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Thin films of Si_,Ge, alloys of different compositions have been deposited, on single-crystal Si
(100 surface and glass substrates, by simple ion beam sputtering, at room temperature.
Crystallization of these films has been done using excimer laser annealing. Structural and optical
properties of as-deposited and annealed &e, alloy films are characterized by x-ray diffraction
(XRD), uv-visible spectrophotometry, spectroscopic ellipsomefBF), and Auger electron
spectroscopyAES). The as-deposited films, both on Si and glass, have been found to be amorphous
by XRD. Polycrystalline nature of laser-annealed samples has been evidenced by both x-ray and SE
measurements. The results of x-ray, uv-visible, AES, and SE are compared and discussed. The poly-
Si, _,Ge, films were oriented predominantly 1d11) and the grain sizes were determined from
half-width of x-ray peaks. The compositiorf Si; _,Ge, films have been evaluated from the SE
dielectric functione(w) data, using the second-derivative technique, and are found to be 0.23 and
0.36 for two different compositions. A detailed analysiseab) with the effective-medium theory

has demonstrated the volume fraction of crystalling gbe, increases with the increasing energy

of laser irradiation. ©1998 American Institute of Physids$$0021-89788)05301-9

I. INTRODUCTION have potential for optoelectronic devices such as modulators,
switches, and detectof$.Recently, Nelsort al® have stud-

strained-layer heterostructures exhibiting attractive transporl? d the Ohmic contacts to-type §|I|con—germ§n|um al.loys
and optical properties. The Si,Ge, alloy provides a con- and suggested that an alloy of S|I\{er.and antimony will be a
tinuously variable system with a wide range of optical bandMore reliable metal contact for SiiSiGe; n-type hetero-
gaps. Polycrystalline silicon-germanium films are receivingstructures over the commonly used Au/Sb alloyed contacts.
considerable attention for applications such as high speed Also, spectroscopic ellipsometr{SE) is known as a
heterojunction bipolar transistors with the;SjGeg, base nondestructive and nonperturbing technique to characterize
formed by high-dose Ge implantation followed by solid- thickness, structure, composition, and various optical proper-
phase epitaxy. ties of thin films. Using SE, Humlicekt al1° have produced
Polycrystalline SiGe films can be an alternative t05 series of pseudodielectrice€ e, +ie,) functions for a
poly-Si in3 several technologies such as thin film hymper of bulk Sj_,Ge, alloys of compositionx=0.22,
transstqr_s’: Cwstalhz_atlon of amorphous silicon and amor- 5 39 051, 0.64, 0.75, 0.83, and 0.91. and determined the
phous s!llcon-ggrmanlum_alloys,_at low temperature{ N ShorEritical point energies by fitting the numerically differenti-
time, using excimer laser irradiation has been investigated b . . . 11
several author$® Furthermore, it is reported that pulsed ated dielectric functions. Nguyeet al.™ have used SE to
investigate the properties of the interface between Ge-

laser-induced growth of poly-§i,Ge, offers several advan- ) X ) ’ -
tages over alternative epitaxial process@he heterojunc- implanted Si and its thermal oxide and interpreted the data in

tion and quantum well structures of this alloy system do alsderms of a Si_;Ge, alloy using the measured spectrum of
Humlicek et al. SE of strained and relaxed;SiGe, epitax-

2 R . . ial layers of arbitrary compositions were also studied by
Electronic mail: yu@gamella.elcom.nitech.ac.jp 1213 ] ’
bPresent address: Research Center for Micro-Structure Devices. others.~~* However, little work has been done on optical
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Great interest has recently been devoted o &€, /Si

Planning. jims for their potential application in optoelectronic devices
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Planning. such as solar cells.
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Here, we propose ion beam sputtering as a simple an@ABLE I. Experimental details of ion beam sputtered poly-$Ge alloy

convenient method for the deposition of arbitrary composi-Min flms.

tions of Si_,Ge, alloy thin films and excimer laser irradia- Energy of laser
tion for the crystallization of as-deposited films for the future  sample Substrate Composition irradiation
application of Si/SiGe based superlattice structures as solar no. (x) (mJ/ent)
cell dev?ges. In this grticle, we 'report the crystal strgcture, 1 Glass 0.230.01 212
composition, and optical properties of both, as-deposited and - Glass 0.230.01 164
laser-annealed, films characterized by x-ray diffraction _

(XRD), uv-visible spectroscopy, Auger electron spectros- i g: g'gig'gi iéi
copy (AES), and SE. We determined the composition of B

crystallized Sj_,Ge, thin films using the analysis of the 5 Glass 0.36:0.01 212
experimentak(w) with the second-derivative technique. The 6 Glass 0.36:0.01 164
effects of surface treatment of our films, polished using 7 Si 0.36+0.01 212
Syton-saturated lens paper, on optical properties, are studied 8 Si 0.36:0.01 164

in terms of critical poinf{CP) energies, strongly depends on
the composition of the alloy system, and may be shifted due

to the oxidation/roughenintf We further discuss the volume

fraction of crystalline Si_,Ge, using the interpolation pro- photometer. The composition and formation of SiGe, al-
cedure developed by Snydest all* and the effective- loys have been realized from surface and depth profile analy-
medium theoryEMT). The dielectric functions of $i,Ge,  ses using AES.

alloys are taken from the literatut®. Since the CP energy strongly depends on the composi-
tion of Si;_,Ge, alloys and also may be shifted due to the
Il. EXPERIMENT oxidation/roughening® it is necessary to treat the surface

before SE measurements in order to estimate the composi-
"tion of poly-Si_,Ge,. Therefore, we have polished our
samples with Syton-saturated lens paper, followed by a rinse

of different compositionsx), by Ar* ion beam sputtering. = . h hi 4 until the | |
Single-crystal S(100), 2° off towards[011], and glass are with water. This process was repeated until the largest value
! ' of €, at E, (about 4.3 eV was obtained. Optical data were

used as substrates. The arbitrary composition can S|mply br(_:écorded with a polarizer-sample-rotating-analyzer spectroel-

nIipsometer, at room temperature. Variable angle-of-incidence

has been carried at a base pressure>l@ © Torr, and at spectroscopic ellipsometry has been measured, for samples
room temperature, using the beam voltage of 1 kV, beamp P P Y ' P

current of 20 mA, and power of 20 W. These films have bee Sputtered on both the glass and Si substrates, in the wave-

. : : ength range of 260—830 nm with a step of 5 nm, at an angle
analyzed by various analytical techniques and the results ag G o :
. ; . . of incidence 60°. During the measurement the surface-
discussed in the following sections.

. . . . treated samples were maintained in a drying fldw to
The resulting films are smooth with excellent adhesion_,. . . o
o . eliminate various surface contamination effects. All the SE
to the substrate. Crystallization was carried out at room tem- . . . .
. ) . ) plots presented in this article are for samples deposited on

perature and in air using a XeCl excimer lasex (

T . . glass substrate. However, the data obtained from SE mea-
=308 nm) which provides an area of 5mi mm and surement of samples deposited on Si substrate are tabulated
pulses of 20 ns(full width at half-maximum duration. P P

. . nd di inther ive followin ions.
Samples were annealed by the irradiation of one laser pulsg, d discussed in the respective following sections

and the energy of laser irradiation was varied and different
laser pulse energies of 92—212 mJfcwere used. Details |1, RESULTS AND DISCUSSION
concerning the laser irradiation conditions for various
samples studied are listed in Table I.

The structural characterization and grain size determina- Figure 1 shows the x-ray diffraction patterns on samples
tion of the films are performed using an x-ray diffractometerof as-depositefipattern(a)] and laser-annealdgatterns(b),
with CuK« radiation. All the patterns are recorded at an(c), (d), and (e), respectively, for samples 1, 3, 5, andl 7
angular speed as low as 0.2°/min by steps of 0.02° and witktructures of two different $i ,Ge, compositions{x=0.23
a voltage of 40 kV and current of 35 mA in the standard[(b) and (c)] andx=0.36[(d) and (e)], these compositions
0—26 geometry. The crystallographic preferred orientationare derived from SE measurements and are discussed in the
of polycrystalline films is measured by comparing the inten-following section}, deposited on Sf(a), (c), and (e)] and
sity of the different diffraction peaks with a randomly ori- glass[(b) and (d)] substrates by ion beam sputtering. In the
ented polycrystalline film, and the integral linewidth and as-deposited case, with both the substrates, we observe the
Bragg angle are determined by fitting directly the diffractionamorphous nature of the thin film with two halSig. 1(a),
profile using the convolution equation between the pure proen Si substrate The first, centered at@=28° close to the
file and the Deby—Scherrer instrumental profile, and are disposition of the(111) crystalline diffraction peak corresponds
cussed in detail in the following x-ray section. The opticalto the existence of a short-range diamond cubic structure.
transmission in the wavelength range(between And the other, located at covering2 45°—55° may be due
400-1600 nm was measured using an uv-visible spectro-to the (220) and the(311) crystalline peaks. For laser, an-

A germanium target, partly covered with silicon wafers
has been used for the deposition of SiGe, alloy thin films,

A. X-ray diffraction
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FIG. 1. X-ray diffraction patterns of ion beam sputteregd $Ge, alloy thin

films of as-deposited(a)] and laser irradiatedi(b)—(e)] samples of two
different compositionsx=0.23 [(b) and (c)] and x=0.36 [(d) and (e)],

deposited on Sf(a), (c), and (e)] and glasg(b) and (d)] substrates(a)

As-deposited(b) sample 1,c) sample 3,(d) sample 5, ande) sample 7.
Experimental curves are very well fittégolid line) with the function men-
tioned as Eq(2).

nealed samples, the three peaks correspondinglid),
(220), and (312) indicate the polycrystalline nature of the
films upon laser irradiation.

To determine the grain size of the samples it is necessa
to correct lines for the experimental aberrations. In order to,

obtain the Deby-Scherrer instrumental profig¢e), we
measured larger-grain-size polycrystalline silicon powder,
and the experimental profile is very well fitted with the
function®

f(x)=C/[1+ (x/k)?]°. (1)

In the above expressiol and k are adjustable constants

r

An experimental profileh(e), that is directly observable, is
the convolute between a weight functigfe) and a pure
diffraction profile f(e),*’

h<e>=J _9(Of(e= Q). 2
A pure diffraction profile free of instrumental contributions
f(e) in Eq. (2), is also assumed as E(fl). Experimental
profiles of the Si_,Ge, alloys of two different compositions
(Fig. 1) are well fitted using Eq(2) as shown in Fig. 1 by
solid lines. And, the integral linewidth has been determined
for these line profiles in order to evaluate the grain dize
using the classical Scherrer equation,

| =ks\/A cos @, (©))

where@d is the Bragg angle, the wavelength of the radiation
used,ks a constarif closed to 1.05, and is the integral
linewidth. In order to determine the crystallographic pre-
ferred orientation of growth, we calculated the normalized
intensity ratio of each sampiea; and 8; defined by

@i =\li(220 /1 p(220 »

Bi=| i’(311)/| ;;(311> )

wherel i= Ci(220)/Ci(111) and | i, = Ci(311)/Ci(111) are the in-
tensity ratios of the pure diffraction profiles determined by
fitting, and 1, and I;, are the fractions measured from the
intensities of the Bragg peaks for the standard randomly ori-
ented silicon powder infinitely thick, which takes into the
account the absorption coefficient of the film for the radia-
tion used'® The results are listed in Table Il. These results
indicate that the111) orientation is dominant in the samples
éfeposited on both glass and Si substrates, together with the
rientation dominance af311) peak in the case of samples
deposited on Si substrate: this is associated with the differ-
ence of free surface energy between the Si and glass sub-
strates. Under the excimer laser irradiation, it is reported that
the recrystallization starts from the surface of amorphous Si
deposited over the glass substrate and(ftigl) orientation

was dominant® Therefore, the free surface energy of a film
also plays an important role, the same as in the case of

and x is the abscissa measured from the profile maximumUHV—-annealed amorphous Si on quartzOn the other

TABLE Il. X-ray diffraction results of poly-Si_,Ge, alloy thin films.

(111 (220 (311
Sample 20 Grain size 260 Grain size 20 Grain size
no. ) k (nm) ) k (nm) ) k (nm) a B
28.262 0.342 47.047 0.496 55.769 0.68&
1 +0.005 0.01 86.2 +0.01 0.03 36.4 +0.02 0.06 224 0.61 0.64
28.274 0.33% 47.025 0.32% 55.785 0.52%
3 +0.005 0.02 884 +0.01 0.04 55.9 +0.02 0.04 295 0.68 0.94
28.097 0.38% 46.768 0.51% 55.460 0.654
5 +0.005 0.01 74 +0.008 0.02 348 +0.02 0.04 237 0.76 0.80
28.090 0.377+= 46.754 0.433+ 55.456 0.630+
! +0.04 0.01 86 +0.01 0.04 a1 +001 0,03 24.6 066 093
176 J. Appl. Phys., Vol. 83, No. 1, 1 January 1998 Yu et al.

Downloaded 11 Aug 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



hand, the Si substrate could act as a seed for crystal growtt
for the excimer laser annealing procé3Since the S(100

2° off towards[011] was used as a substrate in our experi-
ments, the surface of Si substrates are composed of deforme
steps of molecular dimensions, thus the simultaneous domi-
nance off311 planes is not surprisin.Also, from Table II,

it is clear that the grain size decreases with increasing Ge ®

mole fraction irrespective of the substrate ugeither Si or 0

glass and this may be explained as follows. Y. Morita

et al?! had reported that the grain size increases with the Bl J— Sig 77Geg o3 (interpolated)'®
® as-deposited

increasing energy of laser irradiation for amorphous Si on
glass. Furthermore, our SE measurements show that the at
sorption spectrum shifts towards longer wavelengths and the
absorption coefficient decreases with increasing Ge mole
fraction for amorphous $i,Ge, films at the wavelength of

excimer lasef308 nnm). Combining the two observations of

Morita et al. and our SE measurements, we can say that un-
der the same energy of laser irradiation, different amounts of
laser energy were absorbed by the deposited films due to thi
variation in the composition, which alters the degree of an-
nealing and hence the change in the degree of crystallinity.

The lattice parameters of Si,Ge, alloys of the two

different compositions are found to be 5.465 and 5.496 A,
respectively. It is observed that the lattice parameter in-

40
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creases_wlth increasing Ge concentration. The difference BiG. 2. The pseudodielectric function spectea=(e; +i€,) of as-deposited,
composition between the samples of two different Ge cONtaser-iradiated'sample 1, and Syton-polished surface of sample 1. The
centrations can be estimated from the plot of lattice constantielectric function spectra of poly-Si and the interpolated spectrum of
versus Ge mole fraction, assuming a linear relation betweefio.C& 3 are also shown for comparison.

the lattice constants of $5.430 954 and Ge(5.64613 A.?

It is found to be 0.144, which is in agreement with the value

(0.13 obtained by SE. However, we cannot rule out the ef-

fect of strain present in our samples. An analysis of strain has
been discussed together with the ellipsometric results in the
following section.

B. Spectroscopic ellipsometry

The pseudodielectric function is given by

(€)=(er) +i(ez)=sir’ ${1+[(1—p)/(1+p)] tarf ¢}'(4)

where ¢ is the angle of incidence. Note thatis a quantity

derived from the SE data using the two-phasenbient/ v assingoegﬁ;g“‘erp°‘a“’d)
substrate model, and therefore corresponds to samples 20 O laser irradiated
A Syton-polished

where there is no overlayer. The pseudodielectric function
spectra(e; and e,) of as-deposited, laser-irradiated, and
Syton-polished Si ,Ge, alloys of two different composi-
tionsx=0.23 and 0.3@samples 1 and)zare shown in Figs.

2 and 3, respectively. In the same Figs. 2 and 3, the dielectric
function of Si_,Ge, alloys of the two compositions
(x=0.23 and 0.3p obtained from the interpolation
proceduré® and that of poly-Si(Ref. 23 were also plotted
for comparison. It is clear from these figures that the as-
deposited films are amorphous and convert to poly-&be,
after excimer laser irradiation. The analysis of pseudodielec-
tric function spectra of laser-irradiated samples, using a four-
phase(ambient/SiGQ/rough layer/poly-Si_,Ge,) model, has

-

40

30

20

10

TYTT T

LI BB 5

UL BLALE LA

Seee.
......
e,
e,

demonstrated that the samples consist of about 6.8 nm ov. IfI_G. 3. The pseudodielectric function spectes=(e; +i €,) of as-deposited,

. eIaser-irradiatedsample %, and Syton-polished surface of sample 5. The
layer on the surface. Further, the Syton-polished Sa_‘mp|e§electric function spectra of poly-Si and the interpolated spectrum of
have larger values of, at E, (about 4.3 eY compared with  Si,,Ge, 3 are also shown for comparison.
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______ de,/dE? — d%/dE? TABLE lIl. The E; interband transition parametg@@mplitudeA, threshold
energyEg broadenind’, and phase anglé) obtained by fitting the second
derivative of the dielectric function spectra of poly:SiGe, alloy thin

films.
Sample

no. A Ey (V) I' (meV) @ (°)
1 54.8 3.086 147 -0.76
2 494 3.076 157 —-1.64
3 52.8 3.088 163 —0.303
4 48.1 3.078 169 —16.08
5 47.1 2.895 175 —20.39
6 43.7 2.877 190 —8.96
7 40.8 2.905 169 —10.97
8 40.8 2.903 185 -13.97

ence, irrespective of the substrate ugeither Si or glass
for a particular composition. Hence, we estimate all our films
are relaxed from the strain in the near surface because the
penetration depth of the light beam is about 10 nm at around
E, peak wavelength. Therefore, the shift in e peak en-
A AT ergies between the poly-Si,Geg, [Figs. 4b) and 4c)] and
26 28 30 32 34 36 38 40 42 44 poly-Si[Fig. 4@)] is mainly attributed to the Ge mole frac-
E (eV) tion. Furthermore, the shift between the two different com-
positions[Figs. 4b) and 4c)] indicates the difference in the
FIG. 4. The numerically differentiated second-derivative spectraeefe concentration of Ge in poly-8i,Ge, alloys. The mole frac-
+iep) for (a) poly-Si(Ref. 23, and our Syton-polished samplé® sample  tion of Ge has been evaluated according to the relation be-
1 and(c) sample 5. L. .
tween the compositionx) and E; developed by Humlicek
et al. and found to be about 0.230.01 and 0.36:0.01 for
that of the laser-irradiateflinpolished surface(Figs. 2 and two different compositions. These results are in agreement
3). Therefore, these samples are assumed to have close with x-ray and AES measurements which reveal the forma-
ideal surface quality, and further analysis was done only otion of Si;_,Ge, alloys of two different compositions. Using
Syton-polished samples by both SE and transmission medhese compositions, once again according to the linear rela-
surements. tionship mentioned in the x-ray section, the lattice constants
The structure in the vicinity of the so-called points CPsof Si;_,Ge, alloys of two different compositiong=0.23
that appear ine(w) can be analyzed in terms of standardand 0.36 are found to be 5.480 and 5.508 A, respectively.
analytic line shapes. The two-dimensional CP andéhe) These values are slightly larger than those obtained by x-ray
can be expressed as analyseg5.465 and 5.496 A maybe due to the influence of
. i microstrain which is neglected for SE measurements as men-
e(0)~A In(Eg—w+|F)e'¢’, ®) tioned above. Howevegrl, the slight difference in lattice pa-
whereA describes the amplitud&,, the threshold energy of rameters obtained from the two different techniques, for the
the CP,I' its broadening, ang the phase angle. same composition, may be related to the presence of strain.
The experimental second derivatiyebtained by nu- Hence, it is clear from these results that the shift in diffrac-
merical differentiation of the original specjraan enhance tion peaks for the two different compositions is not only due
the structure in the spectra and the line-shape analysis of the the difference in Ge concentration but also due to the
CP can be performed using least squares in order to detecompressive strain as is evidenced from the difference in
mine the parameteis,, A, I', and¢. In Fig. 4, the second- lattice parameters obtained from XRD and SE measure-
derivative spectrum of our laser-irradiated poly-SiGeg, al-  ments. The magnitude of the strain was estimated to be
loys for two different compositionsx=0.23 (b) and x —0.003, which is almost more than half that of single-
=0.36 (c) are shown and compared with that of poly-Si crystalline Sjs¢G&,,, grown on Si substrat®. However,
(@).%% The structures from our poly-Si,Ge,, attributed to this strain does not change the results of grain size as it is a
E, (LY—L$S) andE, (X}—X) transitions, can be clearly uniform compressive strafif. The values of broadening’)
seen from Fig. 4, and it is evident that the peakEgfshifts  have been interpreted in terms of the mean grain size of the
toward lower energy compared to the poly-Si. poly-Si, _,Ge, alloys and similar conclusions have been de-
The results of the second-derivative analysis of Bhe  rived earlier in case of poly-Si thin filnfé. However, no
structure assuming one CP are given in Table lll. It is re-matter what substrates are used, in a particular composition,
ported that the $i_,Gg, films on Si substrate are under com- the broadening decreas@<., grain size increasgwith in-
pressive stres$ and the thickefabove 40 nmpoly-Si films  creasing energy of laser irradiation.
on SiQ, exhibit internal tensile stre$8.However, it is clear In order to obtain quantitative information through the
from Table Il that the values dE; have no obvious differ- analysis of the SE measurements ¥), we have calculated

178 J. Appl. Phys., Vol. 83, No. 1, 1 January 1998 Yu et al.
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TABLE IV. The best fit parameters determined by SE measurements. The 90% confidence limits are given with
(+). Also, the optical gafE,,, the energy at which the absorption coefficients 10! cm™!, measured by
uv-visible spectroscopy is presented.

Composition

Sample Thickness Eos
no. c-Si;_,Ge, a-SiGe Void (nm) ) (eV)
1 0390? 0(2)20% 0.086 257.&¢2.1 0.045 1.28
2 X=0.23 0(5)7(?; 03;)3(5;‘; 0.087 260.82.6 0.048 1.19
3 +0.01 006332 033(% 0.066 263.+5.7 0.035 -
4 Og%‘;i 03%1;: 0.075 253.45.0 0.027 -
5 Oggazt Og(c))gt 0.063 271.32.4 0.038 1.15
6 X=0.36 038(?; 0301?); 0.096 283.23.0 0.039 1.05
7 +0.01 00533;: 0(3)4(?: 0.060 275.48.8 0.045 -
8 Og%it 081%? 0.051 285.49.0 0.039 -

the dielectric function of poly-$i ,Ge, of compositionx cause the time of recrystallization on Si substrate is shorter
=0.23 andx=0.36 according to the interpolation procedure than that on glass substrate because, the thermal conductivity
developed by Snydeet al. We analyzed SE data of the Of Siis larger than glass.

Syton-polished _poly-S:va_(Bq surface using a three-phase ¢ yjyraviolet-visible absorption spectroscopy
(ambient/poly-Si_,Geg,/Si or glass substratemodel. The

poly-Si,_,Ge, is assumed as a composite material consisting ~ Figure 5 shows the spectrum of absorption coefficient
of crystalline Sj_,Ge,, amorphous $i_,Ge, and void. The  Versus photon energy for Syton-polished samples 1 and 5
dielectric response of these films was represented by thisom the uv-visible transmission measurements. Since the
Bruggeman effective-medium theory EMT. The mathemati-Tauc’s gap is not valid for microcrystalline or biphasic

cal formula can be expressed as materials?® the optical gap of our $i,Ge, alloys of two
" € — €
I p—
Ei f ei+26_0' © T
£ s (b)
where ¢; and f; (Xf;=1) are the dielectric function and A

volume fraction, respectively, of théh component. The un-
known parameters can be numerically determined by mini-

mizing the following mean squares deviation with a regres- 'osgé'
sion program(unbiasegt?* T
o~ 5-
2 1 C t Ig2 E :'

- - expt__ ca B
= Npo | & T e (7) |

whereN is the number of data points afis the number of \
unknown model parameters. All the parameters derived fromn 3
this analysis are summarized in Table IV. It is to be noted j
that our poly-Sj_,Ge, alloy thin film has the density deficit s
because the void fraction is positive. However, this deficit is 4

LRI |

larger in films deposited on glass over that of Si. Moreover, . \ , )
it is obvious from these results that the density and the vol- 0.5 1.0 15 20 25 30
ume fraction of crystalline $i,Ge, increases with increas- E(eV)

ing energy of laser irradiation. Also, it is to be noted that the ) o
FIG. 5. Plots of absorption coefficient vs photon energy, for Syton-

volume fraction Qf cr.ystalllne $LxGe of films d.eposned 9” polished surface of samples 1 and(8) and (b),respectively, in order to
glass Sl_JbStrate IS slightly larger th?r_‘ that (?f films on Si subgptain the optical gap of the films in terms Bf, (defined as the energy at
strate, irrespective of the composition This may be be- which « is equal to 16 cm™?).
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