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Abstract. We calculate the energy consumption oC several methods oC
silicon crystal growth. The rcsults indicate that the methods designed
to produce cylindrical crystals are the methods which require the min-
imum amount oC energy. They also indicate that in the majority oC the
methods studied the ellergy emplo)'cd in the growth of the crystals is
very smaJl in comparison with the total amount oC energy consurned in
the complete manllfacturing proccss oC Si solar cells. This i"nforrnation
indicates tha.t in thc design oC new equiprncnts we do not have to strive
trying to reduce the encrgy consllmption oC the system, but instead
focus our attention 011 other aspects, such as the qllality of the crystals
or the price oC the equipment.

PACS: Bl.lO .•h; 44.30.+v

1. Introduction

The JiCeoC mankind in its prescnt Cormhcavily <Iepcnds on an adcquate supply
oC energy. At present, ncady 50% oC thc cncrgy rcquircmcnts oC the industrialized
countries still depends on petroleoum. This dependcnce olwiously eonceals a threat
to the Cuture oC mankind, and we are Coreed lo hasten our study oC alternataive
sourees oC energy in order to be ready when petrolcollJl1 bcgins to searce.

Solar energy is one oC the alternativcs which will be helpCulin the coming Cuture.
At present, photovoltaic solar energy <loes already cxist, hut its applieations are
limited to small systems and spaec-related teehnology, bccausc the manuCaduring
oC solar cells is more cxpcIlsive in comparison with other sources oC elcdrieal energy.

In the technology oC photovoltaic eells it is important to know the amount oC
energy employed in the manuCaduring oC the celIs. This amonnt oC energy determines
the payback time oC the eell, i.e;, the time that the eell must operate in order to
generate an amount oC encrgy equal to the energy employed in its own production.

The produdion proccss oC Si solar eells involvcs, in general, three stages: (i) pu-
rification oC the silieoTl, (ii) growth oC the silieon crystals and (iii) slieing oC the
crystals an<l assembling oC the eells. There are calculations concerning the first and
third stagcs oC this proccss [1]. This artide (leals hasically with the sccond stage.

Therc are many procc(lures to obtain Si cryslals, ami a comparative study oC
tlle energy consumption oC thcse processes has not bcen donc. The purposc of the
present paper is to cvaluate the cnergy eonsumption oC thirteen proecsscs dcsigncd
to grow Si erystals which have hecn reported in the Jotlrnal oC Crystal Growth 12-14].
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2. Evaluation methods

Tite pron'<!url's of ~iliron growth considcrcd in Ihis arlir!(' can hl' di\"id,'d in thr('c
groups:
1) I'ron'durrs dt'sigllcd lo producc cylindrical nyslals (Czochralski. f10ating zone

alld 1H'(\l'slal techniqul's).
2) Proct'durcs dt'siglll'ci lo ohtain silicofl slwcls sl<lrting frofll a fIIt'lt (J)clldrilic wch.

Sll'pa!lo\", horizontal growth all<.l supporlf'd growlh lt"chni(¡lll's).
:3) 1'roccdurC's based 01\ vapor deposition (C\'D mcthod).

'1'0 evaluate the l'lwrgy COllsIlITI(,d in ('a eh of the pro("(,:"sC's that will 1)(' stlltii('d
in this a.rtid(. it is n('CI'ssary lo ra1culat(':
a) lhe (,Ilcrgy rC<¡llir('<\ to mf'1t t.be silicon (ror process('s of groups 1 and 2only),
b) lhe ellcrgy le(tvillg tlw sysl(,lIl duc to ,hermal condllcl.ioll, cOllVl'ct.ioll alld radia-

t.ion,
e) the (,1Ir'rgy ('onsullH'd in tlw df'composilioll of the silinm-colllainillg vapor lls(~d

(only ill proC{'ss('s of grollp :J).
To ,'xplain how lo calculat" t1IC'Sl~Ihrce contribllliollS lhe followillg sYlIlhols will

be uSt'd:
G (,Ilcrgy COllSUIlWd in l!le growlh process cOllsidered,
Q cll<.:rgy l"l'flllirl'd I)('r unit llli\$S lo mdl the silicoll,
A an'<J, of th,' growillg surfan'
v growth 51)('(,¡j

p density of silicoll
q" heat now dile to conductioll through the walls of the growing system
qc heal f1O\vdll(, lo (,"olln'ctioll
qr heat flo\\' dile lo radial ion
qkr ¡wal now throllgh lhe crystal. im'oh'ing conduction and radiation
qd energy consulll<'d in tlw decomposition of the silicon-containing

vapor (SiIlCI.l or Sill,).
Then, lo ealculate the cllcrgy colIsurned ill the processes of lhe llrsl two groups,

we can use lhe follo\\'illg cquation:

.:md for t1H' procl's,<;('S of t.IH' t.hird group, the equalioll

(1)

G= (2)

'fhe melhodology lo ca1culate lhe valucs of the parametcrs q.l;, qc, qr, qkr and qd
is explained helo\\'.

Thc !leal flow due lo conduction, q.l;. was ealculated by means of the well-knowll



ETl(l'YY (,Of,s"Tllptiofl 01f'ilimTl cry$lal growlh 93

1~H1rier law [16]

<i'f'
q¡ = -Sk-,dI

(3 )

•.••.here k is the lhermal conductivity ¡Hld S lhe arca of the surface considcrcd.
The hcat flo\\' due lo convcctioll, qe, was eslimalcd according to the Newton's

law of cooling [16]' which stales thal lhe Ilf'at now qe bel\vecn a gas at lcmperature
7~ and a surface at temperature T.~is equal lo

q, = Sh(T. - '1~), (1)

where S is the arca of the surface in contad with t.he gas, anJ h is the h('¡ü transfer
coefficient. In general, lhe calculation of h is diflicult because il depends on lIJe
shape of the surface and the physical pro¡H'rtics of the gas. Moreover, h depcnds
on the type of convectioll, which can he f[('(~or forred. For free convection \Veused
an empirical equalion given in ReL {lG]. For foreed conwction anothcr empirical
equatioll was Ilsed [17]. .

To ca1culale the heat no\\' due to radiation, dCllotcd <fr, \\'e employed lhe Stcfan.
BollzlIlann's law [15]. According lo this la\\', if we have a surfaceof cmisivity, e, area
S and tcmperature TI. enc10sed by a sccond surfan~ at a diffcrcnl lempcraturc '12,
lhe radiated powcr frol1l the illller to lhe ollter surface in given by

,; ('/" '1")qr = __ac 1 - 2 • (5)

where a = 5.G69 x 1O-12w CI1l-21\-1.
The heat fIow <fkr passing through the CTystal is a combinat.ion of eonduction

and radialion. The vallle of tbis parametcr must Le {'qllal to lhe powcr rcquired
to mantain one of lhe ends of lhe crystal al t.he melting tempcraturc Tm. For a
cylindrical cryslal of radius r we J¡ilVC[20}

- (66- 10-6)( k)I/2.3/2,/,5/2(jkr - . I X e t fII, (6)

where e and k are the emisivity and t!wrmal condllclivily of the crystal at the tcm.
pcrature Tm. For ribboll-sha¡)(~d cryslals a similar r('asoning leads to the equalioll

('\CO""S) '/2 ,/>/2
<fkr = --5- uII11• (7)

where u and S are tllf' width ami thickncss of tlH' rihbon, rcspectivc1y.
Finally, tIJe decolllposition cncrgy qd was cakulated from thc knowll valucs of

t1w dissociatioll encrgies of the cOlllpounds SillCh alld Sill.t [18.19}.
TIH' details of aH the calculatiolls can \)("foulld in Itd. [21].
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3. Resulls

For each of the thirtcen proccsses cxamimxl, four factors were calculated: e, PC,
E and T. The meanings of these numbcrs are explaincd below.

The parameter e is the cnergy consumcd in the processes considercd, as men-
tioned in the previous section.

The parametcr pe is lhe percentage which G rcpresenls of the tolal cncrgy
consumcd in the manufacturing of a solar cdI. If we cal! a and b lhe amounts of
encrgy consumed in the firsl (purificalion) and lhird (slicing and assembling) steps
oí the production proccss of a Si solar ce1l,the value oí PC is givcn by the equation

G(~
PC= (a+G)(~+b x 100, (8)

where ~ is the íradion oí the grown Si crystals which is actually transíormed jnto
solar cells. The remaining fradion (l - O becomes useless during the process of
slicing and assembling, or is rejedCtI in quality control tests. According to L.P.
I/unl (1), Ihe values of a and b are 621 kwh(kg and 138 kwh(kg, rcspeclivcly. The
value of ~ is 0.18 for processes of groups 1 and 3, aud 0.36 fol' processcs of group 2.

The parameter E is the total energy consumption of cach cell. The value oí this
pararncter can be ealculated with the cquation

(9 )

where m = 2.84 x 10-4 kg is lhe mass of a Si wafer of 4 cm2 of arca and 300 ¡un oí
Ihickness.

FinailYl T is the paybaek time oí the cel!. The value in homs of T can be
calculatacd frorn

T = !E,
p

( lO)

whcrc p is the power generatacd by a single Si ccll. '1'0 transform this number of
hours into years we assurned thal a solar ('di works fivc !loms daily, and thcrcforc

E 1T = - x (5 x 365)-
P

(T in ycars). (11 )

Assuming an approximate valueof 1 = 10-4 kw/em2 for tile flux ofsolar cnergy
reaching thc Earth, and considcring that a solar cell has an approximalc arca of
S = 4 cm2, the power p is givcn by

p = Sl~, ( 12)
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(;\k\\'h/Kp;)
I'Xlll'ril1wnli\1 pe E(kwh) T(ye.",)

Ul'f. :\klhotl COI Clll;II('.I , q

1 Czocllralski :u Ir) 0.18 2.3% 1.04 0.18 7.9

:\ Floill illg ZOIW 1:1.1 1."',.1 0.18 2.3% 1.04 0.18 7.9

1 I'"dl'slal !l.!", 8.0 0.18 1.2% 1.03 0.18 7.8

:) 1'¡'(II'slal U,O 0.18 1.4% 1.03 0.18 7.8

G.7 Ikudritic \\'('h 1Il:¡ 0.36 13.3% 0.61 0.125 6.7

, Ellw'-sIlPllOrt "ti ¡¡; 0.36 1.3% 0.54 0.13 5.7

a SI"pallo\' :\I!l 0.36 34.2% 0.80 0.118 9.3

lO Slepallo\' l1.lj 0.36 1.8% 0.54 0.118 6.3

11 lloriz01llal ribholl .li 0.36 6.5% 0.57 0.1 7.8

11 Sllpportcd gro ••••.th 8H 0.36 55.7% 1.19 0.1 16.3

13 Vapour dcposition 1590 467 0.18 42.0% 1.02 0.12 11.6

14 Vapour deposition 74.146 100 0.18 13.4% 0.44 0.06 10.0

TMtLE 1.

where TI is the efficiency oC the ceno
The values that we obtained for thc parametcrs G, pe, E and T, corresponding

to each of the thirtcen proccsses examine<I, are shown in Table 1.

4. Discussion and conclusions

The re,ull, presenled in Table 1 ,how lhallhe mclhod, oC lhe tiesl group (melhod,
designed to obtain cylindrical crystals) are the methods which require the minimum
amount of energy. This fad is clearly shown by thc extremely small values of the
parameter pe.

The methods oC the second group .(methods which produce Si shcets) rt..-quire
considerably more cnergy. Howevcr, the rncthod with the shortest payback time can
be found in thiS group.

Finally, lhe melhod, oC lhe lhird group (melhod, bascd on vapor dcpo,ilion)
are, in the mean, the methods which requirc the greatest amounts of energy and
have the longest payback times.

In general, the valucs presented in Table l rcveal that the energy spent in most
of the crystal growth processes represent a very small fradion of the total amount
of energy consumetl during the complete manufaduring process oC the censo This
information is spccially useCulin the design of new equipment for growing Si crystals.
It shows that we do not have to strive trying to reduce the energy consumption oC
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the sysll'IIl, Lut instead focus om attention OH lhe improvemenl of lhe crysta.ls
qua.lity alld the reduction of the equipnll'llt'5 pri('c.
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Resumen. En ('stl.' trabajo SI' ("¡¡!rulan los consumos de energía. que
se requierell ell dift'rl'lltl'S lIl(;lodos dI' ctt'cimiento de silicio. Los tt!sul.
tados indican C}IH' los métodos que utiliz<tn menor energía son aquéllos
diseñados para producir cristalt,s cilíndricos. También se observa que
en la mayoría de los métodos analizados la energía empleada en el
crecimiento dd crist¡¡1 ('s muy IH'fluC'ña comparada con la energía total
consumida ('n el proc('so completo de manufactura de una celda solar.
Esto indica que en el clis(,lIo d(' nuevos equipos de crecimiento el esfuerzo
no debe enfocarse en minimizar el (onsumo de energía, sino en mejorar
la calidad de los cristales o hif'n ('11 reducir el costo del equipo.




