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Identification of open-volume defects in disordered and amorphized Si: A depth-resolved positron
annihilation study
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Depth-resolved positron beam studies have been carried out on Ar-irradiated Si using [Zpglameter
and lifetime measurements. Si samples have been irradiated with 140-keV Ar ions to a dos&Gf and
5% 10' Ar/cm?, respectively, so as to produce disordered and amorphous states in near-surface regions. The
observed features of the defect sensitive line staparameter indicate the presence of small vacancylike
defects in the disordered sample and higher-order vacancy clusters in an amorphous sample. Pulsed positron
beam lifetime results indicate that the disordered Si sample exhibits lifetime distribution ascribable to mostly
divacancies. In the case of an amorphous sample, the lifetime distribution is broad with larger lifetime values
indicating the presence of a distribution of large vacancy clusters or nanovoids. By using theoretical lifetime
values for Si reported in the literature, an empirical fit to the lifetime variation as a function of vacancy cluster
size is obtained. By comparing the experimental lifetime distribution with this data, the vacancy cluster size
distribution in disordered and amorphous Si is deduced. In disordered Si, divacancies are found to be the
dominant defects species followed by small concentration,ofiamorphous Si, nanovoids in the size range
of four to seven vacancy clusters are present witha¥Md V5 clusters being the dominant defect species. The
implication of these results is discussed in light of recent computer-simulation studies.
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[. INTRODUCTION tence, accumulation, and overlap of defects is a key ingredi-
ent in both homogeneous and heterogeneous models of
Study of amorphous semiconductors and Si in particularamorphizatiort—*With respect to the structure of amorphous
has been an area of active research over the last fewi, continuous random networtlCRN) model of tetrahe-
decades. There is a renewed interest in ion and electron-drally coordinated Si atoms with varying bond lengths and
beam induced amorphization in 5i* Recently, a process of bond angles has been the workhorsknere are also other
maskless fabrication of silicon devices has been proposeniodel§ invoking the existence of five, six, and seven mem-
using focused ion beam for patterning on Si wafehs.this ~ bered rings within the CRN. On the other harad initio
paper, it is reported that subsurface defects induced by théensity-functional based molecular dynamics and Hartree-
ion beam gives rise to preferential electrodeposition of AuFock calculationsfor crystalline Si have indicated that six-
only at the irradiated regions. It is interesting to note that avacancy cluster (Y) is energetically the most stable defect,
minimum ion dose giving rise to a critical concentration of followed by Vs and V, clusters. With respect to amorphous
defects is required to achieve Au electrodeposition. Using aSi, it is expected that there will be open-volume defects,
ion or electron beam, selective depth regions of the samplsince the density of amorphous Si is less than that of crys-
can be disordered, i.e., crystalline state containing lattice detalline Si. However, there have been very few experimental
fects, or amorphize®; i.e., the irradiation-induced defect studies addressed to the identification of vacancy-type de-
concentration is so large that it gives rise to lattice instabilityfects and their size distribution, which would throw more
leading to amorphous state. In the disordered state, the exibght on the nature of structural defects in amorphous Si.
tence of crystalline state with the presence of defects can be Positron annihilation spectroscopy is a powerful tool to
inferred from structural sensitive techniques like Ramarstudy the open-volume defects in materfals: There have
spectroscopy, x-ray scattering, ion channeling, and electroheen extensive studies on irradiation effects in crystalline Si
microscopy. On the other hand, in amorphous state thesesing positron annihilatiorifor a review see Refs. 10 and
experimental techniques will indicate the loss of long-rangel1). With respect to amorphous Si, Dannefa¢rl1? have
order and crystallinity. The absence of a crystalline peak andeported depth averaged conventional positron lifetime re-
the appearance of shifted broad maximum in Raman spesults on thermally evaporated and sputtered amorphous Si
troscopy and similar features in x-ray scattering and electrothin films deposited on a Si substrate, where lifetime values
microscopy, can be used to identify the existence of an amoiin the range of 400—500 ps were observed. The emergence of
phous phase. There is a broad understanding that in Si, iorariable low-energy positron beafsnables depth resolved
irradiated with low doses, monovacancies are not stable atefect studies at near-surface and interfacial regions of thin-
room temperature and only divacancies may be observed. Gitm samples. There have been a few repdrt8using a pos-
the other hand, the nature of vacancylike defects in amoritron beam based doppl&parameter to study amorphized
phous Si is still elusive. It may be pointed out that the exis-Si samples. A series of Si samples, amorphized by different
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methods, have been studtétb probe neutral and negatively 0 100 300 600 1000 Depth (nm)
charged Si dangling bonds. In this paper, only the glow dis-
charged sample has been found to contain nanovoids but
their size could not be estimated frd&parameter measure-
ments. In another doppler and lifetime study on self-ion ir-
radiated Sit* defects in ion-beam induced epitaxially grown
layer and at an amorphous crystallin@/¢) interface have
been studied. They have observed lifetimes attributable to
only divacancies in ion-beam amorphized region and large
vacancy clusters#~398 ps) in a depth region beyond the
a/c interface. Recently, Bruset al!® have reported positron
beam Sparameter measurements on Si samples irradiated
with He ions to different doses. The state of the samples, as
to whether it is disordered or amorphous, is not known in
this paper.

In the present paper a combined study of depth resolved
positron DopplerS-parameter and lifetime measurements is  FIG. 1. NormalizedS-parameter vs positron beam enefgyfor
reported on Ar-irradiated Si samples. We have chosen twanirradiated Si(starg, d-Si (open circley and a-Si (open dia-
irradiation doses such that the low dose sample is disorderethonds samples. The solid line through the data points is a fit
while the high dose sample is amorphous. We present thebtained using/errIT analysis. Mean implantation depth of posi-
positron annihilation results on these two samples so as twon beam is indicated on the top axis.
illustrate the difference in open-volume defects, namely, va-
cancy clusters in these two distinct irradiated states. By comrormalized with respect to the bulikparameter value of the
paring our experimental positron annihilation results with theunirradiated sample. The experimentlparameter vsE,
availableab initio calculations, we make an attempt, for the curves are fitted using theepFIT progrant® by treating the
first time, to identify the vacancy cluster size distribution inirradiated sample as a combination of defected and undefec-
the disordered and amorphous state of Si. The implication ofed layers and the respecti®&parameters deduced. An in-
the present results is discussed in the light of recent comtense variable energy pulsed positron beam, generated by an
puter simulations on amorphous Si. A preliminary report ofelectron LINAC at Electrotechnical Iaborato?ywas used
these results has been presented earlier in a confet®nce. for the positron lifetime measurements. Positron lifetime
spectra of irradiated and reference samples were measured at
room temperature at selected depth regions of the sample by
measuring the time interval between the timing signal of the

Si(111) wafers of 500 um thickness were cleaned in 1:1 pulsed positron beam and the timing signal of annihilatjon
hydrofluoric acid and demineralized water for removing theray. The time resolution full width at half-maximum of this
surface oxide layers and irradiated with 140-keV Ar ions to alifetime spectrometer is~280 ps and all the spectra were
dose of 2¢<10' and 5x 10 Ar/cm?. These irradiations acquired with a total counts of 10°. The experimental Ilfe-
were carried out with low Ar-ion-beam current time spectra were analyzed using tReTFIT program??
(~200 nA) with Si samples mounted on a large Cu holderwhich glves discrete lifetime components and th@NTIN
The temperature monitored during irradiation wa800 K.  program?® which gives continuous lifetime distribution. The
From theTriM code calculatior’ of 140-keV Ar ions in Si,  lifetime values deduced by the former program are found to
it is found that the maximum lattice damage occurs at &e slightly larger than the mean values of the lifetime distri-
depth of ~100 nm, while the damage distribution extendsbution obtained using the latter program for bal8i and
up to about 260 nm. We have chosen the above two dosesSi samples. The extent of smoothening in d@TIN pro-
based on our earlier positron beam, Raman, and ion channegfam is kept the same for all the lifetime spectra.
ing studies on Si irradiated to different Ar dog&syhich

Normalized S-parameter (arb. units)

0 5 10 15 20
Positron beam energy (keV)

Il. EXPERIMENTAL DETAILS

indicated the critical threshold dose for amorphization to be Ill. RESULTS
3 2 . .
5x 10 Ar/cm?. Thus, in the present paper, the low dose
sample is disorderethence forth referred to aSi), while Figure 1 shows the variation of the normaliz8garam-

the high dose sample is amorpholrisferred to asa-Si).  eter as a function o, for unirradiated and irradiated Si
Raman and ion channeling studi&en the high dose sample samples. As compared to the unirradiated sample Stha-

have confirmed that the sample is amorphous and the exterameter of thed-Si sample increases, reaches a maximum
of amorphized region is deduced to be820 nm from ion  aroundE, of 3 keV, corresponding to a depth scale of 100
channeling results. Doppler broadening measurements asnan and subsequently decreases gradually and reaches unir-
function of positron beam enerdg, have been carried out at radiated values. The depth location of the p&arameter,
room temperature on irradiated and unirradiated samples ugvhich signals the location of maximum lattice damage, is
ing a magnetically guided positron bedffrom these mea- consistent withTRIM code estimates. The variation of te
surements, a line shag@paramete?; ! sensitive to vacan- parameter for the@-Si sample is qualitatively similar to that
cylike defects, is deduced. The measui®garameter is of d-Si. However, it is found that the peak value of tBe
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FIG. 3. Positron lifetime distribution in terms of intensity vs
lifetime for d-Si anda-Si samples obtained &, of (a) 3 keV
(depth~100 nm) andb) 4 keV (depth-150 nm).

Time (ns)

FIG. 2. Measured lifetime spectra forSi (open circley and
a-Si (filled squares obtained at positron beam energy of 5 keV, that of divacancies. So as to obtain vacancy size distribution
which corresponds to a depth 6f225 nm. in these samples, we present positron lifetime distribution

results obtained using th&oNTIN program at two depth in-

parameter and the width &E) curve are larger foa-Sias  tervals. Figure 3 shows the deduced positron lifetime distri-
compared tal-Si. The solid line through the data points is a bution ind-Si anda-Si samples, obtained &) E,, of 3 keV,
result of thevePFIT analysis. For thel-Si, the resolved nor- corresponding to a depth 6100 nm, at the peak damaged
malizedS parameters are 1.039.002 (defected laygrand  region and(b) E, of 4 keV corresponding to a depth of
1.000+ 0.002 (undefected laygr With respect to thea-Si ~150 nm. The lifetime distributions ofi-Si and a-Si
sample, the resolve® parameters are 1.020.002 and samples, corresponding to a depth-e150 nm[Fig. 3(b)],
1.001=0.002 for the defected and undefected layers, respeare similar to those of- 100 nm depth, with a marginal shift
tively. Ab initio calculations of Doppler line shape parametertowards lower values. As can be seen from Fig),3hed-Si
were reported as a function of vacancy clusters size i Si. sample exhibits a narrow lifetime distribution in the range of
The reporteds parameter values are 1.018 fog,\1.045 for  295-330 ps, with a maximum around 315 ps. The lifetime
V,, 1.053 for \4, 1.067 for \j, and 1.081 for ¥. Experi-  values ofd-Si indicate that the dominant defect species are
mentalS parameters in the range of 1.02 to 1.047, have beetlivacancies. In the case afSi sample, the positron lifetime
reported for divacancies in the literatdfeBased on the distribution is broader with a maximum around 365 ps and
comparison of the present results with calculated and experthe distribution ranges from 340 to 385 ps. Broader lifetime
mentalS-parameter values, it can be inferred that divacanciesgiistribution suggests that vacancy clusters of different sizes
are the dominant defects in thieSi sample, while bigger are present in the sample.
vacancy clusters, possibly around a size range gfcéuld To convert this experimental lifetime distribution into va-
be present in tha-Si sample. cancy cluster size distribution, we need to compare this with

So as to obtain a better identification of vacancy-type dethe calculated lifetimes for various vacancy clusters in Si. A
fects, positron lifetime measurements have been carried ogummary of variousb initio lifetime values reported in the
on the same samples. Figure 2 shows the lifetime spectieraturé*=2’is shown in Table I. All the above calculations
measured &, of 5 keV (depth-225 nm) corresponding to were made for crystalline Si and the observed scatter in the
d-Si anda-Si samples. As seen from the figure, the slope ofcomputed lifetime for a given vacancy cluster may be attrib-
the lifetime spectrum o&-Si is larger than that of-Si. The  uted due to the specific formalism used and the inclusion or
PATFIT program could fit only a single lifetime component to exclusion of lattice relaxation around the defect. At the out-
the data and the deduced lifetime values areZ=328ps and  set it may be pointed out that in the absence of any lifetime
3662 ps ford-Si anda-Si, respectively. Positron lifetimes calculations for amorphous Si, we can only resort to com-
for various vacancy clusters in crystalline Si have been reparison of our experimental results with the calculated values
ported usingab initio calculations*~?’ These indicate values for crystalline Si. Due to large scatter in the calculated life-
in the range of 254—279 ps for monovacancies and 299-309me values for a given cluster, it will be difficult to make
ps for divacancies. Experimental positron lifetime values inmeaningful identification of vacancy clusters by comparing
the range of 295—-325 ps have been reported for divacanciesir experimental data with these values. Further, it is known
in Si.1%112Based on this comparison, the present lifetimethat as vacancy cluster size increases, the local electron den-
values ind-Si suggest that vacancy clusters, mostly divacansity sensed by the positron decreases, giving rise to an in-
cies, are present in the sample. The larger lifetime value icrease in the observed lifetime valfes®In view of this, the
a-Si indicates that average vacancy cluster size is larger thaab initio lifetime values have been fitted in terms of positron
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TABLE |. Summary of reported lifetime valugps) for various vacancy clusters,Mn Si. The lifetime
values obtained using empirical relation, Et). are also shown. The individual lifetime valu@®efs. 24—2Y
are indicated as data points in Fig. 4.

Lifetime (ps) Bulk vV, Vs, V3 V, Vs Ve V4 Vg
Range of lifetime 215 254 299 320 325 345 348 387
values reportedRefs. 24-2Y to to to to to to to to

221 279 309 330 354 376 375 399
Lifetime values 218 266 299 323 342 357 369 379 387
from Eq. (1)

lifetime 7 vs number of vacancids, in the cluster using the been deduced. This analysis has been carried out for selected
following empirical relation: depth regions and the data is presented corresponding to
sample depth of-150 nm[lifetime spectrum shown in Fig.
B AN, 3(b)] in Fig. 5, in terms of the relative intensity of clusters
=C+ (B+N,)" (1) versus the number of vacancies in the cluster. For the case of
the d-Si sample, the most dominant defects are divacancies
The best fit with the lowesg?® is chosen and the deduced and a small concentration of trivacancies are also seen. On
constants aré\ (in ps) =266.57, B=4.60, andC (in ps  the other hand, the cluster size distribution ofsaBi sample
=218. Figure 4 shows the plot of various calculated lifetimeranges from four to seven vacancies. In this distributiog, V
values and the variation af as per Eq(1). As can be seen s found to be the dominant defect species, followed Ry V
from Fig. 4, we obtain a smooth variation of lifetime as av,, and \4. Within the uncertainties of the analysis, it can be
function of vacancy cluster size and these values are showdtated that the cluster size distributionarSi is dominated
in the last row of Table I. However, so as to deduce theoy Vs and V; clusters. This plot establishes thaSi con-
cluster size distribution from the plot shown in Fig. 3, we tains mostly divacancies, while-Si has a broad size distri-
need to have a band of lifetime values to assign an aregytion of nanovoids with ¥ and V; being the dominant
corresponding to each vacancy cIl_Jster. For this purpose, wgysters. At deeper deptibeyond~200 nm), it is found
have adopted the following criterion. The lower range ofthat Jifetime distribution shifts to lower values indicating that
lifetime value for a vacancy cluster of si2¢is set corre-  the mean of cluster size distribution is shifting to lower sizes.

sponding to the value ofN—0.5), while the higher limitis  The reduction in lifetime at deeper depths could possibly
taken to be that of|+ 0.5). By comparing the experimental

lifetime distribution curve shown in Fig. 3, with the lifetime T . T . T . T .

T

values as per the above criterion, the area under the lifetime
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FIG. 4. Variation of positron lifetime- as a function of number FIG. 5. Vacancy cluster size distribution in terms of relative

of vacanciedN, in the cluster. Lifetime values reported by various intensity of clusters vs number of vacancies in the clustgr de-
authors are indicated as data points and the solid line is an empiricaluced from experimental lifetime data fdrSi anda-Si samples,
fit obtained using Eq(l) for these data. corresponding td, of 4 keV (depth-150 nm).
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also arise due to Ar decoration of nanovoids. Self-ion irra-of localized low-energy vibrational excitations, produced by

diation studies on Si may resolve this aspect. nanovoids of different sizes (0.5-1.5 nm) manifests itself as
a sharp peak in the observed specific heat at low tempera-
IV. DISCUSSION tures. The present results of existence of nanovoids in the

) ] o ] amorphous state of Si are in accordance with the above
Given the fact that positron annihilation studies can onlysimylation findings. We believe that the identification of

provide information about vacancy defects, our discussionyster size distribution as well as typical size of nanovoids

pertains only to the identification of these drSi anda-Si. iy a-Si could be useful inputs for evolving more realistic
Ab initio and molecular-dynamics energy calculations formggels of the amorphous state of Si.

various vacancy clusters in crystalline &ef. 7) reveal that Finally, we would like to comment on the comparison of
Ve (energy gain upon addition of monovacanYE~  the present results on ion-beam-indu@e@i with those re-
—6.5 eV) is the most stable defect in crystalline Si followed horted earlier ona-Si prepared by different methods. A
by Vs (AE~—5 eV), V, (AE~—4.7 eV), V3 (AE~  range ofSparameter values reported for glow discharge and

—2 eV), and \; (AE~—2.2 eV). Itis plausible that even thermally evaporatea-Si thin films® is an indication that
though energetically larger clusters are more stable, unlese defect distribution in these different amorphous films is
the irradiation-induced defect concentration is large enouglgt the same. Conventional positron lifetime measuremnts
to give rise to overlap and agglomeration of small vacantyenorted on sputtered and evaporae®i films, indicate
clusters, these larger clusters may not form. Thus, for thgfetime values of 400—500 ps. The authBrsave attributed
d-Si sample, in which the irradiation dose is less than thgnese lifetime values to be arising from five vacancy clusters.
amorphization threshold dose, mostly divacancigsmth a  However, a comparison of those experimental lifetime
small concentration of yare found. Previous conventional ygjued? with the values shown in Table | would suggest that
positron lifetime studies have also indicated a lifetime com-yanovoids of size bigger than,y, were present in those
ponent in the range of 295-325 ps ascribable due to thgamples. This may be an indication of the fact that even
presence of divacancies in Si-***There is also corrobora-  though techniques like x-ray, electron microscopy, and chan-
tive evidence towards the existence of divacancies fror‘rhe”ng studies indicate that the-Si samples prepared by
other techniques like infrared absorption spectrosc8py.  gifferent methods have amorphous structure, the intrinsic va-
_ The implications of the present results @i sample are  cancy cluster size distribution may be different depending on
discussed in the light of recent computer-simulation re3Ults the method of preparation. Positron beam annihilation stud-
on ion-beam-induced amorphization in Si. Simulation result§es on various-Si thin films, employing continuous lifetime
indicate that upon amorphization, the atomic coordinationgnalysis, can throw more light on this aspect. The empiri-
varies from 3 to 6, with a mean coordination of four. Further,caly fit positron lifetime vs the vacancy cluster size relation

they indicate the presence of significant concentrations ofgported here, could be useful for future studies in this direc-
five-member and three-member atomic rings with a distributjgn.

tion of bond lengths and bond angles. These results, viewed
in the framework of CRN of tetrahedrally bondexSi,
would suggest the existence of either free vacancies or va-
cancy clusters in the amorphous matrix. Our experimental Depth-resolved positron annihilation studies on Ar-
results ona-Si rule out the existence of monovacancies orjrradiated Si have been reported for disordered and amor-
divacancies, while there are vacancy clusters with a size digshous Si samples. The experimental results are compared
tribution ranging from four to seven vacancies per clusterwith the availableab initio calculations towards defect iden-
Further, clusters containing five §yand six (V) vacancies tification and the size distribution of vacancy clusters de-
are found to be the dominant defect species. Taking the bonguced from this comparison. The low dose sample, which is
lengths fora-Si from these computer-simulation results, we disordered @-Si) is found to contain mostly divacancies.
estimate that the size of thes\defect(a central Si vacancy The high dose sample, which is amorphoasSj) is found
together with its four neighbors being vacgtd be~1 nm  to contain nanovoids with size ranging from four to seven
and similar size for Y. Ab initio and molecular-dynamics vacancy clusters. A combination of five and six vacancy
energy calculatiori,as stated earlier, indicate tha 6 the  clusters is found to be the dominant open-volume defects in
most stable defect followed by sVwith a typical size of the amorphous state of Si. The present experimental results
~1 nm. On the other hand, the present experimental resultsre consistent with the recent computer-simulation results.
indicate that \ is the most dominant cluster followed by V

in a-Si, suggesting that they are energetically stable in amor- ACKNOWLEDGMENTS
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