42 1 Vol. 42 No. 1
2022 1 PHYSICS EXPERIMENTATION Jan. ,2022

:1005-4642(2022)01-0001-09

N,
/A
1=
’ 1 1 2 2 1
o M b b b
1 1 1 1
b M b
(1. , 200092
2. , 221116)
:0782.9 A DOT:10.19655/5. enki. 1005-4642. 2022. 01. 001
, . EFG . EFG
. . EFG
. . [2] 1
(
). (Edge-
defined film-fed growth technique, EFG)
> 50 ,
EFG
EFG \ ‘
1 EFG 2]
1 1970—1980 14,
EFG
1967 Tyco LaBelle . . 2000
EFG \
:2021-09-01; :2021-11-22
(1982—), , s 2016 s
. E-mail: yingxiong3258(@ sina. com
(1983—), s

. E-mail:qgwang(@ tongji. edu. cn



2 42
80 , EFG
30 ,
SN RN Er: YAG 2. 94 pym
[6] . [7] [8] . . s
RN 2.94 pm
[1o] (1] s
2
) . EFG
. . 100 o
150~300 pm. EFG
, , 0.38~1.1 mm el
EFG 2.2
) (W,Mo,Ir) EZAN RAS A. V. Borodin"'"
EFG . EFG EFG (Local
(D) dynamic shaping technique, LDS),
EFG . 3
2.1 () N . )
EFG ¢ ) o 5 ;
. J. Jindra (2] C
2 , 2
2

(b “

”

[14-15]

3 [17]
V. N. Kurlov F. Theodore®
(Growth from an element of shape,
GES) .
) EFG
Ll . )3

[20]
’

[21]



2.3
( N
200 mm) N
( 2 000 C,
1900 C), R (
) s
80%.
EFG,
914 mm X 457 mm X 38 mm
( Rubicon (223y,
s . EFG
(Saint-Gobain)
tesl, , Saint-Gobain
380 mm EZAN
RAS (7l 300 mm X
310 mm X 8.5 mm 5
640 mm X 290 mm X 20 mm
s 4 [24].

4 EFG

N ~

V. N. Kurlov (251 EFG
85 mm )
100 mm,
EFG 60 mm, 50 mm

[26] s 5

5
2.4
EFG
, EFG
EFG . EFG
( N )
2.4.1
[27]
EFG
CO,
C
s C Al O,
(ALO, Al, MoO, MoO,
CO . Bunoiu
EFG

. Bunoiu

AL O, .

) .

[28-30]

100 !J.m



4 42
B isov 07 EFG
’ 5 . 6 7
AlL O, ,
T
, JE IS B  HEBRER
EpYE _ ESE-Si
HER e nAgg
. . 1N JE IHEEA
’ JEE N 25 P
(4 mm/min) , , AHIH R
2
O e BT
2.4.2 BNEf#7 2
s 125 {FR B
( W . MO ’
Ir) . ) 6 EFG [35]
[32] .
bealiGEllN=Kasd
2.4.3 WA <1Pa
IO ARE ] 2~4 kW
’ A 3 kWi
) ) *&H
. K WL TS F ]
= IRIEIER . 900~1 400 C
f :
’ e | S F7x102Pa |
s B l
’ ’ = FTEAArRF SR
, , - SJE: 10° Pa
) ' LR
’ ’ HLEESE R 1400~2 050 C
. E e uverheat:(T m+60) T
R. 1. Safronov B3 11,6 K/cm Z
15 mm X 85 mm X 300 mm H | EEIET |
A (1120) . I l
10° em 2, A g |
. ! 52
. Bakholdin s i l
. . ST RS AR K |
: i 1
(SN
1/2.5, Eél{iﬂil%’rﬁﬂ
C  (0001) it 1B K
7 EFG [35]

, . A. V. Den-




1 s 5
, ; 3) )
) ’ 50 3. 5 mm .
H 0. 2 mm,
C , 60 m, ,1 300 mm
2°~3°
2.5 N
1997 ,V. N. Kurlov [s6] ,
N N N 3
M, s
M, oM s s
. oM . 95%
[37]
SM (
s oM s ) ( ),
, [37]
’ ’ 55 p.m
H 8M )
, ;s OM 50 % ~60% 81
s . EFG .
EFG
EFG . EFG
s ( 90% )‘“ 2
i) s
85 mm , ,
7400 mm 20’\"30 ’
2) 20% EFG



42

6
, W. S. Solar EFG , . N. F.
, 12.5 cm Zhuang (48] EFG Ga :
, 6.5 m-, YIG, 15 mmX 15 mmX 18 mm,Ga’"
EFG , Ga**
,Ga * YIG
; . N. F. Zhuang Uil EFG
,EFG GIG(Ga : Gd;Fe; O1,),X
3 st (3-Ga, O;) .
(>15%). , EFG . BGa, 0,
, (
, 11%~12% 10 mm/h),
14%~15%., o 100 %,
’ . SiC,GaN, AIN (©). BGa, O,
+ 1 800 C,
. .EFG , S
[50] ‘EFG[SIJ . [52] (
, . ) ). ,EFG B-Ga, O
EFG ( 15 mm/h),
) ) , B-Ga, O, )
s EFG . , B-Ga, O, .
, L8] EFG 2 (1 =
EFG N N \ 2.54 cm) , 6 B-Ga, O;
30 Lz . M. Higashiwaki EFG
EFG : 4 8-Ga, O, :
; ; 17", 10° ~10" em *F*,
N \ 2017 7, EFG 2
; B-Ga, Oy , X
. . , 27", 3.2X10" em %,
, <0.5 nm"",
( HSLTHO, MY )
TGGH) ( )
. ; EFG S
» 0.4~0.8 mm/h", ;
V. N. Kurlov 5] EFG s
Re*" + YAG (Re=Ce, Ew) ) )
s 1~5 mm, 10 mm, \
Eu’" = YAG Eu™ ¢
YAG s . G. Calvert
sl EFG Srl; ,
., YIG 15 mm/h, N
) . YIG AIN,



1 s 7
. C. Guguschev b7 EFG um. Norfolk. Virginia, 2004 .1-74.
Csl, [4] . ) s B
, Ga, O, 2 [J. s
2017,46(12) :232-233.
’ [5] L
) ’ [1]. ,2017,46(2) ;
, 193-196.
L. Carroz o EFG [6] Zhuang N F. Song C G, Guo L W. et al. Growth
Y+ ALO,/ of terbium gallium garnet ( TGG) magneto-optic
YAG/ZrO: , crystals by edge-defined film-fed growth method
EFG [J]. Journal of Crystal Growth, 2013.381,27-32.
L7] [J1.
.1991(Z1) :352.
5 [8] s s Al O
LEFG LJ]. ,2000,15(2);
, 229-236.
‘ [o] S
’ i) :
’ 2013,42(7) :1252-1256.
N ,EFG 107 ’ ’ .
[l .1991,19(6) :527-531.
D . EFG , [11] , i .
EFG ; [J]. ,2011,39(5) ;
2)EFG N N 880-891.
N ) . [12 ] ,
, EFG L. ,2012,41(S1)
; 221-226.
3) .EFG [13] Jindra J, Filip J, Manek B. Multiple growth of
, EFG profiled sapphire crystals [J]. Journal of Crystal
Growth, 1987,82(1/2):100-105.
[14] Kurlov V N, Stryukov D O, Shikunova I A.
; Growth of sapphire and oxide eutectic fibers by the
e EFG ’ EFG technique [J]. Journal of Physics: Confer-
’ ence Series, 2016,673(1).:012017.
H [15] XuJ W, Zhou Y Z, Zhou G Q, et al. Growth of
5) EFG large-sized sapphire boules by temperature gradient
technique (TGT) [J]. Journal of Crystal Growth,
1998,193.123-126.

[1] LaBelle H E. EFG, the invention and application to [16] Wang D H, Hou W T, Li N, et al. Defects and
sapphire growth [J]. Journal of Crystal Growth, optical properties of sapphire fibers grown by edge-
1980,50(1) :8-17. defined film-fed growth (EFG) method [J]. Jour-

[2] Harris D C. A century of sapphire crystal growth: nal of Inorganic Materials, 2020, 35 (9): 1053~
Origin of the EFG method [ C]//Proceedings of 1058.

SPIE-The International Society for Optical Engi- [17] Borodin A V. Advanced technologies of shaped
neering, 2009,7425:1-12. sapphire fabrication [ J ]. Journal of Crystal

[3] Harris D C. A century of sapphire crystal growth Growth, 2008,310(7/9):2141-2147.

[C]//10th Dod Electromagnetic Windows Symposi- [18] Kurlov V N, Theodore F. Growth of sapphire



42

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

[28]

[29]

crystals of complicated shape [J]. Crystal Re-
search and Technology, 1999,34(3):293-300.
Kravetskii D Y, Egorov L P, Zatulovskii L M, et
al. Contoured corundum and garnet crystals and
their practical utilization [ J]. Bulletin of the Acad-
emy of Sciences of USSR Physical Series, 1980,
44(2) :378-385.

Zatulovskii .. M, Pelts B B, Berezina 1 E, et al.
Some quality characteristics of sapphire profiled
crystals produced from different primary materials-
extension of their application fields [J]. Bulletin of
the Academy of Sciences of USSR: Physical Se-
ries, 1985,49(12).:2393-2397.

Alyabev I V, Artemov S V, Bletskan N I, et al.
Investigation of crystallization processes on rota-
tiong inoculation by the Stepanov technique []J].
Bulletin of the Academy of Sciences of USSR
Physical Series, 1985,49(12):2298-2300.
Montgomery M, Blockburger C. 18 X 36 X 1. 5
inch sapphire panels for visible and infrared win-
dows [ C]//Conference on Window and Dome
Technologies and Materials XV, SPIE Defense +
Security. Anaheim(US), 2017.:10179.
Locher ] W, Bates H E., Zanella S. et al. The
production of 225X 325 mm sapphire windows for

IR (1-5 um) applications [ C]//Conference on

Window and Dome Technologies VIII. Orlando,
2003,5078:40-46.
R ,2020,49(3) ;398

401.
Kurlov V N, Epelbaum B M. EFG growth of sap-
phire tubes upto 85 mm in diameter [J]. Journal of
Crystal Growth, 1998,187(1):107-110.

(EFG)
(7. .2019,

’ ’ ’

48(7) :1214-1215.

Bunoiu O M, Duffar T, Nicoara I. Gas bubbles in
shaped sapphire [J]. Progress in Crystal Growth
and Characterizationof Materials, 2010,56 (3/4) .
123-145.

Bunoiu O, Nicoara I, Santailler J L, et al. Fluid
flow and solute segregation in EFG crystal growth
process [J]. Journal of Crystal Growth, 2005,275
(1/2):799-805.

Borodin V' A, Steriopolo T A, Tatarchenko V A,

et al. Control over gas bubble distribution in

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

shaped sapphire crystals [J]. Crystal Research and
Technology, 1985,20(3) :301-306.

Dobrovinskaya E R, Litvinov . A, Pischik V V.
Structure of shaped sapphire grown from multicap-
illary dies [J]. Journal of Crystal Growth, 1990,
104(1):165-168.

Bunoiu O, Nicoara I, Duffar T. Solute distribution
in shaped Sapphire crystals obtained by EFG meth-
od [J]. Journal of Optoelectronics and Advanced
Materials, 2005,7(2):615-618.

Zhang M 'Y, Yang K, Chen Z. et al. Microscopic
phase field simulation on the solute segregation and
composition evolution of heterointerfaces in Ni-Al-
V alloy [J]. Rare Metal Materials and Engineer-
ing, 2012,41(8) :1376-1380.

Safronov R 1. Manufacture of sapphire ribbons
with low dislocation density [J]. Functional Mate-
rials, 2016.,23(1):88-91.

Bakholdin S I, Krymov V M, Nosov Y G, et al.
The influence of thermal screens on the tempera-
ture distribution, thermal stress, and defect struc-
ture during growth of shaped sapphire crystals
[J]. Crystallography Reports, 2010,55(4);:703-
709.

Denisov A V., Molchanov A, Punin Y O, et al. A-
nalysis of the growth conditions of long single
crystalline basal-plane-faceted sapphire ribbons by
the Stepanov/EFG technique [J]. Journal of Crys-
tal Growth, 2012,344(1) :38-44.

Kurlov V' N, Rossolenko S N. Growth of shaped
sapphire crystals using automated weight control
[J]. Journal of Crystal Growth, 1997,173(3/4):
417-426.

Serra ] M, Alves ] M, Vallera A M. Progress and
challenges for cost effective kerfless silicon crystal
growth for PV application [J]. Journal of Crystal
Growth, 2017,468:590-594.

Garcia D, Ouellatte M, Mackintosh B, et al.
Shaped crystal growth of 50 cm diameter silicon
cylinders by edge-defined film-fed
growth (EFG) [J]. Journal of Crystal Growth,
2001,225(2/4) :566-571.

Mackintosh B, Seidl A, Ouellette M, et al. Large

thin-walled

silicon crystal hollow-tube growth by the edge-de-
fined film-fed growth (EFG) method [J]. Journal
of Crystal Growth, 2006,287(2) ;:428-432.

Rohatgi A, Hilali M M, Nakayashiki K. High-ef-



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

ficiency screen-printed solar cell on edge-defined
film-fed grown ribbon silicon through optimized
rapid belt co-firing of contacts and high-sheet-re-
sistance emitter [ J]. Applied Physics Letters,
2004,84(17):3409-3411.

Kalejs J P. Silicon ribbons for solar cells [J]. Sol-
id State Phenomena, 2003,95-96.:159-174.

Carroz L, Duffar T. Working point of the EFG
process [ J]. Crystal Research and Technology,
2015,50(6) :473-481.

Klassen A V, Matsukura M, Nakamura O. et al.
Edge-defined film-fed growth of Yb: YVO, single
crystal plates [ J]. Journal of Crystal Growth,
2008,310(11) :2895-2898.

Machida H, Hoshikawa K, Fukuda T. Growth of
TiO, plate single crystals by the edge defined, film
fed growth process [J]. Japanese Journal of Ap-
plied Physics, 1992,31(7B):974-976.

Kurlov V N, Klassen N V, Dodonov A M, et al.
Growth of YAG:Re’" (Re=Ce, Eu)-shaped crys-
tals by the EFG/Stepanov technique [J]. Nuclear
Instruments and Methods in Physics Research Sec-
tion A, 2005,537(1/2):197-199.

Zhuang N F, Chen W B, Shi L J, et al. A new
technique to grow incongruent melting Ga: YIG
crystals; the edge-defined film-fed growth method
[J]. Journal of Applied Crystallography, 2013,46
(3):746-751.

Zhuang N F, Wang C N, Wei Q K, et al. EFG
growth and optical properties of incongruent-melt-
ing Ga’" ; GIG single crystal [J]. Optical Materi-
als, 2014,36(7):1160-1164.

Kuramata A, Koshi K, Watanabe S, et al. Bulk
crystal growth of Ga, O, [ C]//Conference: Oxide-
based Materials & Devices IX. San Francisco,
2018.:10533.

Suzuki N, Ohira S, Tanaka M, et al. Fabrication
and characterization of transparent conductive Sn-

doped B-Ga, O, single crystal [J]. Physica Status

[50]

[51]

[52]

[56]

Solidi, 2007,4(7):2310-2313.

Galazka Z, Irmscher K, Uecker R, et al. On the
bulk B-Ga,O; single crystals grown by the Czo-
chralski method [J]. Journal of Crystal Growth,
2014,404:184-191.

Ueda O, Tkenaga N, Koshi K, et al. Structural e-
valuation of defects in B-Ga,; single crystals
grown by edge-defined film-fed growth process
[J]. Japanese Journal of Applied Physics, 2016,55
(12) :1202BD.

Nikolaev V 1, Maslov V, Stepanov S I, et al.
Growth and characterization of B-Ga,O; crystals
[J]. Journal of Crystal Growth, 2017, 457.132-
136.

Higashiwaki M, Sasaki K, Murakami H, et al.
Recent progress in Ga, O; power devices [J]. Sem-
iconductor Science and Technology, 2016,31(3):
034001.

Yoshikawa A, Yokota Y, Shoji Y, et al. Develop-
ment and melt growth of novel scintillating halide
crystals [J]. Optical Materials, 2017,74:109-119.
Boatner L. A, Ramey ] O, Kolopus J A, et al.
Bridgman growth of large Srl,; Eu®" single crys-
tals; A high-performance scintillator for radiation
detection applications [ J]. Journal of Crystal
Growth, 2013,379.63-68.

Calvert G, Guguschev C, Burger A, et al. High
speed growth of Srl, scintillator crystals by the
EFG process [J].
2016,455:143-151.
Guguschev C, Calvert G, Podowitz S, et al. The

Journal of Crystal Growth,

application of floating dies for high speed growth of
Csl single crystals by edge-defined film-fed growth

(EFG) [J]. Journal of Crystal Growth, 2014,
404 .231-240.

Carroz L., Duffar T. Tuning the sapphire EFG
process to the growth of Al,O;/YAG/ZrO,:Y eu-
tectic [ J]. Journal of Crystal Growth, 2018,489;
5-10.

( 14



14 42

Laser mode analysis based on a Fabry-Perot cavity

ZHAOQO Jian*", ZHAI Yu-xin“", ZHI Jia-wen™",
YE Yan-xia®*, WU Hao-yu*", ZHANG Jie""
(a. MOE Key Laboratory of Fundamental Physical Quantities Measurement;
b. Hubei Key Laboratory of Gravitation and Quantum Physics, School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract. Fabry-Perot (F-P) cavity is a multi-beam interferometer consisting of two parallel high-
reflection mirrors. When the incident beam is coupled into the F-P cavity, the light field will be reflec-
ted back and forth many times between the two mirrors. The light field is in tune enhanced through
constructive interference to form a stable light field inside the F-P cavity. In order to help students
easily understand the working principle of multi-beam interference and mode generation in a resona-
tor, an experimental apparatus based on the F-P cavity was designed to identify Laguerre-Gaussian
modes, which were observed by laser frequency tuning. Some important parameters of the F-P cavity,
such as the free-spectral range and the frequency interval of two adjacent transverse modes, were
measured. The main sources of experimental errors were analyzed.

Key words: Fabry-Perot cavity; Lagurre-Gaussian mode; free spectral range; laser mode
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Study and application of the edge-defined film-fed growth technique

WANG Dong-hai', WANG Qing-guo', LI Dong-zhen®, XU Xiao-dong?®,
LUO Ping', XU Jun', XUE Yan-yan', TANG Hurli', FANG Kai'
(1. School of Physics Science and Engineering, Tongji University, Shanghai 200092, China;
2. School of Physics and Electronic Engineering, Jiangsu Normal University, Xuzhou 221116, China)

Abstract: In the technology of artificial crystal growth, the edge-defined film-fed growth tech-
nique (EFG) has the advantages of nearnet-type growth, high material utilization rate, fast growth
speed and easy to realize the simultaneous growth of multiple crystals. Therefore, EFG has been
widely used in the field of crystal growth and especially for industrialization production of silicon, ger-
manium and sapphire crystals, etc. The current research status of EFG at home and abroad, including
material properties, growth technology, application fields, existing problems and corresponding solu-
tions, were demonstrated. At the same time, the research progresses of Tongji University in the EFG
for growing multi-pieces sapphire, around tubes, large-size plates were introduced. The future devel-
opment direction of EFG and its application in other crystal materials growth were also prospected.

Key words: crystal growth; edge-defined film-fed growth technique; sapphire crystals; silicon

crystals



