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Optical properties of fully amorphous silicon
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We have determined the complex dielectric functiofE) =¢4(E) +ie,(E), for self-implanted amorphous
silicon (a-Si) by spectroscopic ellipsometfgE) in the 1.5-5.2-eV photon-energy range at room temperature.
The measured SE spectra show a single broad peal(in26.6) atE~ 3.45 eV, which is typically observed
in amorphous tetrahedral semiconductors. Thee@E) data, together with the literature data which exhibit the
largest peak iz ,(~30) atE~3.7 eV and have been widely used as a reference of “dens8i; are analyzed
by means of the Bruggeman effective-medium approximation. The results clearly indicate that the self-
implanted a-Si sample is in the fully amorphous state, while the literature data contain microcrystalline
component fc-Si) in its spectra. The volume fraction gfc-Si is estimated to be about 53%. The optical
spectra ofuc-Si are found to be quite different from those of single-crystalline silicon, especially in the
vicinity of the sharp critical-point features. The SEE) data of the self-implanted-Si are successfully
parametrized using Jellison-Modine’s dispersion expression.

. INTRODUCTION nearE~3.7eV. This value is considerably larger than the
value ofe,~26.6 atE~3.45 obtained in this present study.

There has been considerable interest in amorphous senfhe dielectric function exhibiting the largess at its peak is
conductors because they have a number of interesting physielieved to be most representative of a bulk dense sahiple.
cal properties as well as numerous potential applications. s, however, shown here that the literature data contain mi-
is well known that knowledge of the refractive index and crocrystalline componenf{c-Si) in its spectra. It should be
absorption coefficient of amorphous semiconductors is ohoted that the literature data were obtained from a sample
great importance in the design and analysis of various optadeposited by low-pressure chemical-vapor-depositioR-
electronic devices. Experimental data on the optical con€VD) technique at 571 °C on thermally oxidizeesi wafer.
stants as a function of photon energy are available at the
present time for a number of amorphous semicondudtors. Il. EXPERIMENT

Optical properties of amorphous silic¢a-Si) are known
to strongly depend on preparation techniques and conditions. The samples used in this study weréype S{100 with
Structural studies suggested th@Si films contain micro-  resistivity of about 302 cm. Samples were implanted with
voids on the order of 0.5-1.0 nfriThese structural defects Singly charged Siions at an energy of 150 keV and a dose of
give rise to a large density of states in the gap of the semi2X 10"°cm™2 at room temperature. No thermal annealing
conductor. was performed.

Although it is generally accepted that the best character- Surface morphology of the self-implanted B)0) sample
ized amorphous state can be formed by ion implantation, thi&/as checked by means of ar situatomic force microscopy
state is not uniqué.The ion-implanted, unrelaxed-Si re-  (AFM), using a Digital Instruments Nanoscope IIl. The
leases substantial enthalpy during low-temperature annealif=M image was acquired in the tapping mode and in the
toward a relaxed configuratidhlt was reported that self- ~ repulsive force regime with a force constant of the order of 1
implanteda-Si layer, regardless of relaxed or unrelaxed stateNN between the AFM tip and sample surface.
is about 2% less dense than crystalline sili¢or8i). Fried The automatic SE instrument used was of the rotating
etal®® have shown that spectroscopic-ellipsomet§E)  analyzer typeDVA-36VW-A, Mizojiri Optical, Co., Ltd.).
data of as-implanted, unrelaxesSi differ from those of A 150-W xenon lamp was used as the light source. SE mea-
imp|anted’ re|axedannea|e)j Samp|e_ More recenﬂy, Lee, surements were carried out eIIipsometry in the 1.5-5.2-eV
Kim, and OH have investigated an importance of the choicePhoton-energy range at room temperature after cleaning the
of sample(unrelaxed or relaxédas a reference in analyzing sample surface with organic solvents and then rinsing in a
SE Spectra of ion-imp|anted.8i_ These authorS, however, 1.5% aqueous HF solution to remove the native oxide Iayer.
did not completely rule out the origin of difference in optical
properties between the unrelaxed and relaxed amorphous Ill. RESULTS AND DISCUSSION
samples™’

The purpose of this paper is twofoldi) to report the
optical constants of self-implantedSi measured by SE and We usedex situAFM to evaluate surface morphology of
(i) to analyze these data and the literature data widely usesklf-implanteda-Si sample. Figure 1 shows a large-scale (1
as a reference of “dense#-Si (Refs. 8 and Pbased on the Xx1um? AFM image for the self-implanted-Si sample.
Bruggeman effective-medium approximatigEMA; Ref. = The image clearly demonstrates that the Si-ion-implanted
10). The literature data give a maximum value ©f~30  sample has a shiny flat surface. The root-mean-squars

A. AFM observation
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FIG. 1. Large-scale (¥ 1 um?) AFM image for self-implanted 15 ]
a-Si sample K,y:0.2um/div;z:2 nm/div). The root-mean-square 10 7
(rms) roughness obtained from this image~9.20 nm. 5 -

roughness obtained from this image~9.20 nm. We find 0
that this value is comparable to those for polished, HF-

etched Si111) wafers measured by scanning tunneling mi-
croscopy(0.12—0.18 nm; Ref. J1Notice that not only oxide FIG. 2. Pseudodielectric-function spectrag(E)= e,(E)
overlayer but also surface microroughness have effects upopie,(E), for self-implanteda-Si measured by SEsolid circles.
the ellipsometric dat& We, however, consider that the Thee(E) spectra for LP-CVDa-Si reported by Baglegt al. (Refs.
present sample will give the true bulk dielectric function of 8 and 9 are also shown by the open circles.

a-Si. This is because it has nearly flat sample surface, as has

been demonstrated by AFM. C. Bruggeman EMA analysis

Photon energy (eV)

In order to give more detailed information on the spectral
difference seen in Fig. 2, we carried out the EMA in which

Figure 2 shows the pseudodielectric-function spectraan amorphous layer is assumed as a physical mixture of fully
e(E)=e1(E) +ie,(E), for self-implanteda-Si sample mea- amorphous silicotta-Si; ;) and uc-Si (e ,c) . Here we used
sured by SHsolid circle3. The pseudodielectric function is the Bruggeman EMA? The Bruggeman EMA can now be
a quantity derived from SE by means of a two-phasedefined by the following two expressions:
(ambient/samplemodel®® It is, thus, exactly equal to the
true dielectric function of a given sample if its surface is f €a— & +f Euc”® _
perfectly abrupt and film-free. For comparison, théE) de,t2e Mo ,0t2e
spectra for LP-CVDa-Si measured by Baglegt al®° are
shown in Fig. 2 by the open circles. These data have been fatf,c=1, 2
popularly used as a reference of deas8i in many optical
analyses of processed silicon sampfeg?

A single broad peak found in the,(E) spectrum[Fig.
2(b)] is typically observed in amorphous tetrahedral
semiconductor$ The main spectral difference between these.l.h
two samples is that the, peak in the self-implanted-Si
occurs at a considerably lower energy than that in the LP
CVD a-Si sample. The experimental data of the self-

B. SE results

0, @

where f; and ¢; are, respectively, the volume fraction and
complex dielectric function of each of the componén&nd

¢ is the complex dielectric function of the material studied.
The two-phase model was used in the present analysis.
e unknown parameters were numerically determined by
minimizing the following mean squares deviation with a re-
gression prograrflinear regression analysisRA)]:13

implanteda-Si give a maximum value of,~26.6 neark 1 N

~3.45eV, while a value ok,~30 atE~3.7 eV was ob- 02=m2 {(tan\lff’(p—tan\IijZ"“)2

tained from the LP-CVD sample. It is generally believed that =1

the dielectric function exhibiting the larges} value at its +(COSAjeXp_ cosA}’a“)z}, 3)

peak is most representative of the bulk dense samplesThe

value of ~30 has been shown to be an apparently limitingwhereN is the number of data points amis the number of
peak value fol-Si, and thus its(E) spectra have long been unknown model parameters. Hede and A are the ratio of
regarded as the “intrinsic” dielectric properties @Si. amplitudes and the difference in phase of reflectancesfor
Similar values have also been obtained by glowandp-polarized states, respectively. The best-fit model is se-
discharge®?* multipole plasma depositiofi, plasma- lected as that yielding a minimum value of unbiased estima-
enhanced CVB3® and LP-CVD technique¥. In the follow-  tor o.

ing, however, it is shown that this is not true, i.e., such a The e(E) data of the LP-CVDa-Si are used as a refer-
largere, sample is not in the full amorphous state. ence(i.e., g,) in the simulation of the self-implanted-Si
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goF . T T T ] As seen in Fig. @), the use of the LP-CVI2(E) data as
| @ Self-implanted a-Si (a) a reference of fully amorphous silicon gives no good simu-
301 N lated results. The best-fit result, in this case, can be achieved
20'_ ] by putting f,=100% (i.e., neglectinguc-Si component
© L The corresponding value is 0.0618&solid lines. This value
10} & A is considerably smaller than that of (. f ,c) = (75%,25%)
O-— | (dashed lines It is found that largerf . value results in
i a-Si (100%) . larger o (i.e., poorer fil. o _
-10F —-e- s + p1c-Si " The entirely opposite assumption, i.e., regarding the self-
1’ ' 2’ ' é ' 21 : % % implanteda-Si as a fully amorphous material, resulted in
B L R I A R ' reasonable agreement with the LP-C\4ESi data, as shown
40_‘° LP-CVD a-Si by ] in Fig. 3(b) by the solid lines. It may, thus, be considered
301 . that the LP-CVDa-Si sample(Refs. 8 and 9 is in the
20k ] amorphous-crystal intermediate state, not in the fully amor-
L phous state. Notice that the LP-C\éSi sample was depos-
10 1 ited at moderately high temperature 571 °C. EhéE) data
oL i reported in Refs. 23—-27 also show larger values(~30)
- nearE~3.7 eV. These samples were also deposited at mod-
-10p- ] erately high temperaturgs=250 °Q.

6 Fried et al>® studied the optical properties of different
kinds of amorphous silicon prepared by self-ion implantation
and subsequent thermal annealif®0 °C, 3h and found

FIG. 3. Bruggeman EMA-LRA results for self-implanted and that the complex dielectric function of the unrelaxai

LP-CVD a-Si samples. A physical mixture &-Si anduc-Si (or differs from that of the annealed, relaxedSi. They also

¢-Si) is assumed in the Brugemann EMA. The LP-C\4ESi data  found that thes (E) spectra of the LP-CV[2-Si (Refs. 8 and

(Refs. 8 and Dare used as a reference, in the simulation of the  9) are very close to those of the annealed, relax&i.

Photon energy (eV)

self-implanteda-Si data in(a), and vice versa itib). The structural The dashed lines in Fig.(B) show the simulated results
parameters and unbiased estimatsbtained from these analyses using c-Si ¢(E) data(Ref. 31 instead ofuc-Si data. It is
are listed in Table I. evident that the use of theSi ¢(E) data provides no good

simulated resultsee also Table)l

data, and vice versa. The results of this simulation are shown
in Fig. 3. The structural parameters and unbiased estimators
obtained from this simulation are summarized in Table I.

The wc-Si e(E) spectra used in the LRA-EMA analysis ~ Figure 4 shows the MDF-calculateel(E) spectra for
are obtained by calculating the model dielectric function#c-Si deduced from the Bruggeman EMA-LRA result
(MDF) in Refs. 12, 28, and 29. Here we assume that eackheavy solid lines The MDF CP parameters used in the
critical point (CP) in uc-Si has the same strength parametercalculation are listed in Table Il. The(E) data ofc-Si are
value as that ot-Si. This assumption is consistent with the also plotted by the light solid lines. These data were taken
requirement of an oscillator-strength sum rule in crystallinefrom Ref. 31. It is clear from Fig. 4 that thec-Si e(E)
solids3® We, however, consider that the broadening paramspectra differ largely from the-Si spectra.
eters inuc-Si are not the same as thoseckSi. As we will The dielectric function in the interband transition region
see next, the resultaptc-Si e (E) spectra differ appreciably Of crystalline and microcrystalline semiconductors depends

from those ofc-Si, especially in the vicinity of the sharp CP fundamentally on the electronic energy-band structure of the
features. semiconductor$? The relation between the electronic

energy-band structure arg(E) can be given by
TABLE I. Bruggeman EMA-LRA parameters obtained from the

D. €(E) spectra ofpc-Si

. 4e%4?
pnorphase model 2(E) =~z | diPo, (R2OEA(0~ B, (0~
Sample fa (%) fuc (%) o (4)
Self-implanteda-Si* 100 0.0618  \wherey is the combined density-of-states mass, the Di#ac
Self-implanteda-Si° 75 25 0.0703  function represents the joint spectral density of states be-
LP-CVD a-Sf° 46.9 53.1 0.0248  tween the valence-bari@, (k)] and conduction-band states
LP-CVD a-Si 46.9 53.1 €) 0.0349 [Ec(k)] differing by the energfE =% w of the incident light,

Pe,(K) is the momentum matrix element between the
valence-band and conduction-band states, and the integration
is performed over the first Brillouin zone.

In the MDF, Eq.(4) can be written a$282°

8Assumed as 100%-Si (LP-CVD a-Si) [solid lines; Fig. 3a)].
PAssumed as a mixture of 7586Si (LP-CVD a-Si) and 25%uc-Si
[dashed lines; Fig.(@)].

‘Assumed as a mixture c-Si (self-implanteda-Si) and uc-Si
d[solid lines; Fig. 3b)]. M 46252

Assumed as a mixture 0&-Si (self-implanteda-Si) and c-Si _ s 24s

Cahod linow: Fig O] eaB)= 2 57z [P (B)IPTL,(B), (5)
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FIG. 5. MDF-calculateds,(E) spectra for(a) wuc-Si and (b)

FIG. 4. MDF-calculatec: (E) spectra foruc-Si deduced from . - ) .
(E) sp K c-Si (solid lineg. The MDF parameters used in these calculations

the Bruggeman EMA-LRA resultheavy solid lines The MDF ) . . :
parameters used in this calculation are listed in Table II. The exd'® listed in Table 1. The experimentab(E) spectrum forc-Si

perimentale (E) spectra forc-Si (Ref. 31 are also shown by the hakehn ;r?m Ref. 31 is allsg. sEowln () bg the SO"df cki]rclgs. TZe
light solid lines. The vertical arrows indicate the positions of each ashed lines represent individua contri ut|0n$_§oo t_e 1an
CP. E, gaps. They are obtained from Ed8) [two-dimensional(2D)

M, CP] and (10) (2D exciton for the E;-gap contributions and

. - . . from Egs.(12) (2D-M, CP) and(14) (2D-M, CP) for theE,-ga
whereJ$, (E) is the joint density-of-states function of tisth contribﬁtio(ns()R(ef. 29_1 ) and(14) ( 2CP) 279ap

interband CP. The joint density-of-states functid})(E)
mainly determines the interband contributiongg(E) and  shown in Fig. %b) by the solid circles. We can understand
thus to the optical constants of solids. from Fig. 5b) that our MDF calculation shows excellent
We show in Figs. &) and 5b) the MDF-calculated agreement with the experimental(E) data ofc-Si over the
€,(E) spectra foruc-Si andc-Si, respectively. The MDF CP  entire range of photon energies.
parameters used in these calculations are listed in Table Il. The prominent CP features seen in th¢E) spectra of
The experimentak,(E) spectrum ofc-Si (Ref. 3] is also  uc-Si andc-Si are theE; andE, structures aE~3.4 and
~4.3 eV, respectively. The disappearance of the peculiar CP
TABLE 1l. MDF parameters foruc-Si obtained from the features in amorphous materidig. 2) is due to the break-
Bruggeman EMA-LRA. Values foc-Si are shown in parentheses. down of crystal periodicity in the amorphous material. As
shown in Fig. 4, thes(E) spectra ofuc-Si are quite differ-
Parameter uc-Si(c-Si) ent from those ofc-Si. This difference can be successfully
explained by changing the values betweemc-Si andc-Si

EO(eV) gg? (see Table I)i. This fact is not surprising since microcrystal-

' line material has an additional lifetime broadening mecha-
4 0.18(0.09 nism caused by the grain boundaries.
E; (V) 3.39 We have already showifthat thel values in amorphous
By 5.22 materials are considerably larger than those of the interband
B1, (8V) 1.44 transitions in crystalline materials. It is important to note that
I'(ev) 0.16(0.08 the amorphous materials preserve the short-range order, in
E, (eV) 4.28 this case the tetrahedral coordination, but do not preserve the
c 3.08 long-range order. Therefore, it can be considered that the
Y 0.20(0.10 largel” values required in the amorphous materials are due to
F 3.82 the effects of long-range disord@nd short-range defegts
T (eV) 0.20(0.10 these material®® If the main broadening mechanism in
E; (eV) 5.33 mc-Si is due to such structural defects, thevalue may be
C 0.30 strongly dependent on its crystalline quality or, strictly
y 0.24(0.12 speaking, grain size. Indeed, we have found thatltisein
E1n 0.40(0.40 self-implanted silicon have strong dependence on Si-ion dose

and increase with increasing®t.
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FIG. 6. Bruggeman EMA-LRA results for self-implantedSi -10 N R T S SR
sample(solid ling). The experimentat,(E) data for self-implanted 1 2 3 4 5 6
a-Si sample are plotted by the solid circles. The Bruggeman effec- Photon energy (eV)
tive medium in this case deals with the overlayer consisting of two _ ) _
constituents, voids and bulk amorphous sili¢esSi). The LP-CVD ~ FIG. 7. ¢(E) spectra for self-implantea-Si. The solid and open
a-Si data, shown by the dashed line, are used as a reference in tigcles represent the experimental SE data. The solid lines show the
analysis. calculated spectra from Eq$6) and (7). The model parameters

obtained from these fits are listed in Table III.

If the LP-CVD a-Si data indeed have a microcrystalline
component, then they should show some evidence oEthe
and E, transitions of the crystalline material. However, we It is of both technical and scientific interest to obtain the
cannot clearly recognize such a feature in the correspondingnalytical expression of the optical constants of semiconduc-
spectra. Only the plateau can be recognized in the 3.5—4-eWrs. Assuming the parabolic valence and conduction bands
region of thes ,(E) spectrum(Fig. 2). It should be noted that and thek-independent momentum-matrix element, Jellison
such a plateau has been typically observed in 4h€E) and Modiné’ proposed a new parametrization ofE) for
spectra of microcrystalline samplés.g., Refs. 21, 34-36 amorphous semiconductors. An expression £(E) ob-

In these studies, the microcrystalline nature was indepertained by them can be written s

dently checked by dark conductivity and Raman scattering

measurement¥:>® In particular, all thex.c-Si Raman spec- 0 E<Ey4

tra.displayed a peak near SZQ E?n_characteristic of acrys- e5(E)=1{ AE,C(E- Eg)2 1 6)
talline phase. As we can see in Fig. 2, no plateaulike feature (E?—E2)2+ C2E2 E E>E

can be found in thes,(E) spectrum of the self-implanted 0

a-Si sample. We have also measured Raman spectra on t%ereE E,, A andC are in units of energy.

sample, but not observed a peak related to the crystalline The Corresponding Kramers-Kronig  transformation

E. Parametrization of a-Si €(E) data

g

phase. gives’

A decrease of the peak heightén(E) accompanied by a
shift of its peak to lower energies is a characteristic behavior C a, E2+ E§+ aEy A Ay
of microscopically rough surface. In order to account for the ,(E)= —; N =—>——= ——
effect of rough surface, we performed the Bruggeman EMA- m(" 2aB, \EgtEg—aky) m" Eo
LRA analysis assuming a three-phase modaibient/ 2E +a —2E. 4«
rougheneda-Si overlayer/bulka-Si). The Bruggeman effec- X Tr—arctarE g Jrarctaré—g
tive medium in this case deals with the overlayer consisting c c

of two constituents, voidsdensity deficit;e,=1+1i0) and ¥2—E2

bulk amorphous silicond-Si;e,), where the LP-CVDa-Si +2 4 g(E )| m+2 arctaré 2 c g”

data are used as a refererice., g,). m{a @
Figure 6 shows the best-fit results of this simulation. The AE,C E2+E2 [|E—E,

open circles represent the self-implantaeSi data. The - T g ( g

analysis yields a roughened overlayer thickness dof e E E+E,

=_3.4 nm with a void fracti(_)n c_)fv~31%. As expected, the E,C |E—Eg|(E+Eg)

simulatede,(E) spectrum indicates a decrease of the peak +2 +g,(),

height accompanied by a shift of its peak to lower energy. \/(ES— E§)2+ ESCZ

However, it is evident that this spectrum shows no good @)

agreement with the experimental ddtgpen circles From

this fact, we can conclude that the self-implantaesi  whereay,, acan ¢ @ andy are defined in Ref. 37.

sample contains no or only a very small number of void The solid lines in Fig. 7 represent the calculated results of
networks, as independently confirmed by the AFM observaEgs.(6) and (7). Table Ill lists the fit-determined parameter
tion (i.e., very flat surface, see Sec. Il)A values. Excellent agreement can be achieved between the
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TABLE IIl. Model parameters used in Eq&) and(6) for fully together with the literature data which exhibit the largest

amorphous silicoria-Si). peak ine, (~30) atE~3.75eV and have been widely used
as a reference of denseSi, are investigated by means of the
Parameter Value Bruggeman EMA-LRA simulation. The results clearly sug-
E, (eV) 1.11 gest that the self-implantem}Si ;ample is in the fully amor-
Ag(ev) 150 phqus state, yvhlle the denges[ corresponds to those con-
E, (eV) 3.40 talnlrjg uc-Si gqmpo_nent in its substance. T.he volume
C (eV) 255 fraction och—S| |s.est||fnated to be-53%. The pptlcal spec-
£4() 017 tra of uc-Si are quite different from those ¢fSi, especially

in the vicinity of the sharp CP features. Aex situ AFM
image confirms that the self-implantedSi surface is very
rqlat, rms roughness of0.20 nm. The fact promises that the
fptical data for the self-implantee-Si can be used as a
reference of fully amorphous silicon. For the sake of conve-
nience, thes(E) data of the self-implanted-Si are success-
fully parametrized using Jellison-Morine’s model.

calculation and experiment over the entire range of photo
energies. This result greatly encourages the use of the se
implanteda-Si ¢(E) data as a reference of fully amorphous
silicon.

IV. CONCLUSIONS
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