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Abstract To lessen oxygen concentrations in a wafer through modifying the length of graphite heaters, we investigated
the influence of relative distance from heater to quartz crucible on temperature profile of hot-zone in Czochralski silicon-
crystal growth by simulation. In particular, ATC temperature and power profiles as a function of different ingot body
positions were investigated for five different heater designs; (a) typical side heater (SH), (b) short side heater-up (SSH-up),
(c) short side heater-low (SSH-low), (d) bottom heater without side heater (Only-BH), and (e) side heater with bottom
heater (SH+ BH). It was confirmed that lower short side heater exhibited the highest ATC temperature, which was
attributed to the longest distance from triple point to heater center. In addition, for the viewpoint of energy efficiency, it
was observed that the typical side heater showed the lowest power because it heated more area of quartz crucible than that
of others. This result provides the possibility to predict the feed-forward delta temperature profile as a function of various
heater designs.
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Table 1

Physical properties for simulation
Item Conductivity [W/m/K] Specific heat [J/kg/K] Emissivity
Graphite 6.5 + 85.5exp(—0.0009T) 2416.6T/(258.6 +T) 0.7
Insulator 0.15 516 +0.634T 0.8
Quartz 0.56 + 0.049exp(0.002T) 753.9 0.85
Si (solid) 23.8 +314.4exp(-0.0036T) 744.7 0.9
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Fig. 1. Schematic diagram of various heater types (Each figure is half figure of front view of 24-inch quartz crucible, 8.3-inch diameter
ingot, heater, and heat shield).
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Fig. 3. ATC temperature [K] profiles as a function of the ingot
body length [meter].



182 Kwanghun Kim, Sejin Kwon, Ilhwan Kim, Junseong Park, Taehun Shim and Jeagun Park

7} Hske A5 (Triple Point)2] &%= A 2474 A
& 249 AEEe 5=41(1,685 K)Oo.=2 fAsle]of
t}. SSH-Low®] 7-%-, 3|6l¢] 4158 4537k 9]
27F d7] wiol Aedel =7t fAH7] st
e 255 ZHoRIEE 1,850K o] 7P e
255 HFA ot olok= WHiE SSH-Up -5+,
°F 1,650 K] 7P @& Lx2 HojFy gt} ol& 3
e FAFH A7 A=t 7R 7] o],
ere] RE7F fAE7] St 2EE A SH=
%7] wjFoltl. SHE SSH-Lowe} SSH-Upel F7tell ¢
218k oF 1,800K <9 %5 HAFI ) ole
SH 3|8 S4%+= SSH-UpZt SSH-Lowe] F7toll 91X
SRR, 2% S0 o 2719 F1hol| A €
Only-BHE SHET} S+ 1750 K 24]¢] 252 Ho]
F3 o™, o= Bottom heater7} ATC AlA $1x]<}
doiFes W Al fRIsta A7) wiiEe] ATC AlA
oxe] 2x= thh WA veA ®oh. SH+BH= SH
9} Only-BH] A&3] 7F2dlo] $1xg 1,770 K <4 <]
255 BT k. ol F SHY SA4S 23¥
Hfslal Jorz Fh SAst 2585 HoAFE o
2 389

Fig. 4= A& @&Ed 43t vir] dolo] W& Delta
2% (Body OP[EIelX 9] Al ATC =04, 7+ Zo]e|
Al ATC =5 W g BEATS HAFa o
Delta %= Z 2342 Target Temperature Profile(TTP)
ZHAE shet], ole A deE WAl A% Al AR
2 Aue] LzEgofol] YHAAFTE recipe ZEIH
olth, HE TTPE ©]Ad Batch 43¢ A3z A& ATC
2 IS B, B AR B QSR B

2o

PO Iy )

r-l

AE dAY7E FAste] fdEstag, olgh WAl
A& 22l Feed Forward Ao} A|2€le] dZolt}. TTP

£ 4 weoiA dEgslol A FEE =Y 7 o=
2, Delta %= EXE= Wy AAoA e Qa3
parameter®]t}. Fig. 494 & 15

Body ZR®F 0.19[E|7IA] 30~50K 7}Fe] F243 2%

:
il
f
it
4
X

DELTA TEMPERAUTRE

—4—SH —#—SSH-Up SSH-Low Only-BH  =—#—SH+BH

60 ~$
80

Fig. 4. Delta temperature (=(ATC at zero meter)— (ATC at
each length)) as a function of the ingot body length [meter].

HslE HRITh o] Body’l A€l Wt SEI} free
surface, =, AT A} Ar 7|A|9}e] HAAHO ZHE
A== AR ogt Y3 25 F7HE A
uj&#o]t}24]. £3], Only-BHS} SH+BHe| H|&] SH,
SSH-Up, SSH-Lows= 20K o] 2%7} ap7ksit}. o=
Bottom Heaterol|A19] EAR AR 2]gt Ho] 2542
Z Ingot Body FHF=Z 7FA] 7] wjFo]t}. Only-BH

AES Bl ol FH AT dA9] go] FoE
] Eo] e 257t WolAl=
WAsh] 9k Aow FAHETH24]. ol A2
7t F7¥el7] Al&bshe 3 vk Aol dHe] Fx
AR wet 25 fgE2ve Zlolth. &, SHe 73
Body 1PIEI7}A] 257} spdeitt sohe 3o = vt
=, o]+ SSH-Up#t Hls=sitt. sHAYF SSH-Low®
739 Body 0.49[E7FA] =7} sPdsich Adssitt. o]
= AYPETRet sE 9] A A zlel= <lal wAY
sl= ddolth. Al 2 HA7T Fojmol wet A
T7he] Y1R= Melt Gapel EA3HA 721571 28t
&53A Ett. SSH-Low®] 7% A9=717} Zd<s3t
Al = Bottom Heater2%E =71 7F FH Hojxl&
73S Holu}, SHeF SSH-UpS A9 %77} A3
g OiFte] 2 Al AA7F Side Heater 7HE
9 Qo] iR EAlEtER AdriHeR do] fA A
gEth. SH+BH2 7% Only-BHe SHe| F7F A%
ofAde] & B¥ A HAFI Q) ol AEHe]
25ot AE AqAY] E& FXls] fl8l Zas oy
Z]7} Bottom Heater2} Side Heater 5+ Lo ZH-E Eulf
o £ 917] wfiEoltt.

Fig. 5= Azl 24 43 vy Zo] ®isl
Power ¥ A3S HAFT o} A
vt Zo] WHalo] wkE Powerd] X 7
o] A} slHE 7+ A A2 dAEHA
t}. SH7} 7F3 Y2 Power 42 HolFal Qo
71 Aol sE7F A=y SHe W2 A

s

r
Ho W& 1 tlo rE

a

> i

= oo

rlo o2
T o o~ R T 1

-
&2

9

POWER[KW]

—+—SH —#&—SSH-Up SSH-Low == SH+BH

Fig. 5. Power profiles as a function of the ingot body length
[meter].



IF G&HoF iU E Al ke AS 9n
st} wiebA] ovx] deF =HoflA= 7] Side Heater’}
Ao s o fgsith. SSH-Upel 7% SSH-Low 7
$-Ht} Body ZHHE| Power’| B Bo] Eoj7it}. o]
B Y3 AF 2ol AjE A9 o] BS w Ay
T Al €& Bu7] flsiA duides =2
Power7} HQ3sl7] wito|th. SA|RE olst A
Body®] Zol7} 178 ooz AJAwH, SSH-Low?
Power’} SSH-Up2] Power #Htl #X|A Ht}, o=
Al 27 dAe] Jo] FoEHA MY =79l ¢
A|7F 7453kl SSH-Lowe] 71 Welof|A] Hoxje=z
B Z2 Powers: A&sok 3}7] wj&o|t}. SH+BHE
7 Z2 Powers: AH|El fJom, ol F 39
HeaterollAl €2 7Fsh= Zlo] oA SWollA A H]
Te29e om3itt Only-BHE 3EZHE FFHE
o] melt free surface”7FA] AEE7|7kR]2] A7} gt
Aoz Wi ol Al HAlo 1F W=7 og7]
witol] A el AA M s H3ekA] ot
Fig. 5 Power X5 TAISHA] &9t}

Fig. 62 Fig. 18] <533 ATC MM ZEJIES} 7
slEe] W T AA A FAHoE FAIE
Uebd 2golt), ekl 98 Ao fHE, A
L ATC AM7F 225 dE ASRA)S BaFo=
®718AT). SlEet AAANZ H2 SlHe] FUHF
A ZLE ddle] Zadx7Y AeE 3EA
AR A AL 7Ied AR Qe AA Aed
TE5 YL AR Rkl ok didl AFZ vl

o
=2

oX,
ol
fe
L 4 "Erprr

lo,

Hlt] Zojo] #AGIo] Fig. 3¢ ATC &% I#I= 2%
1,685 K= dA3lS Zlelth. Fig. 6(b)°] SSH-Upe]
sl FAF A7 At 7P 7ML ATC
AA & Hale 7M7) wlitel] ATC &% HE7 g4
7P e #s Btk vHE Fig. 6(c)®] SSH-Lows
slHe] F4lT AsR7Ae] A-ZE WAL ATC AlA &
T Ae 7] wiEel ATC 2% B3N 71
=2 kS Holx k. Fig. 6(d)2] Only-BHE 3]E7}
AP WES] ZWo| ohz} uidelA 7kdstal, ATC
25 Ae] Azt 7P "] wiie] SHEU ATC 2

7 W2 3 Btk mAEe R Fig,
6(e)2] SH+BHS| 7% Aoz do] BH} SHE
Aol FEst] & 5 AUt

2 AT e oeket s 72 B A 9
2ol wet GAY HElE Y3 Body B A9l ATC
259} Power X 7dgFo] ofEA FEFS w=A]ol of
skl AL SRATE AR SlY S A-rt 7R
W SSH-Low7} 7F E& ATC &% 23X 73RS Ho
TR, 7P 77k A=l SSH-Upe| 718 v+ ATC
WX S Bilow, YHAle a2 4 _E &

24" heat ATC
sensor

ATC sensor
QO : Triple point
® : ATC point
(a) SH (b) SSH-Up (c) SSH-Low (d) Only-BH (e) SH+BH

Fig. 6. The relative distances from heater to both triple point and ATC sensor point.



184 Kwanghun Kim, Sejin Kwon, Ilhwan Kim, Junseong Park, Taehun Shim and Jeagun Park

SSH-Low)Hth= Al AAE 23 e 9=
SO W2 g 48 71 F de
(SHYF Powert 7H¢ WAl AREBER 7P G&% 0|t}
Y3t 474 Al Feed-forward=Z A|ojs}7] 2J8ll Z 23 Delta
25 BREFE SlHet AYEriHe] A f1x] A
of wiet S8 = B 7] AAl tis] wg tE &
e HAFe RS st dE8F0E, &
3 ALY AT A A% Al 83 ATC
T 22O o S3le] AR F e 7FeEE g

dAle| =2

2 A7E AREIARIE(MOTIE)R} d=tolluA] 7]
W7FA(KETEP)S] A 9g ol 33 A7 APyt
(No. 20173010013070).

References

[1] S. Bhavsar, M. Najera, R. Solunke and G Veser,
“Chemical looping: To combustion and beyond”, Catal.
Today 228 (2014) 96.

[2] A. Zyadin, A. Puhakka, P. Ahponen and P. Pelkonen,
“Secondary school teachers’ knowledge, perceptions, and
attitudes toward renewable energy in Jordan”, Renew.
Energy 62 (2014) 341.

[3] S.R. Gislason and E.H. Oelkers, “Carbon Storage in
Basalt”, Science 344 (2014) 373.

[4] E.W. Mcfarland, “Solar energy: setting the economic bar
from the top-down”, Energy Environ. Sci. 8§ (2014) 846.

[5] Y. Horiuchi, T. Toyao, M. Takeuchi, M. Matsuoka and
M. Anpo, “Recent advances in visible-light-responsive
photocatalysts for hydrogen production and solar energy
conversion-from semiconduction TiO, to MOF/PCP
photocatalysts”, Phy. Chem. Chem. Phy. 32 (2013)
13243.

[6] C.F. Guo, T. Sun, F. Cao, Q. Liu and Z. Ren, “Metallic
nanostructures for light trapping in energy-harvesting
devices”, Light-Sci. Appl. 3 (2014) el61.

[7] S.S. Baik, L.S. Pang, J.M. Kim and K.H. Kim, “Improve-
ment of minority carrier life time in N-type monocrys-
talline Si by the Czochralski method”, Electron. Mater.
Lett. 12 (2016) 426.

[ 8] B. Sopori, P. Basnyat, S. Devayajanam, T. Tan, A. Upa-
dhyaya, K. Tate, A. Rohatgi and H. Xu, “Dissolution of
oxygen precipitate nuclei in n-type CZ-Si Wafers to
improve their material quality: experimental results”,
IEEE J. Photovolt. 7 (2017) 97.

[9] J. Haunschild, L.E. Reis, J. Geilker and S. Rein, “Detect-
ing efficiency-limiting defects in Czochralski-grown sili-

con wafers in solar cell production using photoluminescence
imaging”, Phys. Status Solidi RRL 5 (2011) 199.

[10] C.L. Zhou, W.J. Wang, H.L. Li, L. Zhao, H.W. Diao
and X.D. Li, “Influence of ring oxidation-induced stack
faults on efficiency in silicon solar”, Chin. Phys. Lett.
25 (2008) 3005.

[11] J. Schmidt, “Light-induced degradation in Crystalline
silicon solar cells”, Solid State Phenom. 95-96 (2004)
187.

[12] T. Luka, C. Hagendorf and M. Turek, “Multicrystalline
PERC solar cells: Is light-induced degradation challeng-
ing the efficiency gain of rear passivation?”, PV Interna-
tional 32 (2016) 37.

[13] J. Lindroos, Y. Boulfrad, M. Yli-Koski and H. Savin,
“Preventing light-induced degradation in multicrystal-
line silicon”, J. Appl. Phys. 115 (2014) 154902.

[14] S. Togawa, Y. shiraishi, K. Terashima and S. Kimura,
“Oxygen transport mechanism in Czochralski silicon
melt”, J. Electrochem. Soc. 142 (1995) 2844.

[15] N. Machida, K. Hoshikawa and Y. Shimizu, “The effects
of argon gas flow rate and furnace pressure on oxygen
concentration in Czochralski silicon crystals grown in a
transverse magnetic field”, J. Cryst. Growth 210 (2000)
532.

[16] M. Watanabe, W. Wang, M. Eguchi and T. Hibiya, “Con-
trol of oxygen-atom transport in silicon melt during
crystal growth by electromagnetic force”, Mater. T. JIM
41 (2000) 1013.

[17] K.H. Kim, B.C. Sim, L.S. Choi and H.W. Lee, “Point
defect behavior in Si crystal grown by electromagnetic
Czochralski (EMCZ) method”, J. Cryst. Growth 299
(2007) 206.

[18] T.C. Chen, H.C. Wu and C.I. Wang, “The effect of
interface shape on anisotropic thermal stress of bulk sin-
gle crystal during Czochralski growth”, J. Cryst. Growth
173 (1997) 367.

[19] J. Friedrich, L. Stockmeier and G. Muller, “Constitu-
tional supercooling in Czochralski growth of heavily
doped silicon crystals”, Acta Phys. Pol. A 124 (2013)
2109.

[20] K.H. Kim and S.S. Baik, “Optimization of pulling speed
for decreasing thermal stress in different quartz crucible
size with Czochralski method”, Photovoltaic Specialist
Conference (PVSC), 2015 IEEE 42nd. IEEE, 2015.

[21] V.V. Kalaev, “Combined effect of DC magnetic fields
and free surface stresses on the melt flow and crystalli-
zation front formation during 400 mm diameter Si Cz
crystal growth”, J. Cryst. Growth 303 (2007) 203.

[22] V.V. Kalaev, A. Sattler and L. Kandinski, “Crystal twist-
ing in Cz Si growth”, J. Cryst. Growth 413 (2015) 12.

[23] B. Zhou, W. Chen, Z. Li, R. Yue, G Liu and X. Huang,
“Reduction of oxygen concentration by heater design
during Czochralski Si growth”, J. Cryst. Growth 483
(2018) 164.

[24] S.S. Baik, S.J. Kwon and K.H. Kim, “Understanding of
the effect of charge size to temperature profile in the
Czochralski method”, J. Korean Cryt. Growth Cryst.
Technol. 28 (2018) 141.



