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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-doped (@P#5131014 cm23) n-type silicon layers
by performing positron-electron pair momentum-distribution measurements with a slow-positron beam, con-
ventional positron lifetime, ande1-e2 pair momentum-distribution measurements with a22Na-source and
spreading resistance measurements. The dominant positron trap induced by 1.15 and 3.0 MeV proton implan-
tations is the silicon divacancyV2 . Compared to the values in bulk, the characteristic positron lifetime and the
characteristic low- and high-momentum parameters of thee1-e2 pair momentum distribution at the divacancy
are td5300 ps51.35tb , Sd51.052Sb , andWd50.78Wb , respectively. The divacancy is observed in the
negative charge stateV2

2 . The divacancy profile is determined inn-type Si implanted with 1.15-MeV~20mm!
protons to a dose 131014 cm22 and the maximum concentration@V2

2#54–831015 cm23 is observed at
depths 16–18mm. 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
mm. The positron annihilation results support the idea that the introduction of shallow donors is due to the
formation of hydrogen-vacancy complexes during the annealing.@S0163-1829~97!08216-7#
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I. INTRODUCTION

Proton implantation can be used for controlling the min
ity carrier lifetime in silicon power devices. Th
implantation-induced defects in silicon serve as recomb
tion centers and reduce the free-carrier lifetime in
device.1 As a charged heavy particle the implanted prot
has a well-defined stopping range in the target material.
defect layer induced by proton implantation is therefore w
localized, in contrast with defect distributions introduced
electron irradiation or by conventional gold or platinium d
fusion.

The performance of the proton-implanted silicon dev
depends strongly on the implantation-induced defects.
defects are often electrically active and have deep elec
levels in the band gap of silicon. In low-dose implantatio
capacitance measurements have been used to determin
deep electron levels. For example, deep-level-transient s
troscopy~DLTS! measurements in a siliconp-n diode im-
planted with 1.5 MeV protons to a dose 531010 cm22 reveal
an acceptor level atEc20.42 eV, whereEc is the energy at
the bottom of the conduction band.2 This deep level seems t
be the dominant recombination center and it is attributed
the divacancy. When low-doped silicon is implanted to
high proton dose (>1014 cm22) the material becomes elec
trically compensated and highly resistive. This can be
served, e.g., by spreading resistance measurements.

The proton-implanted silicon device often requires an
nealing stage during the packaging. Then the device beha
is determined by the defects remaining after the anneal
An interesting phenomenon related to the annealing is
550163-1829/97/55~15!/9598~11!/$10.00
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proton implantation and subsequent thermal annealing
300–500 °C introduces hydrogen-related shallow donors
Ec20.026 eV in silicon.3,4 If the concentration of these do
nors is not negligible compared to the dopant concentrat
the donors can be harmful for the device performance,
example, by lowering the breakdown voltage of the devic

In order to understand the emergence of the deep le
and the electrical properties of the implanted material it
important to know the atomic structure of the defec
Positron-annihilation spectroscopy can be used for study
vacancy-type and negative ion-type defects
semiconductors.5–7 The positron lifetime and the momentum
distribution of the annihilating positron-electron pair d
pends on the annihilation state of the positron. Positron tr
ping at vacancy defects is manifested as an increase o
positron lifetime with respect to the positron lifetime in th
lattice and as a narrowing of thee1-e2 pair momentum
distribution with respect to the momentum distribution in t
lattice. Ion-type defects can trap positrons at low tempe
tures and the corresponding annihilation state is close to
free-annihilation state in the lattice.

In previous positron-annihilation studies,e1-e2 pair
momentum-distribution measurements with a slow-posit
beam have been performed in silicon implanted with vario
proton energies: 15.5 keV~77 and 300 K, Brusaet al.8!, 30,
60, and 100 keV~300 K, Keinonenet al.9!. In these studies a
localized divacancy layer near the surface was observed
the absence of positron trapping at vacancies near the pr
range can be explained by the formation of hydroge
vacancy complexes escaping the positron detection. In
study of Goldberg, Schultz, and Simpson10 variously doped
9598 © 1997 The American Physical Society
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TABLE I. n-type Si~P! samples prepared for slow-positron, fast-positron, and spreading resistance measurements. The proton
tations were performed at three different runs. SamplesA1a–h, A2, andA5 have been thermally annealed at 400 °C during 5 min after
proton implantation. SamplesR1a–d , H1a– i , andA1a–h prepared for slow-positron measurements have been chemically etched at dif
depths. The etched depthsxetch are indicated by the subscripts:a, b, c, andd50, 6, 9.5, and 14.8mm for as-grown samplesR1a–d , a,
b, c, d, e, f , g, h, and i50, 5, 10, 14.5, 17, 19, 20, 23, and 25mm for proton-implanted samplesH1a– i , anda, b, c, d, e, f , g, and
h50, 4, 5, 9, 13, 15, 16.5, and 22mm for proton-implanted and annealed samplesA1a–h .

Measurement
technique

Unimplanted
reference
samples

Proton implantation

Run
Energy
~MeV!

Range
~mm!

Dose
(cm22)

As-implanted
samples

Annealed
samples

Slow positrons R1a , R1b , R1c , R1d 1 1.15 20 13 1014 H1a , H1b ,...,H1i A1a , A1b ,...,A1h
2 1.15 20 13 1014 H2 A2

Fast positrons R2 2 3.0 90 13 1014 H3
2 3.0 90 83 1014 H4

Spreading resistance R5 3 1.15 20 13 1014 H5 A5
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Si samples were implanted with 1.0- and 2.6-MeV~77 K!
protons and the saturation of the divacancy formation w
studied with a slow-positron beam. Higher proton implan
tion energies have been used in positron lifetime meas
ments with a 22Na positron source. Ma¨kinen, Rajainma¨ki,
and Linderoth11,12studied silicon implanted with 7 MeV~15
K! protons and irradiated with 12 MeV protons~15 K!. The
observed annealing stages were attributed to monovacan
oxygen-vacancy complexes, and hydrogen-vacancy c
plexes.

Our objective in this work is to correlate vacancy a
resistivity profiles in room-temperature proton-implant
lightly n-type chemically vapor deposited~CVD! Si~P! lay-
ers, before and after 5 min. annealing at 400 °C. We conc
trate on layers where the proton range is either 20mm ~1.15
MeV! or 90mm ~3.0 MeV! and where capacitance measu
ments are impossible due to the compensation by impla
tion.

The vacancy profile along the proton track is obtained i
set of layers which, after 1.15 MeV proton implantations
similar conditions, have been chemically etched at differ
depths from 0 to 25mm. The implantation-induced vacancie
are detected by measuring thee1-e2 pair momentum distri-
bution via the Doppler-broadening of the 511-keV annihi
tion line. The Doppler broadening is measured in ea
etched layer with a slow-positron beam that allows us to v
the mean positron-implantation depth from 0 to 3mm. The
resistivity profiles after 1.15 MeV proton implantation a
obtained with spreading resistance measurements.

In order to determine the nature and the charge stat
the defects we performed positron lifetime and Doppl
broadening measurements with a22Na positron source in
n-type Si layers implanted with 1.15- and 3.0-MeV proton
Positrons scan then the whole proton track because they
implanted from the surface to a mean penetration depth
about 100mm.

II. EXPERIMENT

A. Samples

The proton-implanted silicon layers were 90mm thick,
~111! oriented, and doped with phosphoru
@P#5131014 cm23. The layers were CVD grown on
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n1-type Czochralski-silicon substrate. As shown in Table
the implantations were performed at 300 K with proton e
ergies 1.15 MeV~20 mm! and 3.0 MeV~90 mm! at three
separate runs. Twenty-one layersH1a– i , H2, H5, A1a–h ,
A2, andA5 were implanted with 1.15 MeV protons to a do
131014 cm22. Layers A1a–h , A2, and A5 were subse-
quently annealed at 400 °C during 5 min. Two layers,H3
andH4, were implanted with 3.0 MeV protons to doses
31014 and 831014 cm22, respectively. LayersR1a–d , R2,
andR5 are unimplanted reference samples.

B. Profiling measurements with slow positrons
and spreading resistance

For the vacancy profiling, layersH1a– i , A1a–h , and
R1a–d were chemically etched in a solution of HF an
HNO3 in order to remove different depthsxetch of material.
The etched depths were measured with a Rank-Taylor T
surf 10 profiler and they are indicated in Table I. After etc
ing, these layers were subjected to Doppler-broadening m
surements with a slow-positron beam at 300 K. The Dopp
broadeningDEg of the annihilation line at 511 keV is relate
to the momentum of the annihilatinge1-e2 pair by DEg
5pz/2c, wherepz is the momentum component along th
line of emission of the two annihilation gamma rays.

The Doppler-broadened annihilation lineI (Eg) at 511
keV was measured as a function of the incident posit
energy. By scanning the energy of the monoenergetic (dE
<3 eV) positron beam from 0.5 to 24 keV, the me
positron-penetration depth was changed from 4 nm to 3mm.
At each incident positron energy, the annihilation lin
I (Eg), containing 23106 counts, was recorded with a hig
purity ~HP! germanium detector with an energy resolution
1.2 keV. The shape of thee1-e2 pair momentum distribu-
tion is characterized by the low-momentum parameterS and
the high-momentum parameterW, defined as the ratiosS
5NS /NTOT andW5(NW11NW2)/NTOT , respectively. The
integralNS is the area of the central region@51120.7, 511
10.7# keV of the annihilation peak,NW1 andNW2 are areas
of the wing regions@51125.1, 51122.8# keV and@51112.8,
51115.1# keV, respectively, andNTOT is the total area of the
annihilation peak in the region@51126.4, 51116.4# keV.
Thus,S andW parameters are the fractions of positrons a
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9600 55H. KAUPPINEN et al.
nihilating with electrons in the low-momentum rangepz
5(0–2.8)31023m0c and in the high-momentum rangepz
5(11–20)31023m0c, respectively.

Doppler-broadening measurements with the slow-posit
beam at the surfaces~0–3 mm! of layersH1a– i , give the
defect profile induced by the 1.15 MeV proton implantatio
Measurements in layersA1a–h give the defect profile afte
implantation and annealing at 400 °C. LayersR1a–d are
measured in order to monitor the effect of the etching on
sample surface.

For resistivity profiling, we measured the spreading res
tance at 300 K at depths 0–30mm below the layer surface in
layersH5, A5, andR5.

C. Bulk measurements with fast positrons from a22Na source

Positron lifetime and Doppler-broadening measureme
were carried out as a function of temperature for the
grown layerR2, for the 1.15-MeV~20mm! proton-implanted
layersH2 andA2 and for the 3.0-MeV~90 mm! proton-
implanted layersH3 andH4. In the proton-implanted layer
the positron lifetime spectra can be decomposed to free
defect-related annihilation states, which enables us to de
mine the characteristic positron lifetime and the characte
tic momentum parametersS and W of the implantation-
induced defects.

The positron source was 60mCi of b1-active 22NaCl
deposited on a 5-mm Al foil. The source was sandwiche
between two identical pieces of the sample and the sandw
was mounted in a cryostat. The temperature of the sam
was scanned between 30 and 300 K, with 20-K steps.
each temperature the positron lifetime spectrum and
Doppler-broadened annihilation line at 511 keV were
corded, containing 23106 and 53106 counts in the peaks
respectively. The time resolution of the lifetime spectrome
was 225 ps. The source was found to contribute to the m
sured lifetime spectra with 230- and 500-ps components,
responding to annihilations in the Al foil and in the NaC
salt, respectively. In addition a long component of 1500
related to positronium formation in the source-sample s
tem, was observed. The corresponding intensities 5.
0.8%, and 0.15%, respectively, were subtracted from
spectra before further analysis. In the Doppler-broaden
experiments, the resolution of the HP Ge detector and
definitions of theS andW parameters are the same as in t
slow-positron experiments.

III. RESULTS

A. Slow-positron measurements at 300 K

Figure 1 illustrates the typical behavior of the measu
low-momentum parameterS as a function of the inciden
slow-positron energy. The shapes of theS(E) curves in Fig.
1 show similar features in all measured layers:S(E) in-
creases strongly from 0.5 to 10 keV and tends to leve
energies higher than 15 keV. Also theW(E) curves behave
in a similar way in all measured layers: theW(E) curves
decrease strongly from 0.5 to 10 keV and tend to leve
energies higher than 15 keV. The leveling indicates tha
terms of positron annihilation states the layers are relativ
homogeneous. The strong changes of theS(E) andW(E)
n
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curves at small incident energies can be understood to re
from the positron diffusion to the surface. We can descr
theS(E) andW(E) curves as

S~E!5hsurf~E!Ssurf1hin~E!Sin , ~1a!

W~E!5hsurf~E!Wsurf1hin~E!Win , ~1b!

whereSsurf andWsurf are the values ofS andW at the sur-
face,Sin andWin are the values inside the layer below th
etched surface, andhsurf(E) andh in(E) are the fractions of
positrons annihilating at the surface and in the layer, resp
tively.

The motion of the positron in steady state is described
the diffusion-annihilation equation9,13

D1¹2n~x,E!2~lb1k!n~x,E!1P~x,E!50, ~2!

wheren(x,E) is the stationary positron density at depthx
and at incident positron energyE, D1 is the positron-
diffusion coefficient,lb is the positron annihilation rate in
the silicon lattice,k is the positron trapping rate to defects
the layer, andP(x,E) is the positron implantation-rate pro
file. As the implantation-rate profile we use a Makhovi
distribution14,15

P~x,E!52
d

dx
exp@2~x/x0!

m#, ~3!

where the parameterx0 is proportional to the mean positron
implantation depthx̄50.886x05(A/r)@E(keV)#n. The den-
sity of silicon isr52.33 g/cm3 and we use the implantatio
parametersA52.95 mg/cm2, n51.7, andm51.9.16,17 The
annihilation fractionshsurf andh in in Eqs.~1a! and ~1b! are
integrals of the first and second term in Eq.~2!, respectively.
The fitting of Eqs.~1a! and ~1b! in our data was carried ou
iteratively by usingVEPFIT.18 The adjusted parameters in th
fitting procedure wereSin , Ssurf, Win , Wsurf and the so-called
effective diffusion lengthLeff5AD1 /(lb1k).

FIG. 1. Low-momentum parameterS of the Doppler-broadened
annihilation line measured at 300 K vs incident positron energy
as-grown ~sampleR1a! and in proton-implanted~sampleH1d!
n-type Si. The solid lines are fits of Eq.~1a! in the data.
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55 9601DIVACANCY AND RESISTIVITY PROFILES IN n- . . .
In the as-grownn-type Si layersR1a–d the parameters
Sin andWin were found to be constant and are taken as
erence values: Sref50.503960.0001, Wref50.020 45
60.000 07. Also the diffusion length was constantLeff
5(220610) nm in samplesR1a–d . The surface parameter
were found to vary randomly asSsurf50.478–0.499 and
Wsurf50.0256–0.0278.

In the proton-implanted layersH1a– i ~1.15 MeV, 20mm,
131014 cm22! theSin andWin characterize the positron an
nihilation states in the regions@xetch,xetch13mm#, where
xetch is the etched depth and 3mm is the maximum mean
positron-implantation depth obtained with the maximum
cident energyE524 keV. In Fig. 2 the data pointsS
5Sin(xetch) andW5Win(xetch) are drawn in the middle o
these 3-mm regions, i.e., at depth5xetch11.5mm, and they
are normalized to the valuesSb andWb, respectively, in the
Si lattice ~see Sec IV A 1!. We see that at depths 0–14mm
S (W) is constant and higher~lower! than in as-grown
n-type Si. At depths 14–20mm there is a peak in bothS and
W profiles. The tails of the profiles extend to 25–28mm
whereS andW approach the corresponding values in a
grownn-type Si.

In layers A1a–h annealed at 400 °CSin andWin were
found to be the same as in as-grownn-type Si, at depths
0–25mm.

FIG. 2. Results of the fittings of Eq.~1a! in S data and Eq.~1b!
inW data. TheS andW data were measured at 300 K in 1.15-Me
proton-implantedn-type Si ~samplesH1a– i! at different etched
depths. The solid lines are guides to the eye.
f-

-

-

B. Fast-positron measurements

1. Positron lifetime measurements

In the as-grownn-type Si layerR2 one lifetime compo-
nent was sufficient to describe the positron lifetime spectr
30–300 K. The measured positron lifetimet ref is 221 ps at
30 K and 222 ps at 300 K. At intermediate temperatures
positron lifetime depends linearly on the measurement te
perature. In then1-type substrate the positron lifetime wa
the same as in then-type Si layer.

To analyze correctly the positron lifetime spectra in t
proton-implanted layersH2, H3, andH4, we need to con-
sider the proton range in the layers. Figure 2 shows that
1.15-MeV ~20 mm! proton-implanted layer is virtually unaf
fected by the proton implantation at depths.25 mm. This
unimplanted region, consisting of as-grownn-type Si and the
n1-type Si substrate, is characterized by the positron lifeti
t ref . In the implanted region at 0–25mm the positron life-
time is defined ast impl . Similarly, in the 3.0-MeV~90 mm!
proton-implanted layersH3 andH4 an unimplanted region
at depths.95 mm is characterized by the positron lifetim
t ref and in a proton-implanted region at 0–95mm the posi-
tron lifetime ist impl .

As mentioned above, the thermal positron diffusion leng
L ref in as-grownn-type Si is 220 nm at 300 K. Hence, th
fractions of positrons annihilating in the proton-implant
and unimplanted regions can be calculated from the stopp
distributionP(x)5a exp(2ax) of b1 particles in Si. For a
22Na source and Si we use a characteristic penetration d
1/a5110mm.19 The fractions of positrons annihilating in th
unimplanted regions are thenI ref580% in the 1.15-MeV~20
mm! proton-implanted layerH2 and I ref542% in the 3.0-
MeV ~90 mm! proton-implanted layersH3 andH4.

A three-component model function2dn/dt5(I 1/
t1)exp(2t/t1)1(I2 /t2)exp(2t/t2)1(Iref /tref)exp(2t/tref) was
fitted in the positron lifetime spectra measured in the prot
implanted layers. The proton-implanted region is charac
ized by the two former exponential terms. The fitting para
etersI ref andt ref in the unimplanted region are constrained
the fixed values given above. The average positron lifeti
in the sample is defined as

tave5I 1t11I 2t21I reftref5~12I ref!timpl1I reftref , ~4!

where t impl5(I 1t11I 2t2)/(I 11I 2) is the positron lifetime
in the proton-implanted region.

As shown in Fig. 3, in the proton-implanted layerH2
~1.15 MeV, 20mm, 131014 cm22! the average positron life
time tave is abovet ref at 30–300 K and increases with de
creasing temperature. The second lifetime componen
layerH2 is constant,t25(300610) ps, throughout the tem
perature range 30–300 K. Also in layerH4 ~3.0 MeV, 90
mm, 831014 cm22! we observe in Fig. 3 thattave is above
t ref at 30–300 K and increases with decreasing temperat
The second lifetime component in layerH4 is constant,t2
5(30065) ps at 110–300 K, and decreases from 300 to 2
ps as temperature decreases from 110 to 30 K. In layerH3
~3.0 MeV, 90mm, 131014 cm22! the positron lifetime re-
sults are similar to those in layersH2 andH4. The average
positron lifetimetave is 227 ps at 300 K, 234 ps at 110 K
and 237 ps at 30 K. The second lifetime component in la
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9602 55H. KAUPPINEN et al.
H3 is constantt25(300620) ps at 110–300 K and de
creases from 300 to 280 ps as temperature decreases
110 to 30 K.

In layerA2 ~1.15 MeV, 20mm, 131014 cm22! annealed
at 400 °C only one component could be fitted in the posit
lifetime spectra at 30–300 K. The positron lifetime sho
still some temperature dependence and the difference to
value in as-grownn-type Si increases with decreasing tem
perature:tave2tref,0.3 ps at 300 K,tave2tref51 ps at 110
K, and tave2tref52 ps at 30 K.

2. Doppler-broadening measurements

In the as-grownn-type Si layerR2 theS parameter in-
creases slightly and theW parameter decreases slightly
temperature increases from 30 to 300 K.

Figure 4 shows that in the proton-implanted layersH2
~1.15 MeV, 20mm, 131014 cm22! andH4 ~3.0 MeV, 90
mm, 831014 cm22! theS parameter is clearly higher and th
W parameter is clearly lower than the corresponding val

FIG. 3. Average positron lifetimetave, positron lifetimet impl in
the proton-implanted region, and the second componentt2 of the
three-component lifetime spectrum vs measurement temperatu
unetched proton-implantedn-type Si: ~d! sampleH2, 1.15 MeV,
131014 cm22 and ~s! sampleH4, 3.0 MeV, 831014 cm22. The
solid lines are guides to the eye.
om

n

he

s

in as-grownn-type Si at 30–300 K. The temperature depe
dences ofS andW are qualitatively similar to that found fo
the average positron lifetime. LayerH3 was not subjected to
Doppler-broadening measurements.

In layerA2 ~1.15 MeV, 20mm, 131014 cm22! annealed
at 400 °C theS andW parameters are close to the corr
sponding values in as-grownn-type Si. TheS parameter in-
creases slightly and theW parameter decreases slightly
temperature decreases from 300 to 30 K.

C. Spreading resistance measurements at 300 K

The spreading resistance results at 300 K are presente
a ratior/r ref5(mnn)/(mn,refnref). Herer, mn andn are, re-
spectively, the resistivity, the electron mobility, and the fre
electron concentration in the proton-implanted layer, a
r ref , mn,ref , andnref are the corresponding values in the a
grown layerR5.

The spreading resistance profile of the proton-implan
layer H5 ~1.15 MeV, 20mm, 131014 cm22! in Fig. 7~c!
shows that the resistivity has increased after proton imp
tation. At depths 0–16mm the resistivity of the implanted
layer is 50–100r ref . At 16–18mm there is a peak in the

in

FIG. 4. S andW parameters of the Doppler-broadened anni
lation line vs measurement temperature in unetched pro
implantedn-type Si:~d! sampleH2, 1.15 MeV, 131014 cm22 and
~s! sampleH4, 3.0 MeV, 831014 cm22. The solid lines are guides
to the eye.
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55 9603DIVACANCY AND RESISTIVITY PROFILES IN n- . . .
resistivity. Behind the peak the resistivity decreases ag
and reaches the reference level at about 24mm.

In layerA5 annealed at 400 °C, the spreading resista
shows strong spatial variations, as seen in Fig. 7~d!. At the
surface the resistivity is almost the same as in the as-gr
layer. At depths 4–15mm the resistivity is much higher tha
in the as-grown layer. At 15–21mm we observe a region
where the resistivity is lower than in the as-grown layer,
lowest value being 0.1r ref at 17–18mm. At depths.21mm
the resistivity is the same as in the as-grown layer.

IV. DEFECTS IN AS-IMPLANTED LAYERS

In this section we identify the different positron annihil
tion states in then-type Si layers, before and after proto
implantation.

A. Defect annihilation characteristicstd , Sd , andWd

1. Before implantation

In the as-grownn-type Si layerR2, the positron lifetime
221–222 ps is close to the positron lifetimes 219–221
217–218 ps found earlier in silicon lattice.20,21 The small
linear temperature dependences of the positron lifetimeS
parameter, andW parameter can be attributed to the therm
expansion of the silicon lattice. Also the diffusion leng
~220610! nm at 300 K in layersR1a–d is in good agreemen
with the diffusion length 220 nm in bulk silicon at 300
obtained from the work of Soininenet al.16 Therefore, we
conclude that in the as-grownn-type Si layers positrons an
nihilate mainly in the free-annihilation state in silicon lattic
and the valuest ref , Sref , andWref correspond to the value
tb , Sb , andWb in silicon lattice.

2. After implantation

In the 1.15-MeV ~20 mm! proton-implanted layers
H1a– i and H2 and in the 3.0-MeV~90 mm! proton-
implanted layersH3 andH4, the resultstave.tb , S.Sb ,
andW,Wb shown above indicate that positrons are trapp
at vacancy-type defects. In layersH2, H3, andH4 we have
determined a second lifetime componentt25(30065) ps.
To decide whether there are more than one type of posi
traps present, we calculated a so-called model lifetim5

tmod5@(I 1 /t11I 2 /t2)/(I 11I 2)#
21 from the two positron

lifetime components used in the implanted regions in lay
H2,H3, andH4. If only one type of positron traps exists, w
should findtmod5tb . The presence of more than one type
traps is manifested astmod.tb . In the temperature rang
110–300 K we found in layersH2, H3, and H4 that
tmod5225–230 ps'tb . As temperature decreases belo
110 K, tmod increases strongly and is 250–255 ps.tb at 30
K. The same behavior oftmod is expected also in layer
H1a– i , because their proton implantation conditions a
nominally identical to those of layerH2.

The findings above bring us to the conclusion that in
1.15-MeV ~20 mm! proton-implanted layersH1a– i andH2
and in the 3.0-MeV~90mm! proton-implanted layersH3 and
H4 the dominant positron trap at temperatures 110–300
a vacancy defect with a characteristic positron lifetimetd
5(30065) ps. Below 110 K there seems to be present
in
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other positron trap, the characteristic positron lifetime of th
is lower than 300 ps. Hereafter, we shall concentrate on
characterization of the 300-ps defect, because it is the do
nant positron trap at 300 K, at which temperature the de
profiling experiments with slow positrons and spreading
sistance were performed.

We can use another method to check that the 300-ps
fect is the dominant positron trap in the proton-implant
layers. Any of the three mean annihilation quantitiesFi

P@F15tave, F
25S, F35W] can be expressed as a supe

position of annihilations states:

Fi5hbFb
i 1(

j

N

hd jFd j
i with hb1(

j

N

hd j51, ~5!

where the subscriptb corresponds to the free annihilatio
state in the lattice, the subscriptsd j5d1, d2,...,dN corre-
spond toN defect states, andhb andhd j are the fractions of
positrons annihilating in the corresponding states. When o
one defect is acting as a positron trap, Eq.~5! is reduced to
two termsFi5hbFb

i 1hdFd
i . ThenS(t), W(t), andS(W)

are linear functions. Figure 5 shows that theS(t) and
W(t) curves for the proton-implanted layersH2 ~1.15 MeV,
20 mm, 131014 cm22! and H4 ~3.0 MeV, 90 mm, 8
31014 cm22! are straight lines. This indicates that the da
follow the one-trap model very well. Below 110 K th
S(t) andW(t) curves deviate only slightly from the straigh
lines.

We determine the characteristic momentum parame
Sd andWd of the 300-ps defect as follows. By extrapolatin
the linesS(t) andW(t) in Fig. 5 to the positron lifetime
td5300 ps at the vacancy defect, we obtain its characteri
S and W parameters asSd5(1.05260.003)Sb and Wd
5(0.7860.02)Wb , respectively.

B. Positron trapping rate to the td5300 ps defect

We can follow the changes in the concentrationcd of the
vacancy defect in the proton-implanted layers by calculat
the positron trapping rate to the vacancieskd5mdcd , where
md is the trapping coefficient. When there is only one type
defect acting as a positron trap in the implanted region,
positron trapping ratekd to the defect can be calculated a5

kd5
F impl
i 2Fb

i

Fd
i 2F impl

i tb
21, ~6!

where the annihilation quantitiesFi ( i51,2,3) are as in Eq.
~5!.

1. Unetched n-type Si layers implanted with 1.15-MeV (20mm)
and 3.0-MeV (90mm) protons

Figure 6 shows the temperature dependence of the p
tron trapping ratekd to thetd5300 ps defect in the unetche
proton-implanted layersH2 ~1.15 MeV, 20 mm, 1
31014 cm22! and H4 ~3.0 MeV, 90mm, 831014 cm22!.
The trapping rate has been calculated by using the posi
lifetimest impl of Fig. 3 in Eq.~6!. The solid lines indicate the
temperature behavior ofkd assuming thatkd}T

2n. We see
thatn50.5 at 190–300 K andn52 at 110–170 K. In layer
H3 we obtain the same values ofn as in layersH2 and
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H4, the values ofkd being 0.5 ns21 at 300 K, 0.7 ns21 at
190 K, and 1.6 ns21 at 110 K.

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

The positron trapping ratekd at 300 K to the 300-ps de
fect in the etched layersH1a– i ~1.15 MeV, 20 mm, 1
31014 cm22! is calculated by inserting the slow-positro
data of Fig. 2 in Eq.~6!. We use the defect specific value
Sd5(1.05260.003)Sb and Wd5(0.7860.02)Wb deter-
mined above from the fast-positron results. Thekd profiles
obtained from theS andW results are found to be almos
identical, which indicates that one vacancy-type defect is
served at all etched depths at 300 K. An average of the
kd profiles, weighted by the inverse errors of the data poi
is presented in Fig. 7~a!.

3. Comparison between etched and unetched n-type Si layer
implanted with 1.15-MeV (20mm) protons

By comparing the results of the slow-positron and t
fast-positron measurements in the etched layersH1a– i ~1.15

FIG. 5. Determination of the characteristicSd andWd param-
eters at the defect corresponding to a positron lifetime 300 p
unetched proton-implantedn-type Si. The data of Fig. 4 have bee
plotted vs the data of Fig. 3:~d! sampleH2, 1.15 MeV, 1
31014 cm22 and ~s! sampleH4, 3.0 MeV 831014 cm22. The
solid lines are fits of the two-state trapping model in the data. T
symbols~h! correspond to the bulk silicon and to the defect e
trapolated at 300 ps.
-
o
s,

MeV, 20mm, 131014 cm22! and in the unetched layerH2
~1.15 MeV, 20mm, 131014 cm22! proton implanted nomi-
nally in the same conditions, we can check whether the
methods give similar positron trapping rates. In Fig. 7~a! we
see that the trapping rate in layersH1a– i determined with
slow-positron measurements is on the averagekd
50.4 ns21 at depths 0–25mm. In layerH2 we obtained a
somewhat higher value 1.1 ns21 at 300 K with positron life-
time measurements, as can be calculated from Fig. 6. Th
values are of the same order of magnitude. The value okd
in the unetched layerH2 is, however, about three time
higher than the mean value ofkd in the etched layers
H1a– i .

A difference inkd can be introduced by disregarding
the positron lifetime analysis the inhomogeneity of the v
cancy distribution at depths 0–25mm. A bigger systematic
error in the determination ofkd from the positron lifetime
data can also come from calculating the fractionI ref of pos-
itrons annihilating in the bulk behind the vacancy distrib
tion. A change inI ref by 50% from 80% to 40%, which
corresponds to reducing of the fast-positron penetra
depth 1/a from 110 to 50mm yields nearly the same value
of 0.6 and 0.5 ns21 by the fast-positron and the slow
positron methods, respectively. This effects only little t
characteristic annihilation parameters of the defect:td
changes by 3% from 300 to 290 ps,Sd by 0.6% from
1.052Sb to 1.045Sb , and Wd by 4% from 0.78Wb to
0.81Wb . Hence, the positron trapping rate 1.1 ns21 calcu-
lated from the positron lifetime data could be too high b
cause of too highI ref . The positron trapping ratekd

in

e
-

FIG. 6. Temperature dependence of the positron trapping
kd to the 300 ps defect calculated from the positron lifetime data
Fig. 3, in unetched proton-implantedn-type Si: ~d! sampleH2,
1.15 MeV, 131014 cm22 and ~s! sample H4, 3.0 MeV, 8
31014 cm22.
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50.4–0.5 ns21 calculated from the slow-positron data
more accurate. Finally, as the proton implantations were
formed at three different runs, the conditions may ha
changed slightly from one run to another.

C. Properties of the defects

In the following, we discuss the properties and the ide
tification of thetd5300 ps defect.

1. Silicon divacancy V2

The dominant positron trap at 110–300 K in 1.1
and 3.0- MeV proton-implantedn-type Si has the follow-
ing characteristic annihilation parameters:td5(30065) ps
51.35tb, Sd5(1.05260.003)Sb , and Wd5(0.78
60.02)Wb . We identify this defect as the silicon divacanc
V2 on the basis of the following arguments.

~i! The positron lifetime at the defecttd5(30065) ps is
close to the theoretical value 309 ps at the divacancy ca
lated by Puskaet al.22

FIG. 7. Comparison of vacancy, hydrogen, and resistivity p
files in Si implanted with 1.15-MeV protons to a dose
31014 cm22: ~a! positron trapping rate at 300 K to the 300-p
vacancy after implantation~samplesH1a– i!, ~b! distributions of hy-
drogen after implantation and the energy deposited in nuclear
lisions obtained with aTRIM simulation,~c! spreading resistance a
300 K after implantation~sampleH5!, and~d! spreading resistanc
at 300 K after implantation and subsequent annealing at 400
~sampleA5!.
r-
e

-

u-

~ii ! The positron lifetime td5(30065) ps51.35tb
is higher than experimentally determined positron lif
times at monovacancy defects in silicon:td(V2P)5250
ps51.14tb and td(VSi!5270ps51.23tb .

20 The high-
momentum parameterSd5(1.05260.003)Sb is also clearly
higher than the values reported for monovacancy defect
other semiconductors: e.g.,Sd(VGa)51.027Sb in GaAs.23

The positron annihilation results are in agreement w
electron paramagnetic resonance~EPR! measurements in
electron-irradiated silicon, according to which the mo
abundant point defect existing in low-impurity silicon aft
irradiation and room temperature annealing is the divaca
V2 .

24 In electron-irradiated float-zone silicon Avalos an
Dannefaer25 have assigned a positron lifetime of~29065! ps
to divacancies, which is in rather good agreement with
value~30065! ps that we attribute to divacancies in proto
implanted CVD-grown silicon. They also gave a valu
(1.06760.002)Sb for the characteristicS parameter for the
divacancy, which is slightly higher than the value (1.0
60.003)Sb determined in this work.

Below 110 K the one-trap model is not valid. This ind
cates that at temperatures,110 K at least one other defec
acts as a positron trap and for this defecttd,300 ps. Poten-
tial candidates are small concentrations of monovacan
type defects such asV-P ~Ref. 20! or V2-O ~Ref. 11! or
so-called shallow positron traps such asV-O ~Ref. 26!. As
positron trapping to this other trap is not observed at 300
where our main interest is, hereafter we shall consider o
the divacancy.

After proton implantation the silicon layers are highly r
sistive and the position of the Fermi levelEf is expected to
be rather insensitive to the temperature between 30–30
We can assume that as temperature decreases, the conc
tion cv of the divacancies remains in the same charge stat
at 300 K. The temperature dependence of the positron t
ping ratekv5mvcv to the divacancy can be ascribed to t
positron trapping coefficientmv to the divacancy. Above we
observed thatkv}T

20.5 at 190–300 K andkv}T
22 at 110–

170 K. According to Puska and co-workers6,27 the positron
trapping coefficientmv to the ground state of a negative v
cancy is proportional toT20.5. As temperature decreases, t
positron can get trapped at a shallow Rydberg state aro
the vacancy and the trapping coefficientmv is proportional to
T2n, wheren.1. The positron-trapping coefficient to a ne
tral vacancy does not depend on temperature. We have
observed the temperature dependence theoretically expe
for a negative vacancy. Furthermore, this agreement betw
theory and experiment validates our assumption that the
vacancies remain in the same charge state as temper
decreases from 300 to 110 K. We conclude that the di
cancy in the proton-implantedn-type Si is in a negative
charge state.

The divacancy is known to have three ionization lev
V2
22/2 , V2

2/0 , and V2
0/1 in the band gap of silicon. EPR

measurements of Watkins and Corbett28 indicate a position
in the band gap for two of the electronic levels of the div
cancy: V2

22/2 at Ec20.40 eV andV2
0/1 at Ev10.23 eV.

Photoconductivity measurements of Kalma and Corelli29 and
Young and Corelli30 suggest that theV2

2/0 level is at Ec

20.54 eV. Another scheme for the two acceptor levels

-

l-
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given by Evwaraye and Sun31 on the basis of their DLTS
measurements:V2

22/2 at Ec20.23 eV and V2
2/0 at Ec

20.40 eV.
To decide whether the negative divacancy observed w

positron annihilation in proton-implantedn-type Si isV2
2 or

V2
2 we estimate the Fermi-level positionEf in the implanted

layers. Under the assumption that the effect of the pro
implantation on the electron mobility is small, the fre
electron concentrationsn in the proton-implanted layer
H1a– i , H2, andH5 ~1.15 MeV, 20mm 131014 cm22! can
be estimated from the spreading resistance results. From
7~c! we find thatn51–531012 cm23 at depths 0–16mm
and n5131011–131012 cm23 at depths 16–18mm. The
Fermi-level positions at the corresponding depths are t
Ec2Ef50.40–0.45 eV and Ec2Ef50.45–0.55 eV,
respectively.32 The positron annihilation results seem to be
accordance with the level assignmentsV2

22/2 at Ec

20.40 eV andV2
2/0 atEc20.54 eV based on EPR and ph

toconductivity measurements. We conclude that in the 1
MeV proton-implantedn-type Si layers the divacancy i
dominantly in the singly negative charge stateV2

2 .
The divacancy concentration in the proton-implanted l

ersH1a– i ~1.15 MeV, 20mm 131014 cm22! in Fig. 7~a! can
now be estimated. According to Mascher, Dannaefer,
Kerr26 the positron-trapping coefficient toV2

2 at 300 K in
electron-irradiated Si ismv5431015 s21. Another estimate
given by Kawasuoet al.33 is mv5131016 s21. Using both
values ofmv we obtain the divacancy concentrations@V2

2#
52–431015 cm23 at depths 0–14mm along the track of
the proton and@V2

2#54–831015 cm23 at depths 16–18
mm near the proton stopping range.

2. Defect profiles

By comparing the divacancy profile of Fig. 7~a! with the
resistivity profile of Fig. 7~c! we notice that the resistivity
increases with the divacancy concentration. The electro
compensation is due to trapping of free carriers at deep e
tron levels such as those of the divacancy. The concentra
estimates@V2

2#;1015–1016 cm23 given above suggest tha
the divacancies compensate not only the phosphorus do
@P#5131014 cm23 but also another positively charged sp
cies induced by the proton implantation.

To obtain theoretical estimates for the hydrogen and
cancy profiles induced by the proton implantation, we p
formed simulations of 1.15- and 3.0-MeV proton implan
tions in Si with TRIM v 95.34 The TRIM code contains only
ballistic processes and not, for example, diffusion of defe
and hydrogen in the lattice. Therefore the stragglings of
simulated hydrogen and vacancy distributions are proba
smaller than in reality. In the upper part of Fig. 7~b! we show
the profile of the energy deposited in nuclear collisions
1.15-MeV proton implantation. InTRIM this profile is pro-
portional to the distribution of implantation-induced vaca
cies. Along the track of the proton, at depths 0–15mm, the
deposited energy is 2–431023 eV/Å. The strong increase
of the deposited energy towards the end of the proton tr
reflects the energy-dependent cross section of nuclear c
sions inTRIM. In the lower part of Fig. 7~b! we show the
hydrogen profile after 1.15-MeV proton implantation to
dose 131014 cm22. The maximum hydrogen concentratio
th

n

ig.

n

5-

-

d

ic
c-
on

ors

-
-
-

ts
e
ly

-

k
lli-

to be expected at any depth after implantation is
31017 cm23. In the simulation of 3.0-MeV proton implan
tation in silicon the peaks of the hydrogen and deposi
energy distributions are found at depth 90mm. Along the
track of the proton, at depths 0–80mm, the deposited energ
is (1–2)31023 eV/Å.

The measured divacancy profile in Fig. 7~a! looks quali-
tatively similar to the calculated deposited-energy profile
Fig. 7~b!, but two differences can be observed. First, t
peak in the divacancy concentration occurs 3mm before the
peak in the deposited energy profile. Second, the peak in
divacancy profile is broader than the peak in the simula
deposited energy profile. We suggest for the difference
tween experiment and theory the following reasons.

~i! In the region near the proton stopping range the
drogen can be trapped at vacancy defects. As observed
viously by positron annihilation measurements in GaAs~Ref.
23! and in Si,8,9 the occupation of vacancies by hydroge
may prevent positron trapping, which can be reactivated o
in thermal annealing when hydrogen is released from
vacancies. The decoration of vacancies by hydrogen
mask the vacancy distribution from positrons in the region
the peak in the deposited-energy distribution that is close
the peak in the hydrogen distribution.

~ii ! The defects introduced by the proton implantati
diffuse and anneal out during the implantation process. T
results in a broadening of the vacancy profile.

The effect of the proton-implantation energy on the o
served positron-trapping rates is considered as follows. L
ers H2 andH3 are implanted to the same proton dose
31014 cm22 with different proton energies 1.15 and 3
MeV, respectively. The ratio of the positron trapping rates
divacancies at 300 K in the two layers iskv(H2)/kv(H3)
'2. This experimental value is in agreement with the va
calculated with theTRIM simulations: the energy deposited
nuclear collisions and the induced vacancy concentra
along the track of the proton is two times higher in the 1.1
MeV proton implantation than in the 3.0-MeV proton im
plantation.

Finally, we discuss the effect of the proton implantati
dose on the observed positron trapping rates. LayersH4 and
H3 are implanted with the same proton energy 3.0 MeV
different doses 831014 and 131014 cm22, respectively. The
ratio of the positron trapping rates to divacancies at 300 K
the two layers iskv(H4)/kv(H3)53, which is clearly
smaller than the ratio 8 of the implantation doses. The d
ference can be understood as a consequence of the diffu
and annealing of the defects during the implantation proc
This is also in agreement with the idea that the divaca
profile is broadened due to the diffusion of defects.

V. DEFECTS IN ANNEALED LAYERS

The changes in the divacancy concentration and in
divacancy and resistivity profiles induced by the annealing
400 °C are discussed in the following.

A. Positron trapping at vacancies

In layerA2 ~1.15 MeV, 20mm, 131014 cm22! annealed
at 400 °C the positron lifetime increases slightly as tempe
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ture decreases, which reveals the presence of a small con
tration of negative vacancies. At 300 K the positron trapp
at vacancies is below the detection limit and we cannot
tain a vacancy profile by slow-positron measurements.
positron lifetime results allow us to make an estimate of
vacancy concentration remaining after the annealing by
suming that the width of the defected region and the na
of the dominant positron trap are the same as in the
implanted material. In layerA2 the width of the defected
region is then 25mm and the defect specific annihilatio
parameters aretd5(30065) ps, Sd5(1.05260.003)Sb ,
andWd5(0.7860.02)Wb . Carrying out the same procedu
as for the as-implanted layers with the above-mentioned
sumptions, yields a positron trapping rate 0.05–0.1 ns21 to
the 300 ps defect at 300 K. Using the values ofmv given
above for the divacancy, we can estimate that the concen
tion of negative vacancy-type defects remaining after
400 °C annealing is equivalent to a divacancy concentra
of 1014 cm23.

The concentration of divacancies after thermal annea
at 400 °C is much lower than in the as-implanted layer. T
decrease of the vacancy concentration throughout the
planted region is most likely due to the annealing of t
divacancies. According to EPR measurements an annea
stage of divacancies is at 200–300 °C.24

B. Role of vacancies in the resistivity profile

1. Acceptors

At depths 4–15mm in the annealed layerA5 in Fig. 7~d!
the resistivity remains high after annealing, which indicate
compensation by remaining defects. The positron annih
tion results indicate that there are indeed negatively char
defects in concentration comparable to the phosphorus-d
concentration@P#5131014 cm23.

2. Shallow donors

At depths 15–21 and 0–3mm in layerA5 ~1.15 MeV, 20
mm 131014 cm22! annealed at 400 °C the resistivity d
creases below the reference level. The low resistivity
15–21mm near the proton range is a well-known effect a
it has been shown previously that it is due to the formation
shallow donors.35 The maximum shallow-donor concentr
tion at depths 16–18mm is approximately 1015 cm23. The
effect at 0–3mm near the surface is less clear. It may be d
to the passivation of the defects near the surface eithe
migrating impurities or because of the contamination of
irradiated surface during the annealing. In the following,
leave the surface resistivity as an open question and we
cuss the shallow donors near the proton range.

It is generally agreed that the shallow donors induced
silicon by proton implantation and subsequent annealing
300–500 °C involve hydrogen, but the microscopic config
ration of the donors is not clear.3,4 The IR absorption mea
surements of Mukashevet al.36 in proton-implanted silicon
suggest that the shallow donors are divacancy-hydro
complexesV224H.

In Figs. 7~d! and 7~a! we see that the spatial profile of th
shallow donors after annealing occurs exactly at the sa
en-
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depth as the peak in the divacancy profile before anneal
which suggests that divacancies play a role in the forma
of the hydrogen-related donors. We notice also that
maximum shallow-donor concentration is on
(1015 cm23!/~1017 cm23)51% of the maximum hydrogen
concentration, which indicates that something else than
hydrogen concentration is limiting the formation of th
hydrogen-related donors. Supposing that the donors w
hydrogen-vacancy complexes, the limiting factor would
the vacancy concentration before annealing. In our case
maximum divacancy concentration before annealing is 4
31015 cm23, which is indeed close to the measure
shallow-donor concentration. We conclude that the posit
annihilation and the spreading resistance results suppor
idea that the shallow donors formed in silicon by prot
implantation and subsequent thermal annealing
hydrogen-vacancy complexes.

We have also proposed the decoration of vacancies
hydrogen in the hydrogen peak region in the as-implan
material, but there no shallow donors were observed. T
would suggest that the nature of the hydrogen-vacancy c
plexes formed directly in the proton implantation is differe
from that of the shallow hydrogen-related donors obser
after annealing.

VI. CONCLUSIONS

To elucidate the nature and profile of vacancy-type
fects after proton implantation inn-type Si~P! layers we have
performed positron-electron pair momentum-distributi
measurements with a slow-positron beam carried out a
function of etching depth, ande1-e2 pair momentum-
distribution and positron lifetime measurements in unetch
layers with a 22Na source. Momentum distributions wer
measured with the Doppler-broadening technique. We h
also compared the vacancy profile with the resistivity pro
measured with the spreading resistance technique.

The dominant positron trap induced by 1.15 and 3.0 M
proton implantations is the silicon divacancyV2 . The char-
acteristic positron lifetime at the divacancy istd5(300
65) ps51.35tb . The characteristic low-momentum@for pz
5(0–2.8)31023m0c# and high-momentum @for pz
5(11–20)31023m0c# parameters of thee1-e2 pair mo-
mentum distribution at the divacancy areSd5(1.052
60.003)Sb andWd5(0.7860.02)Wb , respectively. The di-
vacancy is observed in the negative charge stateV2

2 .
The divacancy profile is measured inn-type Si implanted

with 1.15-MeV ~20 mm! protons to a dose 131014 cm22.
The divacancy concentration is@V2

2#52–431015 cm23 at
depths 0–14mm. The maximum concentration@V2

2#54–8
31015 cm23 is observed at 16–18mm. The resistivity in-
creases with increasing divacancy concentration. The pea
the divacancy profile is broader and shifted towards the s
face in comparison with the profile of deposited energy c
culated with TRIM. This is attributed to the formation o
hydrogen-vacancy complexes near the proton range an
the diffusion and annealing of defects during the implan
tion.

After annealing at 400 °C the remaining negative vacan
concentration is of the order of 1014 cm23. Spreading resis-
tance measurements reveal a region of shallow hydrog



-

ow
c
on

en-
the
he
the

9608 55H. KAUPPINEN et al.
related donors at depths 15–21mm. The shallow-donor con
centration 1015 cm23 is much lower than the maximum
hydrogen concentration. The spatial profile of the shall
donors overlaps perfectly with the peak of the divacan
profile observed before annealing. The shallow-donor c
G.
, R

s.

R

H

A.
nd

Sc

rs

R

y
-

centration is also close to the maximum divacancy conc
tration observed before annealing. This result supports
idea that the introduction of shallow donors is due to t
formation of new hydrogen-vacancy complexes during
annealing at 400 °C.
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