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Crystalline to amorphous transition and band structure evolution
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Crystalline to amorphous transition and subsequent microstructural evolution in silicon induced by
Ar*-ion implantation over a wide range of ion fluencesx(B0*-~1x 10" cm™2) have been
investigated by spectroscopic ellipsometry. In the evaluation of the optical and microstructural
properties of the damaged layer, the contribution of the surface overlayer to the measured dielectric
spectra was separated by fitting a multilayer model with an effective medium approximation. The
best fit to the dielectric spectra for disordered silicon could be obtained by taking our highest-fluence
implanted(fluence=1x 10" ions/cnf) amorphous silicorfa-Si) data as reference data instead of

a-Si data available in the handbook. The derivative spectra as a function of fluence show a distinct
and sharp transition from the crystalline to amorphous phase. The threshold fluence for this
transition is derived from fitting. Evaluation of standard sum rules and optical moments for
imaginary part of the pseudodielectric function reveals no substantial change in various physical
parameters below the transition indicating their insensitivity to point defects, while it shows a large
change with fluence above the threshold for amorphization. The disorder induced changes in the
effective dielectric constant, number of valence electrons per atom participating in optical transition,
Penn gap energy, average bond length, coordination number, effective dispersion oscillator energy,
an average strength of the interband optical transition with fluence is discussed on the basis of
microstructural evolution and corresponding band structure modification. It is also shown that the
dielectric functions of damaged silicon are well represented by a sum of six classical Lorentz
oscillators. With increasing fluences, each of the oscillator amplitude decreases and linewidth
increases except for the 3.3 eV transition which shows increasing amplitude with fluence. These
results are discussed in the context of short-range order/disorder and effective band gap reduction
along with flattening of the bands with increasing fluence above the amorphization threshold.
© 2001 American Institute of Physic§DOI: 10.1063/1.1379055

I. INTRODUCTION for amorphization have been suggested in the literature. In
] _ ) _the homogeneous amorphization model, amorphization is
lon-beam induced changes in optical and electronighought to be a phase transition induced by the accumulation
properties of a semiconductor have been a subject of intensg 5 sufficient number of defects in crystalline Si. On the
research due to its technological importance as well as fufsiher hand, in the heterogeneous amorphization model, the
damental interest, particularly in studies of the crystalline toyontinuous amorphous layer is believed to form due to a
amogg?ous. ¢-a) transition induced by energetic heavy g ficient overlap of the amorphized cylindrical cascades. A
ions: > lon implantation provides a convenient means to ta"nucleation-and-growth character of thea transition in ac-
lor the material properties and it can provide significant in-¢orqance with the homogeneous model was clearly estab-
sights into the relationship between electronic properties anfspeq by Raultet al. using in situ TEM analysis and the
solid structure. By a suitable choice of implantation paramy,eterggeneous nucleation model for amorphization was ruled
eters, it is possible to obtain material properties continuously) ;:13 nore recently, the defect induced nucleation and
varying from crystalline to amorphous structure. A number,.oth of amorphous Sia-Si) has been propos&tand it
of experimental tools such as Rutherford backscatterin%rovides a view to comprehend different aspects of the ho-
spectro7metry (RBS)’G trangmission electron  microscopy mogeneous amorphization model. In several studies, the
(TEM)," xray _d|ffract|onl, Raman sca_tterm%, optical  jmpjantation-induced amorphization process has been
reflectivity,” ellipsometry, and modulation tec.hmqu‘l.é, viewed as a critical-point phenomena consisting of coopera-
with a varying degree of sensitivity, have been utilized in the;j,,o processé< and a sharp transition has been observed in
past to understand the process of disorder and related effects o studied,contrary to the picture of gradual buildup of

in crystalline material. A large number of studies have bee'?jamage leading to the amorphization beyond a certain num-
devoted to understand the process of amorphization due §Q., ¢ displacements per atof®PA).

implantation in semiconductors, and primarily two models |, spite of the large number of studies on amorphous Si

(a-Si), a detailed understanding on the microscopic structure
dElectronic mail: pkgiri@igcar.ernet.in of pure a-Si remains uncledrf*® The optical properties of
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a-Si prepared by conventional deposition techniquego the optical transition in order to understand the continuous
(d-a-Si), such as glow discharge, have been extensivelgvolution of the system with increasing disorder. Further-
studied in the literature and are known to be strongly depenmore, studies on the modification of the band structure with
dent on the details of the growth conditiosOn the other  controlled disorder would be insightful in exploiting these
hand, the properties of disordered and pure amorphous silinaterials for optoelectronic applications.
con produced by ion irradiationi{a-Si) are relatively less In this work, we have used spectroscopic ellipsometry to
understood. A continuous random netwd®RN) model®  investigate the nature of crystalline to amorphous transition
has been widely accepted to account for the observed eleend microstructural evolution in silicon as a function of flu-
tronic and optical properties of-a-Si, whilei-a-Si seemsto ence spanning over four orders of magnitude. Particular at-
differ in local structures such as medium- and short-rangéention was paid to remove the contribution of the oxide
order as evidenced from recent x-ray scattering sttfi®a.  overlayer from the measured dielectric spectra by fitting a
microcrystalline model seems to be more appropriate for demultilayer model using the EMA and corrected spectra are
scription of the geometrical structure iofa-Si. Recent stud- used for all subsequent analysis. This correction has impor-
ies using fluctuation microscopy showed that ion-implantedant bearing on the extracted parameters from the dielectric
a-Si has more medium-range order than expected from thepectra, as the strong effect of the oxide overlayer on dielec-
CRN modet® and the structure can be described as paracrygtic spectra measured by ellipsometry have been recognized
talline, i.e., it possesses crystalline-like order which decay# the past® The systematic evolution of optical spectra with
with distance from any poirtt"?°It has also been shown that increasing ion fluence is analyzed using the difference spec-
the conventionally used radial distribution functiRDF) is tra. A sharp transition in dielectric spectra is observed be-
very insensitive to medium-range order and is inadequate farond threshold fluence corresponding to crystalline to amor-
exact evaluation of microstructure ofa-Sil° It is well es-  phous transition and threshold for amorphization is obtained
tablished thatl-a-Si contains a substantial amount of voids, from fitting of derivative spectra. Various momentse{ E)
whereas -a-Si does not contain any vofd,while it may be ~ are evaluated to get an insight into the local structures and
saturated with small clusters of vacancies and interstitfals. modification of the band structure in defected Si and pure
In a.Si:H7 the dominant defects are found to be dang"nga'Si. The Changes in the amplitude and linewidth of the prin-
bonds, whereas in puraSi several other kinds of defects cipal optical transitions with fluence were evaluated by fit-
have been observéd.Hence, a systematic study on micro- ting a finite number of Lorentz oscillators. These results are
structure and related optical properties €f-Si is necessary discussed in the context of medium-range and short-range
to understand the role of short-range order/disorder in detefrder/disorder model and band structure modification.
mining the properties of pure amorphous Si.

The complex dielectric functios(E)=¢&,(E)+ie,(E) |l EXPERIMENTAL DETAILS
is known to describe the optical properties of the medium at  \we ysed Czochralski grown boron doped polished
photon energyE=hw. Among various optical techniques, sj(100) wafers for the present study. The #Aion implanta-
spectroscopic ellipsometry is an exiremely sensitive angions were performed at room temperature with energy 120
powerful tool to evaluate spectral dependence() and  kev and at fluences in the rangex@0'3—1x 10" ions/cnf.
can provide important information on electronic band struc-The samples were implanted at normal incidence using a 150
ture and microstructural changes induced by ion damage. IgeV ion accelerator. The beam current was maintained low
the past, spectroscopic ellipsometry has been extensivelhough(~500 nA) not to cause any substantial heating of
used for nondestructive depth profiling and characterizatiogamples during implantation. The Si wafers were degreased
of multilayer structures and interfaces with considerableyith trichloroethelene, acetone, and methanol sequentially
success?® For crystalline silicon(c-Si), the optical spectra pefore and after the implantation. Spectroscopic ellipsometry
show characteristic sharp features near the critical pointfeasurements were performed with a rotating polarizer type
(CP).2* With lattice disorder induced by ion implantation at ellipsometer(SOPRA model ESVGHin the photon energy
sufficiently high fluences, crystal periodicity is lost and therange 0.6-5 eV for a fixed ang(@5°) of incidence.
sharp optical features are alter@dyecoming almost struc-
tureless if the implanted region turns completely amorphousy|. THEORETICAL CONSIDERATIONS
A large number of investigations have been made using el-
lipsometry on the microstructure of the damaged layers an
the damage depth profife?” produced by ion implantation.
Though the ion-damaged layer is often modeled as a mixture The well-known sum rules and the optical moments of
of ¢c-Si and a-Si in the effective medium approximation the dielectric functione (E) provide useful insight into the
(EMA), it has been recognized that the complex dielectricnature of the electronic structure. We have evaluated these
function of implanteda-Si differs from that of anneale@@e-  quantities from our experimental results because of the fol-
laxed a-Si as well as from that of evaporatesSi?® How-  lowing reasons(i) The moments in the disordered system
ever, related microscopic parameters responsible for sudeflect the average properties of the electronic structure
differences are not understood properly. It would be interestrather than the detailed properties of particular eigenstates,
ing to study the changes in various physical parameters suamnd (i) a direct comparison of the moments for differently
as density of free carriers, effective dielectric constant, Pendisordered samples provides a more meaningful basis for the
gap, dispersion energy, and strength of the oscillator relatediscussion of the differences between materials with similar

. General sum rules and moment relationships: The
enn model and other parameterization schemes
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short-range order. They also provide insight into the bandB. Harmonic oscillator approximation
structure modification, subtle differences in bonding between
amorphous and crystalline semiconductors and the nature
the c—a transition.

Optical momentM, of the £,(E) is related to the mac-

’ The dielectric function of a real solid can often be ad-
%quately reproduced by a sum over a finite number of clas-
sical Lorentz oscillators, expressedas

roscopic quantities like effective dielectric constaap {z), i Nwp i 2 1 1
effective number of valence electronsf) through the S(E):l“Li_El( 2E, ) E+E+il; E—E+il;)’
relationship? @)
goei=1+M 1, (1)  WwhereE; andl’; are the energy and broadening parameter of
theith oscillator, andw, is the plasmon frequency. The first
Ne= (M/Ame*N)M 4, (2)  term in the sum represents the amplitude)(of the indi-
vidual oscillator. Though Eq(7) is a simplified form of a
where more general expression containing an integration on mo-
mentum matrix element over the Brillouin zone, it can be
Mr:EJmErSZ(E)d E. 3) well represented by the summation over a finite humber of
mJE, oscillators which are weakly coupled and can be grouped by

) ) ) _critical points to reduce the total numbers needed to repre-
Thes_e integral relationships do not depend on the details aQfent g real spectrum. We use the earlier approximation to
the line shape of,(E) and on the presence or absence ofeyajuate the effect of increasing disorder on the amplitude

critical points. Hence, they are particularly useful for the 3ng proadening of each oscillator and discuss the relevant
comparison of materials containing different degrees of disyyqgifications in the band structure.

order. The earlier quantities are calculated up to a maximum

energy 5.0 eV, .used in this work. Although hllgher energy\\, nESULTS AND DISCUSSION

data may contribute to the evaluation of the integrals, the

present results are believed to be highly suggestive of the The ellipsometric measurements were made for the en-

nature of changes occurring with increasing disorder. ergy range 0.6-5.0 eV for an incidence angle of 75°. Mea-
The Penn gap energfE, is defined through the surements in the infrared region of the incident light show
expressiont small peak structures and oscillations in the dielectric spec-
tra, primarily related to the interference at the amorphous-

Ei=M./M_y, (4)  crystallinea-c interface and due to the finite thickness of the

a-Si layer compared to the penetration depth of light at these

that represents the average separation between bonding agdyelengths. The low energy peaks in the dielectric spectra
antibonding states. Equati@¢d) represents a single oscillator pacome more prominent with increasing fluence above the

approximation to the dielectric response of the solid. The;morphization threshold and it is attributed to the sharpening
Penn gark, plays the pivotal role in the theory of ionicity ot the a-¢ interface®® However, they do not contain any
due to Phillips and van Vechtéfwhere it is ameasure of gjgnificant information on the microstructural changes in
the average bond strength that can be sensibly divided into &amaged layer. Hence, we use the dielectric spectra in the
covalent and an ionic contribution, and in a good approxima-energy range 1.5-5.0 eV, for all subsequent analysis.

tion this energy coincides with the maximuméf(E) spec- In crystalline Si, the complex dielectric spectrun(E)

trum in a-Si. In this case, disorder induced changeEipis =&,(E)+ie,(E) is known to be dominated by two major

used as a monitor for degree of covalency retained in da”beaks usually denoted i, andE,. In the e, spectrum of

aged Si. . _ . the virgin sample, we noted that the relative amplitude of the
Introduced by Wemple and DiDomenicdthe oscillator E, peak is less than thE; peak, which is in contrast to that
strengthE, defined through expected for single crystalline $i.From a linear regression
analysis, it became evident that such maodification in the
spectra is caused by the presence of the native oxide layer on

takes the place dE,. The definition ofE, andE, as ratios the Si surface. A native oxide layer of about 2-3 nm is
of two moments of,(E) of equal power makes these quan- known to be present for the silicon surface unless special
tities independent of the amplitude &§(E) which is deter-  €a'€ is taken to maintain the sample in an inert environment
mined by the magnitude of the transition matrix element. The®UPseguent to etching. Since the present measurements were

E3=M_,/M _g (5)

second energg, is defined a& performed in air ambient, in order to extract the thickness of
the oxide layer in each sample, we used a multilayer model
EgzMﬁl/Mfa (6) to fit the experimental data. EMA was used to model the

damaged Si layer as a mixture of crystalliiceSi), polycrys-
takes such variations in the oscillator strength of interbandalline (poly-Si) and amorphousa-Si) layers. For the ion-
transitions into account. It should be noted tEgtis depen- damaged layer, we considered a five-layer model consisting
dent on the magnitude ef,(E) in contrast toE which does  of substrate (c-Si)/layer 2/layer 1/Si@ambient (air) as
not, so that interband transition strengths are not contained ishown in Fig. 1. Here the damaged layers are considered
Ey. discrete inhomogeneous layeflayer 1 and layer R with
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Ambient (air) 60
as-measured
- — — Fitted (with EMA) E2
Layer1 Si0 d1(nm) 40— Clorerectweld spectra
E1
Layer2  Poly-Si+i-a-Si d2 (nm) 20 | Unimplanted
Layer3 ¢-Si + i-a-Si d3 (nm)
Substrate ¢-8i

FIG. 1. Schematic diagram of the multilayer structure used in the linear
regression analysis with an effective medium approximation for the fitting of
the dielectric spectra from ion-damaged Si.

different proportions of-Si, a-Si, and poly-Si. A best fit to
the experimental data could be obtained when layer 1 was
assumed to consist of mixture of poly-Si and-Si, and
layer 2 consisting of mixture dfa-Si andc-Si. In each case,

by the linear regression method, the thicknesses of different 0 I N TN |
layers and the volume fraction of each component in a layer 2 3 4 5
was determined. It is important to mention that a better fit to Energy (eV)

the experimental data could be obtained by using our own

FIG. 2. Imaginary part of the pseudodielectric functions of Amplanted
reference sample as thea-Si, which was obtained by Ar (120 keV at various fluencessilicon: as-measuredopen circle, fitting

implantation at very high fluence 10" cm™?). In the (dashed ling with multilayer model of Fig. 1, and after correctidsolid
reference data, contribution from the oxide layer wasline) of the oxide overlayer.
stripped-off from the measured spectra to obtain proper data
for i-a-Si. The regression analysis on the high fluence (1
x 10" cm~?) sample shows a relatively large thickness ofradiation that results in the growth of an excess oxide layer.
the overlayer, which could be fitted with a mixture of $iO Hence, subtracting the contribution of the oxide layer is es-
andi-a-Si. The presence afa-Si on the surface is likely to sential for proper evaluation of the dielectric function. With
be caused by the migration of displaced Si atoms towards thiecreasing fluence, the fraction bfa-Si in both layer 1 and
surface, as has been recently observed using RBS and ellifzyer 2 increases and two layers overlap for larger fluence.
sometry studies® For fitting of spectra for the remaining The sharp features related to critical points in the dielec-
samples, if we use the data usually found in the handbook fairic spectra ofc-Si gradually diminish with increasing flu-
a-Si,*" the fit was found to be poor. This indicates that theence. To obtain the spectra for the ion-damaged layer alone,
dielectric function for pure-a-Si andd-a-Si (made by the the contribution from oxide layers te; and e, are sub-
deposition technigyeis different due to distinct differences tracted from the measured spectrum. Figure 2 shows a selec-
in their microstructures. Our results are consistent with pretion of the e, spectra for three different samples implanted
vious report€® Hence, we use the corrected dielectric func-with different fluences; open circles represent the as-
tion of our highest fluence (210! cm 2) sample as the measured spectra, the dashed line represents a fitting with the
reference sample fara-Si. This approach was found to give multilayer model, and the solid line represents the data ob-
best fits with least standard deviatiom- 0.002) and a simi- tained after oxide-layer correction. It may be noted that the
lar approach was adopted by Leeal® in the microstruc- multilayer model fitting for low-fluence and high-fluence
tural modeling of implanted Si. samples shows better fitting compared to intermediate flu-
Note that no inclusion of the void was required in the ence samples. This implies that samples implanted with flu-
microstructural modeling of the ion-damaged layer, in con-ence near or above the amorphization threshold cannot be
trast to the report by Adachit al>° who found a large frac- well represented by a simple mixture @fSi andc-Si, as is
tion (~8.8% of the void in thei-a-Si from regression analy- assumed in the effective medium approximation. In this ap-
sis. Our results are consistent with the recent finding thaproximation, a heterogeneous mixture @Si and a-Si is
i-a-Si does not contain any detectable void compared tassumed to represent the characteristics of the damaged
d-a-Si?* Our regression analysis shows a damage depth dayer, which may be inadequate because of the fact that crys-
~235 nm, which is comparable to the value predicted frontalline and amorphous phases are thermodynamically two
TRIM calculation?® We find that the thickness of the oxide distinct states. Hence, the inadequate fitting in the present
layer increases with increasing ion fluence, reaching a valuease points towards the need for a homogeneous model to
of ~8.5 nm for fluence k10 cm 2, compared to the describe the process of the amorphization and the heteroge-
minimum of ~3.2 nm in the case of the virgin Si sample. neous model is less likely. Nevertheless, we use this fitting
This may be attributed to the local heating effect during ir-procedure to estimate the thickness of the oxide layer with
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50 —— - Microstructural fitting for this sample using the EMA
L 1. virgin Si(100) showed that the damaged layer consists of about 60% amor-
2: 60x10.3 phous and~40% crystalline silicon, besides a thin amor-
40 1 g 72-85:1‘31‘;’ phous layer near the surface. This marked effect of disorder
F 6 2.1x1015 B on theE, peak compared to thE, peak, arises due to the
50 1 ; :;‘1212 fact thatE, arises from the transitions in tfi&00] directions
9: 1.0x1018 and consequently sensitive to the details of the connectivity
Woro ;as,s'mfjffik N of the molecular units in crystalline Si. On the other haag,

)/ arises from the transitions in tH&11] directions and these
directions being coincident with the direction of bonds
within the tetrahedral units of the crystal are expected not to
destroy theE, peak as it may leave some molecular unit
undamaged. It can be noted that the broad peals dbr our

. ) i-a-Si lies close to that of the origin&, peak ofc-Si, and
20 30 4.0 5.0 this peak, with small differences, resembles the spectra from
Energy (eV) a-Si prepared by different methods in terms of its broad fea-
) . . ) . ) ture and mean peak position. However, the minor differences
FIG. 3. Imaginary part of the dielectric function for Si samples implanted . .
with various fluences in the range<@L0**~1x 10'® ions/cnf. For compari- b_etween dlﬁ_erent.amorphous samples can be attributed to the
son with ouri-a-Si data, spectra for thea-Si sample used in Ref. 26 and differences in their short-range order. The presence of a de-
a-Si data from the handboolsee Ref. 3yare also included. tectable peak structure in owra-Si sample indicates that not
only a short range-order is present in the sample, but also a
paracrystalline nature of the medium to some ext&ftis

reasonable accuracy and the corresponding spectrum is sub-in contrast to the case af-a-Si where the loss of both
tracted from the measured dielectric spectrum. Two featureshort-range and long-rage order is responsible for the com-
are notable in Fig. 2 when comparing the as-measured arfelete absence of features in the spectra. The difference be-
corrected spectrdj) relative change of the amplitude of the tween amorphous Si prepared by different methods has been
E, andE, peaks after correction, ariid) relative shift of the  reported earlier and is known to depend on the details of the
E, peak position and the overall envelope with respect to thgrowth conditions. It suffices here to say that tha-Si is
spectrum forc-Si, particularly in the case of samples im- microscopically different frond-a-Si due to differences in
planted with high fluences. Figuré shows that the large defect structures, local inhomogeneities in structures, bond
redshift of the envelope in as-measured spectrum is not chatepology, etc. In ion damaged Si, for intermediate fluence the
acteristic of the damaged layer, but caused by the oxide ovemedium is usually thought to be a mixture of microcrystal-
layer on the damaged crystal, which is confirmed from fit-line and amorphous pockets. The microcrystallite size re-
ting. Hence, the large shift in tHe, peak position in heavily duces with increasing fluence above the amorphization
damaged Si is an artifact due to surface modification by oxithreshold and a small peak-like feature in thespectrum is
dation. Further, the broad feature in the as-meastiyespec-  caused by residual small microcrystallites in the disordered
trum becomes relatively sharper after correction. Though theegion. A similar conclusion has been made from studies on
effect of overlayers on ellipsometric measurements has bedmeavily damaged Si, where electroreflectance measurements
realized from earlier studies, in some studies such effectshowed measurable signal due to presence of small crystal
have been neglected presuming its effect to be sthalbw-  grains, though RBS studies indicated complete amorphiza-
ever, we found that such a correction is essential in hightion of surface layet? Our observation is fully consistent
fluence implanted samples for proper evaluation of the diwith the recent report on ion-implanted amorphous Si, which
electric function. The small redshift~0.1 e\) of the showed the presence of medium-range drtiéran is ex-
correctedE; peak envelope seen in Fig(c2 can be ex- pected from the CRN model. In earlier reports on the dielec-
plained on the basis of the weakening of the covalent bondsic spectra of purea-Si, a complete absence of sharp fea-
due to perturbation created by ion damage. With increasingures in some studies may be related to the presence of a thin
disorder, thes, spectrum is expected to shift to the lower overlayer on the damaged layer which would suppress the
energies by reducing the splitting between the bonding andharp spectral features.

the antibonding states.

In Fig. 3 we show a series @f, spectra(corrected for
samples implanted with various fluences in the range 6 The degree of disorder in crystalline Si has a marked
X 103~ 1x 10* jons/cnt. For comparison with the samples influence on the amplitude of the CP transitions in the
implanted with high fluences, spectra for ion-beam producedpectra. In Fig. 4, we show a semilogarithmic plot of the
a-Si sample used in Ref. 26 and-Si data from the measured peak height{) as a function of fluence for two
handbooR’ are also shown. With increasing fluence, themajor transitionE; andE,. We use the:, value of the fully
sharp peak&,; andE, tend to smear out due to ion-induced amorphized sample as a base line and plot the difference
disorder in the crystalline Si structure. A drastic drop in theAe,. The variation is found to be exponential and the plotted
amplitude of theE, peak corresponding to the fluence 7.8 data in semilogarithmic scale clearly show two distinct
x 10* cm™ 2 indicates the presence of the amorphous layerslopes fitted with straight line&lotted or dashed linggor

A. c-a transition
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FIG. 4. A semilogarithmic plot of the differential peak heigffis the ¢, :# L F_Xpem.nemal
spectra as a function of fluence for two major transitioBg andE, show- — - ted fine
ing a drastic change in slope at fluene&x 10 cm~2, pointed with an > !
arrow. The peak value of, for the fully amorphized sample is used as a 3% } \
base line for calculating the differences, . P 00 E S
a s
E -~
\\\
: - I N )
the entire fluence range. The presence of two distinct slopes N
indicates the onset of a transition. This transition refers to a 0 2x10'5 4x10'® 6x10"™ 8x10'S

phase transition from the crystalline to amorphous state, Fluence (cm*)

where the amorphous state is characterized by a higher fref‘ﬁG. 5. (a) 3JDOS derivatives of the, spectra for the Si crystal damaged
energy and a short-range order in structure. lon damaggith 120 keV Ar* ions at various fluencesb) Plot of the measured peak-
causes loss of long-range order and the system evolves frompeak heights of 3JDOE( , E,) as a function of the fluence showing two
medium-range order to short-range order with increasing fludistinct slopes for regions I and II.

ence. From the crossover poiishown with arrow in Fig. #

of the two fitted lines, we calculate the threshold fluence for

this transition. By solving the simultaneous equations fittedhan the sizes obtained here and this causes a broad feature-
for two regions, we calculated a threshold fluence~6f.9  less spectrum ire-Si. In contrast, due to small but finite

X 10* cm™2 from the curveE,, asE, is more sensitive to grain sizes ini-a-Si, small residual features remain in the
the disorder thark;. Nevertheless, we can derive a similar dielectric spectra. Therefore, the differences in the dielectric
threshold value of-5.9x 10* cm™2, from theE, plot. Our  spectra from differently preparea-Si arise due to micro-
estimated threshold fluence for amorphization is in excellenstructural differences such as the presence of short-range or-
agreement with results obtained from another technfdue. der and a kind of paracrystalline stateiia-Si. The occur-
The decrease of the amplitude of with increasing fluence rence of a sharp transition as shown in Fig. 4 cannot be
is interpreted as the decreasing probability of finding a crysunderstood using an amorphization model involving a mini-
tallite with the minimum size required to produce a recog-mum DPA. In the literature, the process of amorphization has
nizable crystalline response. Following the approach obeen considered as a critical-point phenomena involving the
Aspneset al,* the slope in Fig. 4 refers to the projected areacooperative behavior of damage accumulation and a collapse
of excitation of core electrons and we find an area ofof the structure. From the estimation of the root mean square
~(10 A)? perpendicular to the beam direction. This indi- atomic displacement of the lattice sites, heavily damaged
cates that up to a minimum grain size fl0 A crystalline  states were found to be far from equilibrium and at the
effect in the spectra may be retained to some extent anttansition, the state was argued to be highly metastadler
below which complete overlapping of the amorphous pock+esults essentially support this model and the presence of a
ets leads to smearing out of the spectral features. In generalharp transition refers to a first-order transition. These results
the definition of minimum grain sizes that can be detected irindicate that theé-a-Si state is thermodynamically different
different experiments depends on the response being mefom the defected crystalline state and a large heat of
sured. From oscillator fitting of the spectral linewidth a simi- relaxatiot® can be understood in terms of the relaxation of
lar grain size was estimated, as will be shown in the subsethe paracrystalline state towards the continuous random
quent discussion. In the high fluence regime, a lower slopaetwork®

for Ae, plot refers to a much lower grain size210 A) and For a qualitative evaluation of the effect of disorder on
they are responsible for the small features indhaspectrum  the dielectric spectra, following the work of Aspnesal,**
shown in Fig. 3. This implies that the dielectric spectra meathird joint density of state§3JDOS derivatives were calcu-
sured by ellipsometry offers a better resolution compared téated numerically from the:; spectrum and are shown in
many other techniques in estimating crystallite sizes contribFig. 5a), for various fluences. For the fluences well below
uting to optical excitations. It can be noted that the typicalthe amorphization threshold, the peak-to-peak height of the
grain sizes encountered in deposite&i are usually smaller E; andE, peaks follows an exponential decay with increas-
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9 4 FIG. 7. Theng; (per atom as a function of the photon energy evaluated for

various fluences. Arrow indicates the trend with increasing fluence.
ing fluence, as expected from Poisson statistics for damage
buildup** However, for higher fluences, the decay shows
different decay constant. Figuré shows the logarithm of o
3JDOS peak-to-peak height as a function of fluence, Whic%

clearly exhibits two distinct slopes for regions | and 1. Thetween 1.1 and 3.4 eV are indirect, i.e., they take place be-

crossover point of two slopes refers to the threshold ﬂuenc:tnWeen states of differerk vector and only the simultaneous

for Fhe crystallllne to amorphous transmon_. In the low ﬂuenceabsorption or emission of a phonon allows for a weak ab-
regime (region I, from exponential dependence

. sorption in that region. The lack df conservation ina-Si
[ ~exp(—aF), F is the fluencé of the 3JDOS peak-to-peak kes th i iti i_all d F the h -
height, we estimater=55.8< 106 cn?, which refers to a mares Mese ansions fuasalowed. FIom the harmonic

acted £(90 AV of th itati the ol oscillator fitting of the dielectric function, it is shown later
projected area of- ( )” of the excitation on the plane that indeed the probability of the 3.4 eV transition increases

perp_endicular to the ion track. This value agrees well Withwith increasing disorder, indicating the loss loconserva-
the literature reports. tion. The arrow in Fig. 7 indicates an increasenig with
fluence. The major changesy spectra can be understood
on the basis of differences in the density of valence states
Here we evaluate various sum rules and moments showand this also causes a small redshift in the maximuraof
in Egs.(1)—(6), as these provide useful insight into disorder spectra ofi-a-Si as shown in Table I.
induced changes in various physical parameters. In particu- In case ofi-a-Si, it is usually believed that for fluences
lar, the moments provide the average properties of the eledseyond the amorphization threshold no change in the micro-
tronic structure in the disordered material and they allowstructure occurs, except for an increase in the thickness of
direct comparison between different materials in terms othe amorphous layer with higher fluences. However, there
their known physical parameters, such as dielectric constanhas been a report on the nonuniformity in the damage profile
free carrier density, coordination number, bond length, etcin ion-damaged silicon, having a less damaged region near
We use thes,(E) spectra in the energy range 1.5-5.0 eV tothe surface compared to the bulk regiéhsn the present
calculate various moments and the macroscopic quantitiesase, the gradual change of various physical parameters can
defined in Eqs(1)—(6). Figure 6 shows the variation of ef- be understood if it is assumed that increasing fluences be-
fective number of valence electrons per atomg(, calcu- yond the amorphization threshold cause continuous changes
lated forE,,,=5.0 eV) participating in the optical transitions in the microstructure in the medium and thus the dielectric
as a function of fluence. It is seen that thg; does not spectra evolve showing essential changes in various physical
change appreciably up to a fluence-ol X 10'°cm 2 above  parameters as listed in Table I. In particular, we believe that
which it falls sharply with fluence. No appreciable differencewith increasing fluence, the system evolves from medium-
in nes is observed for samples implanted with fluences 1range order to short-range order and finally short-range order
x 10*® and 1x 10" cm™ 2 indicating saturation in the carrier is reduced with very high fluence. In other words, the crys-
compensation by the process of ion damage. For the fluendallite sizes diminish continuously and a complete overlap of
above the amorphization threshold, we observe a continuouke pockets of damaged regions would cause a broad spec-
change in then indicating distinct changes in the band trum in purea-Si. However, the presence of small features
structure. Figure 7 shows the details of the energy respongepecifically forE; as shown in Fig. Bessentially indicates
of ng for various fluences. It also displays distinct changeghat short-range order is not completely destroyed in such
in N Spectra above the amorphization threshold. In particumaterials as compared tba-Si. Similar conclusions have
lar, it can be seen that the low ener@round 3 eV transi- been made by using electroreflectance measurements of
tions contribute significantly ta.¢ for heavily disordered i-a-Si*> and more recently from fluctuation microscopy

Ynaterial compared to the Si and this is similar to the case
f depositeda-Si.*® In high-energy part, a decreaseripy is
bserved with increasing disorder. ISi, transitions be-

B. Moment calculations and band structure evolution
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TABLE I. Fluence dependence of effective dielectric constagi.g), dispersion oscillator energyef), aver-
age strength of the interband optical transiti@®), nearest-neighbor coordination numi¢ey, and position of
£omax (E1) for 120 keV Ar" damaged Si.

Fluence Eq Eqy Coordination Position of
(cm™?) B0t V) ev) numberc) &2max (€V)
0 9.449 3.786 31.989 4.00 3.43
6.0x 1013 9.532 3.736 31.880 3.99 3.44
1.0x 10* 9.740 3.589 31.366 3.95 3.44
2.5x 104 9.854 3.592 31.806 3.96 3.46
7.8x10% 11.407 3.096 32.226 3.78 3.45
2.1x10% 11.795 3.036 32.774 3.75 3.41
4.1x10% 11.579 2.901 30.688 3.75 3.39
6.7x 10% 11.222 2.857 29.208 3.69 3.38
1.0x 10 10.807 2.773 27.193 3.68 3.34
1.0x 10Y 10.470 2.877 27.264 3.63 3.36
i-a-Si? 11.974 2.824 30.992 3.63 3.33
a-SiP 9.374 3.041 25.460 3.66 3.45
aSee Ref. 26.
bSee Ref. 37.

analysist® From theoretical calculations amSi, it is under-  work of the creation of band tail states due to disorder in
stood that prominent features in the DOS and optical properystalline structure, which in turn reduce the effective gap
erties ofa-Si can be understood in terms of a short-rangebetween the valence and conduction bands. Furthermore, a
disorder modef® From a structural point of view, amorphous decrease in the Penn gap implies an average reduction in
systems are often characterized as crystalline material ibond strength and decreased covaleficflhe covalent
which long-range order is lost. However, theoretical studiesonds inc-Si are easily broken by the energetic ions in the
on complex crystalline models indicate that long range-process of irradiation and due to the incomplete reconstruc-
disorder effects are of secondary importance in optical speaion of bonds and bond switching, an average reduction in
tra and it is the short range-disorder which is essential t@ovalent bonds with increasing disorder is anticipated. In the
reproduce the broad featureless spectra-8i. With devia-  process of disorder a large change in bond angle and bond
tions in bond angles and bond length, and with odd memtength is usually encountered, as is known foraa8i struc-
bered ring of bonds, it is possible to account for both featuregure. From an empirical relationship between the Penn gap
of DOS and optical properties. Hence, essential differenc@nd bondlength? (7wyr =25 wherer is the bond length
betweeri-a-Si andd-a-Si lie in degree of short-range order \ye estimate the change in bond length with increasing dis-
in the structure. order and this is plotted in Fig. 8. This shows an increase of
In Fig. 8 we show the calculated Penn gap as a function_go, in bond length for the highest fluence implanted
of fluence and it shows a systemic decrease with increasingamme in comparison te-Si assuming a bond length of
fluence. It can be noted that a drastic change in the Penn gap3so A This value is relatively large compared to the value
occurs once the amorphization threshold fluence is achieveghgwn for evaporateca-Si which shows a difference of
and below this threshold, no substantial change in gap 0c= oq, However, properties a-Si prepared by conventional
curs. This decrease in the Penn gap indicates that average.inqds depend strongly on preparation conditions. The
separation between bonding and antibonding states decrea?fr%sence of voids im-Si may regulate any large change of

with increasing fluence. This can be understood in the frame[—)ond length that gives rise to a relatively smaller change

with a larger number of voids.

2 On the other hand, in implanted Si the change in bond

4.0

f’" .« — %= Penn Gap length may be dictated primarily by the atomic mass of the
Virgin 811 N4 (e Bond lengin 4 implanted ion species and the absence of the void will allow
= kA / 3.8 = larger stretching of the bonds. It may be noted that in the
= \ T < present work, the moment calculations were performed up to
i%" : \»\ 436 & the energy of 5.0 eV that may be inadequate to provide suf-
S aup—— e T S fic_ient accuracy for the exact comparison of parameters op-
@ N das ® tained from different measurements. A more exact compari-
* AN son would be possible if the dielectric function is evaluated
N Y 2 to a higher energy range. From the calculated Penn gap, an
' 1x1014 1x10'8 1x10'8’ estimate of the change in the coordination number with in-
Fluence (cm?) creasing disorder can be made. From the known square root

FIG. 8. Calculated Penn gap and bond length variation as a function ogependence of the coordination number on the Penn gap, we

fluence. The arrows indicate the correspondifigxes used for respective eStimate.the Coordination num_b@) to be ~3.63 for the
curves. sample implanted with the highest fluence, assuming
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=4.0 for crystalline Si. This value is close to the values
obtained from other experiments. For example, the RDF
evaluation showed ac~3.79 in as-implantedi-a-Si
samples® In our case, a continuous change in these physical
parameters with fluence above the threshold indicates the
gradual evolution of the microstructure and the band struc-
ture. Though in many modela-Si is assumed to have the
same coordination number asSi, from theoretical calcula-
tions it has been recently found to have a coordination num- 1 bol
ber less than 2°in contrast to the majority of the theoretical 1x10'4 1x10'° 1x1018
predictions which derive values greater than 4. Nevertheless, Fluence {em?)
experimentally obtained values are always less than 4 and
that is accounted for the reduced densitya€edi compared to
c-Sile 1.00 -
Various other physical parameters defined in Sec. Il are
evaluated and presented in Table I, to enable proper compari-
son of the systematic changes with fluence. It can be seen
from the table that with increasing fluendg, and E,4 de-
crease substantially at fluences above the amorphization
threshold. Below the amorphization threshold, no substantial
change in these parameters is observed indicating the insen- 0.00
sitivity of these parameters to the presence of point defects,
despite a high concentration being present in the damaged Si.
Above the threshold fluence, due to gradual reduction ofiG. 9. (a) Oscillator amplitude, anéb) linewidth variation with fluence for
crystalline size, marked influence on the parameters is olthe two major transitions at 3.40 eV and 4.25 eV. A set of six Lorentz
served and it indicates that these parameters are extreméjgmllators was assumed for fitting the complex dielectric function of ion-
sensitive to the microstructure of the mateffaSimilar fea- maged silicon.
tures are observed for a change in the effective dielectric

constant o). Above the amorphization threshold, a y,y conservation. We have found that a minimum of six
marked increase iBo e is observed with respect to the Vir- ,qeijlators is required in this spectral region to fit the dielec-
gin sample and for maximum fluence it reduces slightly fromg;c fynction of Si disordered to varying degrees. All 18 pa-

its maximum value of 11.8 corresponding to. a fluence OframetersAi, E;, T, [defined in Eq.(7)] for fitting were
2.1x10'° cm™ 2 On the other hand, a monotonic decrease ofypained by a linear regression analysis using a simplex mul-
Eo and Ey is observed with increasing dlSOdeEI’ a['g It 1S tinarameter algorithm for the simultaneous fitting of the real
found to saturate for very high fluence *]_101 ¢M “).  and imaginary part of the complex dielectric spectra. The
Wemple and DiDomenico relate the dispersion en&fgyo ¢ ality of the fit was assessed through a check in the stan-
be a direct measure of the optical conductivityand conse- 4.4 deviation which yielded a value 6f1%—3%. The con-
quently to an interband oscillator strength paraméter.

Ity ) ; vergence was good, because the oscillators are weakly cor-
Therefore, a decrease Hy with increasing disorder refers 0 re|ated. A first round of fitting on all samples indicated the
a reduction in the optical conductivity, which is consistent

, o ; approximate invariance oE; for different samples. The
with the observed reduction imy;. NormalizedEy or o has ¢(E) spectra of the implanted samples were fitted using

been defined Fo pe a universal constant in a wide range cgame set of six oscillators except that theand T, were
covalent and ionic crystal. Hence, the observed changes ifynsidered as adjustable parameters. The oscillator energies
Eq in the present case points to the corresponding changes §hiained forc-Si (E;=3.40, 3.60, 3.90, 4.25, 4.81, and 5.53
the nearest-neighbor coordination number, effective numbety/) \yere treated as constant in each case. The oscillators at
of valence electrons, and anion valency. 3.40 and 4.25 eV are responsible for the major structBres
andE, respectively, which show up is,(E) spectra shown
in Fig. 3. The oscillator at 5.55 eV also contributes to the
broad tail of the spectra and is relatedMq critical point at

With a view to provide a phenomenological descriptionthe L symmetry point in the Brillouin zon& The other os-
of the disordered material produced by ion implantation, wecillators with intermediate energies were necessary to fit
use a set of harmonic oscillators to fit the measuredather deep minimum and the slope changejrspectra. A
pseudodielectric functions. This spectral representation prazlose look at the fitted parameters shows that the linewidth
vides an analytical description @fE) as a function of flu- (I';) increases with fluence for all the transitiong;),
ence and has been utilized in the past in analyzing implantavhereas amplitudeA|) decreases with fluence, except for
tion damage in 3P and GaAs* We specifically focus on the the case of 3.40 eV transition. Figure 9 shows the amplitude
variation of the amplitude and linewidth of each oscillator and linewidth variation as a function of fluence for the two
with increasing fluence, because the critical points broademajor transitionsE, (3.40 eV} and E, (4.25 e\j. It shows
and weaken differently as the disorder destroys the momerthat amplitude o, transition increases with fluence, while

Oscillator Energy (E)

—@®— 3.40eV
—@— 4.25eVv

(a)

Amplitude (Arb. Units)

Oscillator Energy

—@— 3.406V
—@— 4250V

Line-width (eV)

(b)

s L AN | n i gl
1x10"* 1x10!5 1x10'6
Fluence (cm2)

C. Lorentz oscillator fitting and band structure
evolution

Downloaded 02 Jul 2001 to 203.199.205.25. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



668 J. Appl. Phys., Vol. 90, No. 2, 15 July 2001 Giri et al.

for E, transition it decreases with fluen¢see Fig. 88)].  have been correlated with the reduction in crystallite size and
However, the linewidth increases with fluence for both theband-structure evolution. It is also shown that the dielectric
transitions as expected due to interaction with phonons anfilinction obtained by ellipsometric measurements is well rep-
other scatterers. Figure 9 shows that extent of change in thesented by a set of six classical Lorentz oscillators. With
amplitude and linewidth is very large in the case of the 3.40ncreasing fluence, the oscillator amplitude diminishes and
eV transition, compared to the 4.25 eV transition. Hence, thepectral linewidth increases, except for the 3.3 eV transition
low energy part of the band structure is most affected by thevhich shows increasing amplitude with fluence. These re-
induced disorder in Si. Though a reduction in the oscillatorsults are explained by taking into account the loss of
amplitude with increased disorder can be understood on theedium- and short-range order and flattening of the band
basis of band flattening, increased amplitude in the case aftructure with increasing fluence.
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