteristic momentum parameters

conclude that in the as-growmtype Si layers positrons an- ¢ @ndWq of the 300-ps defect as follows. By extrapolating

nihilate mainly in the free-annihilation state in silicon lattice the 1inesS(7) and W(7) in Fig. 5 to the positron lifetime
and the values ., S.or, andW,; correspond to the values 74= 300 ps at the vacancy defect, we obtain its characteristic
7, Sy, andW, in silicon lattice. S and W parameters asS;=(1.052+0.003)S, and W,y

=(0.78+0.02)W,, respectively.
2. After implantation

. B. Positron trapping rate to the =4=2300 ps defect
In the 1.15-MeV (20 wm) proton-implanted layers

H1, and H2 and in the 3.0-MeV(90 um) proton- We can follow the change§ in the concentratigrof the _
implanted layersH3 andH4, the resultsry,e> 7, S>Sp, vacancy defect |n.the proton-implanted .Iayers by calculating
andW<W, shown above indicate that positrons are trappedN® POsitron trapping rate to the vacancigs= u.qCq, where
at vacancy-type defects. In layef2, H3, andH4 we have Hd IS the trapping coeff_|C|ent. Whgn the(e is only one type of
determined a second lifetime component= (300=5) ps. defgct acting as a positron trap in the implanted region, the
To decide whether there are more than one type of positroROSitron trapping ratex, to the defect can be calculated®as
traps present, we calculated a so-called model lifetime i i
Tmoa=[(11/71+1,/7)/(1,+1,)]"t from the two positron _ imp— Fb
lifetime components used in the implanted regions in layers R - impl
H2,H3, andHA4. If only one type of positron traps exists, we
should findz,,,.4= 7, . The presence of more than one type of W
traps is manifested as, s 7,. In the temperature range
110-300 K we found in layerdH2, H3, and H4 that
Tmod=225-230 ps7,. As temperature decreases below
110 K, 70q increases strongly and is 250—-255>ps, at 30
K. The same behavior of,,,4 is expected also in layers Figure 6 shows the temperature dependence of the posi-
H1,.;, because their proton implantation conditions aretron trapping ratecy to the 74=300 ps defect in the unetched
nominally identical to those of layéi 2. proton-implanted layersH2 (1.15 MeV, 20 wm, 1

The findings above bring us to the conclusion that in thex 10" cm™2) and H4 (3.0 MeV, 90 um, 8X 10" cm?2).
1.15-MeV (20 um) proton-implanted layer$l1,_; andH2  The trapping rate has been calculated by using the positron
and in the 3.0-Me\W(90 um) proton-implanted layersl3 and  lifetimes 7y, of Fig. 3 in Eq.(6). The solid lines indicate the
H4 the dominant positron trap at temperatures 110—300 K itemperature behavior of; assuming thak T~ ". We see
a vacancy defect with a characteristic positron lifetime thatn=0.5 at 190-300 K and=2 at 110-170 K. In layer
=(300=5) ps. Below 110 K there seems to be present anH3 we obtain the same values ofas in layersH2 and

5 (6)

here the annihilation quantitiés (i=1,2,3) are as in Eq.

1. Unetched n-type Si layers implanted with 1.15-MeV (g@n)
and 3.0-MeV (90um) protons
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FIG. 6. Temperature dependence of the positron trapping rate
k4 to the 300 ps defect calculated from the positron lifetime data of
Fig. 3, in unetched proton-implantettype Si: (®) sampleH2,

1.15 MeV, 1x10"%cm 2 and (O) sample H4, 3.0 MeV, 8
X 10 ecm™2.

MeV, 20 um, 1x 10 cm™2) and in the unetched layét2

eters at the defect corresponding to a positron lifetime 300 ps if1.15 MeV, 20um, 1x 1_(_)14 cm™?) proton implanted nomi-
unetched proton-implanteuttype Si. The data of Fig. 4 have been nally in the same conditions, we can check whether the two

plotted vs the data of Fig. 3(®) sample H2, 1.15 MeV, 1
x 10 cm™2 and (O) sampleH4, 3.0 MeV 8x10*cm 2. The

solid lines are fits of the two-state trapping model in the data. Theslow-positron measurements

methods give similar positron trapping rates. In Figa) ive
see that the trapping rate in laydrkl,_; determined with
is on the averagg

symbols () correspond to the bulk silicon and to the defect ex-=0.4 ns'! at depths 0—2%m. In layerH2 we obtained a

trapolated at 300 ps.

H4, the values ofcy being 0.5 ns? at 300 K, 0.7 ns? at
190 K, and 1.6 ns! at 110 K.

2. Etched n-type Si layers implanted
with 1.15-MeV (20um) protons

The positron trapping ratey at 300 K to the 300-ps de-
fect in the etched layer$il,_; (1.15 MeV, 20 um, 1

somewhat higher value 1.1 nsat 300 K with positron life-
time measurements, as can be calculated from Fig. 6. These
values are of the same order of magnitude. The valuejof
in the unetched layeH?2 is, however, about three times
higher than the mean value of; in the etched layers
Hl, ;.

A difference inky can be introduced by disregarding in
the positron lifetime analysis the inhomogeneity of the va-
cancy distribution at depths 0—2&m. A bigger systematic

x 104 cm_*z) is calculated by inserting the slow-positron error in the determination okq from the positron lifetime
data of Fig. 2 in Eq(6). We use the defect specific values data can also come from calculating the fractiqp of pos-

S4=(1.052£0.003)S, and Wy=(0.78+0.02)W, deter-
mined above from the fast-positron results. Theprofiles

itrons annihilating in the bulk behind the vacancy distribu-
tion. A change inl, by 50% from 80% to 40%, which

obtained from theS and W results are found to be almost corresponds to reducing of the fast-positron penetration
identical, which indicates that one vacancy-type defect is obeepth 14 from 110 to 50um yields nearly the same values
served at all etched depths at 300 K. An average of the twef 0.6 and 0.5 ns! by the fast-positron and the slow-
kg profiles, weighted by the inverse errors of the data pointspositron methods, respectively. This effects only little the

is presented in Fig. (@).

characteristic annihilation parameters of the defeg:
changes by 3% from 300 to 290 pS§y; by 0.6% from

3. Comparison between etched and unetched n-type Si layers 1.05%5, to 1.04%,, and W, by 4% from 0.78V, to

implanted with 1.15-MeV (2Qum) protons

0.81W,. Hence, the positron trapping rate 1.1 hscalcu-

By comparing the results of the slow-positron and thelated from the positron lifetime data could be too high be-

fast-positron measurements in the etched layts_; (1.15

cause of too highl,. The positron trapping ratecy
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(i) The positron lifetime 74=(300x5) ps=1.35r,

w osl H'=> ‘fj(P) _2 de is higher than experimentally determined positron life-
5 1’1‘5"&6\5'“ (@ | times at monovacancy defects in silicony(V—P)=250

% g ou as-impl. | , o 2 ps=1.147, and 74(Vg)=270ps=1.23r,.2° The high-
55 ' 2 § momentum parametedy=(1.052+ 0.003)S, is also clearly

e :S g8 higher than the values reported for monovacancy defects in
Sy 021 12 > @ other semiconductors: e.@5¢(Vg) =1.027%, in GaAsZ®

'§ ol The positron annihilation results are in agreement with
& oof ‘ . , . . 10 electron paramagnetic resonanEPR measurements in

- oodl ) ' ' ' '(b) - - eIectron-irradiated siIicoq, .accprding_to vv_hich._the most
%2 002k 4__]\ TRM 4 1z abundant point defect existing in low-impurity silicon after
z3 58 irradiation and room temperature annealing is the divacancy
83 0.00p 110 % § V,.%* In electron-irradiated float-zone silicon Avalos and
2 § j\ 45 3 m Dannefae?® have assigned a positron lifetime @90+5) ps

E 0 to divacancies, which is in rather good agreement with the

value (300+5) ps that we attribute to divacancies in proton-
implanted CVD-grown silicon. They also gave a value
(1.067+0.002)S, for the characteristi&S parameter for the
divacancy, which is slightly higher than the value (1.052
+0.003)S, determined in this work.

Below 110 K the one-trap model is not valid. This indi-
cates that at temperaturesl10 K at least one other defect

108 acts as a positron trap and for this defegt.300 ps. Poten-

) 5 tial candidates are small concentrations of monovacancy-
annealed 110 T type defects such ag-P (Ref. 20 or V,-O (Ref. 1)) or
at400°C {10' $ so-called shallow positron traps such\&sO (Ref. 26. As
" positron trapping to this other trap is not observed at 300 K
where our main interest is, hereafter we shall consider only
the divacancy.

After proton implantation the silicon layers are highly re-
sistive and the position of the Fermi leVié} is expected to
be rather insensitive to the temperature between 30—-300 K.
files in Si implanted with 1.15-MeV protons to a dose 1 We can ass“”?e that 6.13 tempe_ratu_re decreases, the concentra-
X 101 cm2: (a) positron trapping rate at 300 K to the 300-ps tion ¢, of the divacancies remains in the same charge state as

vacancy after implantatiosamplesH1,_;), (b) distributions of hy- a_t 300 K. The temperature. dependence of the ppsnron trap-
drogen after implantation and the energy deposited in nuclear coPiNg ratex,= u,c, to the divacancy can be ascribed to the
lisions obtained with ariM simulation, (c) spreading resistance at Positron trapping coefficient, to the divacancy. Above we
300 K after implantatiorisampleH5), and(d) spreading resistance Observed thak, T~ %% at 190-300 K and,=T~? at 110
at 300 K after implantation and subsequent annealing at 400 °@70 K. According to Puska and CO-Worké?g the positron
(sampleAb). trapping coefficienjw, to the ground state of a negative va-
. _ ~cancy is proportional t@ ~%°. As temperature decreases, the
=0.4-0.5ns" calculated from the slow-positron data is posjtron can get trapped at a shallow Rydberg state around
more accurate. Fmglly, as the proton |mplan'gat|ons were pefihe yacancy and the trapping coefficignt is proportional to
formed at three different runs, the conditions may haver-n \heren>1. The positron-trapping coefficient to a neu-
changed slightly from one run to another. tral vacancy does not depend on temperature. We have thus
observed the temperature dependence theoretically expected
for a negative vacancy. Furthermore, this agreement between
In the following, we discuss the properties and the identheory and experiment validates our assumption that the di-
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FIG. 7. Comparison of vacancy, hydrogen, and resistivity pro-

C. Properties of the defects

tification of the 74=300 ps defect. vacancies remain in the same charge state as temperature
N _ decreases from 300 to 110 K. We conclude that the diva-
1. Silicon divacancy ¥ cancy in the proton-implanted-type Si is in a negative
The dominant positron trap at 110-300 K in 1.15-charge state. _ -
and 3.0- MeV proton-implanted-type Si has the follow- The divacancy is known to have three ionization levels

ing characteristic annihilation parameters=(300=5) ps V3 ' . V3, and V3" in the band gap of silicon. EPR
=1.357, S¢=(1.052+0.003)S,, and Wy=(0.78 measurements of Watkins and CorBétndicate a position

+0.02)W, . We identify this defect as the silicon divacancy in the band gap for two of the electronic levels of the diva-
V, on the basis of the following arguments. cancy: V5™~ at E;—0.40 eV andVY" at E,+0.23 eV.

(i) The positron lifetime at the defee;=(300+5) psis Photoconductivity measurements of Kalma and Cdtedind
close to the theoretical value 309 ps at the divacancy calcufoung and Corelf® suggest that the/, " level is atE,
lated by Puskat al?? —0.54 eV. Another scheme for the two acceptor levels is
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given by Evwaraye and Sthon the basis of their DLTS to be expected at any depth after implantation is 9
measurementsV3 '~ at E;—0.23 eV andV,”® at E.  x 10 cm 3. In the simulation of 3.0-MeV proton implan-
—0.40 eV. tation in silicon the peaks of the hydrogen and deposited
To decide whether the negative divacancy observed witlenergy distributions are found at depth @8n. Along the
positron annihilation in proton-implantedtype SiisV, or  track of the proton, at depths 0—8@n, the deposited energy
V3 we estimate the Fermi-level positid® in the implanted  is (1-2)x 103 eV/A.
layers. Under the assumption that the effect of the proton The measured divacancy profile in Figaylooks quali-
implantation on the electron mobility is small, the free- tatively similar to the calculated deposited-energy profile in
electron concentrations in the proton-implanted layers Fig. 7(b), but two differences can be observed. First, the
H1,;, H2, andH5 (1.15 MeV, 20um 1x 10 cm2) can  peak in the divacancy concentration occurar@ before the
be estimated from the spreading resistance results. From Figeak in the deposited energy profile. Second, the peak in the
7(c) we find thatn=1-5x 102 cm 2 at depths 0—16um divacancy profile is broader than the peak in the simulated
and n=1x10"-1x10"% cm 2 at depths 16—1&m. The deposited energy profile. We suggest for the difference be-
Fermi-level positions at the corresponding depths are thefwveen experiment and theory the following reasons.
E.—E{=0.40-0.45eV and E.,—E;=0.45-0.55 eV, (i) In the region near the proton stopping range the hy-
respectively’? The positron annihilation results seem to be indrogen can be trapped at vacancy defects. As observed pre-
accordance with the level assignmenw '~ at E,  Viously by positron annihilation measurements in Gé&Ref.
—0.40 eV and\/2_/° atE,—0.54 eV based on EPR and pho- 23) and in Si%° t_he occupgtion of vacancies by hydrogen
toconductivity measurements. We conclude that in the 1.15MaY Prévent positron trapping, which can be reactivated only

MeV proton-implantedn-type Si layers the divacancy is N thermal annealing when hydrogen is released from the
dominantly in the singly negative charge statg vacancies. The decoration of vacancies by hydrogen can

The divacancy concentration in the proton-implanted Iay_mask the vacancy distribution from positrons in the region of

ersH1,_; (1.15 MeV, 20um 1x 10" cm™2) in Fig. 7(a) can the peak in the deposited-energy distribution that is close to
ai (L. , . . DN
now be estimated. According to Mascher, Dannaefer, angwe_peak in the hydrpgen distribution. . .
Kerr?® the positron-trapping coefficient td, at 300 K in . (i) The defects mtroduped by. the proton |mplantat|on
electron-irradiated Si i, = 4X 105 51 Arrfother estimate diffuse and anneal out during the implantation process. This
v .

. . . Its i i f th file.
given by Kawasueet al® is u,=1x10% s, Using both results in a broadening of the vacancy profile

; . T The effect of the proton-implantation energy on the ob-
values Of"’“vs Wegbta'” the divacancy concentratidng, | gerved positron-trapping rates is considered as follows. Lay-
=2-4x10" cm2 at depths 0—14um along the track of

B Pl ersH2 andH3 are implanted to the same proton dose 1
the proton andV; ]=4-8x 10 cm™? at depths 16-18 .10 ¢cm 2 with different proton energies 1.15 and 3.0
wm near the proton stopping range. MeV, respectively. The ratio of the positron trapping rates to
divacancies at 300 K in the two layers &5(H2)/x,(H3)
~2. This experimental value is in agreement with the value

By comparing the divacancy profile of Fig(af with the  calculated with theriM simulations: the energy deposited in
resistivity profile of Fig. 7c) we notice that the resistivity nuclear collisions and the induced vacancy concentration
increases with the divacancy concentration. The electronialong the track of the proton is two times higher in the 1.15-
compensation is due to trapping of free carriers at deep eledeV proton implantation than in the 3.0-MeV proton im-
tron levels such as those of the divacancy. The concentratigplantation.
estimateq V, ]~ 10-10' cm™2 given above suggest that  Finally, we discuss the effect of the proton implantation
the divacancies compensate not only the phosphorus dono#§se on the observed positron trapping rates. Lallérsand
[P]=1x10"cm 2 but also another positively charged spe-H3 are implanted with the same proton energy 3.0 MeV to
cies induced by the proton implantation. different doses & 10**and 1x 10 cm™?, respectively. The

To obtain theoretical estimates for the hydrogen and varatio of the positron trapping rates to divacancies at 300 K in
cancy profiles induced by the proton implantation, we perthe two layers is«,(H4)/x,(H3)=3, which is clearly
formed simulations of 1.15- and 3.0-MeV proton implanta-smaller than the ratio 8 of the implantation doses. The dif-
tions in Si with TRIM v 95.3* The TRIM code contains only ference can be understood as a consequence of the diffusion
ballistic processes and not, for example, diffusion of defectgind annealing of the defects during the implantation process.
and hydrogen in the lattice. Therefore the stragglings of thd his is also in agreement with the idea that the divacancy
simulated hydrogen and vacancy distributions are probablprofile is broadened due to the diffusion of defects.
smaller than in reality. In the upper part of Fighywe show
the profile of the energy deposited in nuclear collisions in
1.15-MeV proton implantation. IrTRiM this profile is pro-
portional to the distribution of implantation-induced vacan- The changes in the divacancy concentration and in the
cies. Along the track of the proton, at depths 044, the  divacancy and resistivity profiles induced by the annealing at
deposited energy is 241073 eV/A. The strong increase 400 °C are discussed in the following.
of the deposited energy towards the end of the proton track
reflects the energy-dependent cross section of nuclear colli-
sions inTRIM. In the lower part of Fig. b) we show the
hydrogen profile after 1.15-MeV proton implantation to a  In layerA2 (1.15 MeV, 20um, 1X 10 cm™~?) annealed
dose 1x 10 cm™2. The maximum hydrogen concentration at 400 °C the positron lifetime increases slightly as tempera-

2. Defect profiles

V. DEFECTS IN ANNEALED LAYERS

A. Positron trapping at vacancies
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ture decreases, which reveals the presence of a small concatepth as the peak in the divacancy profile before annealing,
tration of negative vacancies. At 300 K the positron trappingwhich suggests that divacancies play a role in the formation
at vacancies is below the detection limit and we cannot obef the hydrogen-related donors. We notice also that the
tain a vacancy profile by slow-positron measurements. Thenaximum  shallow-donor  concentration is  only
positron lifetime results allow us to make an estimate of thg(10*° cm™3)/(10'" cm 3)=1% of the maximum hydrogen
vacancy concentration remaining after the annealing by aszoncentration, which indicates that something else than the
suming that the width of the defected region and the naturélydrogen concentration is limiting the formation of the
of the dominant positron trap are the same as in the adiydrogen-related donors. Supposing that the donors were
implanted material. In layeA2 the width of the defected hydrogen-vacancy complexes, the limiting factor would be
region is then 25um and the defect specific annihilation the vacancy concentration before annealing. In our case the
parameters arery=(300x5) ps, S3=(1.052+0.003)S,, maximum divacancy concentration before annealing is 4—8
andWy=(0.78+0.02)W, . Carrying out the same procedure X 10" cm 3, which is indeed close to the measured
as for the as-implanted layers with the above-mentioned ashallow-donor concentration. We conclude that the positron
sumptions, yields a positron trapping rate 0.05-0.1'rt®  annihilation and the spreading resistance results support the
the 300 ps defect at 300 K. Using the valueswqf given idea that the shallow donors formed in silicon by proton
above for the divacancy, we can estimate that the concentramplantation and subsequent thermal annealing are
tion of negative vacancy-type defects remaining after thenydrogen-vacancy complexes.
400 °C annealing is equivalent to a divacancy concentration We have also proposed the decoration of vacancies by
of 10" cm ™3, hydrogen in the hydrogen peak region in the as-implanted
The concentration of divacancies after thermal annealingnaterial, but there no shallow donors were observed. This
at 400 °C is much lower than in the as-implanted layer. Thevould suggest that the nature of the hydrogen-vacancy com-
decrease of the vacancy concentration throughout the inplexes formed directly in the proton implantation is different
planted region is most likely due to the annealing of thefrom that of the shallow hydrogen-related donors observed
divacancies. According to EPR measurements an annealirafter annealing.
stage of divacancies is at 200—300%C.

VI. CONCLUSIONS

B. Role of vacancies in the resistivity profile To elucidate the nature and profile of vacancy-type de-
fects after proton implantation m-type S{P) layers we have
performed positron-electron pair momentum-distribution
) o measurements with a slow-positron beam carried out as a
At depths 4—15um in the annealed layekS5 in Fig. 4d)  fynction of etching depth, ané*-e~ pair momentum-
the resistivity remains high after annealing, which indicates gjstribution and positron lifetime measurements in unetched
compensation by remaining defects. The positron annihilarayers with a 22Na source. Momentum distributions were
tion results indicate that there are indeed negatively chargegeasured with the Doppler-broadening technique. We have
defects in concentration comparable to the phosphorus-dongfso compared the vacancy profile with the resistivity profile

1. Acceptors

; — 43 . - . .
concentratior] P]=1x10* cm™*. measured with the spreading resistance technique.
The dominant positron trap induced by 1.15 and 3.0 MeV
2. Shallow donors proton implantations is the silicon divacan®y. The char-

At depths 15-21 and 0—8m in layerA5 (1.15 MeV, 20 acteristic positron lifetime at .thtla divacancy ig=(300
um 1x 104 cm~2) annealed at 400 °C the resistivity de- *5) ps= 1.35r9é The characterl_stlc low-momentuffor p,
creases below the reference level. The low resistivity af (0—2:8)X 1073m0c] and h|gh-mome?tur11 [for p,
15-21um near the proton range is a well-known effect and = (11—20)X10"*moc] parameters of the”-e~ pair mo-
it has been shown previously that it is due to the formation of"€ntum distribution at the divacancy argy=(1.052
shallow donor$® The maximum shallow-donor concentra- =+ 0-003)S, andWy=(0.78+0.02)W,, respectively. The di-
tion at depths 16—1@m is approximately 1% cm™3. The  vacancy is observed in the negative charge stgte
effect at 0—3um near the surface is less clear. It may be due The divacancy profile is measurednrtype Si implanted
to the passivation of the defects near the surface either byith 1.15-MeV (20 um) protons to a dose 410" cm™2.
migrating impurities or because of the contamination of thelhe divacancy concentration &/, ]=2-4x 10" cm™2 at
irradiated surface during the annealing. In the following, wedepths 0—14um. The maximum concentratidi/, ]|=4-8
leave the surface resistivity as an open question and we dis< 10'° cm™2 is observed at 16—1@&m. The resistivity in-
cuss the shallow donors near the proton range. creases with increasing divacancy concentration. The peak in
It is generally agreed that the shallow donors induced irthe divacancy profile is broader and shifted towards the sur-
silicon by proton implantation and subsequent annealing dace in comparison with the profile of deposited energy cal-
300-500 °C involve hydrogen, but the microscopic configuculated with TRIM. This is attributed to the formation of
ration of the donors is not cledf The IR absorption mea- hydrogen-vacancy complexes near the proton range and to
surements of Mukashest al®® in proton-implanted silicon the diffusion and annealing of defects during the implanta-
suggest that the shallow donors are divacancy-hydrogetion.
complexesV,—4H. After annealing at 400 °C the remaining negative vacancy
In Figs. 7d) and Ta) we see that the spatial profile of the concentration is of the order of ¥bcm™3. Spreading resis-
shallow donors after annealing occurs exactly at the sam&nce measurements reveal a region of shallow hydrogen-
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related donors at depths 15—gin. The shallow-donor con- centration is also close to the maximum divacancy concen-
centration 18 cm 2 is much lower than the maximum tration observed before annealing. This result supports the
hydrogen concentration. The spatial profile of the shallowidea that the introduction of shallow donors is due to the
donors overlaps perfectly with the peak of the divacancyformation of new hydrogen-vacancy complexes during the
profile observed before annealing. The shallow-donor conannealing at 400 °C.
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