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Abstract Sapphire single crystals have been highlighted for epitaxial of gallium nitride films in high-power laser and light
emitting diode industries. Among the many crystal growth methods, vertical Bridgman process is an excellent commercial
method for growing high quality sapphire crystals with c-axis. In this study, the thermally induced stress in Sapphire during
the vertical Bridgman crystal growth process was investigated using a finite element model. A vertical Bridgman process of
2-inch Sapphire was considered for the model. The effects of vertical and transverse temperature gradients on the thermal
stress during the process were discussed based on the finite element analysis results.
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Fig. 1. (a) A schematic of vertical Bridgman process of sapphire crystal and (b) 3D finite element model of as-grown sapphire.
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Table 1
Physical properties of the Sapphire used in the finite element
simulations

Properties Values

Thermal expansion 6.7-107°, at 23°C

coefficient (°C) 9.2-10°°, at 2000°C

Thermal conductivity 290, at 1500°C

(W/m°C) 550, at 2000°C

Elastic modulus (GPa) E,=E,=500, E, =470, at 23°C
E.=E, =410, E, = 385, at 2000°C

Shear modulus (GPa) G, =150,G,, =G, =170, at 23°C

G,, = 115, G, = G,, = 130, at 2000°C

Poisson’s ratio Y. = 0.287, v, =v,,=0.178
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Fig. 2. Calculated temperature field of as-grown Sapphire with a vertical temperature gradient of 1°C/mm and a radial (horizontal)
temperature gradient of 1°C/mm. The insert is the temperature profiles on the center and the outer line along y-axis, as well as on
the middle line in between (on x =d/2 =12.5 mm).
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temperature gradient of 1°C/mm. The embedded schematic (upper right side) shows that the xz-plane in the model corresponds to the
prismatic plane in c-axis Sapphire growth process.
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basal plane in c-axis sapphire growth process.



Analysis of thermal stress through finite element analysis during vertical Bridgman crystal growth of 2 inch sapphire 237

=

90} Vertical temperature
gradient
—-1°C/mm
T 80 «q5Cmm
o
s —-2°C/mm
0 70
17
o
» 60}
e
c
K
_g 50¢
=]
o
W 4ot
30+
1 15 2 25 3
Radial temperature gradient (°C/mm)
(b) 40— ,
Vertical temperature
35 gradient
o ——1°C/mm
% ~-1.5°C/mm
< 30 ~-2°C/mm
2]
%)
]
= 250
2]
—
3
o 20+
[72]
Q
E 15_
IS
R
o 1ot
5

1 15 2 25 3
Radial temperature gradient (°C/mm)

Fig. 6. Evolutions of maximum (a) equivalent and (b) pris-
matic plane shear stresses with vertical and radial temperature
gradients.

_’,:7_\}’ T,ﬁtﬂ-ﬁ]: _Q_E.?_HHE_ dalshy #Ee Ao =
7FEE A prism WU S-S 722 Fi

boll 2228 epfSIth. Fig. 625 ®W 7}—?«‘1
uol-skl—q. _/;ﬁﬂul-t‘ﬂ: it—?—lﬂﬁOﬂ E/\] oﬂ oﬂzﬂ:,_ Hk=
Uom ¢ W BFA] E=AH]7E AR
2:—7}%# 73 g et ol 2% W)
gezle] Aol A7 A 5
ot} AV AAE AR AT Hust 5
prlsm ‘:‘:]LH Z(jl;}_]-c_)-\':;]ﬂ AES _’J‘r_gﬂﬁl— 7S ]EH
Zvlelr el ueie T4 GEkRA b

$
LIS )
A

1<)

Ny )
—|—l )
- Lﬁi

¢

o 32 32 T 2 ro o
U o
ﬂ% M1 o

a8 e

rlo

TAYYE 2Eole A FES A v AHE
HYtHFig. 6b). FH3W3F =71 3°C/mml -5
prism W HAESH AN 2=Tujel AFugiol
ok 35 MPa J=2 YeP=d, 4302 #2E prism
o] ARSI AGSHES 1827°C(2100 K)ollA] 40 MPa
olm ¢ &2 2EoM e B w2 S slipe] ¥
ofd Zog ATAETH18]. Aol E2 prism HU
A o] Hyles mAlg] R et xusr &

=77 2°Cmme 739 1800°Ce| 1°C/mm¥ 749

1920°C2 o] 2=eX9] dARdT-eEHL Frlee
dggeol 35 MPas} H|EsAY SR L)zt

I*Chmm) 7 $7bel Auhgee] vaansd

= AT Zlo= oY o] A% A4 st 2AMY
ol Ao slipel]l o3k A B o= Ak Azt
AL G4 Tol Aol didEm, ol VIl e
s AEE AA81er & dHF
d71 BHAHAES T = W 2%1% VB I
24 Agrs ANTIE Fo 8902 A A4 o
1=} 1=}

‘::rLHH Hrh= JJ]"/] Sht seed o] 7R 2|
of ZA FHeEHe AR BT wEhA Ui A3
H]—Z] zu:]oﬂqu 7ﬂlﬂ]—tﬂ: .Q.E-?-HHE'— _,4_/,\__§].5]»*— 7—]0] ]:]]-
225t SHAITE seed 7R 27 YR S
H ARG 27100 seede] £HES7E doAvr] A9IA
22 seed?] /2 43U hot zone 3o $ES
3 d9S FUkele T old g iy 9] 8d
Zo g A7HE

B dvel fakad SiAe 7b /1B VB 2o

o

—

B & 5 i 27 220Ae] Alsjolo} Aol AF
Wo) WA seed® AET A9TS ST WAl

VB Alstolo} 2R A FHL 918 o] B
we A7t Fuegon PusA AaEa gor, 2
Q17 ol 779 Alstolo] el Fgelel @

49l Aol v P W Aew diEne v
FASE AoME L=l o8 B3 D] Aol
s 7ol 27 olFel Ak @ Aoz AzEr 1
P YT F5 A7E B 2204 oyl thd Ak
oo} gelrle] B¢ BB} FHUAA Aol Wt
o thel E olot.

oft
O
4

m
S

4.8 B
AT E fEatRdS o gst] 2913 Alstol

o] VB Ageld L=zt 99¥ 4o mAE o
g 2SI 95E Alstelole] VB el Al



238 Jae Hak Kim, Wook Jin Lee, Yong Ho Park and Young Cheol Lee

1) 221%] VB FAoA 120 mm =°]2 Alupolo] 2
e AN ES W, seed F AR 2l ©EA
o] HlwA wE ol -4’511 A4 seed F 2
EeA=0

2) Aets "quﬂ}\i/l S7HFEHE W seed TUH
el A ]qqge_:llo] PO, o= 7 =
o HEE AEgTelele FEA de Aot w
2hA] "1'-401‘3%9] Ahe SR EH AHAQ A
HAE Z2H4] e o2 HA

3) Algtolol AAE slip WS FEsl]  baset
i HE] HkS u base WU A
FgEe] A ol W 3he Hole= WHH, prism AU
Aegee] 79 Hwd =& g Blorm 2 e

_'5
rfo

o= AL =T
Sgo] FAHE = o] 71E AdolA HAeade] WA

ke Feleh dAsisiTh wEb VB Algtelo] AR o)A
A9 dgo] HAsh= 9912 =2 prism HY AT
oL AY7tE i’iE‘r

4) 2ETHE stod aMS NQEAS W prism
Ay de-gEe *}J}OM e Rl el
oJelire Aol dFe A WAL seed - AEYF 2T
wlo] s el=Fe) Aoz vhehdrl. meba Alsjolo]
o) AT WAL dAE] SAsAE seed o] AW
¥ eETulE Fole Ao wrKsicta A,

5) /dxﬂ _-_2401]}\13: /\6] ﬁﬂ%ﬁk gcq.uﬂu].g \/Lz

£ AAE HE4T AS seedd SAE7t Doyl 4
AR o)= Q& T dol=rt F43] AT o=
gt weh g aEstel 1EA Algtelo] A

Z34S AAISFEAH seed?] B IHF 43 hot
zone 3Hl $EE 13 EHLS FUE 5 seed AW
3 S-S ZolHA] BAlY] seede] LIS WK
Sk ko FHMA} olFoIAE o) oldHelr)

References

[1] A. Wang, G. Pickrell and R. May, “Single-crystal sap-
phire optical fiber sensor instrumentation”, Virginia
Polytechnic Inst. (US) Tech. Rep. 3 (2002) 21.

[2] JK. Kang and Y.J. Kim, “Fabrication and characteriza-
tion of tilted R-plane sapphire wafer for nonpolara-plane
GaN”, J. Korean Cryst. Growth and Cryst. Technol. 21
(2011) 187.

[3] SJ. Lim, H.Y. Shin, J.H. Kim and J.I. Im, “Finite ele-
ment analysis for Czochralski growth process of sap-
phire single crystal”, J. Korean Cryst. Growth and
Cryst. Technol. 21 (2011) 193.

[4] S.E. Demina, E.N. Bystrova, M.A. Lukanina, V.M.

Mamedov, V.S. Yuferev, E.V. Eskov, M.V. Nikolenko,
V.S. Postolov and V.V. Kalaev, “Numerical analysis of
sapphire crystal growth by the Kyropoulos technique”,
Opt. Mater. 30 (2007) 62.

[5] WJ. Lee, Y.C. Lee, H.H. Jo and Y.H. Park, “Effect of
crucible geometry on melt convection and interface
shape during Kyropoulos growth of sapphire single
crystal”, J. Cryst. Growth 324 (2011) 248.

[6] C.P. Khattak and F. Schmid, “Growth of the world’s
largest sapphire crystals”, J. Cryst. Growth 225 (2001)
572.

[7] C. Miyagawa, T. Kobayashi, T. Taishi and K. Hoshi-
kawa, “Demonstration of crack-free c-axis sapphire
crystal growth using the vertical Bridgman method”, J
Cryst. Growth 372 (2013) 95.

[ 8] K. Hoshikawa, J. Osada, Y. Saitou, E. Ohba, C.
Miyagawa, T. Kobayashi, J. Yanagisawa, M. Shinozuka
and K. Kanno, “Vertical Bridgman growth of sapphire -
Seed crystal shapes and seeding characteristics”, J.
Cryst. Growth 395 (2014) 80.

[9] K. Hoshikawa, T. Taishi, E. Ohba, C. Miyagawa, T.
Kobayashi, J. Yanagisawa and M. Shinozuka, “Vertical
Bridgman growth of sapphire crystals, with thin-neck
formation process”, J. Cryst. Growth 401 (2014) 146.

[10] C. Miyagawa, T. Kobayashi, T. Taishi and K. Hoshi-
kawa, “Development of the vertical Bridgman tech-
nique for 6-inch diameter c-axis sapphire growth
supported by numerical simulation”, J. Cryst. Growth
402 (2014) 83.

[11] FJ. Bruni, C.M. Liu and J.S. Sundberg, “Will Czochral-
ski growth of sapphire once again prevail?”, ACTA
Phys. Pol. A 124 (2013) 213.

[12] H. Li, G Zhao, X. Zeng, Z. Qian, J. Guo, S. Zhou and
J. Xu, “Low-angle boundary in high-temperature scintil-
lating crystal Ce : YAP”, J. Inorg. Mater. 19 (2004) 1186.

[13] H.Y. Shin, S.M. Hond, J.W. Woon, D.Y. Jeong and J.I.
Im, ”Numerical analysis of CZ growth process for sap-
phire crystal of 300 mm length: Part II. Predictions of
crystal growth length without sub-grain defects”, J.
Korean Cryst. Growth and Cryst. Technol. 23 (2013) 272.

[14] S.E. Demina and V.V. Kalaev, “3D unsteady computer
modeling of industrial scale Ky and Cz sapphire crystal
growth”, J. Cryst. Growth 320 (2011) 23.

[15] S.V. Sinogeikin, D.L. Lakshtanov, J.D. Nicholas, J.M.
Jackson and J.D. Bass, “High temperature elasticity
measurements on oxides by Brillouin spectroscopy with
resistive and IR laser heating”, J. Eur. Ceram. Soc. 25
(2005) 1313.

[16] T. Vodenitcharov, L.C. Zhang, I. Zarudi, Y. Yin, H.
Domyo, T. Ho and M. Sato, “The effect of anisotropy
on the deformation and fracture of sapphire wafers sub-
jected to thermal shocks”, J. Mater. Process. Technol.
194 (2007) 52.

[17] Z.L. Jin, H.S. Fang, N. Yang, Z. Zhang, S. Wang and
J.F. Xu, “Influence of temperature-dependent thermo-
physical properties of sapphire on the modeling of
Kyropoulos cooling process”, J. Cryst. Growth 405
(2014) 52.

[18] K. Peter, D. Lagerlof and A.H. Heuer, “Slip and twin-
ning in sapphire (a-ALO;)”, J. Am. Ceram. Soc. 77
(1994) 385.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


