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Impurity-vacancy complexes in electron-irradiated silicon
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A comprehensive study of2.5—-10-MeV electron-irradiated Czochralski Si has been conducted using
positron lifetime and Doppler broadening spectroscopies. Eight samples, ranging from heavilynwdgpedo
heavily dopedp type, were irradiated simultaneously at room temperature to facilitate quantitative compari-
sons between the samples. The influence from the oxygen impurity was also investigated by comparison with
oxygen-free Si. For lightly doped materigidopant concentration less thaxx30'% cnr) the irradiation dam-
age is dominated by free, and negatively charged divacancies for the dose employed in this work (1.2
X 10~ /cn?). For the heavily doped materialslopant concentrations larger thark 80'/cm®) vacancy-
dopant complexes dominate, some of which involve divacancies, and in these samples very high introduction
rates (1-4 cmb) are estimated. In heavily B-doped materials evidence is found for thermally activated
trapping by boron divacancy complexes. Association of divacancies with P, Sb, and B dopants was found to
modify significantly the Dopple6 parameter relative to the value for free divacancies.
[S0163-18298)01227-2

[. INTRODUCTION where the former technique is forceful in distinguishing be-
tween different vacancy sizes while the latter is particularly
Irradiation of silicon leads to the formation of vacanciesuseful in revealing effects arising from complexing of vacan-
and interstitials. At room temperature these fundamental decies with impurities. One main finding from this work is that
fects are mobile and many will recombine, but some willdopants at high concentrations enhance significantly the con-
remain formed by migrating monovacancies as well as dicentration of vacancies by reducing recombination with in-
rectly by the irradiation, and divacancies are immobile atterstitials and that dopant-vacancy complexes dominate in
room temperature. Numerous studies have been conductedd4ach materials.
elucidate the character of complexes, but the majority with
vacancy-associated ~ complexes (divacancies;? P

monovacancy, B monovacancy® and O multivacan& Il EXPERIMENT

whereas only one form of pure interstitialgthe

di-interstitial’) and one form of carbon-interstitial complex A. Samples

have been reported dnCorbetf reviewed data obtained

mainly from electron paramagnetic resonafE®R while The samples were cut from Czochralski-grown wafers

Lindstrom and Svenssdfi focused on results obtained by (Cz-S) doped as listed in Table I. The lettsrin the codes
infrared (IR) spectroscopy. The literature is extensive, but itfor each sample signifies the dopant type while the number
appears that a systematic investigation of samples with dndicates, on a scale of 0—4, increasing dopant concentra-
wide range of dopant concentrations irradiated under identitions. These codes will be used in figures displaying the re-
cal conditions has not been reported. Furthermore, high dopsults. The samples were in the form of bars of dimensions
ant concentrations have been excluded because EPR and IR

measurements are not feasible for experimental reasons. TABLE |. Sample characteristics. For easy identification of dop-

F.ormer' po'S|tron works on electron irradiated Si InCIUdeant concentration larger numbers in the sample codes reflect larger
an investigation by Mascher, Dannefaer, and Kémwho impurity concentration.

demonstrated that the trapping of positrons depends mark-

edly on the charge of vacancies. Kiaen et al** investi- Sample  Dopant and Resistivity
gated in detail the monovacancy and the phosphorous MOoNo- code type Impurities/cri (Q cm)
vacancy compleX® and Kawasuset al'* and Chibaet al®
focused mainly on divacancies. P4 P@) 5x10'® 0.01
In this work we have employed positron annihilati@nd P3 P() 5x 10" 0.1-0.2
in a few cases Fourier transform infrared spectrosgdapy P2 PQ) 5x10' 1-2
investigate vacancies formed by electron irradiation, taking P1 Pf) 2x10% 3
advantage of the fact that highly doped materials can also be Sb4 Sh() 1x 10 0.01
investigated by positron annihilation. The aim of this work is B4 B(p) 5x 108 0.01
mainly to assess the influence from doping on vacancy pro- B3 B(p) 5% 10 0.1
duction by comparing results for variously doped samples B0 B(p) 4x 10" 100
irradiated under identical conditions. We have employed Fz none ~2000

both positron lifetime spectroscopy and Doppler broadening
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4% 0.5 30 mn? and were irradiated along the long axis neutral defect¢due to Coulomb repulsigrat room tempera-
with 10-MeV electrons using a pulsed bed@%0 pulses/s ture and decreases with decreasing temperature; these are
each of 3 ms durationwith an average current density of very helpful features in assessing the charge state of free
4.5 uAlcm?. The dose at the beam-facing end of the samplegacanciegor vacancy-impurity complexgs
was 1. 10'%~/cn?. The samples were irradiated simulta- ~ The trapping rate is a central parameter buhas deter-
neous|y and were cooled by water at 8 °C and were Spacé@ined directly by analyses of the lifetime spectra that yleld
by £ mm to allow for free-water-flow. After irradiation the lifetime values and their associated intensities. To determine
samples were stored at18 °C until commencement of the the trapping rate one can employ the trapping mtdebm
positron measurements. which the trapping rate can be calculated from experimen-
tally obtained parameters according to
B. Measurements k=1 5(Urg—Lr)l(1—1,), 2
The positron lifetime measurements were done using a

spectrometer with a prompt width of 200 ps at full width at Where 7, is the lifetime for positrons trapped by vacancies,
half maximum. Each lifetime spectrum containeck #0° |2 is the intensity ofr,, and 7g is the bulk lifetime. As
counts for low-temperature measuremefrspeated twice pointed out in Ref. 18, in which a more thorough discussion
over 20 B while those obtained at room temperature con-Of the trapping model can be found, applicability of the
tained (6—10) 10° counts(and repeated thrice over 18.n Model can be gauged by the trapping-model-based equation
The 24 h time stability of the spectrometers was better than
+2ps as achieved by close temperature regulation _
(£0.1°C) of all electronic componentincluding the 1/75_21 il 3)
ORTEC multichannel boards situated inside the computer.
These experimental conditions make possible separation dfhe 7 lifetime arises from annihilations in the bulk but its
individual lifetime components when they differ in excess ofvalue is smaller than the bulk lifetime because trapping into

2

~50 ps. vacancies additionally removes positrons from the bulk state
The source correction consisted of a 250 ps lifetime comin which all positrons initially residetr; = (1/75+ «) . For
13,16

ponent with an intensity of 2% arising from the Quén-thick  Si, 73 has been established at 217 ps; and for all
Al foil that enveloped the sourcéof strength 13uCi) as  cases except for one irradiated sam(®) this value was
prepared according to a newly developed prescriptder  found to within =3 ps as calculated from E¢3). We con-
scribed in Ref. 18 It is noteworthy that for such sources the clude, therefore, that the trapping model is applicable in this
usually encountered 1.5-ns “tail” lifetime component is ab- work.
sent, which, apart from indicating that this component is The Doppler-broadened energy spectrum of the 511-keV
source-preparation related, simplifies numerical analysesnnihilation quanta reflects the momentum distribution of va-
Excluding the source correction had, to within statistical er-lence and core electrons in the immediate vicinity of the
ror, no effect on the results. positron. Because the energy spectrum is severely influenced
Doppler broadened energy spectra were obtained with aby the energy resolution of the detector syst@n? ke\) a
energy resolution of 1.2 keV using a 5% efficient intrinsic crude(but nevertheless statistically well-determipgéram-
Ge detector operated at a count rate of 2 kHz. Each spectrugter is commonly used to characterize the overall electron
contained X 10° counts within the annihilation peak and momentum distribution, namely, ttf®parameterS is deter-
was repeated five times during a time period of 20 h. Allmined by the number of counts within a symmetrically po-
reported lifetime and Doppler data are averages of the indisitioned energy range of 5310.7 keV (in our casg divided
vidual results, and indicated errors take into account the mulby the counts within the 5114.8 keV range that, after back-

tiplicity of the measurements. ground correction, incorporates nearly all of the counts
within the bell-shaped Doppler spectrum. Because of the ar-
C. Positron annihilation bitrariness in the definition o6, only the ratioS/Sg has

omparative relevance, whe$g pertains to the bulk. Since
alues of theS parameter are subject to experimental condi-
ons such as whether the samples are situated inside a cry-

When vacancies trap positrons their lifetime is increaseqcl
relative to the bulk valuéi.e., that for nontrapped positrons fi
due to the smaller average electron density which makes pogias or not and to changes in the width of the resolution
sible the observation of vacancies by means of positron aryg,cfion care was taken to ensure that reference measure-
nihilation. The trapping rate of the positrons is proportionalments t'o determin&;, were made under the same condi-
to the vacancy concentration according to tions a;s those for the ,irradiated samples.

k=puCy, oY)

wherep is the absolute specific trapping rate (hsnr’) and
Cy is the absolute vacancy concentration (én The abso-
lute specific trapping rate is strongly temperature dependent Lifetime and Doppler results for unirradiated samples are
for negatively charged vacanciéarge at low temperaturgs listed in Table Il. The lifetime data reveal a vacancy-cluster
while essentially temperature independent for neutral vacarlifetime 7, with a fairly low intensityl,, and such a weak
cies. For positively charged vacanciés complexes the  contribution has been observed earliiConsequently S
specific trapping rate is estimated to fdor less of that for ~ values do not strictly correspond to the bulk value, but we

Ill. RESULTS

A. Temperature dependencies
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TABLE II. Lifetime (7., 7,, andl,) and Doppler dataS) for unirradiated samples. The bottom entry in
this table(Fz) refers to a float zone refine sample with an oxygen concentration about 100 times less than for
the other samples. The trapping ratg and the bulk lifetimerg were calculated from Eq<g2) and (3),
respectively. Data are shown for measurements at room temperature, and are, within error, identical to those
obtained at 30 K.

Sample 7 (py 72 (p9) I, (%) 78 (P9 Ky (nsh) S
P4 214r1 449+ 17 3+1 218+3 0.07+0.02 0.5059 0.0003
P3 2131 406+ 14 4+1 217 0.09 0.5058 0.0003
P2 212+ 1 394+ 12 5+1 2175 0.11 0.50450.0003
P1 2131 420+ 11 5+1 218 0.10 0.5063 0.0007
Sha 2131 407+ 14 4+1 2175 0.09 0.50490.0007
B4 214+ 1 421+ 16 3+1 217.5 0.07 0.50350.0007
B3 213+1 416+ 15 4+1 217 0.09 0.50490.0003
BO 212+ 1 409+ 11 5+1 217 0.10 0.5062 0.0004
Fz 210+3 336+ 22 10+3 217 0.17 0.5096 0.0006

will nevertheless use them as such because of the small framicreases with temperature whitedecreases strongly, which
tion (<0.04) of positrons trapped by grown-in defects. are characteristics very similar to those observed in electron
Lifetime results for then-type irradiated samples are irradiated oxygen-free undoped &iz-S), where they were
shown in Fig. 1. The samples were cut from the front end oShown to arise from trapping by negatively charged
the bars(and hence irradiated with 10-MeV electrons to thedivacancies®
dose of 1.X 10 cn?). In this figure(and others to follow For the medium P-doped samled), rincreases signifi-
we show, for the sake of brevity, only the important cantly with temperature whereas the trapping rate is essen-
irradiation-produced lifetimer and its associated trapping tially constant(at 2 ns'). The lifetimes cover the range be-
rate « as calculated using Ed2); it should be noted that tween monovacancies =270ps) and divacancies
these two parameters include the small contribution from th¢=300 ps).
defects already present before the irradiation. For the highly doped P4 sample,is constant(at 260
The samples show quite different temperature dependent 3 ps), but the trapping rate cannot be calculated because
cies. For the two lightly P-doped sampléB1 and P2 =  the bulk-associated componentis too small to be resolved
: : : : : for any of the lifetime spectra in the temperature range in-
320 [{a)p1—® pa—o0 ] vestigated. Nonobservability ef requires at our experimen-
oAy - tal conditions that-;<80 ps, which means that the trapping
rate would be at least 8 ns ..
For the Sb-doped sample the lifetime is smalléy
~ 20 ps) relative to the P1 and P2 samples, but has the same
. temperature dependence. The trapping rate is essentially
temperature independent, just as for the P3 sample, but is
significantly larger.
260 1 oG 1 The temperature dependencies of the Doplparameter
s . are shown in Fig. @) for the P3, P4, and Sbh4 samplgzl
and P2 were not investigated because the lifetime data were
very similar to the Fz-Si samples for which tBeparameter
was also measuréd. For the P3 and Sb4 samples, where
trapping rates can be calculated, the defect-specific ratio
Sp/Sg can be obtained from

w

[=

o
i

280 |-

LIFETIME (ps)

i S=(1-a)Sg+aSp, (4)
1 giving

TRAPPING RATE (ns™")
- N WA DN ®
I

SD/SB:(S/SB+CY_1)/(1, (5)

. . where the trapped fraction of positronsis given by

0 100
TEMPERATURE (K) a=r«l(k+\g). (6)

FIG. 1. Irradiation-produced positron lifetimes and trapping IN these equationSg is the bulkS value, Sy is the defect-
rates forn-type materials as a function of sample temperature. ThecharacteristicS parameter, andg is the bulk annihilation
sample codes are those listed in Table I. The broken curve in panéate (= 1/7g). Sp/Sg values for the P3, P4, and Sb4 samples
(b) is for free negatively charged divacancies in Fz-Si, from Ref.are shown in Fig. @). In this context it is worth noting that
16. The trapping rate for the P4 was too high to be calculable. lifetime and Doppler parameters are sensitive to vacancies in
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FIG. 3. Irradiation-produced positron lifetimes and trapping

and Sh4 samples as a function of sample temperature and a repf@tes forp-type materialgsee Table | for sample identificationgn

sentative unirradiated sampléy) Defect-specific ratioSy /Sg as
calculated from Eq(5). The broken line indicateSy /Sg from Ref.
16 for free negatively charged divacancies.

panel(b) the broken curve shows the results for Fz(Bef. 16.

The results described above suggest that doping at con-
centrations of 5 10'/cm® or above influences substantially

widely different regimes of trapping rates. Lifetime data arethe temperature dependencies of the positron parameters

sensitive at most to a trapping rate-eB ns !, whereasS is

relative to those for free divacancies, indicating that

sensitive to~45 ns %, corresponding to a fraction of 90% impurity-vacancy complexes are of importance.

being trapped.

For the P4 sample it is not possible to calcul&g/Sg
using the above procedure. However, we have reason to be-
lieve that the trapped fraction of positrons is close to one a
based on Doppler data to be presented legec. Ill B, Fig.

7) and obtain thus values @&y /Sg as shown in Fig. @).

The P3 and P4 samples have nearly the same values of

0.516

Sp /Sg that are significantly lower than that for free divacan-

cies (1.067-0.005) 1% for the Sb-doped sampl&y/Sg is
marginally larger than for free divacancies.

Turning to the results for thp-type material, Fig. 3 de-
picts lifetime results for the boron-doped materials. The data
for the lightly doped sampléB0) are very similar to those
for the lightly doped P1 and P2 samplésnd the Fz-Si

0.512

0.508

S PARAMETER

0.504

samplg. The medium-doped B3 sample has a small trapping
rate (0.7 ns%), which makes the determination of the life-
time rather uncertain. The highly doped B4 sample is unique

in showing a trapping rate thémcreaseswith temperature

above 150 K.

The Doppler data for the B3 and B4 samples are shown in
Fig. 4@ (BO was not investigated for the same reason as in

1.06

Sy/Ss

1.04

the cases of the P1 and P2 sampl&$e S parameters for
the B3 sample are very close to the reference values that are
commensurate with the small trapping rate that makes a cal-

culation of S;/Sg too uncertain to be of value. For the B4
sampleS, /Sy can be calculated and valugsee Fig. 4b)]

B. Location-dependent measurements

In this section we present results obtained mostisoam
?emperature for different locations on the irradiated bars. The

 (a)

B4

B3

As-Grown

Free Divacapcies (1.067)

0

100

200
TEMPERATURE (K)

300

FIG. 4. (a) S parameters for the B3 and B4 samples and a
representative unirradiated sample. Because of the small effect from

are below the free negatively charged divacancy value oirradiation on the B3 sample only the defect-specHid Sy param-
eter was calculated for the B4 sampfmnel(b)].

1.067+0.005.
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FIG. 5. Irradiation-produced positron lifetimes and trapping FIG. 6. Irradiation-produced positron lifetime and trapping rate

rates(obtained at 295 Kas a function of location along thetype as a function of temperature for the Sb4 sample measured at the 2
sample bars. The trapping rate for the P4 sample was too high to b

calculable. In(b) the dotted line superimposed on data for the Sb4r%m location and the 27 mm location of the sample bar.

lsamdplfe d'Sp:ayS the deXPeCted gose variation with location as calcygenica) charge states, but the lifetime values are consis-
ated from electron dosimetry data. tently lower for the 27 mm position.

The S parameter was also investigated but only for three
location “zero” in Figs. 5-9 signifies the electron entry end. locations. The results in Fig. (& (expectedly show a
The furthest location down the bars is located at 27 mm agradual decrease i8 for all samplesexceptfor the highly
which point the calculatednean electron-energy has de- doped P4 sample at least for the first 15 mm of the bar.
creasedlinearly) to 2.5 MeV when taking into account the Using the referenc8 values in Table Il and the lifetime data
mixed cross-sectional nature of the sample assembly, i.effom Fig. 5, the defect-specifi§, /Sg parameter can be cal-
50% water and 50% silicon baf$Not only does the energy culated[see Fig. T)]. The near-constancy @& for the P4
of the electrons degrade along the bars, but the dose alsample suggests essentially complete trapping in this sample,
decreases due to fan-out of the beam. S0 Sp /Sg was calculated with the trapped fractierequal to

In Fig. 5 are shown lifetime results for-type samples. one.

For all of the samples the lifetimes are essentially indepen- For the p-type materials, for which lifetime data are
dent of position, and the trapping rates decrease smoothishown in Fig. 8 and Doppler data in Fig. 9, location-
along the bars from the front to the back end. For the highlyindependent lifetimes were observed while trapping rates de-
doped P4 sample the trapping rate is too high to permit &reasedfor the B3 sample we have again omitted calcula-
calculation of its value regardless of location. In the case ofion of S;/Sg due to the low trapping ratethere is in this
the Sb4 sample the experimentally determined trapping rateggard no difference betweem and p-type materials.
are large enough to make possible a comparison with elec- This concludes the presentation of the positron results
tron dosimetry. Using data from Ref. 20 the fan-out of thefrom which emerges the general observation that electron
electron beam can be calculated as a function of locatiorgnergies in the=2.5—10-MeV energy range and dose ranges
yielding the shape of the trapping rate curve based on dosinbetween~0.6x 10*® and 1.2<10'® e /cn?, although influ-
etry data as depicted by the dotted line in Figb)5 The  encing the concentration of defects, have little effect on the
agreement is very good and shows that the trapping rate oltypes of defects created.
tained from positron annihilation data is determined mainly In addition to the positron experiments, infrared absorp-
by the dose while little influenced by the electron energy. Fottion experiments were also performed at room temperature.
the Sb4 sample the temperature dependence of thEhese were possible for the P1, P2, and P3 samples and the
irradiation-produced lifetime and its trapping rate were alsaB0 and B3 samples, but not for the P4, B4, and Sb4 samples
investigated at the end of the bar. In Fig. 6 data are comparedie to high free carrier absorption even after irradiation. The
for two locations, with data for the fronf2 mm) location  neutral oxygen-vacancy compléthe A center which, essen-
reproduced from Fig. 1. Trapping rates show the same sligltially, is a substitutional oxygen atorwas found in all cases
temperature dependency indicating that the vacancies are {absorption at 830 cit) although in the case of the P3
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FIG. 7. (a) S parameter datéobtained at 295 Kfor three dif- FIG. 8. Text as for Fig. 5 but for thp-type samples.
ferent locations along the irradiateetype sample bars. Values 8f The 1.8um bands for the three samples are shown in Fig.
for unirradiated samples are shown at the extreme right. Thg1 and they differ in strength even though the samples were
straight lines connecting th® parameter data are only intended as jrradiated to the same dose. To quantify their relative
a guide for the eye and are somewhat misleading insofar that §trengths the areas in the 1.63—188 range were calcu-
downward curvature is more likely as expected from electron d°1ated(after linear background subtractjcand normalized to
simetry. (b) Defect-specific values ofSy/Sg for the various that for the Fz-Si sampjré (irradiated to the same dose
samples together witfbroken horizontal lingthat for free divacan- Likewise we have calculated the trapping rates relative to the
c1es. Fz-Si sample, and these results are listed in Table IV. In the
cases of the P3 and BO samples optical and positron data

sample there was also a weak absorption at 877'cimat  scale fairly well, but are clearly deviant in the case of B3.
arises from negatively charg@dcentersl_o These absorption This is an important observation and will be discussed in
bands were not observed in oxygen-free Si. Sec. IVA

Table Il lists areas of the 830-cmh absorption band as :
calculated in the 820—870-crh range after subtraction of 0.520 | @)
the background absorption. Unfortunately, the 830tm B4
band is situated on a rapidly changing background absorp-
tion differing from sample to sample that makes impossible
assessment of trends as a function of position. For this reason
we list results averaged over five locations equidistantly
placed between 5 and 25 mm along the sample bars. Since
the area of the absorption band is proportional toAlenter
concentration, we can conclude that in the lightly doped P1, 0.505 | Q—
P2, and BO samples the samdecenter concentratiofto As-Grown,~
within +10%) was formed while for the more heavily doped
P3 and B3 samples fewény nearly 30% were formed; this
indicates that dopants compete with oxygen in trapping mo- Free Divacancies (1.067) |
bile monovacancies. o

Infrared absorption arising from divacancies was also o 106 + T §
measured(at room temperatuje Divacancies give rise to
three absorption band$,one at 1.8um arising fromV, ",
V,°, andV, ", one at 3.3um due toV,?~ and one at 3.%m 1.04 —
due toV,*. In none of the P3, BO, and B3 samples could the 10 20 30
latter two absorption bands be foutske Fig. 10 for the case POSITION (mm)
of the B3 sampleruling outV,2~ in the P3 sample and, "
in the BO and B3 samples. FIG. 9. Text as for Fig. 7 but for thp-type samples.
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TABLE lll. Infrared absorption (arbitrary unit3 of the
830-cmi ! band as integrated over the range 820—870%crRor the
P4, Sb4, and B4 samples the free carrier concentrations were too
high for infrared measurements.

w
Sample Absorption :Z:
code (arb. units g
P1 12.4:1 é
P2 11.1+1
PF 8.5+1
BO 13.0t1 I . 1 A 1 . 1 . i .
B3 921 16 1.7 1.8 19 20 2.1

WAVELENGTH (pm)

@A weak additional absorption due £~ centers was also observed. ) )
FIG. 11. Optical absorption of the 1@m band for the B3

sample (top curve, the P3 sampldmiddle curve, and the BO
sample(lower curve. The sharp absorption patterns are due to wa-
The discussion is divided into three sections: Sec. IV Ater vapor present in the ambient atmosphere.
deals with the low temperature results, Sec. IV B deals
mainly with the influences from dopants on vacancy intro-This discrepancy likely arises froifmeutra) A centers that
duction rates, and in Sec. IV C the location-dependent resuligive rise to the 830-cit infrared absorption band. Two
are briefly discussed. mechanisms can be envisagéid:The neutralA centers act
as positron traps but only at low temperatures, i.e, they are
shallow traps. The consequence would be that at low tem-
peratures an additional lifetime component should emerge
In this section we discuss the temperature dependencies afith a lifetime close to that for the bulik17 ps. However,
lifetime and Doppler data. The trapping rates for the lightlyno such additional lifetime could be found nor was one re-
doped P1, P2 sampl¢see Fig. 1 and the BO sampléFig. 3)  quired insofar that adequate fitting was possible without such
are, though not identical, similar to those for undopeda componenfy?=1.06+0.05 and a bulk lifetime calculated
oxygen-free Fz-Sté indicating that dopant concentrations from Eq.(3) of 217+ 3 pd|. (ii) The neutralA centers are not
below 5x 10'%cm?® have no effect on the charge of the diva- shallow traps but modify the Fermi level relative to its posi-
cancies; these divacancies are negatively charged and are nigh in Fz-Si. This is certainly possible since tAecenters
associated with impurities. have a OF level situated aE.—0.18 eV, whereE, is the
Despite the qualitative agreemefite., temperature de- pottom of the conduction band, and their concentration is
pendency with the Fz-Si data there is a quantitative dis- about 167cm?. In additionE centers(P V), which have a
agreement insofar that oxygen causes an increase in the trag-— level at E.—0.4 eV, could also play a role since the
ping rate for divacancies by a factor of 2 compared to Fz-Sijivacancy has a 6/ charge level close t&.—0.5 eV. One
at room temperature. This should have resulted in a like incan therefore expect that in such a situation 0n|y small
crease in the trapping rate at low temperatures, but in fachanges in the Fermi level with temperature coupled with the
slightly lower values are found and there is even a downwar@emperature dependence of the Fermi distribution can signifi-
trend below 50 K(Fig. 1) when compared to oxygen-free Si. cantly change the balance betwees? andV,~ concentra-
Kawasuso and Okaffafound a similar effect below 50 K. tions. Thus one may explain the lesser response from diva-
cancies in the P1, P2, and BO samples by a Fermi-level effect
T T causing moreV,° that trap positrons much less effectively
thanV,; essentially this means that the Fermi level is very
close to the O charge level for the divacancy. We favor
this latter explanation because it does not require a new life-
time as does the first one. Furthermore, the differences be-

IV. DISCUSSION

A. Temperature dependencies

12 |

w
Q
é TABLE IV. Relative strength(to Fz-S) of the 1.8um absorp-
§ tion band and trapping rates from positron measurements. The trap-
@ ping rate for the Fz-Si sample is 068.1 ns!. Data pertain to
room temperature.
. . . . . . Relative Relative
2.0 25 3.0 35 4.0 4.5 5.0 Sample strength strength ¢-0.2)
WAVELENGTH (um) code (1.8 um) (trapping ratg
FIG. 10. Optical absorption for the B3 sample. No evidence for P3 15 18
an absorption band at 3/4m could be found. The change in ab- BO 1.3 2.0
sorption between 2 and /m is due to scattering from the samples B3 25 1.0

and the sharp absorptions are not related to the samples.
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tween the trapping rates below 100 K for the P1, P2, vis-a TABLE V. Results for irradiated (1.2 10'%/cn at 10 MeV)

vis the BO sample can be explained by subtle differences igamples measured at room temperat@és K). ris the irradiation-
the Fermi level. The above should not be construed to meapfoduced lifetime the associated trapping rate, a8gl/S is the
thatA centers cannot be shallow traper se since this was characteristic Doppler parameter for the defegt type giying rise to
clearly observed in Ref. 11, but rather that negativelyvalues ofSg are those listed in Table II, thus disregarding the small

contribution from grown-in defects.
chargedA centers are, whereas neutral ones are not.

The highly doped samples show temperature dependen- g,

. . . . . . ple T K Sp/Sg
cies quite different from those just discussed, which suggests e (=7 ps) (£0.2ns? (+0.007)
association of vacancies with dopants. Furthermore, the tem-
perature dependencies of the irradiation-produced lifetime P1,P2 305 15 1.070
and its trapping rate are dependent on the dopant concentra- P3 290 2.0 1.035
tions as well as on dopant tygagain suggestive of vacancy P4 260 >g? 1.035
association with dopantsfor which reason we need to dis- Sb4 285 6.5 1.080
cuss these samples individually. BO 300 1.2 1.060

For then-type P3 material (% 10'" P/cn?) the trapping B3 280+ 20 08 b
rate is independent of temperatuisee Fig. 1 indicating a B4 305 3.2 1.060
neutral defect (screening by free carriers as discussed by gz 300 0.7 1.067

Makinenet al,*? plays no role at this P concentratioSince
V, was observed in the P1 and P2 samples they would alsghis lower limit is based on lifetime data and is a serious under-
have been expected in the P3 sample, so the overall neutraistimate. Doppler data suggest a value of 45'nghe Sp/Sg
charge is explained by association with positively charged Pvalue is estimated on the basis of this trapping rate.

atoms. We note that although the optical 1u8-band shown bThe trapping rate is too low to permit calculation of a meaningful
in Fig. 11 has the same peak position as for free divacanciesyalue forSp/Sg.

the full width at half maximum differs by 6—7 %smalley,  ‘Data from Ref. 16.

suggesting that the divacancies are not free. The above im-

pIies_that complexes are formed due to migratipg monovayt 260 ps and the virtually constaS, /Sg value of 1.035
cancies,and that free divacancy production is significantly suggest a P-monovacancy complex. The charge state of the P
reducedby a factor of 10 or moreto render them unobserv- V complexes is probably negative but is screened by the high
able even at low temperatures. We suggest this results fromcaoncentration of free carriers, as discussed Biktan, Hau-

significantly (tenfold) increased recombination with intersti- ... °~ 3 ; :
tials caused by the high Fermi level. tojarvi, and Corbeﬁ so that positrons will be trapped by the
complexes as if they were neutral.

The t ture d d f the lifeti(t@é5 t 30 S .
€ temperature dependency of the lifeti(@65 ps a The Sb-doped sample is intermediate between the P3 and

K and 300 ps at 300 K, Fig.)lcould be construed to arise . o )
from two types of vacancies whose relative trapping rateém' samples as far as the increase in lifetime with temperature

change with temperature, but this we consider highly im-'S c_oncerned, and so is |ts_trapp|ng rate. The doping concen-
probable because if so, the observed temperature indepetr'iat'O” for the Sb4 sample is also between that for the P3 and
dence of their total trapping rate would require cancellationP4 samples, so we suggest that a mixture o¥Sdominan
of the temperature dependencies of the individual trapping@nd SbV, complexes is present in this sample, both being
rates. We instead propose that only one defect is responsiblegutral because of the temperature-independent trapping rate.
i.e., PV,, and that the way in which the positron probes thisThe data suggest also in the case of\Gba configuration-
defect is temperature dependent. In the case of InAs, Madependent lifetime. Howeveg, /Sy has a valug1.09 that
hony and Maschét suggested a similar effect. Whether the suggests, contrarily, dominant trapping by divacancies for
configuration of the three-body defectB varies with tem-  which reason we propose that the hi§h/Sg value arises
perature(there are several ways to arrange two vacanciebecause of the Sb impurity. The lower momentum spread of
arourd a P impurity or whether the positron’s probing of an the outer core electrons in Sb as compared to Si will increase
otherwise constant defect structure is temperature dependest and this effect could be augmented by a distortion of the
cannot be deduced from these experiments. The Doppler dapmsitron wave function towards the Sb impurity either
[see Fig. 2)] are not of much help in this regard. The chemically(affinity) or by means of lattice distortion.
Sp /S parameter is close to 1.035 and showseversible This concludes the discussion of the results obtained from
abrupt change around 125 K that is not reflected in any-type materials, and we now turn to tipetype materials.
change of the lifetime parameters, which suggests that th€he BO sample (% 104 B/cn?) yields results(see Fig. 3
momentum distribution of the electrons changes without anyike those for the P1 and P2 samplege Fig. 1, which is
change in electron density. Although structural details cannomot surprising in view of the low B concentration. The B3
be deduced, the above indicates a structure radically differersample shows a temperature-independent trapping rate, and
from the free divacancies, lending qualitative support to thesince positively charged vacancies could not be observed by
postulated P/, complex means of optical absorption, we conclude that in this sample
For the highly doped P4 sample we recapitulate theree and neutral divacancies were observed. According to
Doppler-based argument that essentially complete trappingable IV the relative strength of the 1,8n band is 2.5
occurs in this sample. This precludes calculation of the traptimes higher than in Fz-Si, but the relative trapping rates are
ping rate as based on lifetime data, but does allow for @he same. This indicates that the trapping rate for the neutral
rough estimate of-45 ns ! from Doppler data. The lifetime divacanciegat room temperatujés 2.5 times less compared
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to those negatively charged. This is in very good agreementhe reason for this is not entirely clear, but does suggest that
with an earlier estimate of 3. some oxygen impurities weakly interact with positrons as
For the B4 sample the positron lifetime of 3tQ0 ps  proposed earlie?®
[Fig. 3@] is only marginally higher than for negatively  Since oxygen is known to be a trap for irradiation-
charged free divacancies, while the valueSgf/Sg (Fig. 4  produced vacancie&s verified by our IR data for th&
is just slightly smaller. These observations suggest that in thgentey, it is of interest to compare positron results for
B4 Sample divacancies are formed by the radiation, but thgxygen_containing and Oxygen_free materials. Table V con-
temperature dependence of the trapping rate is more difficuttins room-temperature lifetime and Doppler data for the
to interpret. A possible explanation is that @&<150K, |ightly P-doped P1 and P2 samples, the lightly B-doped BO
where the trapping rate is constant, screened positivelsample, and those for oxygen-free undoped Fz-Si. All of
charged free divacancies trap positrons while above this temhese samples have dopant concentrations at least an order of
perature thermally activated trapping occurs additionally at Bnagnitude less than that for the oxygen, which therefore will
V, complexes(B V complexes are not stable at room dominate as a vacancy trap. Data for these four irradiated
temperatur®. This latter trapping behavior was also found samples are very similar; the irradiation-produced lifetime is
in InP for divacancie¥ and we find in the present case an close to 300 ps, the temperature dependencies of the trapping
activation energy of 325 meV, slightly less than in the rates are similatFigs. 1 and 3 andS, /Sy is close to 1.067.
case of INA50 meV). At room temperature the exponential According to Ref. 16 these features suggest that trapping
factor is 0.28, which means that only (28)% of the avail- gccurs by negatively charged free divacancies.
able BV, complexes were detected. The trapping rate from The only difference between Fz-Si and Cz-Si is that the
B V, complexes at room temperature is 1.8hs trapping rate at 293 K is higher in Cz-Si than in Fz-Si by a
(3—1.2ns*, see Fig. 3 which suggests a B, concentra-  factor of =2, even though the electron doses were the same,
tion of 10'"x 1.8/0.28=(6.5+1.2)x 10*/cn?. Including the  so indicating that about twice as many free divacancies are
contribution fromV,* (1.2 ns’?), this indicates that a total formed in Cz-Si than in oxygen-free Fz-Si. This result is not
of (1.5+0.2)x 10" monovacancies/ctrwere retained after explainable if divacancies were formed mainly by migrating
irradiation, which is close to that for the P4 samfdee next monovacancies because some would be removed by oxygen
section). In the B3 sample no increase in trapping rate with(so giving rise to the IR band observed at 830 ¢)y leaving
temperature was observed likely due to the 10 times lower Bewer monovacancies to form divacancies as compared to
concentration. Th& parameter fov, " is, according to Fig. oxygen-free Fz-Si. On the other hand, if divacandighich
4(b), about 1.045, which is less than that fdg~ (1.067  are immobile at 293 Kwere mainly formedlirectly by the
indicating a broader electron momentum distribution in the1l0-MeV electrons, which is entirely conceivable, the in-
case ofv, caused, possibly, by different lattice relaxations.crease in the concentration of divacancies in Cz-Si could be
The above discussions point to fairly simple processeshe result of oxygen interstitials, or clusters of oxygen, trap-
between vacancies and dopants. Free divacancies are virtping mobile silicon interstitials, so effecting a reduction in
ally unaffected by dopants when their concentration is beloviheir recombination with the immobile divacancies. Our data
5x10'%%cm®. At higher dopant concentrations ~6 are explainable by this mechanism, but since trapping of sili-
x 10t/cm?®) association of vacancies with dopants domi-con interstitials by interstitial oxygen is unstable at room
nates and free divacancy formation is strongly reduced, P temperaturé,we suggest that oxygen clusters are the traps as
complexes dominate at>510'7 P/cn®, a mixture of Sbv  also proposed in connection with thermal donor formation.
(dominan} and SbV, at 1x 10'® Sb/cn? and PV complexes Influences from dopants become observable when their
at 5x 10'® P/cn? all for a dose of 1.X 10 /cn?. concentration is at % 10*”/cm® or above, i.e., comparable to
The Doppler data corroborate the association of vacancigfe oxygen concentration. In Table V are collected room-
with dopants by virtue of their modification &, /Sg rela-  temperature lifetime an®y /Sy results for the five highly
tive to free divacancies, a result that highlights the strengtifloped materialéP3, P4, Sh4, B3, and B4Except for the P4
in combining lifetime and Doppler broadening measure-and Sh4 samples, irradiation-produced lifetimes range be-
ments. Recently, Doppler broadening data analyzed in termgveen 290 and 305 ps, indicative of trapping by divacancies,
of the contribution from high-momentum core electrons havewhile for the P4 and Sb4 samples the 260-275 ps lifetime
demonstrated that impurities associated with vacancies casuggests trapping dominated by monovacancies. Although it
also be detected by this appro&chut here we have dem- is clear that trapping rates increase with dopant concentration
onstrated that not only can this be done usidput also that in n-type Si, indicating that the dopants trap vacanc&s
there is no direct correlation betwe&walues and positron supported by the IR data shown in Table) litiis also clear
lifetimes. that thep-type materials show much smaller trapping rates
than then-type materials. This should not be construed to
mean that fewer defects are formedprtype materials, but
rather that the low Fermi level renders defects neutral or
The Cz-Si samples contain bonded oxygen interstitials apositively charged and consequently reduces the trapping
a concentration of (1—2310'%cm® whereas in the previ- rate as mentioned earlier in Sec. Il C.
ously investigated Fz-SiRef. 16 their concentration was The 260-ps lifetime observed for the P4 sample indicates
about two orders of magnitude lower. This difference has nd® V complexes but divacancies are indicated for the P3
obvious influence on the lifetime data for the unirradiatedsample. We suggest this difference to be caused by the level
sampleqsee Table |l but does affect the Doppler parameter of radiation damageelative to the dopant concentrations. In
S, which for Cz-Si is consistently lower than that for Fz-Si. the P3 sample the dose produced enough monovacancies for

B. Introduction rates
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the P dopants to become associated mainly with divacanciesiggesting that recombination witat least one of the in-
(P V,), whereas in the P4 sample the ten times higher Rerstitials in close proximity to the divacancy is very effec-
concentration is sufficiently large to ensure trapping of mo-ive in heavily_ d_opech-type mate_rials.
bile monovacancies in the form of ¥ complexes. At present it is an open question as to what then happens
In the case of the P3 sample one might hence expect ® those interstitials that do not recombine with vacancies.
distribution of PV, P V,, P V3, etc. complexes, and this Oxygen impurities have formerly been suggested as traps,
cannot be ruled out because the various lifetimes arisingnd in the present paper oxygen is found to cause a twofold
from such complexes would not be resolvable, but the 290 p#icrease in the introduction rate of free divacancies, but this
does at least indicate a dominance of the,fcomplex. The  iS far too small to explain the very large\R PVy, SbV (or
trapping rate of 2 ns' suggests a divacancy concentration of Sb V) introduction rates. We suggest, therefore, that exter-
~2X 10" cn?, i.e., ~4x10"/cm® monovacancies accord- Nal surfaces become the main trap for the interstitials when
ing to the calibration between concentration and trappinge@combination with vacancies is prevented by Coulombic re-

rate from Refs. 11 and 14 for neutral vacancies (1Pulsion. o _ . _
x 10" nstcmP); this vyields an introduction rate of We summarize in Table VI the salient points of the dis-

0.4 cml cussions so far by listing the proposed vacancy complexes
For the P4 sample the maximum monovacancy concentrd0r the various samples and the introduction raterfamo-
tion would be 5< 10'¥cm? (in the form of PV). The mini- vacancies This presentation of the introduction rate has the
mum trapping rate, as estimated from the Doppler data, waddvantage in showing how many monovacancies are retained
45ns, which gives a monovacancy concentration of 4.5Per unit of dose regardless of them being in the form of
x10%cm?. This yields an introduction rate of Monovacancies or dlvacanc_les. Note that account has been
3.7—4.2 cm. The narrow range is probably fortuitous be- taken of the fact that negat_lvely charged vacancies are de-
cause of the uncertainty in doping concentration at such §cted by positrons three times more effectivésy room
high level as well as in the calibration between trapping ratdemperature than neutral ones. The “comments” column
and concentration. Nevertheless, the estimated introductiofPntains remarks important to the differences arising from
rates are large—even ten times larger than that for the P#e dopings.
sample—but smaller than the theoretical vdlag8 cm ! as
calculated for relativistic 10-MeV electrons according to the
Kinchin-Pease approximation for multiple scattering, which  All data discussed so far pertain to samples cut from the
does not take into account any recombination between vaend of the bars that faced the electron beam. In this section
cancies and interstitials. we discuss data obtained from various locations on the
For the P4 sample there is some uncertainty associateshmple bars. As mentioned in Sec. lll, the electron energy
with the value of the trapping rate since it is based only ordecreases from 10 MeV at the front end to an average value
the evidence for saturation &, see Fig. 7a). The ensuing of about 2.5 MeV at the far en(®7-mm locatiof, and the
estimate of 45 ns' is, however, not seriously at odds with dose decreases by50%. It should be noted that the average
the extrapolated trapping rate based on the Sb-doped sameéb-MeV electron energy is somewhat misleading since it
(1x 10 Sb/cn?), which showed a trapping rate of 6.5 includes electrons with energies too small to cause damage.
+0.5 ns'!, so suggesting the five times higher P concentraThe most probable energy 83—4 MeV. From Figs. 5 and
tion would yield 30—35 ns!. Basing the extrapolation on 8 we can conclude that the same defect types are created in
the P3 sample instead, a trapping rate ok 10X (1.9 the~2.5-10-MeV range as based on the essentially constant
+0.2) ns!=34-42ns! is obtained, where the factor 2 lifetimes. The smooth decrease in dose is reflected in the
arises because divacancies were formed in the P3 sample afldcrease of the trapping rafeee Fig. %o)] and we note,
the factor 10 arises from the increase in P concentration bencidentally, that this behavior shows that the charge of the
tween the P3 and P4 samples. The above considerations at®fects is the same from one end of the sample to the other.
obviously, estimative but they do support the ansatz that im- In the case of the Sh4 sample the temperature dependen-
purities (P, Sh at high concentrations dominate as vacancycies of the lifetime data for the front and back end of the
traps. sample bars are very much the saffiig. 6). Because of the
Although it is reasonable that increasing the dopant contelatively high trapping rate for this sample, lifetime values
centration would cause an increase in pinebability of trap-  are determined well enough at the two positions to make
ping mobile monovacancies, that by itself does not ensure possible a distinction between their temperature dependen-
larger final vacancy concentration because recombinatiopies. The weaker temperature dependence as well as the
with interstitial silicon atoms could still occur regardless of lower lifetime values for the 27 mm location suggest that
whether the vacancies are complexed or not. The increase fawer SbV, complexes are formed at the end of the sample
vacancy concentration hence points to a decrease in the rbar relative to the S complexes, which is entirely to be
combination efficiency between complexed vacancies andxpected, i.e., the S, complex contributes with a tempera-
interstitials, and a likely source therefore is Coulombic re-ture dependence like that for the P3 sample discussed in Sec.
pulsion between these defects. We do point out that thév A.
mechanism of reduced vacancy interstitial recombination, TheS parameter§Figs. 1a) and 9a)] decrease as a func-
here advocated to explain the increase in impurity-vacancyion of position in all casesxceptfor the P4 sample in Fig.
formation, does not apply to free divacancies. The P3, Sb4{(a). It is on this latter observation we base our earlier men-
and P4 samples showed no effect from free divacanciesioned assumption that complete trappifg least to within
which would have been negatively charged in these sample90%) occurs in the P4 sample.

C. Location dependencies
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TABLE VI. Summary of properties of vacancy-type defects in Cz-Si and Fz-Si irradiated with 10-MeV
electrons to a dose of 210%™ /cn?.

Sample Vacancy Introduction
code complex ratd (cm™Y) Comments
P4 2V =4 Charge is probably negative but is
5% 10 p/cn? screened by free carriérs
Sh4 Stvo/sbv,’° 0.6 Indication for thermally activated
1x 10 Sb/cn? trapping by SW,°
P3 VA 0.4 Temperature-dependent configuration
5x 10 P/cn
P2 Vs~ 0.08 A% andE® center-induced charge change of
5x 10 P/cn? V,~ towardV,? at T<50 K
P1 \’8 0.06 As for the P2 sample
2x10% p/en?
BO Vy~ 0.05 As for the P2 sample except orcenter contribution
4x 10 B/cnr®
B3 V,°0 0.06
5x 10" B/cn®
B4 V,*/BV, 1.1-1.4 Screening of," by free carriers. Thermally
5x 10 B/cm?® activated trapping by B8, (of unknown charge
Fz-Si \Z8 0.03 Trapping by fred/,™
Undoped

#verall charge is indicated by superscripts.
bIntroduction rates pertain to monovacancies.
‘Makinen, Hautojavi, and Corbel(Ref. 13.

9A center is substitutional oxygen.

°E center is W.

V. CONCLUSION bination between the two interstitials and two vacancies
when the Fermi level is high.

- The heavily B-doped sampléB3) showed trapping b
ously doped Czochralski silicon samples has shown that freﬁeutral divacgncies F\)/vhile forptéhi )most heavilypzor?edym

and negatively charged divacancies dominate as posnrogamIole evidence was found for thermally activated trapping

traps as long as the dopant concentration is less than . o
6 . by B V, complexes and trapping by screened positively
X 10'%cm?, although at low temperatures a shift toward neu charged divacancies.

tral divacancies takes place. This shift is proposed to be a : . .
) . The Sy /Sg parameters for impurity-trapped vacancies can
Fermi level effect probably caused ycenters(and possi- be significantly different from that for free negatively

bly E centers in P-doped materiglsather than competitive charged divacancie¢1.067. Sb V (dominani/V, has a

trapping by positron traps active at low temperatures. larger value(1.080, P V, a lower value(1.035, and BV,

Oxygen impurities increase the free divacancy concentra- e
tion by roughly a factor of 2 relative to oxygen-free Si, ana:;ai gggrg(nld.(;g?\)/trlei;rieoig/acancy value. For\?, Sp/Se

effect that we suggest is caused by silicon interstitials being Defect structures are not materially influenced by electron

; 7 ;
::r?e%?sii giy oxygen clusters. P dopl_ng ax@OllcnP n- Bnergies ranging betweer2.5 and 10 MeV, or by doses

gnificantly the amount of divacancies trapped by D rving between—0.6x 108em? and 1.2¢ 104/ cni
impurities and this increase is also ascribed to a reduction in fying ) ’ '
the recombination with interstitials. The structure of the pro-
posed PV, defect might be temperature dependent or, alter-
natively, the localization of the positron at this defect is tem-
perature dependent. P doping atx50'%cm® further This work was financially supported by the Natural Sci-
increases the amount of trapped vacancies but in this casedhces and Engineering Research Council of Canada. We are
V complexes dominate. A very large introduction rateindebted to Dr. S. Hahn for supplying the Cz samples and to
(=4 cmY) is estimated, which approaches the theoreticaDr. C. Ross, NRCC, Ottawa, for performing the electron
limit of ~8 cm %, i.e., heavily P-doped Si is very sensitive irradiation. The assistance of J. Wang, NRCC, Winnipeg, in
to irradiation. No free divacancies could be observed in theonnection with the infrared absorption measurements, is
two heavily P-doped materials, suggestive of strong recomgratefully acknowledged.
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