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Abstract

In the recent development of silicon devices, it is becoming more difficult to
achieve higher speed operation, lower power dissipation, lower cost etc. only by scaling.
On the other hand, three-dimensional integration for vertically-connected heterogeneous
devices is considered as another technology axis in semiconductor device area. In
particular, compound and alloy semiconductors have excellent optical and electrical
properties compared to Si. Novel functional devices will appear, if such materials are
used for sensors and three-dimensionally integrated with Si-CMOS logic.
Three-dimensional integration of large-capacity memory and Si-CMOS logic can also
create promising applications in mobile processor area etc. in which large memory
capacity and wide-band memory bus are required.

First, HgCdTe infrared image sensor was chosen for an example in this thesis.
HgCdTe can be used for photodetectors sensitive to wide wavelength by changing its
composition. It is important to fabricate HgCdTe photodetectors on a Si substrate from
the viewpoints of compatibility with Si-CMOS read-out circuit and a greater number of
pixels. Precise control method of growth conditions was developed for high quality
HgCdTe growth by molecular-beam-epitaxy. The (T 1 E)B growth orientation was
found to be optimal from twin formation point of view. The Zn-excess irradiation
process was proposed to control HgCdTe polarity on Si. Using this process, high

quality HgCdTe(1 1 3)B epilayers were grown on Si(1 1 2)5° off substrate. Threading
dislocations in the crystal dominate photovoltaic device performance. Etch pit density
evaluation method for (T 1 E)B surface was developed by investigating correlation of
various etchants. Infrared image sensors with 256x256 diode array were fabricated
and demonstrated using HgCdTe/Si and Si-CMOS stacked devices.  These
technologies are very promising for high-resolution infrared sensors.

HgCdTe becomes a zero-band-gap material by choosing proper composition. It
exhibits very high electron mobility. New high sensitive magnetic sensor using
zero-band-gap HgCdTe/Si was proposed in this thesis. Corbino type magnetic sensors
were fabricated using HgCdTe/Si, and their magnetoresisitance properties were
evaluated. Self biasing effect which comes from inhomogeniety of crystal was found.
It leads high magnetic sensitivity especially at near-zero magnetic field. The amount

of self bias was formulated, and magnetic sensitivity was calculated for this type of



device. Results showed magnetic sensitivity of 1 uT for the circular-type Corbino
magnetic sensor. These results indicate that HgCdTe sensor combined with Si-CMOS
read-out circuit can be used for 2-D magnetic image sensor with ultra high sensitivity.

In addition, advanced chip-on-chip (CoC) bonding technology with flexible die
size was studied. High-speed signal transmission between DRAM and logic devices,
1.e. wide bandwidth for memory access is important for higher system LSI performance.
The conventional CoC technology which enables high density inter-chip connections,
however, has die size restriction. In this thesis, new CoC bonding technology in which
an ultra thin interposer is inserted between chips were adopted. Prototype packages
using this technology were fabricated, and their feasibility was demonstrated. Thermal
cycle, bend, and drop tests showed enough reliability of the packages. This is key
technology for three-dimensional integration with flexible die size.

Finally, chip-stacked large-capacity memory was studied by extending such
bonding technology mentioned above. High density integration was realized by
packaging three-dimensional stacked DRAM using through-silicon vias (TSVs) in this
study. Poly-Si was chosen as TSV filling material because of DRAM process
compatibility.  High throughput poly-Si filling was achieved by TSV layout
optimization. In addition, an assembly technology for eight-stacked DRAM chips was
developed. Prototypes of stacked DRAM were fabricated using this technology, and
their benefits were demonstrated through basic device operation and signal transmission
evaluation at 3 Gb/s. These results indicate that these technologies are efficient for
next-generation high-speed DRAM and advanced SiP (System-in-Package).

This thesis describes new highly functional devices in combination of
heterogeneous functional devices and their three-dimensional integration methods.
These technologies contribute to higher speed operation, lower power dissipation, lower
cost etc., and realize state-of-the-art performance. This thesis summarizes these
research activities. The significance of the semiconductor device progress by
diversification, not by scaling, is increasingly recognized. The study on
three-dimensional integration of heterogeneous functional devices is becoming more

important in the semiconductor device development.
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Fig. 1-1 Timeline for number of transistors in microprocessor and infrared

multiplexor chips [3].
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Fig. 1-3 Image sensor development history. More-than-Moore example in

compound semiconductor world [3].
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Sensitive range for Si-CMOS
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Fig. 1-4 Operating ranges for some infrared detectors [7].

1.3 B2EBET A A DO ZRITEBICO LB

BREEET NA A A G DEDIZY 5T, EDO LD REERRKE TH A
IM? Lo & BLHMITIE, v =R —=FHDEA v ¥ —R—P—H LT,
FEEX Ty b ENTEBEOT N AOBEXERZIT O HIERD D, T34
R FEHENTRERI 72 IR LB 7 < | REUER 7o R FEEERAN 3ME 2 D760 Bl
XS MRV, L L, B EOR SICERT 5 BSOS bITEET &
R, — ., BEEEET ANA A& =IOt FICEAER, 73 A% mE
FEICHE L CERBLTENIE, I E Tl >TSS RET A A2 EHL T
DL EEBEZOND, T2 T, FBROFEFT S, AL EHR T HDITNHES
2 HIDH ZIRITCHEEIZOWT, ZOREMELZERT D,

13



1.3.1 BRI L 2 BIERRS & =R TEfE

Fig. 1-5 I&, TSMC @ S.C. Sun (Z X ¥ IEDM 1997 1255 S 7= 7 vt A AR
TEDOBRBIEERLIELDTHD, T DOifH D%, Motorola, IBM @ Cu Blfg1 >
T L=y a VORKRPEE, BHERONERRA =T —ERD Al RN —
U Cu BLRA~EBATL TYT 7o, TRy 7 AL XU T IRFETH o722 L1,
SBICH LWE ZATHA D, &C, Fig. 1-5 DR & Z AL, 0.25um A H 7=
D ZBRZ, PERITS — MBIEIZ XV BIERFE S E S TWEA A LUBED
HARIZBN T, EREIEIC L VARSI ND EVWI DO TH D, 7 — MBI
MAHEIZ L VNS0 TET, ZRUEASE DS, EhX, BIEZRD 5 &
RAFTHLIERE, T2 — MEMETRED S — MR, ILHE TO#%S
KE, 77— MUBELYEBUB & ORICEL D 7V DR B PN TRIRITIKTT
L. MBI > TREMINEL R DD THLNOLThHD, —F, BRI
B L Tix, Bl bIcfE > TREZT TR RFUEORIEN 2 T 5 L H 17k
S T&Ez, 7TutR b, ERRIEOHE NIERRE S ORI bbb S 5 25720
B, L & AL R S H 720 OBl BRI 5,

==+ Gate Delay
40 + ~9 Sum of Delays, Al & SiO2
=0~ Sum of Delays, Cu & Low K

&= |nterconnect Delay, Al & SiO2

30 £ ™ interconnect Delay, Cu & Low K

Gate w/ Al & SiO2
2 r . =

Gate w/ Cu
& LO_KK

Delay in ps
S

0.65 0.5 0.35 0.25 0.18 0.13 0.1
Generation

Fig. 1-5 Delay as a function of feature size [8].
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Fig. 1-6 Dielectric constants k and resistivities p for several materials.
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RN EBARER L XNV EBZ TWDD, F v 7 A X7 vt AT
HlH) EDTRAR CTd B HEK 20mmIOIfFIEICIE ) DWW T & 72, Lo L., BIEE RN
GHz ## 25 X527 n &, OB TT v 7 A XEM/IEZ D 285720,
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FEEEIZ, 100um LLF &P o Bl & ik L CHa/h Wi, Bl O
Ml RKEL FLHETEDENLTHD, HMICE->CLE 2L, 15SmmO0T » 74
A X%, AFEE T 7.5mm0, 8FEE T 53mmUICHi/NCTE 5, Lo LEEEITH
NMHEBS7Z OBEBEEBENLHEMSETLE Y, /- T, @IROBETT X b [F
RRIZHE LR T T e b0, A 7 a5 v 372 EOmAGA[10]-[12] b 2%
INTWANR, =AM EOMBEITES,

EHERZLINULRLGVLIEAFEMICER,
(REFFVITRLR TV TLRTNIERSIEN, )
FUIDRESZEEAEL TIRTIZRSFENBENMELNLLY,

Dimidenhereiup Total interconnection distance will be reduced to 1/m
m: Chip reduction ration
Block A Block B Integrate in 3D

| ¥ 10GHz operation
with one latency.
Chip size < 7.5mm

Block C Block D | [ Distance: 1/m

J. W. Joyner, et. AL, Proc.
“14%™ Annual IEEE ASIC/SOC Conference.”
pp.147-151. 2001.

Fig. 1-7 Motivation for 3D-staced devices, "high speed operation'[9].
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MBESNDDT, SHLRILIREEINBKRDLENDLTHA D,
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XIALRE) T2, FyTHEE+ VA YA T 4 U 7L DEREN R T,
TR OENKELS BT D2 nEE2bN%, LML, DRAM
DIFE1E DDR2 H72 0 26U A Y COIRA N A 460 T Y, DDR4 Tl
WRIA Tk~ % Si @M (TSV: Through Silicon Via) COFERNMAILR D &5
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NE 80t oﬁnm 65nm nm nm |
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Fig. 1-8 Motivation for 3D-staced devices, ""high capacity memory"[6].
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BEHSCYovAa A MR KREL DEETREICH R ULvEH TE 72 <
2o TCWb, —J, SiP X EAEME ?A%X@ﬁkwoﬁfiﬁﬂf%w Fitd

iz o T %M\Eiﬁ%y7 (Bl 21X ASIC #6) 720 2 Fe e R M ISR

L. MIIBEF OBERGEE A DO T » T2 MAGDOEDL LW T ERAREL 2D,
FDD, MBS TIAA NTIEIAFTHDLN, Fh—F L TOa A MEJEZEEFS
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=RtSiP SoC
DN W BT
] ] FLASH
> D § T
G e SDRAM | CPU
-1 P;ckageﬂ.’. = 3D-stack & 1Packageft 1chipft
IR 100 73 (Wire)~ 163 (TSV) 45 (+ERE %iEM)
BRETN(AEE: © © O(QRME) ~ x
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AE—K: 1195 {E5%E (Wire) ~ &=E(TSV) =%
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FRAFHAR: b ) = &
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Fig. 1-9 Comparison of SoC, SiP, 3D-SiP.
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L2y MERBMD TES Thbd, 2O LIE, BICEBEET LA B H &
ROIC & OHEHGES®, DRAM/Logic DV A RNAFHGE AT W2 WEEIZ, FEFITHR
BWRRW, 722, EIZTSVIER A A T, ZREVA YRy T4 7aR
MZEDF biviE, =Rt SiP O K& 72 Break Through 23 & 5 6 D L5 L
TWb,

1.3.4 VAT MMl D O Z R TTRENRE D EXR

Uo7 7Fa—Fix, 7310 2@t WO BLATHEm L TEn, v X
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Fig. 1-10 Summary of research items in this study.

.......................................................

F1E: Fie RERET M AOZRTERIELOLEN

WHECMOSERLG A/ REF OT /NI AFFRL. BEELCoCEBEMNEE,
Il

HEABID  HeCdTe= RITETLA £ HESI-CMOSEDCoCTEE T /31 R
WoE HeCdTeFIM G B Y B3E: HeCdTeRERtLY | 19895~ |
HeCdTe/Sipt & Bl BMEREADRIREmETE (9%F !
ERHI@ DRAM/LogiclEET/N\LRIZEITRERTE T EEGRIT
F4E: REBCCHES $5%: SHBCoCHEH 20035 |
SMAFTIA BT REAATTERl  TSVEfliEAREATEUmMSE  2008% !

41

HO6E: BELSROA MK
ANBEROBRITZ NI LERE~NRE. ZXTHEBZE - RTOFEEFLE,

Fig. 1-11 Outline of this thesis.
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23 A7V v FE HgCdTe A EE W

21 X C®IT

FRINRD 5 BIEE 10 pm Hri%, FIRMEOBEEF O — 7 RICHEY L,
COWEHTAIBAFBEFACLICRLIZENTES, ZDD, ZOK
EWORIMEE IR RERE & U CEFICHERE IR TWDS, Fio, AR
NOx, SOx DI — 27 3 Z OWRFAHEITH D720 KREIGYLRIE ~D S H]
HLRET STV B[],

O EH ORI N FE M EHZ, HgixCdTe %13 U %, PbSnTe,
GaAs/AlGaAs % E & - H 2], SiGe/Si ~T u#ABIERH L, ZhbHDH b
HgCdTe 1%, %3 —2IZxf L CIFEE O S THEILTE Y | PbSnTe 1TxF L TIEE
RO L EMED S TEN TV A[4][5], Z D7 HgCdTe 1ZARIMRZ 3+
MEFE U TR - ORFZERE B IZ B W TR AICIHFE N D S b, 72,
Hg CdyTe I13f% x ZZ(b &2 2 LIk ANy RE Y v PR IRIE B LS
HTEMWMTED LW REZFFO[6], B AIX 77 KITHWT, HgTe D/ RF
¥ v 1302 eV (E4JE) . CdTe DN R¥ v v 71X 1.6 eV TH Y, Z DFiPH
MIZBWTHRZE A D Z EICEVEEDONN Ry v IR GE6N5, LR
- T, HgCdTe |35 FE S B ORI o —kt e L THIEAS RIS TS,

Z D & 57 HgCdTe #idt DARFEAI R F1EE L TiX, LPE {% (liquid phase
epitaxy) ° MOVPE £ (metal-organic vapor phase epitaxy) . MBE £ (molecular beam
epitaxy) 7R ENZEIFHND, &L ITAT, HglFAKEDE . IEERED KE W
7o, TS0 pn A EOR AT 5 72 OIITRIRRER AR TH 5, ik
DREFEFHFED 5B, MBEEITRIEREZIT) 2 &BFEETH Y (~2000C). #F
KOFHEBET /S A AD T2 D HgCdTe fEgkE Ak L LTO THETH D, =
DX RS, Bk X MBE I XD HegCdTe il EI2 7 +—H A L, HRIA A
—Ukr Yt~ AE iR L TR A D T X 72, Fig. 2-1 ([Z4[Alff A L 7= Riber
il MBE 2&& 27~ 7,

L72>L. MBE JEIZ &Y HgCdTe fEfbpkdR 21T 2 A, B ah O AR G4t
BN, REORMSERZHBMERGLIZENHE LW W RERD D,
ZHE, R D& OB R SRR RIS E DO FE ERBEL T LES Z LI
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BT D, ZD7, BERBERMEOGEPNNEL 0D, £lo. TOMRESR
RO EIELZAT 5 ToOIZIE, 15 O IR ORI TEHETH 5,
faKfaD 5 B, AT MBE 12 & 5 HgCdTe iR ICB W T L AT HRIBET
b5, TOM, AT A AFEEZ RESELTHRETH D0, AR08
ALRHME L £ 7EHESL S AL TUVR LY,

Z ZTABETITRINS, MRFRMZRET D0 F PR & & AR EE O il 1#
HEOWSLEIT o7, £, BERFAEICHOW T, R A ErE 2 1, #s
MAZOWTIEZE OFH T EDOKRF 21T o7, S BT, wEEFTIIZBIT D
HgCdTe k£ % Si BIZITH 720, Si mAFiiEb, 7 rt® A —7r v A ki
&1 T o7, &%, HgCdTe/Si & W2 dRINA A —T B U ORIEEZITV, &
FERHm, EMERMERR 21T o 7,

W

Fig. 2-1 Riber 32P MBE equipment for 3 inch wafer.
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2.2 HgCdTe 7 A& Bl

2.2.1 3 FRilEE

MBE (k12 X% HgiCdTe EICBWTRESREZRD DT A =2 L LT
Hg, Cd, Te, ® flux LR E DU SZZEITHZ LN TED, ZNHD/NT R
— X T Z IR0 REE v, Mk x. BEMRER (p/n) OIEHID AT
RBTHD[7, £TZ 2T, BRDOMER LML ESGD 12D D5 F iR &
FIENE I OW TR,

RER EHRIX, Cd & Te, D flux (2 L VIFIFRIESILD, Cd & Te, DI ESR
BHMEIFE L TH DD ﬁLTB]Hg@ﬁ%%ﬁiﬂ)&r(wﬁﬂlnﬂgL
BAREE Ts = 190 C) & 4D TIRWN9], £7z. Hgld Te DfEEND Cd DfFE
EAEIWEEZTAFE L, Hg BICRE L CH A5 Lew, £ 2 THlRESRICD
WL, £ CdTe %453 T 5 veare & HegTe 553 T D viggre £ IT71T THE X,
FOENE[ASsETDHE, ROLIICRTZENTE D,

3
a

Veare :WSCd‘]Cd (1)

3
a

VHgTe = 4)(1016 SHgJHg

a3

:4X—1016(25Te2']k2 —Scad ca) (2)

V=Veare T Vigre

3
a

= mzsnz I 1,
(3)

L
Vedte @ RO CdTe Jik4y T xv IZEE LU,
Vigre © R FRD HgTe A5 T-x)v (2% LU,
st AL 1 OFEREL
Ji o AbFE i @ flux [moleculescm™s™],
a: HgCdTe O TEE [A]
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2, 4x10°2° X 1 em®* H720 1 ADBRIE D DICHBERFR T EBRT 5,
R4 TN 7720 Hg & LI Cd 728 4 B = & 2mrd, flzid
X = 0222 OBE . BT ERIL 64640 ATHDHHH[10]. ZOfEIE 1.481x10™
[atoms-cm™s™'] & 72 5,

FEFRICEB T D CdTe iy DEIE D A x TX@)D LD IZEKT LN TE
a3

Veare
%

X =

_ Sl
2STeZ JTez (4)

ST, Cd JHAOMBEIEIL CdTe AT THDH Z &L RO CdTe B0 57T
T 5 Cd AL Te, 0D flux DL 2:1 THDZ E[11ZEBET D &

2
JCd = EJCdTe cell (5)

LB, 7272 L., CdTe BADNE D flux % Jedre cell &3 Do [AIFEIZ Te BVIND D
flux & Jreeen &5 &, SRIOKEEROES . CdTe /L L Te B Te 45+
NG SN D Z &k,

1
JT(; = JTe cell + E JCdTC cell (6)

7D, LIRS THRER v B x IZEBANLO flux ZHWTR(T) EB)D
Xolckshs,

3

a 1
V= 4%10' 2570, (Jrecen + EJCdTe ceit) 7
_Sca . 1
Ste, 1+3J Te cell 1J CdTe cell (8)
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Cd & Te, DI ERELD I sca/ster 1T BDRD K 91T sca=1. ste=1 72 HIEX1 TH
%, LU Z OffIZEIC He flux, RRERE. MR, ROEREHMECE->T
B2 % Bl z21E CdTe(1 1 2)FE:4K B CdTe & Hg 2 MRET L7z & & ICITHAR x 28 0.8
272D LWV HE[12]BH D . Z DA x=0.8 TO scalste 13 0.8 & 705, EEHD
1% x=0.22 DITETOERFERZ S LIZZDEE 0.666 & E 7=, Fig. 2222
RAEH LI LT x & Jecenlcare cen & PREFRZ R, Fig. 2-2 Z W TIEE ORERL
X #5500 flux th xR DH Z ENTE D,

]
ol x=0'6661+3i‘°—ﬂ"—“
JedTe coll
¥8
)37
X
0.2F
1
0.5 1 1.5
flux H JTo con 2
cdTo cell (2 3 )

Fig. 2-2 Relationship between composition x and flux ratio.

flux ORE S E LTI, KEEFIRAIEER 2 v % 515, B-A H2950 2 v
D I7E[13][14] U EMVE & HTiE[15]. R FROtIE[16]% 03 H D, 2D 5 H B-A
BIEE 2 i BALE IR E L CRIE T 2 FIEDN i E CEMTH 5, B-A B
CEHZ KV HIE SN EZEE ppa & flux ] EORRIIKROD X H izkREIN D,

Ppa=J Mv,I(z)
= J\3RTM I(z2) 9)

Het
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722l M: gfED L IESE,

Vin thermal velocity, (3RT/M)"* (2% LV [17].
I(z) : RIEMRH. (2)=0.42/14+0.6  [14].
z: S5,

ANZ JIZOWTEHRT L L, R(10)D K I I272 D,
J= P4
V3RTM 1(z) (10)

=L, RIZAEES. TIHRE T, ZOBRAOIREITE/VEE L LTI T
o

LU, FEBRICITEZEFOREZLFEIC L0 EfER flux 2 ET 52 & 13R
HThb, T THOIKEZIToT2H T, MAMICEVEEZELIETHB
DRI A ZERT D DNBLENTH 5, ZOFIEFIEILS 2 ETHE LN
RS v e X2 &2, CdTe DAHDREFHRKST veqre & HgTe DB DR
B9 Vigre ZBTEDE & 72 H51F 912 flux 2T 5 HETH D, FlxITkESRE%
5 Als, x &2 0222 L LEEWEEAIECATe BV E Te BAED flux ZIRD X 9 I
EEA L L,

0.222x5
JCdTe cell = ,—J'CdTe cell
Vicare (a1
0.778 x5
J e cell :,—J' e cell
! v HgTe " (12)

flux ITEAMEIORREZ p & Lk &, p/ TP+ 5, =2 XA, (12)
2T LI /MREZZL S TRONIE, BORERIZEB W TITEOM
& FEORER I B AL D, Table 2-1 IZ& B AMEOERLILEEB T 5, flux TV
B A 2 oAb X W BERF LT 5 0 T, T OHEEET D %E
&5,
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Table 2-1 Vapor pressures for cell materials .

a b Enthalpy of vaporization [eV]
Hg -3.16 7.90 0.629
CdTe -9.92 9.47 1.97
Te -8.33 10.67 1.65

*) [ log p [torr] = 1000 a / T [K] + b. Parameters were extracted from vapor pressure

curves in [18] p.173.

2.2.2 FARIREERIEVE

INETICHA LS FRBREIT, EVREESZ B b I N TE
NWIERETICE (b2 3ENTHSD, Ll RESFFEEZRDDLE H—D
DINT A= TohLHHEMRBEL, KETICENT S, 8. GaAs FD MBE ik
FE&#THO8BE. BREREZIT2 5 X 91275720, BVEXE & FEts L 2133k
Befih & 72> T B[18], & Z AW, HgCdTe @ MBE EICBWCZ DX 57 )7
KEBEHTLE, EBRELRURBICRYBFEREZRESEDLZ LN TER
VY, HgCdTe EAZHRBWTIE, BEHIRENME T2 &R0 . EARIREN |
A9 5L D20, REFTORSBAEFERREDIK T Z27Rd, 20
728, @ HgCdTe ™ MBE EIZR W Tlid, BVE S H T AR AR L &2 B (2 B &
FHENEMRZ T TICREEITY, ZOHFEICL BEREZRE S5 2 &80
BEE 72D, TN THIEMBERTIIE Z > T . HEFEA O RECHE E 1)
e B TORMBESCERFHED L7 EORENHRET Dy, FIRE
BN A B A —=F ZHWTZGAE, ~T a kR Th 570z EENHE TR
FMFH L, R & HTRERTRVPIRE L CEfERIREZHE TE RN E N
MESAH D, €T, 22 TIEEMRIBEKTOXKREL L OZOJRKE %2 5 %2
a3

R O FERIRER T OESNZRRD 72O, HAR R mRE & E R EE
XETHET 2 ONEETH 203, Hl & BAEXT & OB O B ECIRE) O
MESECELEMICHIE CEDLEZAETESTWVRY, L2 AT, HRIEE
NEALT D EREERPEN AT D Z & 2R LT, #3255 & RHEED /3%
—UbEDL, ZOZEERHATLE REFTOEBRIBEZ{LEZ D Z LN T
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x5, 5 &SRO T 5 BEHGRE TIL, RHEED N — U diE & A
ERZLBY, ZORENS FRHIC2N T, A MY =73 HNTHLL 7
5o ZOMMAEBIERT S, EWEEOEILEZMD Z LN TE 5, RHEED % H
NWTWDHDT, FRCRERAREOZEEZE=F—LTNDH I LIZRD,

% ZC, RHEED % — Y WE(L L7 K 9 IZEVE X RoRiEE 2 wifE 34,
EBORE 2 —EITRDO Z LN TE 5, liiR D RHEED Bl 48 0 k42 L2 &
VRO, REFDOIRE T 07 7 A V% Fig. 2-3 19, T, lRERB»S

5 MEXGE oA DA -2 HE
z 8 ~ - : -

Xt

& 6

m 4L

E |

%

(b 4fF

oAl

[Clg 90 30 45 80

RERE (2]

Fig. 2-3 Temperature profile during growth.

10 0T —EICHEFE L, £D% 6.8 C/min THIE L. 45 5% B34 1 A —
2 CHIET 2 D TH D, 7277 L, HgCdTe D ERIZ 4.5 As TRk E17-
7o MEZFIEITEREBEEOHEMI LY . R E ORE TKE L RISET=
RN TR SH, ik L2 FEHREZ 65025, ZDd/RAa it —X(Z
X DRERENAIREE 70D, o, SA B A—FIZLHHNCEID B2 Trb
#lx, BREEEAITO Z LN TE 5,

IO XD RIREREEE VWD & RHEED /X% — 3 & A EZL LR
W, REEIMIEEIXIZE -EICRo WD EEZOND, ZOE, Hikihb

Hah LS, TEEORS R TREMOE) — 28 G ohd & 9ili-o
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Too F7o. FEREERNFRE & 22 572 2 LI K 0 AR — e —Hrm B L, EE
44 mm O N THLA%ZE Dx/x 73 0.7 %LAN & 72 o> 77,

FRE AR IR Z 5 &) 2 &I, ﬁf‘oﬁ@ﬁ&l kBB K
DREHFIZHERKLTWAEEX DD, ZORKEFTRDL 72D, RIVEGRE
HoxbZtpTExHrHY—FE ML —H (HE- %)%%wf mﬁmkﬁﬁ
OB DAY 2 IE L=, Fig. 2-4 (a) 1Lk FEnI. Fig. 2-4 (b) (FET DR
SAERTH D, FREOFATINAERIERTH Y . ZDJE 0 BIER AL Z OHE

BTH D, EHESIE, BERTE RE R TOBMES OE(IT DA, FEiloR
IWEDESIE, RETICHAL o TWnh, Z0Z i, EtFALE FIgkE
JEN S Z LI XD HERN LR LTS Z & amRT, RO RIS G
HOBMEMR L, EHEE K FIcHE3 5,

(b) BiRrh

Fig. 2-4 Infrared images for substrate and its holder.
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ZOX D RERBNERIEOSRD FFEZMZ D720, Fig. 2-5 1R L&
I, BRIV T REOKE 3% Si Ve Lo THEo oAV Z B LTz,
ML SI V= EIZGa 2 LTI T s, Wi, o R25 Si v
B W THEMBIREN ED X 51226 T 502 %0 ~72, Fig. 2-6 IZEDOFER%
AT, HARBUAY 10~20 Q-cm ORI, 1R ORR T 20CERE DR T
DR, HRIZ2/ NS < T2 EIREER NI/ <Y | mIRE As F—7Si
R (<0.02 Q-cm) ZHWEZRHZ, BEKTRIFIEEa L7eo7, PR
INSL Dl Si T A DO EREPERT 5720, HegCdTe fliEZ1T->TH, K
HROENE/NSLSTEDHDEEZOND, UEOZ End | KHEPT Si ¥
T NEIFHAL LT, 20 RIZEREZM VT 2 AR REL LT, 5%0FE
BraiTo7-, % CTitiRd 5 Si E~» HgCdTe ik IZBWTH, KHEHT Si v
=NZRED AT TT - TS, ZHUd, ®iRE As F—7 Si R FHEL TH
D, AFPKR#EETHLT-DTHD, ZTOXHTTAHZ LITED, AR
PLD Si Hob 2 HgCdTe fEHICHWSD Z L3 TE 5,

Fig. 2-5 Substrate holder and CdZnTe substrate described in this paper.
Almost area of the holder was covered with a Si wafer to reduce the emissivity
change of the holder surface during growth. A tip of tin is placed on the Si wafer

to calibrate the temperature.
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1~3Q+cm

_‘{O— -
lu\bﬂ\-xhhkﬂ\ﬂﬁﬁ‘nhﬁ 10~20Q «cm

Change in temperature ['C]

0. 01~0. 05Q-cm

k/\-’\’\————~ < 0 D20 e =
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|

40 | I | | | | I
0 20 40 60 80

Growth time [min]
Fig. 2-6 Pyrometer temperature profiles after growth initiation as a function
of time. Each profile is shifted for clarity. The values indicate the resisitiveties of
Si wafers. The temperature readings in the beginning of the growth do not

indicate real temperature change.

2.3 RMaFEAMAE L £ O MR H AR

MBE {512 £ Y HgCdTe ik & %17 2 . B TALIC K 0 BaE S AR SR D
PR RE B D[19], £7o, EEOREFESCKIMGIEAEDHTT bl HFAIC
LR D, T TERESFMICE D EEOENVER D 72DIZ, CdZnTe 3
(11 DB, (110)., (112)B & -2 HeCdTe % [7—4:: ChlE Sw7-, BES&M:
TEEMAREE 190 °C. BRI 90 40 CTh 5, 7272 LEKE T OIHIBE X, JEkAR
WA EMOBENRRNBEZ —E LD L OIHIE Lz, mEOKEEIX 4.4~
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4.9 pm, Cd#AL x 13 0.324~0.342 DFEPHANTH 5, ZOETILE TR STHLO
PRTEFEIZ DWW TR eV CTEAMR I FALIZ & D HgCdTe = B D RFEC SR A
DB OWNWTELET S,

2.3.1 HNLOWREE

CdTe, HgCdTe fdbicB W T, ZOMMEICE Lin 0% Tl EIZRFENH - 72,
W25 DR ST BT DRI DIRFNS DUV T ST 20ICFE L < BB TV D,
LU, WPk MIZ & 7L OFRFLIER 2B W TR U B W TARFE— 23 A
HBIRFA LT WO T, ZITHEHSZVERLTBLSZEITAATHAS, £
7o BEROFESRFROFITEROHAARZIZ L VR TE 208, A—HllOFE
WE TSR 2> TWD I ENb o7z, & 2T, fif#ie FALOREE
IZONTHWNL DOMELET D,

HgCdTe fffb B\ C, A & FFHC{ 1 NEICBWTCHg b LLIECdd 11
RIR P ERREICENDEDOZ L Thd, B VIRDOREFThDd Te D3k
REIZHENDEDOZ ETHD, A, BEHDERICOW ULV E LAWY -
RIZBWTHRRINCFE L BRBEN TV DD THEIZ SN2V, HeCdTe #iih
IZEBWTIIBMEHRREIC —FRFE N H Y . Afe B Il ERIND Z &N
—KldH o7z, LU, BUETIE X BREHTIC L0 BEOMHIE 21T > 72,
Fewster b DEFRITH— I N TWD[22], L7 - T, 1983 FLLRGTD SCHEIZ DU
TIETZFOMMEICEET D2V ERH D,

ET,{1IDHECBNTEBEELTALIDAEZ ATEERT D, UKRFOHE
MOFETHLA I DEIEBHETHS, (11 LEDOI B, AEIXA 11, (111), (1
1) (11 )OME>OETHS, B E(111). (111), (111). (11 1H)DME>DE
THo, HEO LTS (N—=LFD) OBNR, BEOLDOIX AR, HKOL
DITBHERZTEBL EMETHD, {11 NELAOmEIZHBERSH D . i
DEEE D B —OEPEEO L DOIT AT, FEOLDOIEIBHTHD, Hi
PEENZ{1 0 0} ESC{1 1 O} IS D, 5D 9 H—2LL k230 THLHMEICR O D,
ZZTC {Y ToRL7EAFNIE (planes of a form) & FREILD L O T, B 21X
{1004, (100). (010), (001), (100), (010), (00 NDASODMEHIKFET
5[23]e BRI 516 (directions of a form) & W9 H DR H - T <>
TFEEh, BIZIE<100>E [100], [010]. [001]. [100]. [010]. [001]
RNOOFMEREKT H[24), L 2AT, XA T7EF FAREEITBWT{ 1 1}EIX
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F AT S A S 7R T A 369728, zine-blende TR 1E 2 B UMM S AEAES
HIeDIZEMTIE R 72 d, LIRS TRMmIL T, ERICHEMTHH{ 1 1}
DOWU>D ATaZ {1 1 1}A HE, [FARICEMZ2U->O B4 {11 }Bim&E&KiLT D
LT D, ZORTIET 1 1 HEUS O A FOmICH L THR L 91T
ERINDHEDET S,

TEHREDL ST, BROHHEFMOFENHEE SEHHEE. TORES
MDA T O ZH— L TR < L& TRid PRI O W g T 2 %6
IR CTH D, BIIE, BRI T2 {1 0 0Y DA, Ak L7z X 51>k
MR E N FAET D, 2 2 CEEHMk )% xyz BAAEEICH TEH D &, kN
Mz z@lz v, mNE xy BEE TR T EB 20TV, & 2 TR TIE, FK
M JTAL{1 0 0} DR A0 0 N EEDH D Z &1 Ui, A S0 T o HER i L &
LTIEZ{100 iz, {111}, {110}, 21 1}ERHDHHN, {11 1HIODWTITA
FaEA1D), BEEALD., 110UV TIXA10), 21 1OV TIT ARE
(112), BiZ(112)L &Iz, =2 CEDEEOERIL. T2T[ 1 0)ICTE T
D, ZTOXITERTDHILIZEY, HREFIFMITOWNWTHTTL L9572
A AR S TR K R D,

2.3.1.1 RHEED |2 & % Fik

RHEED /X% — N 3fE M O AL & RO AF HFINEATFT D Z Enb, f
Ba D IFPLOPTENZHND Z &N TE D, T2 TlL, RHEED N¥— U DE R &£
NaE W AR EIEIZ DWW TR 5,

RHEED /3% — > OF BRI & AHE RO L NORKERE DR D
DINBRODZENTE D, EFHRITET LT — (10keV) THOEMAE (2
~3°) TAHT D Z Lot KARILOEITOHE, KR EE T RASR M
B ROEREICEE R & A L THMEITRY, 2, =RooE Ok
Wiy REMEN D EREICEERRICRD, ZOHKE ey RN
RHEED /X& —> DA R — 72T 5,

ZOEIICEHELEA 1 DEEA 1 2)E® RHEED /84 — 23 L OVERED
RHEED /X% — > % Fig. 2-7, Fig. 2-8 IZZNEIRT, BT =Rk i 0w
FRERL MO T A ATk 2y NS 5, £722 1 111 1}EE
{1 00ENSRDAT v TH THDHZ END, A MY —71F ZRIchE SO Wik
FROUT AT LB [25],
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Fig. 2-7 Actual and calculated RHEED patterns for (1 1 1) surface with

1 1 0] incidence.
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[111]<—*

Fig. 2-8 Actual and calculated RHEED patterns for (1 1 2) surface with [1 1 0]

incidence.
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Fig. 2-9 Actual and calculated RHEED patterns for (1 1 1) surface of twins

with [1 1 0] incidence.
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IS OFER L EEO RHEED /XX — 2 ZWEEd 5 Z LI X0 o e
HRETDZENARETH D, 1272 L, MHEHRITTE 20O TH 50 Lok
MIFREA CH D LN H 5, 72, (1 10)HE=(00 DFEdiE[1 1 0JAS L1 1 0QAH
DIRBE—U PEL LR DO THMOWEITTE 720, FALOPELSMZ  RHEED
SRE—2 X0 WEEE A D 2 LN TE D, Fig 2-9 12(1 1 DEICET 2RO
RHEED /3% —> %757%, ARLD Ky NIk 721 1 )i LT 180° Mg+
LD ThHD, TORE—FTEEDOAE— L —F L TEY, (11 DEARGR
HTHDZENDND,

2312 =y F UL BHIE

RHEED O J7 1A TIEMMEHBNL T & 220, i = v F o 72 X % 051k
MEGEETH D EBONLDOT, ZZTEEDOHIEITODNTIHERD,

Brown 5% CdTe F O EIZHE I TW D MmIAHIBITRER = v F o Vil % |
X #REHT[22]5° TEM [20][26][27]7 £ OifachllE 2 FEHEIZ LT E & 72 [20], 1 5
WD EeFir Oy F 7D H>H Durose ([ZX D=y F o 7iE[28] (LT
Durose Etch & FESS) 25 e & A5 5# L Ty 5, Durose Etch 137 v 8 & Az
EHEfE L & 1:1:1 TIRA L=y F > 7 To 5[20], Durose Etch T CdTe D=
vF U7 ETO E{1 DA mITEEEIZ, {11 1B miE8Emic72 51201,

Z @ DuroseEtch Z MBI WA 72D, {110}, {111}, {21 1}HEiZ#EHH
LCHhTm, Ty F U 7 EMEITEIRT20~30 WIRETH D, TOFME, {1 111A
HE21 DA EITHICEEAICRY, {11 1B HEE {21 1)B midkEamAkom %
BELEHEmIZR-72, {1 1 0mEiEENLOHFMMREAIL/oT, 2D &
5, 2Oy Fr 7T AmE BEA BHRZFICE D ERISHRTE 260777
EThHDHZ ENbhole, LIeho T, KX O Tikim 3 26 b 0L DR E
1%, F 9 RHEED (Z X > Ti7V, MY 511E Durose Etch (2 X D 1T- 7=,

2.3.2 HgCdTe = B°J& D fh i

CdZnTe JEH(1 1 DB, (110). (1 12)B i EICfRE X7 HgCdTe = E'Jg D
fatE & EREE AT AT, FOME AL Table 2-11ICF & D5, fhEamMi o X
MEPrO v » X2 70— 7 a0 AT Bk TR E R & R U s
LD CdTe b L < 1% CdZnTe bt & V72, XBRIRIE CuKaZ VIR EE T 40 KV,
EEF 20 mmA, E— AR 2mm CHIEEIT-7, (110) £(112)B Lo EfE
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Table 2-II X-ray FWHM and electrical properties for HgCdTe epilayers at 77K.

(111)B (110) (112)B
FWHM [arcsec] no peak (twins) 26.9 20.7
carrier concentration 3.1x10'° 6.0x10" 4.2x10"
Nd-Na [cm™]
Electron mobility 44 4.1x10° 1.1x10*
[cm?/V:s]

DOFEFBTEIZIER IC R < ,CdZnTe FMRDOFERIMETIZIFR E->TND EE X HILD,
LoAR, A1 DBEEOHDICIIE—2 20 ORBNRW, %k 5 k51

WA B yﬁﬂofbéﬁ@k%%%ﬂé

EERHFEIT van der Pauw 12 K 2 Hall 2R AIEIZ LV~ T-, 77K IZBIT 5
FEIBBHEL. 112B-EEOLORELREL<, (110). (11 HDIEIZ/NEL
2%, ZOENS, TEM B0 L ZATHHT 5 B0 WREBEDESWEE
LTWbEEZLND,

2.3.3 TYREREIIBIT DKM

T BB ORI A T BEMEE CBLEE T 5 & Hibkm HA7Ic L © RimReE 2
KRB LNbMD, Fig 2-10@)0E(1 1 DB TEBOEE T, 2~3 um A —
NDOENMMEEZELTWD,

nizxtL T 1 00 1 2B = E¥BOREIHEIZAL—XTh2 (Fig.
2-10(b)(d)) L2L, 110O)=EEORmIF=AFOEr y I NEZALETA

IZBNTWDEDORDLND (Flg 2-10(b)), 2Dk Y ZITEEDRK/NLH D511
0T EBITIZITEALDBAICENS, (112)B = EEOFEHEICITZTDOLS 7k
D/?ﬁﬁhé &iA<ﬁ< T EHERIZDZ > TAL— X REFEN
B"BonbZ ENE, L, HAICL > T Fig. 2-11 IR LIEL 92y K
MENDZEbHD, 2Oy FOARBERILEZHNTIRRWA, BAME
EANZ DY NOBETLHEENETHZ LD, BANDOM BN
DI NE LT TE Yy FORIAE o> TS AREMER H D, & 2 THW=
BAMBIORKIZT ¥ 7 b LUAINRT X —=Th 72D, TOHEDOEAMENT
ZORRET R CTr Yy FIZEELTE Yy FOREAKEZK > TWD
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Fig. 2-10 -10 Nomarski micrographs of epilayer surfaces: (a) 3.7 um thick

HgCdTe(1 1 1)B; (b) 3.5 um thick HgCdTe(1 1 0); (c) 4.2 um thick HgCdTe(1 1

2)A; (d) 6.0 pm thick HgCdTe(1 1 2)B. Marker represents 20 pm.

——i
20un

Fig. 2-11 Nomarski micrograph of HgCdTe(1 1 2)B.
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2.3.4 WEFAEOHEFIKGFE

LLboZ & L0 HgCdTe = B Ol db P mE <URrME . R REZR & TR
B LD EONBND Z Enbootz, 22 TEEDEWEMEMIZHHARS
7212, HgCdTe — B’ g D 1 BAMEE (TEM) IZ K HBIRZ1ToT-,

Wit TEM B O VERFIEIZIR D L 9 14T 70, 9, “EHERFEZIZY Hb
FiE 2R ICOI L= &, 7 vy B ZIC LD 100~200 um FLE £ T
it L7z, ZD%, dimpler (ZX 0 20 um FREF THES L, &H1ca3vEHLL
X7 I N X B A A2 U 2 (Gatan £E. model 600, NEEE 30kV) Tk
< U7z, 1 TEM sBHZE, 7 v ¥ 7% K TF chemi-mechanical polishing (CMP) (Z
£ 100pum BEFETHE LK, BREAY ) =ML VRBO—EH1B 225
EFCZvTF T LT, TEHN - EHT EM-002B (A —LAFT 7 /av—
FEED | OMEREE 200 KV TEIZE Lz, BB~ T<110>HMmabiTo7,

(11

Gromncrmertm| 1 13]
{1103

Fig. 2-12 Bright-field XTEM micrograph of HgCdTe(1 1 1) epilayer with <1 1

0> incidence.
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2.3.4.1 (11 1D)BIZBIT DR

Fig. 2-13 |2 CdZnTe (1 1 1)B fi_LIZ ik & L 7= HgCdTe = '@ Wi TEM 4 % 7%
¥, Fig. 2-13 IZB W T, BIRICAZ TWAHEBIINE TH S, Zhih o EeEse
RICOT o TREENRFELTWD Z L R¥bnd, ZHAbOMEE, (11 1D)B -
TEIEE L 72BN T D 2 & A3 m o fifeE TEM & L 0 o7z, £72, Fig. 2-13
IZBWTHIRIZAX TV DITHEIC L D2ETH D, 2O EREHITIZIEFIC
72 SADEENPFET HZ LB ND,

(111

»
N E -
e o

[110]

{110}
1 4

Fig. 2-13 XTEM micrograph of HgCdTe(1 1 0) epilayer with [1 1 0] incidence.

2342 (110)BIXTA12)A BT 5

CdZnTe (1 1 0)iE LICfE L7- HgCdTe = @2 1%, WiHiZ(1 1 DB E Lo o &
el LCIRE T 7200, (11 2)B i B2 L= HgCdTe = E @ISV TIE4A
? TEM BB W THEITES BlE S ko T,

7272111 0O EEHFIZOWTIL, Wil TEM IZBW TR BIE SN D 2
LM d& 25 (Fig. 2-13), Fig. 2-13 128V C(1 1 DB HE IR o 72 @k o B3 2 5 4
%o & AT, —fRIZ zinc-blende A& DFESIC B W CNEEEIX{1 1 1}EH TH D,
(11 0)= @ FICHT 5 (11 1, BERICHFR T DATE (1 DB EO
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(a) /8

b) Oy

Fig. 2-15 Electron beam diffraction patterns for HgCdTe(1 1 0) epilayer with

[110] incidence.
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HTdhHA, 4 E0O TEM BLE TR & 22 0 3 5HIE(1 1 DBE DA Th S
ZENbhol,

Q10 EBIZBIT 2T, TEEREICENTIery 7 & LTHIESN
%, Fig. 2-14 13Tt v v 7 O¥m TEM B T, HRO=AFNta v 7 OS5 Th
%, Fig. 2-15()\Z B8 OB -HRIET /8% — > Fig. 2-15(b)IZ & 1 v 7 OE-HRIA]
Py — i, a7 OBFHREITSZ — 131 1 DB i CHEE L7 R
DEFRREFTNEZ = LRI, Ery 7 RBETHLZ Db o7,
72%5, Fig. 2-15 1281 28T 113, Pt 2 BT IZ 38T 180° [AIHE L 72 & b
EERLTUTS T Fig. 2-13 IZROND KO ef@ikoM e vy 7 BN&ER Y &
STWNWDLEZAILKIET D EEZBND, Wi TEM IZEBW TS, BEIROMED
LK ERPE (I y 7 236 T 5 Elbivd) BEIEINLGA
D> 5,

Fig. 2-16 1Z(1 1 0) B LN 1 2)A = JEIZB T 2 B ORAK Z7~3, (11 0)
TERBHNEICHEWNT, 11D, (111, 11 DHD=-20({1 1 1'B @AM EERTH
5, Ty Z RO A TR CHMEZRWNTWNDSZ END, {11
DA EDWERRER & 2o TR I 7 n e b b,

3 4dbd

—= [001) —= [111]
(a) (110) (b) (112)A

Fig. 2-16 Cross-sectional twin-related defect is shown schematicaly; (1) for (11 0)
growth direction; (b) for (1 1 2)A growth direction.
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Table 2-NII IZ=EJEDOBEE L, E Ry 7 OREIDLHFE LIZIHOHES d D
BaELdd, 2O SOMEITITIEFITE D —EN I 5, Fig. 2-16 DR AH
IFFELNWZ & &, MEITEREDHRELS TREL TWDLZ &7, B
bRy 7 OREIIUIFEE —-THLH0, Fh/hEnery 7 bBlEIND,
ZOGEIINEREPRERT TR o72b0 L Bbivd,

F7-. Table 2-IV (TR E AL &V ELHE ., B L OME DRIz F & iz,
HgCdTe (23T, B mlE Hg #3237 <, N B ERER G &V, M
BIAELRLTNGEMEE, REFMOKREE < BEORERE 0OLETHD
LEZON, Euy ZROMESREET D, (11 2B T, RER > W
DIRERERDTIZH BERBFEAE LIV,

PLEORRAE LD DL EFAEDORZ VLT XA 1 DB > (112)A,(11
0) > (112)B &720, (112BEI L NEREDEZ VIS WEHTHD Z &
Moz,

Table 2-III Twin depth d and layer thickness t for HgCdTe(1 1 0) epilayers in pm.

Sample No. d t
CZT12-3 4 3.96
CZT2-5 4 3.51
CZT2-8 3 3.80
CZT2-9 4 3.50

CZT2-10 3 3.28

Table 2-IV Twin planes and growth orientations of twins for several growth

directions.

Growth Twin plane Growth orientation
direction of the twin

(111)B (111)B (1118

(112)B (111)B (552)B

(112)A (111)}A (552)A

(110) (111)B (113)B

001 2] (11DA {221)B

(I11)A (221)B
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2.4 FiR - =Yg OB

HgCdTe Z b ENM (PV BY) FARZ R & LTHWDIGE, EORHE
HFRITEELEL L TRA (XA 4 — RDOFENSAL T ZAEHLE pn BEAHHEOR)
NdD, ZD RA BDREWVIZERIMREHE D” K& | BEORVIRIMZ N
FIBEOND, ZTORA X, DXy vhEmE . pAEnEIEZdEL
72X, Yd BT A ERMLITE V2], Dy ) vHm © BT
A ARFHICRELSEET L, DX Y ) Y EME/NSLSTHERNO D bR HE
DO FER KM Ol « 8507 - Te DT o F VA ME) TH D,

MEBIZ DN TIIE Y ek R AL E RS2 RS Z &L, 2O 4ESE
&G0 2t nETICRA_Z,Te DT > FH A bEidHg b LT Cd DY
A MZ Te BASTZRIET, ZOXRMBRKEITFET D DX v ) Y EHEMEE
T 257 T, phflfldbREEIZZ20 n HOBR LGN D, L
UAERIZ VI 2 @Ol 2 Z L2k D . Te DT v F VA bEIMZ D Z
LlEAlgE L b g,

HANZIZ DUV T HgCdTe fidb R AT B 1T 5 R E RiE T R % OKERT =—

UIT L 0 BRI L AT o 7235 S & 5 [30], BH b HLE 217 - 7= HgCdTe (1
T DB T EJE% A U /A KFITHAE L T EPD (etch pit density) ZHIELTH H -
EZA10 em? OA—F—THY, FIMRZHFETHAORS & LT <
KREFTXHHTHDLZ ENbI-T2[31], 7B 12)BDOERBIZHONTIE, 15
FH X155 EPD OfEIZZ N E TIZEL N TV, L L, X P EIECF ¢
U R - BEIE A E URE O 12)B OREIE T N1 2L LT, ReA ZHET
HERELELDL T END, %ﬁ%ﬁ@éwﬁﬁﬁbfwék%z%hé
L7eh3 o T, WAL BE ORI & & DIRBALIZT A A A DFeER LD 7201213t
BERARTHHEE R D,

& Z T, ZOETIE CdZnTe A2 HgCdTe T g OBRNLFEAM 715 % fe 7
<. TyF U7 BIOXBETIC & DA FHEEICOWTREB 21T 72,

2.4.1 T v F U7X BEAFEM

HgTe, CdTe, HgCdTe i fit O K MaekAii = » F > 7 OEAEBHNL {1 1 1}A HlZ
KD HOEFRDTHRD TR, EF 528 HgCdTe DREIZE S HND{2 1
I'B I LTy FEy haHTZENTE D EWE S RIMEHE AT
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FUTITEL R CORBIRTH B, o HFALITxET D KGR = v F
TR D L5 e b OB D, 1272 L ST O R FLIEIT ) T S HE W,
JFRa S BT A B MNZRE - 72 R EIEETIE L=,

27 74D IS, Chen \IZ XAy T U 7HK32] (LI, vy 2/ vx/lx
Yy F M EFES) 1X{110}, {100}, {111}A, {111}B., {31 1}EIZK LT
AN ZenTEL (ZZ2To@B1 mTAmEELND), 2Oy F Tk
IZ HgCdTe {2 1 1'B @K L CHENIZERNT 2o F Y hEBHTH L
DEH L DOEBROER D> TW5D, KIZ, 1. Hachnert & M. Schenk D= » F
ZWRB3NE {110}, {11134 . {111} . {115} EICKLTHDITHS ({115}
I DOARPEIZ DWW TIEA), 7272 L CdTe & L < (& CdZnTe (2% L TIX{1 11} @
DIFEFTE %, HgTe £7-1X HgCdTe {1 1 YA HIZXT 5T v F 2 7HRIE,
SCHR[3411C & % & Parker etch [35], Straghan etch, Polisar 1 [36], Polisar 2 [36],
Quelch etch ZED T v F 2 T BFEIT STV D, CdTe (1 1 DA EIZHT 5T v
F 7L, HI= Y F v > F[37]. CdTe (11 DB mEIZxf L Ci T.H. Myers 5 D
Ty F U THRBIB AR INTVND,

INHDOZ YT U THRD D IR & L TR BIEEMEN & R & S
na " fEoOTyF 7Pl F v b & Polisar 2, = L CEEERD B
HIZKH L THbmyFEY FEHTZIEOTELr Yy U)oy F v MIO
WCEyF U TRy F U T RE = NZOWTRE LWV R 21T 2 72,

AIDABEHROZ yF U 7HRIC LY . 2 E TSR EIC AV CdZnTe (1
12)B HARRoZ D FIZpE L7 HeCdTe = @ Ol 27 fi 29 % 7= 01213, £9°31
12)BHEICEREZ(1 1 DAEAM L, Z20HEzT Yy For /T 50ERD L, Z0
ORI T 2L RTRICEVA I DAKEOT v F o 7 %1{Fo7-, EREIC
(11 DA EAEFFEET 272010, TR E U X 5 BEM O 2 = Vil Al
MAPNEDREICRD KO RF P REBEEREHNTIIY BbEl, 3V E
by O AL, Fig 2-17 (7% L= HACIC G L7= 3061 1 DA HEANE Ui
7% K 91 Ui, WIC, BEZe2h 80°CIC CHEEB R DML A 3 BERIFT o 72, ZD%(1
1 DA E ZOEMAEFES Y UCEREHE LAFTO. (11 DA @A L7, B
L3000 HFDT VI FTHARTT v B2 L7 T chemi-mechanical polishing %17
ST, W W 2 B &I L CH T ARERICEEY v 7 A2 W TS L.
ARE OB NE R T2 LRKHIZ, =y F U 7ROy F 2 7O MR 2
ICRETED LI LT, HEIIHITAERTEEDT v F o ZJHIZOT 5
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Z LK VERRHIE 21T 5 2 LN TE D B, —H(1 1 0)DREHI SOV T HAT
ST (11 DA W 2 RFEE L7z 2 & SN, (11 2)B EOHE & M LT T

>77,

(114
)
[A1ET = (112) B = 1111
7
/ ’
ITyFUUE [L¥ B

Fig. 2-17 Cutting directions of samples and etching surface.

LTy F o7 TiHMlid 256, =y F ey bOFHIICE T D FHEER IS
FEETOVLENDD, =y Ty FOFHHREETRO X SITKRO NS, FHH
AT S %IT T D 7o DI E R BIRREAL P IT R TR EN D [39],

P =1000/(Sx N) (14)

7L NIF1IHEHV Oy METH D, 5T 28y MEZE New &7
5 EEHARRZE S 1X, N5 D XL otk D,
$=1000/N,,, (15)

F o T, FHARE ST, RHELE y Mg Dii%% 1000 5 L7ZETH 5,
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2.4.2 XMREHTIC K 28O FFA

X MREPT 2 WA AME S L TR X AR 7T 71K 25N L <47b
NTEY, TSN TET VO O Tk 5, Z0IFNnch, 7
XTI —T ONAENE D DB E AT T 5 Z L b TE D, EE F [rad]
CHEATEEE DD [em™?] & ORI, R(16)D X 9 2BR 1 H 5 = L3, GaAs/Si %
DEEALEE (~10° cm? ) ZATHRICBWTRBRIICHS SR TWD
[40],

_ 2 2
DD=F~/9b (16)

Z 2T, b IFHELDON— T — AT FLE S[em] TH Y . HgCdTe @ 60° #i/7T
IZ.b=a/"y2 (al :erngTe DI EE 1 x=0222 T 6.4640 A [10]) TH 5D,
X (16)% HgCdTe IZi@ H L, JfEIE F OB ZFPICEHR L TEEZET RO LD
G\-iﬁ%)o

_ 32
DD =125x10"F (17)

KANILT U BRI E 2 5 2 5T 20, BALEEIC OV TRE
SIERAMBYIITELEEZ NS,

2.4.3 HREFMEIC X DA% E
AWy F U Tk E =y T 5T Table 2-V ICE LTz, Fiz.,
CdZnTe 4K - CdTe /N v 7 7 —J& + HgCdTe T ¥° g OHR(L % £ % Table 2-VI IZF

b,

CdTe HOFHET v F o 7k L SN =y Fx v ME, 7 v (bkFERE L,

W L AKFAKE ., KE %, KR 322 TRA LDy F U7 THDH, 2D
o F 2 TNE Zn KD /N E UV CdZnTe 123 L TCTH WA Z &N TE 5, CdZnTe
FEMR DHRNL 5 FE D e/ IMEIE 4.8x10% em™ | A KAEIE 2.6x10° ecm™ Td - 7= (Table
2-V), EREAFED ALy 71%, SEALEE 1.0x10° em™ uTku\ﬁ HLOTHD
D, 2Bl ERNT Ay 7 2l e LTV 5, B 1.0x10° ecm™ PL LD —H> 0
FEHZ DWW T H IR K & VMETIZ AR WD, k92 X 9 12 HgCdTe = &' @ TDifin
MBEEOREIEEBRET DL, EROBMEEN T EJEOEMEEICKRE
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BypZ L3N Ebns, £72, ®lll=yFyr > ML=y F L 7HIC
BTy FEy NUAOFEBRIZ - TH Y, MEMEORBIKIIA 20 -
7=

HgTe & L < 1 Cd#ARD /N SV HgCdTe FH DIFEHET »~ F > 7k & S 415 Polisar
2 0%, RERE L, RIERR L KkE, RFEL, HEEL & (RFELE 60:25:90:0.1:5 T
BAELIED Yy F U 7 TH 5, Table 2-V £V | = EWrE o EPD (% 10° ~10% cm™
ThdZ bbb, £72. 1 10)EOFEEHZ DWW TS —FI7Z TR 21T > 72723,
ST 100 em™ B CTd Y (1 12)B HOfE & KX 72 37280,

0y /)Ty F ¥ MiZkD EPD IZ Polisar 2 (ICXDHDOHERL T,
CZT4-23 #hr& . —HrL <MD/ &V (Table 2-V), ZORRK E L TEKRO A
NEZHLILD, —DF=vERE & = CEHE OB EFEKOEZTHY . —
ODEIr Yy 7y yF o FORBERTH D, = EEWrmORE TIL, K
JEDRFENO TRIEFIR SO TNE R0 | BIEEORENRELI RS, £
To. vy 2z yFyr NOGEIE, =y F vy MEN/NS S FHIZAD L
THMIND LRI WD, BABEE LR R0 bD ERbND, 12,
FCEIBRmy F IR IETHE Yy RRIE-Z VBN E &£ ) TRWES
W OPERENRKEL 2D, 2Oy F o TikE RO TEMEEIT O 56
X, Ty F U THOREUHEST v F U 7 EHICHONT, SR TILEND
a3

Table 2-V  Etchant compositions and etiching conditions for HgCdTe and CdTe

defect evaluation.

Hl|lzyFerb Polisar 2 DuwZ%ATuFsp>h
58 CdTe{1113}A HeTe{111}A HeCdTe, CdTe {110}, {100}
o Fv I HgCdTe{111}A {1113A, {111}B, {311}
2107 HF:H202:H=0 HNO5:HC1:CHsCOOH:H=0:Br HNO=:HC1:Hz0:K2Cro0+7

4 onis 60225 :5 79020 20cc: 10ce: B0ce: B
Ty FrIELE | 2EHFRBWcBVT 25°C, 108 25°C, A0B~24

25°C, 20% (Bt UBUEic £ 5)
TS CdZnTe{1113A HeCdTe{1113A HgCdTe{211}B
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Table 2-VI Etch pit densities (EPDs) for CdZnTe substrates and HgCdTe

. . -2 . .
epilayers in cm™. Errors are shown in parenthesis

REINo. il TR FEWHATOA = elm(IDA = ERMA12)B XEE
Lot No. [uml rJllzvfrsb Polisar 2 Rockwell &3DD
4-23  CT-2014C 3.6  6.0x10*(10%)  6.9x10°(90%) (5.4x10°(6%),  4.8x10°
2 x107(200%)
2 x107(250%)
4-30  CT-2014D 1.6  4.8x10°(12%) e —_ 4.5x10°
4-68D CT-8074A 8.5  9.4x10%(6%) 4.4x10°(25%) <§.0x105(12%)> 2.6x10°
3.3x10°(50%)
4 x10°(200%)
4-88R  CT-8074C 17.3  9.8x10°(6%) 2.9x107(5%) &3.9x105(8%)£
1.4x107(70%) | 3.6x10°(40%) |
4-102  SCT-8074F 6.7  8.8x10(7%) 2.2x107(30%)  4.1x10°(4%) 2.0x10°
1 x107(200%)
4-142  SCT-8076A 3.7  2.6x10°(2%) 3.0x10°(10%)  5.3x107(5%) 2.3x107
N 977 4.4x10°(23%)
(~10°) 3.2x10°(24%)
2-8 CT-2014F 3.8  1.1x10°(5%) 9.,3x10°(23%) —
(110) 4 x10°(110%)

9 x10°(330%)
1 x107(500%)
1 x10%(500%)

51



2.5 Si E#R_E~D HgCdTe ~T 1 = B HHf

Si 2 HgCdTe % i S LA, 19% &\ ) R&E & RIS M S
DT &b MERIEA RO CEEE 0D, Si RENIEMIEE CTH S72H, 0D
[T Zinc-blende @ CdTe Ny 7 7 —J@x R EIEDH L, AlfL B mOM T AL
BI B AMREMEN & 5, HgCdTe AE 25 L= B H AR E S¥ 5 121%, CdTe/Si ik
RO 7 0t A %03 CTEHETH D,

UEDZ &6, Si E~d CdTe lREMIIC Cd & Te, Zi1-H 1« 1 TR
95715 (Normal) . #F| D Cd #5725 1k (Cdexcess) . CdTe i AIIZ Te,
ZME LTl < ¥ (Te predeposition) . i8FID Zn & HEH 2 515 (Zn excess)
D A FEIEZFHM L7, Si OmFALE LT Si(112)5%ff 2 Hv7e,

Table 2-VII  Orientations and FWHMs of CdTe films for several growth

processes.

Growth process Normal Cd excess Te predeposition Zn excess

Orientation ~(111)A ~(111)A —(113)B (113)B
FWHM (arc s) - - 5000 543
(Thickness) (0.75 pm) (1.88 pm)

fiti B % Table 2-VIL IR T, X #RHEMFEWHM) OFHEC, & biGdatEn B
ST DOHBE Zn % BT 5 H1ETH o 72, 4% H iz CdTe D HAzix(1 13)B T
HeCdTe O 0121 1 2)B D RV CTh o7, o BT, AT
WEET 52y, BEMKET DL L THlBO CREMEDOENL D TH T,

COBHE, T EE VI REFO Si lZT 25 EE0ENNHLHATES (
VLA WS LITEWERECRET 28813, A I LIS EBRET 5,
F72. In v Cd FiF 2RI L7=5A80E, Si RIZiIfftE Ly, - T, KEW]
NI Te DEANTHERT D, Z0EE, Te X Si REDAT v S THET D &
EZEZ2 615, Znorich THRET25A1E. A7 v 70O Te i 2L LT, Zn i

T I, FETe K EWIHINEERET, SiREOT 7 A EIZH 9 F < Zinc-blende
HENEREN TN, ZOBRA0mMIET B EERD, £, BN 5HEMIT
FA & ZnTe 23T\ CdZnTe THDH DT, CdTe £V b Si lTxHT D8 AEES DI/

52



< BFREMOZRBELN D,

Fig. 2-18 Zinc-blende

structure of Si.

VIi% (Te)

type structure of II-VI compounds on diamond-type

h
1000} BIML
|
1B F) Zn BB 5
A
X
" CdZnTel CdTeE s
% FMEMRE | in-situres
¥ 500 0 11 12 13
o
L 'l L 1 b .
) 20 10 80 30 100
G

Fig. 2-19 Process sequence for CdTe/CdZnTe/Si growth.
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WA Zn BEHED 7 a2 A2 OWCEAT % (Fig. 2-19), £, 850°CLL
FRIREET Si Rl ORI 2 AT L TIEE L Lo, AGRE 300°CLL T TR
50~200A @ Zn-rich 72 CdZnTe F @ ZRET 5, & HIT 300°CLL T O HaA IR E
TIEE 400~1000 # > 7 A2 b —2A0 CdTe & L < 1% Cd-rich 72 CdZnTe J& % %
E7 5, KIZ320~420°C DIRJE T in-situ 7 =—/L &7\, FEHIEE 200~350C
T CdTe & L<IiX CdZnTe Ny 77 —J@zkET 5, ZOXLIICLTHKELR
HgCdTe/CdTe/Si DK IHE 7 4 1 ¥—% Fig. 2-20 3 L ' Fig. 2-21 (2”3, 34
FU = REIZE > THREOHRMSEEHD G ONT, HOoNTshOSEEL
Table 2-VII ITF & DT, &b BARHEICIX, FWHM & LT64 ¥, 7T=—/1
M OT v F Y MEEL LT, 2.6x10°cm? NE5NTEY . FoRE 3
ELTHORME A>TV D Z L DNHERTE T,

Fig. 2-20 Nomarski micrograph of HgCdTe(1 1 3)B epilayer surface on
CdTe/Si(112) 5° off.
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Table 2-VIII Characterristics of HgCdTe films grown on CdTe/Si(1 1 2)5°off.

Thickness FWHM EFD? EPD® nel77 KF° wg77TKP

Sample {pm x (are s) {em™%) {em™%) (cm ™ ¥) (em®/Vs)
4510 128 0.242 71 6.6:10° 10107 2.0= 10" 210
4304 152 0.229 72 5.9%10° 11100 1.3% 104 450
4507 144 0.218 64 44107 26%10° 1.3%10% 560

*As-grown.
"After thermal-cyele and p-type annealing.

HgCdTe/CdTe/S1
NEC

Fig. 2-21 External view of MBE grwon HgCdTe surface on 3 inch Si wafer.

Mirro-like surface morphology was obtained.
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2.6 HgCdTe/CdTe/Si % V7= 256256 R A A —T& W

ik L 7= HgCdTe MBE /%% VT, Fig. 2-22 (27~ L7z 256x256 ZRAMERA
A= ERIELT, 73 A% Fig. 2-4 (2" $, BA AU EAIZLD
R LA A= RT7 A BlZiE, 35 ym By FO In N T NEE+Y 7 b4
TIZK VIR END, XA A4 — KT LA OfEEE% Table 2-IX IZF L7,

Photodiode (n=on-p) CdTe/Si
substrate

: s
MBE-HgCdTe
epilayer

[n bump Read-out circuit

Amplifier

Fig. 2-22 Schematic representation of 256x256 focal-plane array HgCdTe/Si

infrared image sensor.

ZnS passivation layer I PUMPS

\‘ r_{/p.urri\E

p"HgCdTe
CdTe buffer layer

Si substrate

Fig. 2-23 FIG.1 Cross-sectional view of diode structure.
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Table 2-1X 256x256 diode array specifications.

MOCT epilayer thickness about 12 ym
CdTe buffer layer thickness about 7 um
Cd ecomposition 0.213 =~ 0.245
Carrier concentration 1~2x10"em™
Etch pit density 1-2x10%em™
Diode diameter in arrvay 20 prm
Dinde diameter in TEG 10 ~ 100 pm
Diode array pitch a5 pm
10°
10°
— Y3
E
&)
S 10
<
I:l: (Fﬁ}fq]cal
l: [T
: Na=1.3%10"%cm
[ e/ Te=5x 10" cmPVs®
$o= 40000 cm/s
‘10“1 — T L Loauo

TR TS T i U TiE s
Cutoif Wavelength Ac (pm}

e: MCT/Si TEG diodes

©: MCT/Si diode array

A MCT/GaAs diode array
Fig. 2-24 RoA product measured at zero photon background as a function of cutoff
wavelength for HgCdTe/Si TEG diodes (o), for HgCdTe/Si diode array (o), and for
HgCdTe/GaAs diode array (A), (RoA)cal values are obtained by calculating

diffusion current and GR current.
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Tua AT RTBITHEIIR) & XA 4 — R A L OFETH D ReA F % Fig.
2-24 TR T, HA A — NERRITILBCEDT & ARk - BRESET ) b RO - EE
LX< —H LTV, F£7-, HgCdTe/GaAs D RoAFE & HRIZETH D Z ENb)
ST KT NA A& ANTHR LN 21T > 7o R, Si > HgCdTe #
% T2 256x256 B3 CTORIMNEBRZ 1525 Z LI LT (Fig. 2-25), &%
2. BIfERETH D 77K & 300K TOWREY A 7 ViR AIT > 72 /5%, 100cyc
% H WA BORRE O AL 72 P13 A L7e o 72, HgCdTe/Si & Si-CMOS & @
BZRARBE DB NA 7Yy FREEDIREE Y A 7 /VIPED RS S A7z,

Fig. 2-25 256%256 thermal image taken directlhy from a CRT display.

120

1)
-
L
= a0 S ST SO DU S
- v : H
> E e : |
"a 60 _....-.......:.....\..‘...E.."""."':~.-'."_'..q':._“-.“._.:.........-...
)] H ' 4 i 3
o : : ' : :
8 49 _x;_-;_4“k
[aed H } ! ' ‘
@ i : : : i
- :
= 20}
: :
0 i ] 1

0 20 40 é-:'.) g0 160 120
Thermal Cycle {times)

Fig. 2-26 Interconnect yield versus thermal cycles. Interconnect yield of 100%
after 100 thermal cycles RT-77 K was obtained.
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2.7 e d O

MBE {£IZ & W BB O HgCdTe #dba 155 2 & 2 BRJIZ, AESRMEOHIENEIC
DWTHRGET L, fhaaRBaORHE - T 21T o7, TORREZLUTICE L DD,
1) AT DR ER L2155 728, CdTe & Te DR & AHI#4 2 K2Rk,
2) FMRANFEBEOBEN T REEE —EICHE Lz &, BRALZ I
HgCdTe M T 5 Z L1 & 0 R3S EF L. A ENC X DB OB L H0
T o7, EHIREDNREFIIE T 52 &0 >7-. RHEED X% —2 1D
EREBEREOE N ZE=F L, WERKFZMETIRE 27 7 A LEED,
FEMGRE 212X — BRSO FIEZRFE L,

3) HgCdTe = E°J& O a3 MR i HFALIZ K& <HKAF L, FRICHEERAIZEE LT
KEENRDHD 2 ENRbAoTz, BT, (112)B EIIGEFEZ IR ITIE < 40
ZHTENTED,
4) CdZnTe H:AR + HgCdTe = &' DEAGFHIVEIZ DWW THRFT L. AR OURAL# A
<0, HgCdTe T V' Jg O X J7 6] T ORENL /3 A % & 1572,

5) Si(1 1 2)5°0ff Kol 1o, 5 5E 72 HeCdTe(1 1 3)B =@ %455 = L IofkTh L
776

6) HgCdTE/CdTe/Si ftidt 2 AV T, 256x256 R A A — V% o Y OEERGEIZ AL
LT,
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#3E o)Lt /R HegCdTe BEX 2 v W

3.1 1XC®IT

FANMEAKERS B2 74 (HgCdTe) 13, MR x #E 252 212k 20N
v X% v 7 %-03 eV (HgTe)>H 1.6 eV (CdTe) F TG AL E 5 Z &M
TEhHa=—7RMEITHY, 30 FLL EICO > THIMICHIEE LT 72
[1][2] 2D &I BREFEEZ AN L, TR O T2 D2 eHEF MBS LT,
HgCdTe (F/SH SN TW5,  fFlxiX. x = 0.2 fHr? HgCdTe 1349 0.1 eV D3
R¥Y v 72EFT 5720, HE 10 um BOFIRERAT D@L TEBY, 2
® HegCdTe % AW T2 /-8R o X FERRICHIR S TV 5,

—7J7, HgCdTe 13Z DFAKIKE TNy R¥ vy v 728 rIZTDHZ L HAEETH
Do BB RE v v FAAETIE, N2 FHEEICBIT 5 E-k BB ERRIZIT <
20, ETOEDEEITMD NS D, RELT, BaXU RE¥y v
fHETIFIEFICRE REFBEERSE L D3],

ZD XD IRFFEICER LT el BB & LT, 1970 4RI L.N. Korol' s
2% HgCdTe DREGHBURFHEIZ DWW THE LTV 5H[4][5], »V/v 2 HgCdTe it %
MAWizane ) ZA6)DOHRIE Z Lok R, Bl 1L, 50 mT O IZHBWT 2
EUL EOEPFIEALDRE SN TWA[5], ZAUIMOYERTIT R O e VR &
QSRR AIRDIE VAT ASY (I QAT I b AN

1990 EC LIRS, EH B IR % £ — (MBE) &I2X Y Si BiCkEE
1T o7z HgCdTe HEIEDBKIRPUREEDS A L CTE72[9]-[13], 7NV I DT —
AT KIE 2N E OO, =R, 50 mT OBESHITIBVTIROK 28 % OfEEIRPLLE
(MR ) BELNTWD, Fo, BRUEER LICHET 5L T30 7 205
HIE R ST,

ABTIE, AIFC MBE @R CTH O FrtE 2 SR, =L B B HgCdTe e
Y OREEF R AT T, b, RETHWLRERN L% Table 3-1 1TF &
W5,
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Table 3- Summary of symbols.

Symbol | Term Symbol | Term

H Magnetic field h Detection layer
thickness

p resistivity at =0 hY Detection area

R(H) Device resistance | MR Magneto-resistance
ratio
(R(H)-R(0))/R(0)

V(H) Signal-output a MR/H?

vullage (equivalent to )

R Responsivity o Power dissipation

Iy Bias Current AT Temperature increase

Her Self-bias field k(i) Thermal conductivity
of species i

T carrier life time m.* electron effective
mass

c light velocity 7 mobility

3.2 HgCdTe =)LV E ) FEF D MR #it:

TP, BEHREZITO OO T — X 2155720, HgCdTe 2LV B ) F 1%
FAIEL 72, HgCdTe # I CdTe /N> 7 7 J@% I LT 3 A T Si £k I MBE
ETCHEE Uiz, SiZER O FALIE (112)5°%ff TH D, CdTe N 7 7 @iL, kE
WM D Zn Z@ENZIRE T2 | Zn WFIRIE[14]2 W T, SilEEHE RIZARE L
72, CdTe OFEJEIL 5 um THh 5, WKIZ HgCdTe % FEARIAE 180°C T 4 um ik L
720 Hg«CdyTe DAL x 1E, |IEMIFCE Ay REYy v 72 EBT 572012,
x=0.1¢&, L7,

ZOEHTLTHLNT HegCdTe #HEEAZ HWT, In ZA&FICL D FLEMmE Y
VI BBEK L, 2Ve ) RTEER L, FEOHE% Fig. 3-1 1IR3, H

DEMOBELE D V7 EMONEIL., Z1FIlmm & 7mm ThH D,
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h% Posiiimiiannnae ey HeCdTe

t CdTe buffer
{ Errrre—

(Heat sink}[ L | si substrate

Fig. 3-1 Schematic representation of HgCdTe Corbino structure.

Z DFEFE AW THE bV — IR E O —F1 % Fig. 3-2 12979, FEFIT
K e i e LT, IRPUEREDN B n G TRRIC 2 63, HHEIEIT 7 L
TWHZ EBRFETOND, T, SN T A EZFII L2 L9
RN FE T EEORMELE L TELNATWD ), HE/N, 7T A LI TW
5o ZOHCNAA T AX, AL T 2% O WS OB I8 D1
RUREICKRELS BT, HONM T A% Hg 95 &, Eq. (3-1) DL
2R SN D[7]9]

| H |:lcll~1all apys 1
P 2C, \1-apjs Ju (3-1)

2T, Coor Tk /) HTDOERKRMBLE (geometric factor) TH U |
[1/2h)]In(fouter/Tinner) T3 S5, Ceor & W TE¥ vl TOHFE -HbUIL,
R(0)=Ccor 0 ICTEEND, p us ITHIEPID HE A p=p <p>D 2 T -1 % 1
EHI<o>D 2 FTHI 572 H DT, Eq. 3-2)TERIN D,

, {@0))

Pus = <,02> (3-2)
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a lFFEESH N1 T, BHNRPLXOEHAIT23 &7 5,

ST, Claa EEBHR—VIRREL T, ETHO MR HEHOFTE LD /534 <e
AR AFT D, 2B L LT, A= RBAFOIRIREL Chan 1T VA L ITH—V
FTORES, AR —NAFETOWREME) CHREND, BWERMETIE, ChalZE
Brid, EEERLERBOFTHL —HMEELNE TN HEMLED
HgCdTe/Si #EIZHBW T, BEA 7 Ak E 72 -o72(35 mT), FLEA B4 7q
HAERmOAEONBICE L TE, BE A 7R 10 mT &/hE0ote, 2O K
IR EIND, RN TIE, 2 7vh— =N SAEE ST
WREIZZ2 > TV D EEZBND, TLTINSDR—AN—THT L F0xt
MClI7enwi=, ZZTRAETHR—IEENCIYHBE A T ARFEAL T
WHLDEBZ LD,

DIBETIE, EBICELNZMEE LT, MR 28 % at 50 mT, HE/NNA 7 A&
35mT & W CTEERIE AT 9,

Normalized Resistivity

-100 -50 0 50 100

Magnetic Field H [mT]

Fig. 3-2 Room temperature giant magnetoresistance of Corbino disk, with

normal (A) and inverted (A) configurations [9].
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33 BFHEEDOET N

RERT R Z T o e B FEOET VT, EO 2L e ) HiE (Fig 3-1) &HF
D)L E /i (Fig. 3-3) O _FETH 5,

Mo are /i, “Roo#ESE 7 VAt oW (Fig. 3-4) [1I5]2E L= &
XOHRTET /N THY ., EMC (Electro-Magnetic compatibility) C?D &) FiA
FNDHHDOTHD, HETIE, MUY 7 EBRO¥LE 45 yim E LTEBY, 20
NIz @D R 295 2 & TE D,

—J7. HIEO 2L e GRSy RADISH[18]2 BB LI-bD T, U
7 EMANM DY A X% 1000 x 70nm & LT\ 5,

L

Y

W IR
t CdTe buffer

Fig. 3-3 Rectangular Corbino structure.

Substrate

_~ GND electrode
HgCdTe
Central electrode

e Substrate

mmcnnﬂ:&:m:% In bump array

Si read out integrated circ

Fig. 3-4 Two-dimensional array magnetic sensor [15].
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3 VAR VET 4

FTP. ANV EEORZRTERILRM)ITRO L H IR D,

R(H)=RO)(1+aH?), -+ MR=aH>, a:(%} = i (3-3)
m_c

e

ROO)FMFa /e &Iz BV T,

_ P rouzer
Mm_E%mP_J (3-4)

inner

oL e BEICBW I TRO L YIRS ND,

o) )]

& AT, BB HATEEIT VH) = [AR(H) = algR(0)H> & EF 5D T, BIEIC
XtTHare )#FFDL ARV ET 4 Rmag 1, Eq. (3-6) TR I 5D,

dH

R, :{EKQZq =20l ,R(0)H g,
¢ . (3-6)

3.5 FFDRBIZ KB4 7 AEROHIRR

Eq. B-60)ICBNWT, " T AEE LIFHZ LTIV VAR ET 4 &0 |
SHDHZENTES, LonL, EBEIZIE, BEIZL D4 7 ZAEROHIRN &
%, HALARYS -0 OREEEZ Q L+5H L., Q= °RHYS 725, SITHEH
HIHOmFE T, T L o IcREI D,

Circular Corbino : S =7} s~ Tinor)

uter mnner

Rectangular Corbino: S=2g(L+W -2g)

T ZC. BEAMENE & FER E ORIZ Sum DNy T 7 EE RS o IZ oW T
EBZ2D, BEEFREZHETIEE LT, Sidze—hr 7 &L, Hg D&
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BEP T ODOHRIRE FFATmx 28 5K & W) IR Z B,
Ny 77 @OEEEZt L35, HEEFATIZIQUk ERINDIMND, PR
I 3™ 1L Eq. 3-7) TEIND,

e _ Sk(buffer)AT .
o R(H)t (3-7)

kB, BREELIRE FAOBRIL. BroEEICKEIKET S, Lo T,
BT HEENRR DA, BN —ho v 7 R 6 0EAIT. SEOE
MR O ST 70N LICEETALERD B,

3.6 /A X

JARDERE LTI P ar /A AV, ER-FEE (g1) /A AV, |
VARV BEOT U7 74XV, DEZ LD,
FT. Var VARV iE, ERECRIEAL & LT,

V, = \J4kTRAf (3-8)
LRINDH[16],

gr /A RTANE ) HA DA, T AELEZ Vg & LIz E, kATRIND
[16].

@ﬁzﬂ9J@Nﬂ LV (3-9)

n,v 1+ (w7)’

2L, VIZBAE ORRE T ShZZ Ly, <AN® >3- IC L 228 x ¥
U7 ORZAET, Bk & et K 2 HOFTH 5,

<AN2>=<AN2> +<AN2> __Moby |, 1T (3-10)

optical n, + Do h

thermal

o nyp, =n’, Q: photon background|ph/m’s]

Z 2T, AEIOFHETIL 300 K T photon background & L T Qg = 4.1 X10%
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ph/m’s, BEFHERL L Tn=07 L EDT,
Vf 7 A Rk, WO E R D ~ A% £ EEERERT v b 4T %
LT, kA TEEND,

Vip= \/J.K B df = V\/Kln(%j (3-11)

Z ZT. KX HgCdTe D ¥ U 72 niSh (IR BT 2 TH 5, Jois

A HgCdTe #RAME T Y OMf[17]Z2 7812, K =3.5X10° /(n;Sh) & L7z, 72¥.
FEICHTZ-> T, 1% 25Hz, 1% I0MHz & LT\ 5,

BRI T 7 7 A R Eq. B3-12) TR IND, 1. Vo L7 7 EHAEDOET,
TXTT7AEHF T ey 7O 2 a S RENREERALEZ (Vo = 1.4
nV Hz'?),

V,= VO\/E (3-12)

3.7 BREFHEORR L BE

M2 e MR v OFHERER % Fig. 3-5 12mRT, /A X&E & %7215
FH 25BN SR E (NEMF: Noise equivalent magnetic field) 7>6 . f/M&
MG E RS D 2 ENTE L0, 1 T BREOHIGREND D Z EXbinD

WIZFER 2 v e MR o oA F%%Fg36uﬁﬁ’ﬁﬁ?/ﬁ@m
FEIZME D 0 & s U CREE KD 1/1000 O 1 mT FRETH 5, T, Bk~
vy RERELELDIZE VA XIRHBE T IDIT N/ b &
(1000 x 70 nm), FEE - OMEE ., FOEBMDBFEFICRKE WO, FHE
NS L7 o TWND Z ENRRTH S, Eq.(3-6),(3-7) & 0 FEEE Tl K 2
IR LIZE EDLV AR ET 1L, MAEEAE S & #HT R OO HRICLH
B9 %, T MR LB LT SA10° \RA1/16 THDH72H
VAR ET 138 1/1000 & 725,

& AN, BEKBER L OBIGIIBAR D D O BB KT 208, Bk N— K
T AR R4 7 THE mT, FERAIZITET mT £ TIZR DA REERH D, Lo
Mo T, 1mT EWVIHIEIFER A~y ROSHNAREREE &5 2, MENRE0K
L Zp o THEI L7 WREEZ 5> HgCdTe 1R IXA RN 72 D ATREMEN
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b5, SHIHNA T AEBELET, HONA T ADATEATELH I L
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200 s Bl S BB 5 LI 1 3.0E-08
18.0 % Solid line ; Max. responsivity
: \ Dashed line : Noise equivalant mag fiald
= {1 25608
18.0 \ o
E 140 5
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Fig. 3-5 Sensitivity of circular Corbino type magnetic sensor.
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Fig. 3-6 Sensitivity of rectangular Corbino type magnetic sensor.
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3.8 #Edm

HegCdTe % A7z 2 FEORIR o HIZHOW T, BEHE Z1T-7-, ME=L
B BRIERE TR L uT E WO RERHFG LN D Z LB brol, 2,
TR A A =T e L COIHNIRETE D,

I e ) BSRE oORRER, MEare ) BgKt o &k LT
) 1/1000 DELE Th -T2, ZiuE, B~y FZEE L THEETVICBIT D
RITAXE/NEL Lz b, BHEIA/EENIONES L 25 Z ERNRIKT
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F4E  FEA Chip-on-Chip B E T

4.1 1T OIT

BRI DT O HNMERLEL AT DB WTC, YrtyY— AV HOT —
ZERIEREIINC K O HERED I SN AHMMNBEFIZ /R Y ©2obh b, EFOERE
AR BRI R 72 E B W TR, mdENE S ARVE R ) O ML AN ER S
NTEY, ZTOLEDITITAE IV ASARGEAM L, T72bBENY RIEIERRS VA T
VU ENRBERARIZR ST D EEZLND,

ZOXEIBRBMIIHT 2 —20n, vy ZEEK S AE Y EEKZR—F >
7RISR T D AT L A s F w7 (SoC) THD (Fig. 4-1), SoC %, 4
722 LSI BARRIC K> T ak v — AT U MEfESD, KHEEH o7k
N RBEOHENFRETCH AN, YrtythE AT ZFE—F v FIZRET
HZLIZE TR a X MEIREVWIENRH D, FIRFIC, REEAETY O
BEHIIaANED ML — RE7IZL Y EBRETH 5,

— 5T, TuktyhtAEVENF L TRIEL, VA YRy RETF %
HAWTTF v T8 2ED AT L« v« 2y /r— (SiP) 3, EA
A SRS 72 ECBRIZEALEN TS, 2O LD SIPTIX, IrEeyid
ARV ENENE, BT A A, i eSS 5 2 &)
RETHDHMN, F v TROBLRMIEGN T A YR Ry r—V R EN LT
LD TH DT, NARARER DOELFHE, VO 1HEENZEH W T SoC ITKE
ELE D5/,

DX B EMRT H7-DOREE LT, Yaky e A€ ORIEKE
FtZ2xtfSEm T « T LA « N2 X Y L7=. Chip-on-Chip (CoC)H#
ERBF STV BD[1][2], CoC fEi&E TlE, F v 7wz RIgIHo4 2 &
NTELDOT, NABIRKIIES T D, Fio, HEREHLHEWED, 44
72 ZMERE MR & LTCBRSFFHEYGERS, T v 7 /0 B O ARHRIZ L 5
KB EI ML ENAREL 72 D,
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LTZL7L7
=g
L L L0

Processor Memo

Pros: Wide-band memory bus by on-
chip interconnection.

Cons: Low capacity memory. Higher
cost for embedding process.

SiP  o==ee=s
'\

Processor

Memory

Pros: High capacity memory.

Cons: Narrow-band memory bus limited
by wire and substrate transmission
capability.

CoC

Processor

Pros: Wide-band memory bus with area
and 3D connections.

Cons: Relatively low capacity memory
by die size limitation.

Fig. 4-1 Memory bus and memory capacity in conventional technology.
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LrL CoC TlE, ey RIZAEY Fy 72 HH L ThE, Trkyd
Fy TORENNy RNy r—U R EER T 5720, ATV F v 7T AXD
RSV . o7 vty PIAEE T OERETEITI VA YR T 1 o TIEICR
ESINDEWDMEND T,

UbEDZ &b, YatyH ARV ITHFy T TU RNy r—Ifbaiic
SiP Th->T, AU F v TV A XTHIRB 2L o AL - BERFEIE
NIeZ7 Uy 7Fy TERICRHET 28 LSy F—U R EEn s, AT
INHDOHERERIZL, RKEEOAETY ZHMEItLUL LOT A RAZXTTrE Y

P FTRE AR IR AR B FE /X 77— "SMAFTI" (SMArt chip connection with
FeedThrough Interposer) [3]-[8[IZ DUV Tak~ 5,

Fine-pitch inter-chip
connections by FTI
Memory / {FTI: Feedthrough Interposer)

M Inter-chip wide-band

it bus connhection

.', : B High capacity memory

Prndé'ss'f;/ H High pin counts for
logic extemal terminals

Pros: Wide-band memory bus with area and 3D
connections. High capacity memory.

Molded resin

High capaclty memory

FTI BGA terminals (Solder ball)

Fig. 4-2 Concept and package structure of SMAFTI.
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42 SMAFTI ® a7 F BIE SR

Fig. 4-2 IZ SMAFTI O3y 7 —URiE w1, ANy r—I0%, 7ty
AE Y ORJIZ FTI  (Feedthrough Interposer) & FESE X 15 um O FRVERI AR A % 4
AL ERFTH D, FTLIZ, AU A I RPD) LD Cu fidf (L/S=15/10 um)
L Pl ZEHBTHERETNERINZAT LA - A F—FR—YThd, &
=7 vt AN AN BB - C & 5 BGA (Ball Grid Array) 3 E K STV %
fﬂﬁyﬁ—%%Uﬁ@%ﬁ%Tﬁ\f%u?yﬁ@ﬁﬁﬂ/7ﬂFﬁiﬁ@
RNy RIZHRES L, Ny RETMICRIToh 8Kk T2 LTy re v
T T OEMAN L TN SN TEEIZ R > TV D, T TR 50 um
UTOEyFTZUT « 7T UAWRIZEET D Z LA AEET, CoC &IFEED 1000
BRI LTy TSRS FEBRTE D I, ATV F v T A XOHHE
MRS TWD, £o, BEEMAMATLHEA T 2Ny r—V 0735
ZEHAMRET, O REEMITH RIS TE H[9],[10],

SiP SMAFTI

oooo o

Processor
Memory '/

s
Processor

Memory/

o o R
Processor'

Memory capacity

SoC
Processor Mem(

Memory-bus performance

>

Fig. 4-3 Memory capacity vs. Memory-bus performance for various

technologies.
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Fig. 4-3 12, SMEHEMTO ATV RE, AT I ANRMEREOBFREZE LD, o
EBNAMEROENE DI SoC L7257, CoCHHft TH-TH 1 HELLED
PN T T THEETH H Z b, EEMIZ CoC X° SMAFTI (373 A PEEE
LT SoC IZVEitd 2 MREAE AL TWVWDH EFE XD, —FH. SoC DAEY KEITD
WX, 7B AHRIZH K508 128Mb~256Mb FREN 2 A hRoF v 74 X
MHRD ERERD, CoC DGHEIT, IV LFBELHECT I LN TE LD,
Tat vV OF v TY A RXTERBRED LWV EMORTFHANRH D, —HEH
RRAMEHEELLE LT, Yty 0Ty YA )R 6 ~8mmll, AEY
F o T YA XN SmmOLLTFENW) ZEx2E2xLHE, AFUAREIZBEL T SoC I
KLRERT AT =R DT TlEZawy, Wire 84D SiP <° SMAFTI |2
DONWTIE, DX RF v T WA XHIRPELS 25720, BIZIXIHDOAEY
TohiuX, 2008 FHRFH T IGh DFEBEEAHEH T 5 LN TE D, ZbOHEIIE
ZIEENFRETHY , RELILIZHELT L TEH2H, SoC 1T 57
KA T —VIEFICRE W, ULEDZ & XY SMAFTI (ZMEEEMIIZIX SoC (2
VL L-o2, Ktk Wire Bt SiP W ADKEREA T ) 2 HB#H TE 2 HiF L E %
a3

Wiring formation on wafer

4L wafer
1st Die attach and bond
| 115‘ Di

Fig. 4-4 Process flow of SMAFTI package.
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Fig. 4-4 \Cf&E 7 & 2 %2 57¢, SMAFTHZE TR Y = LUV TN TH
NOOPFHEITH S, £T. XFHATH D Si 7 =/~ EIZ Cu Bt /Pl #fxEEIC
XY FTI 2T 5, ZOFTI EIZ, SnAgIZATE D > E AR T EER LT AT
VF w77 v T F v 7R ZIZTHEAFig 4-5) B0 E T & —7 4 LR
FRICEVEIET D, #EETrEARALE LU, ERFHKTOTT v I A« LR
Tou—Aan) 7a—TiEEsHWS, BEEIE ST 7o EIZERINTWD T
B, R AEEEIR R~ 7 U v Ty TR T v R BT S, B
FRELDEWITE R L 72 Bkl 0B (b0, TR T L 2 Bl O3 56 &
MEIC 22 B0, 207, AROH 7D X 912 50 um LT Oy F85
BAIZBRIETE D, WIT, Fy TS LIy = "EH & EME—/L R LA
THEIELEEE, XFRTHL Si v nZRETLHZ LTI, AEYNRHEDHIA
FENTRIEY = ERT D, ZORERT, BiFY =~ O Si BrEmMNCIL, FTI
NE—=UBEH LTS, 2O FTI [ B, ZATED S AN TR LT
ntyhFyFea—HN) 7o —TEILES, BERHET 4 —T7 v
BRI Z 0 EI3 2, Zo8HAb . #AERBIZIETFITHEV FTI 247 L To Si [F
TR D720, BOESREE L WENERATEETH H, RZIC, FTLICHK
ENT-%y FEIC SnAgCu IZATER—NLZHE, BET = & F A 7
LT 5,

Fig. 4-5 FTI wafer after chip-to-wafer bonding.
4.3 HBEFM Y o T ARLE
WAZ SMAFTI /R - — P DFNEY T AT HOW TS 5, Tabel 4-1 (2R
X957, TEG F v 7 HRW= v r—UREEIT, ML FEEMERS KOGk

DI A2 T > 72 TEG F v 7OHAEL L TR, N r—I 0 7SN TF
v WG DN T A O —F = — e D, vy w7 TEG F v 7 —FTI fidifg
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—BGA i F &I LT, F v PR OA—7 2 /v a — FAEKHIICHE T
XHLDO Lo TVD,

TR LTSy r— Y DAMBIEE % Fig. 4-6 (TR T, £72. Ny — UKW
i SEM B E % Fig. 4-7 ({Z~7, FTI OERET 20 LicTF v T Ok, v
v 7 TEG F v 775 BGA Wi 1% TD FTI 20 L7=8i & &, T O
ENEFTE WD Z L2l LT,

Tabel 4-1 Specifications of prototype SMAFTI package.

Logic-TEG die size 5.31 mm sq.
Memory-TEG die size 7.35 x 12.7 mm
Inter-chip connection 50 um (area array)
400 pins
External electrode on 35 um staggered (peripheral)
logic-TEG 500 pins
Package type Fine pitch BGA
Package size 15 mm sq.
Outer solder balls 0.5 mm pitch
500 pins

Molded resin side BGA side
(Memory-TEG embedded) (Logic-TEG connected)

Fig. 4-6 External views of SMAFTI package.

Fig. 4-7 SMAFTI package cross-section.
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4.4 "R FREAFEMERTAf

SMAFTI /N r— 2B W T RITGEAIE Y o 7L & VT RGN R &
NTNWD Z L Z2HERT DO Z1T > 72,

SMAFTI @ 2 RELEEFMIZOWTIX, IREY A 7 VEEBR(T/C). HiiF305k,
W ITRBREIToTEBY ., ZHICHOWTHIT 5, FRBRICH T 2R ERHEX
BEREPUME L 20000 L L7z, T/IC RBERICD W TiE, 233 ~398K/ %
10min(Condition C) THIFE=4 U > 7 L7213 b 2flklsn gL+ 25 & Tl z
1To7z, HIFTREBRIZOWTIL, A 30 1 90mm, M & : 2mm, ERIHE - ls/cyc
TATV, 20,000cyc £ THIEZ1T o7z, % FaRBRICOW T, 7 IfpHEIC
BHEHIERZEE L, X, Y, Z FAE 1 BT 5% leye & L, 10cyc i’@%T%
Fh L7,

BREE % Tabel 4-I1ICE L DD, TICRERIZOWTIE, AEVBLUYRY Y
7 TEG F v 7 DT X —7 4 WkF(1st Underfill) & L C type b, 2 IRFEZEEH DT >
X' —7 4 )LF(2nd Underfill) & L T type B Dk ﬁﬁﬂ%#(hva)@ﬁﬂ%
BN L72 & SR BOMENE I, F0.1%) = 989¢cyc & 72 -7 (Fig. 4-8), =
DR 21T o7& 2 A, AE VY TEG F v Tl 5D SMAFTI 2% 47— VAl
BGA R — VST ORITLAHE THW N Z > T b Z &b 7= (Fig. 4-9).,
MR RIRNE, Si T > T E BRI OBWEZRO X v v 7IC Lk d b0 HEI S LD,

HE L RRER [Z DU TIE 47Kk #E 20,000y e & 73 A (P FaBRIZ DWW T 8 227k 10cyc
INA L BIFIRAERPG LN Z &6 BB EIOEIE(L 21TV T/IC FHfnZ T
SICHEDRT D Z & T SMAFTHIIRWIGEM 2 IR T 5 2 & TE 5 LT 5,

82



Tabel 4-11

Results of board-level reliability tests.

Underfill resin T/C [cycle]
Bend [cycle] | Drop [cycle]
Ist 2nd First Failure F(0.1%)
high a high a 1006 296 >20000 >10
high a low a 955 51 >20000 >10
low a high a 931 306 >20000 >10
low a low a 1406 989 >20000 >10
o Weibuil Plot
99%, [ [ TITTI1 [ [ TTTTIT [ 1 [/ /
88% - @ 1stUF:type"a"/2ndUF:type"A" /
° —| & 1stUF:type"a"/2ndUF:type"B"
0/ | —7
gg%: m 1stUF:type"b"/2ndUF:type"A"
°] A 1stUF:type"b"/2ndUF:type"B"
10% bl /A
5%
1% / /
0.1%
1 10 100 1000 10000
cycle

Fig. 4-8 Thermal cycle life of SMAFTI package.
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Fig. 4-9 Cross section ofcracked solder joint under thermal cycle test.
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Fig. 4-10 Summary of SMAFTI package development and future plan.

84



4.5 SMAFTI Eif oS5 % DREHE

VL EDORFFIZ LD  SMAFTI OFATHIFEBLM: D AR 28858 T LI & &2
%o AREmSCTR L TWARWEANBAZ & 59| Fig. 4-10 IZBHFEHE O £ & O &AT
ofc, Ny lr—v7u NEATERIET L ETORARERE LT, A& =R
— WP, N TSR E RGOy = USRS, TnEho LA
T NEERRERATHDL, £, A X =R —VF—BRCELEDOEART 1
BARAGMESL L, HR ER STy r— D OEEMEMRLE T LTV 5,

SHBOTEL LTI, b0 A &EGEH T 2720 OHEMNRIE & 72D,
ZDDIZ, bo L bEELRDIONEMEA 7 TEMTHD, TITIE, £
N2 OFRMERENVEE 2D 720, Wb FHEio" ston" L7y %<0
EWBRAENZ ZTA My L TLEY, ZHUIKHT HE XS % Fig. 4-11 ICF &
Wiz, ZhiE, ai LR v AHI 2 X— |2, HiicieNy r—T 0 THEIZ
J&BH &9 & 2 T SMAFTLIZ D02 BT MRIAV Ny r— 3 o T HERIZE A T
XAV T ITREEITOEVI LD THDL, ZNHDNNyr— » THTER
FrLC. F A 1% WIT (Wafer-level Interconnect Technology) & MA TN 5,
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BGARRX
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Fig. 4-11 Technology roadmap of WIT.
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/N T 7 o7 bRy r—3 SMAFTI, #iE DRAM-SMAFTI & 725, &7
L6 [A USEIEE TT R TOFEMAEI TE 201 TI WDy, NRKBINERH
FEAL TN 2 LT, mKMICHEE DRAM-SMAFTI OfEZ A L5252 &
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b DHFEID T A L EEEITOICHT-»> T, T TITHI DR TIRARE E 238 A
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BRI N 2L B TLE I DL TH D, FRICHNLHEINEX, X TR HnT
WD ARE7R o = S =P L RS IAE LI\ T sh . SRSy r— Ul &
DA 7T TREAL TN Z &1E, EFICHETHL LB XD,

4.6 £

TatyW S RAEVREDF v TR EEE bit L ED U A RANZX THEHE T,

Mmoo, Rt - WETr RO TEWILAEE R OIEE Sy r—v
“SMAFTI” Z2WTik~7=, TEG v 7 ZHWREIZ L v, g - fiET
B ZADFEBM A2 RIS H LI, ZRFEFILO RSN EH L1 TR
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B4 BT, CoC HHREDEEZIEN LoD, F v A XOHIRN < . KEHE
B AT Y OEENTTRE & 72 DI HMICHOWTHBH Lz, LL, FH1ETHH
HL7-L S, A BV REEIEOERIIRE L, TR REBOTDITITHE
BOAEYPHEEINLOD, MEBETERTELZENEEND, Fig.5-112, E
BT DB v — K~ > T Ofl 2R~ 97[1], @8R & @R b0
2Ny =D L TO =R bR — AN BN D L 91272 > TE TV 5,
IO EEOT y MG IEREL mm A — 4 —Th | T ED 1000 FRE L
IR, L L, BRIZS b7 5 @ SN ERk Sy, HEfeihRE & LT 10~100
um, FEFEEHE LT 10°~10° BREICR > T 5 b0 EEbNS, HA4ED
SMAFTI I, £IICZOHEEEZIM -T2 D THHN, 3T v 7L ED =ickHE
HMRBR SN TEY, £O7-HIZIE Si BT (TSV: Through Silicon Via) %
AWTTF v THEICEmBE TR LoD, —IRITT AN @B B d D i 23 &
gL/ sTL 5,

A New generation SiP

o »Dimension: ~mm ~um
>1/0 count : 10%/cm? | 104~10°

\\.

Function

................

= ‘ “’-‘___‘.-‘.-

...........

Transfer mold:+
Heat Spreadet

Interconnect density

2pCs Lid FCBGA

Fig. 5-1 Development roadmap of interconnect technology.
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DERIZHEV, FHCRIEICB W THER ZIR VS L O 1I272 > TE TV A[1]~[16],
ZD XD R =T FEENIL, IEFICREEDO ATV ZHNWL LN TE L L
RRZ, Ty T ZBEEOT — X RS CRESZ ENAMREL 7D, 20 XL H 7%
*%%Miz TE—ZAFEY, OKI, NECT L7 ha=2 2D =%, 4 Gbit
) A £ Y OILFEBIFE A 2004 4 X 0 Bi4h L72[22]-[30], Fig. 5-2 (ZFk~ OBA%EH
EWERT, EROAEY) a7 ¥ —T7x—X (F) WERITF v 758 LTz
LT, 8D 512MbDRAM 27| IF Fv 7, & L Cili#E &4kt LN % 51
IHTHERE v F DA v —R—P =R IN5, AREICBWTL, ka7
WFZEEE COBAR FHNC DN T L B 2 —% 7 5 & LT 8 DRAM % FEL4 5 7=
DITRAIR 72 TH D, DRAM LHEAS LT-B@EM 7 7t 2 SMAFTI £1fy
[31],[32]% W7ok By FCoRbEHaki i, 3L U7 v k% A 7FEkE DRAM O
B ERFERI I D\ TRLR T 5,

Internal I
DRAM | — bus | TSV
Core | | |
= ’_£ 4 Gbit density
s g
o :: > DRAM Core
= ‘
E Interposer
8 strata
3 Gbps/pin
Peripherals
Conventional Chip-stacked DRAM with TSV

Single Layer DRAM

Fig. 5-2 Concept of chip-stacked DRAM with TSV and development target[22].
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5.2 @B

F v THEBICBWC, BETLITF v IS N UOEBE T 2 L TE<
WHENH D, FOIEMITIEE, LSI TS D WL TREEFT CEBE T 2T
% Via-First TiEE . LSI JEZICEBE 7 2T 5 Via-Last TIEIC, K& <4y
HEND[16], 2O OO TIEOEL L ERINTRENT, e RiEmntsh
T&E7-, & ZATARELTIL, Via-First TiEIT LSI TEFHICEBILIEMR & & 2~
DEMM DAL Z T S5 LIESHER L, Frizil Via-Middle TiE% LSI L
BEBEPFTENOEZTIED TIEEER LY, ERLINICLY ., B O
HIRO, AT TREOAEFET A TR =T —NA T T Z2H A DMLENH DD
EIDMREL R R L o507 v A XKHTEXHN5THD, T LT, Kif
TD Via-Last [FMEROEFAY | LSI TERAZIICE BB & & Z ~O B
DiAFETE T ZE D), Via-Middle & Via-Last O EL, BEOL 'B& A% D/
v =g VIRTEEGETDY, BNTIERT DI L T D,

Tabel 5-1\Z4FEELRBEMIZATVED #2417 > 7=, Via-First (236 TRHERY 72
DI, #HOIAZKS & LT Doped poly-Si LEEWNGRINE NN L THDH, =
UL, HDIALE I TRIZEB VT 1000°CLL EDEEIRE R IND T2 TH 5,
Poly-Si Z i\ % Z L O EITZ D iktom s Th b, ZoZ &k, 77U r—
va v EHIRT S LR, BPUEEZ /NS TEHDOTRPLENDL Z L &7
%o —J, Via-First D7 mEZX EOA Y v MIKE <, SiFERIC TSV HHIALT
BEFEFNCHEEETBTIE, EOLoR2LSI 7rEvX, FDX 57 LSI#ET A
Y ThIL, EZTLSIZKT HIENARETHDL, ZDOZ LiE, TSV /rt R

Tabel 5-1 Comparison of various TSV processes.

Via First . . . 1
K Via Middle Via Last - Front Via Last - Back
(This work)
TSV formation Before LSI process During LSI process After LSI process After LSI process
from Front side from Front side from Front side from Back side
Etched Si Dielectrics and Si Dielectrics and Si Dielectrics and Si
materials

Filling materials ~ Doped poly-Si

Metal (W, Cu)

Metal (Cu, Al, Au)
Conductive paste

Metal (Cu, Al, Au)
Conductive paste

Filling method CVD

CVD, ECP

ECP, SPT, PRT

ECP, SPT, PRT

Contamination None

Highly sensitive

Sensitive

Sensitive

Temperature None (> 1000 °C)

restriction

Must be low (< 500 °C)

Must be low (< 350 °C)

Must be low (<230 °C)

CVD: Chemical Vapor Deposition, ECP: Electroplating,
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ELLSIRLE L IETE L E2ERL, TSVINTEtEE WS OB ENET 5
ATRBMEZ FFD, FRICE VR ASNED B3 0 R0 EE A WRER T, koD
LSI #ilii (> 7 Z BRI Loo, TSV AL 2 8ETE 5 A Y v MIRkE W,
F72. TSV OHIBEMFIEZ T DR b . MR LIEE VWS Z LN TE 57
O, BHEEOEWEREIT) 2N TEXH2LE, Z0o7a®ADAY v FTH
Do

—J7. Via-Middle DAL, W R° Cu R EOEBMEINEZ D X 512725,
Via-Middle DEFKTIZ, M TV AZ TRHPTO TSV KRG G ENLL03, FEEH
I W a2 7 MRS BEOL TREOH Tfrbhs, ZOHHIL, Kb
DB LEBRMEIE Tl ns Z & b 205838 REYR - kX
I DOHIRRED G LSI Bt TROP CITh I 5206 Thod, £/, WH L
<1 Cu & 72 2HHIL, LSIALRR C— AL OB Th 0 | flEREE  BEAT
DHEONZEDEEHEZDHENIZE L, 10 yum L FTORRE v FET | T A
FET OHDIATIZDORIEATRE & WD RBZRIT bivd, —J7, BilfLIEEE O
Si T v FICIFACHRE R & Rl = F o 7T 20 ERH Y | /»>BEOL 7't
M 2 HAIVA TET O Z R Lo E DTN e W S BEN H 5,

Via-Last 72t AT, No o R_XR—=T g VEHENRZE T LTWATZ, &J@i5Yy
RIREIZEREGHYEL Z D I2 < W HOIALS OIBIRLITZIGIZIE S, Cu, Al Au
2 EOEBEMEIOMIZ, EEES—R N ELRAZENAERETHL, LS
IZh, S%ERA DAL PR IS EBbid, FHME R E S Z DA
PED—27124 5, HDIALFIEDL, BRD-E{E, ANy X Y U7k HIRRES
E. R TENAVLNS, 2, LSI 8ET A U NCEFBIATe LB NN -
O, B CREEEOIGYEH - N—TF ¢ 7 VEHO I @i 7esxli 2 8T 50
FT A,

Via-Last 7' 12 & 2213, & B ZHEEH 0, R[5 D TSV JERK (Via-Last Front)
L EEARIS D TSV Rk (Via-Last Back) (Z57%H X415, Via-Last Front (%, Si
T v FIFZ LI BCARE M & RIRElIC = v T2 73 2 B3 & 5, LSI BlivE M i,
SiO, LIAMZ . Low-k 5> SiC i, SiN 72 E DL @il /e > TR, FrZ KT
ATy F U7 TINODONEZR S OIFFEFIZE L, o0 X9 REEAET 57
D, L= —=TOHEENANLEND Z &L HEHMR,. ETRROFIECYE » F
L CHENH D, — ., Via-Last Back I3 EMFHIRICILIZKR AT O 728, HiF/x
I R—va UEE SiETy F U7 TIUIRL, et RS IRV, Falll
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Fig. 5-3 12, SAFZEREREICIIT 5 TSV OB EZ R L7z, —RLThbhbZ
& 1&. Via-First & Via-Last Front 23>k T& ¥ | Via-Middle & Via-Last Back (2
BPEFLTNDHZ ETHD, 0LV Via-First 1 Poly-Si DIEFLORIE, Via-Last
Front |, FLIEAIFO @K X ORENRE SN TWHI LD EEXLND, &5
2. F v THEE TIE/208, Via-Middle (% RFID[33]12 C. Via-Last Back I3 CMOS
A A=V —ITT—EEMMED I E > T D, BE L72AY, CMOS A A —¥
t % —IX. Via-Last Back TIEIZE F 72 L 5> TRSTIE RV, T v 7 fHEIC
B L CEMMENTVD S 01E 2008 FFRE ST EEAEIE LRV, Via-Middle & A
fre LT, TSV HEPUECES Yy FRETHLBET 7Y r—a VIREL DD
Via-First X° Via-Last Back 23MEDOIL TV AIREMEDR B D LB 2TV D
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D SiOz/SiOz #E. b LUATEMNELTORIE, A Z VEIRES 72 ERERL S i
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Fig. 5-3 TSV process development for various developpers.
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ZIMBIE, & TSV 7t 20 BARGIZSOW T3 %, Fig. 5-4 |2, Via-First
Ta ZAOHF &R Lz, FALKFAIOBIE, 2umO & /MEET v 27 7 4 By
FERSTZHLDTHLN, 77 A YT LD E TSV LA 77 hOTRITE D KH
PiAb &30 - 7238303 T & T 5, NEC-EL/Elpida/OKI DR [23\IZ W TiE, 5
54 BELUFETH LT %, LETI OFI[19]HFEEIL T Y, MEEO S HITK
XRETEHWDZ LIV IEEEUE (0227Q) ZFEBIL, b HAA, KIKHT
IbE TSV E Y FIE L —RAT7DOBRICH O T @HAT 7Y r—> 9 o OER
BRFFEICA DY TRETT D MER S D,

Fig. 5-5 I& Via-Middle 722 2DH| T %, Via-Middle TiZ, W-CVD+CMP <X
Cu BEXOS>EX+CMP IC kA XA~y Fab A& M5 Z &2k 0, BEOL Flft
LRLVOWMME T 2T HZENTELIONFETHL, TDH, D
Poly-Si Z V7= Via-First & el U, (KR HLAVH A 57217 T2 <  TSVIC L D M7
VURABHERIE ) T H/NSLKTAHIENTE S, TOZ EIE, FrcERiY S
B A T2 & 22, TSVIZ X2 F »y 7wy, Wiz 2 MIRELE
BT 5,

HALA: H.Kurino et al,, NEC-EL/Elpida/ OKI LETI: D.Henry et al,,
1996 Innov. Sys. Si. Conf., p.203. M Kawano et al., EDM2006, p.581. / ECTC2007, p.830. \
, 2.5um 2 um 2 um 3 100 pm max .
P
2.5 ym
2 pym
Fig.7 Cross-sectional view of 3;“::11:;
processing LSL. Polysilicon trenches - from 3 jm to 6 um

i 3o
Fig.10 SEM cross-section of oxidized
deep trench filled with poly-Si.

= R
\2“""3)‘30“"1 / Q.3Q @46um|:|x50W 0.2270 @1°°Mm¢><709/

Fig. 5-4 [Examples of Via-First process from [4], [23] and [19].
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W-CVD |2 THDIAL ZAT 5 561, 560 Poly-Si D6 & [RbE, HLDIAL AL
— 7y Nam &, 2OEESUE A 72DICA Y v RETIZT 5 2 EmEn
[16][21], W IZ Cu &V LB E WA, MO-CVD #E& 13 LSI s A > D CT—
RNV LN TS Z & CVD ITERD > E LY L ET AT FET OHLDIA
FMENFENZ & Cullxt L CEBIEROMEN DI & 72 EDA Y v hinE
bbb,

—J7. Cu DEFETH->TH, MO-CVD %N D Z LIXATRETH D28, WD
LSI ®YET A THOWLNTW WD, RiEED R TR TH S, BEOL 12
BIFD Cu ¥~y UERTIE, A%y Z +Cu é‘-éé—w)o%JrCMP XA 7 at AN
FT7 7 MEMETHDLZ b ik 7 IHEADEOIZIETSV 7ot A b %
AUTHE D BN 8 D, %wﬁu\71«&%%i5&§@@ﬁkﬁétw\ﬁk
BRIIREL DI D250, v — I VER T B ADOHF TRED TSV Z1ED
ZOHEE. Y Y 7T T 4 — AR E AR T A R E R D,
F72. Cu ZHWDGEITRBIEY ORI R RIROTEEPSLETH Y . KT Si
Ty F o LAEER R E T & B S T TR OTG YL EREER S & 72 D,

1eV-SLID Technalogy \

W MKoyanagi et al, IEEE T-£D, 53 (2006) 2799, \ e Ny 26 B2 1y P-1080- */
CVD-¥ 0.23Q @2+12umx 30um

| Tsv TV
_____ - ___. I .

------ = * = - - S = " :
=TAMNITEITT g T
i e ol - ponlon

=

o STI (Shalow Tranch lscisicn) layer
W W Tungsten contact & via)

|_- A )

e .

& Tezzaron: RLPatti ot al.. 3D Architectures 2005. HONDA: NMiyakawa et al., 3D Architectures 2007.

W, Cu 4umOx 5.5um CVD-W <0.7C &~1.545.m X 30~50umx2

Fig. 5-5 Examples of Via-Middle process from [16], [5], [11] and [21].
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KIZ Via-Last Front OS5 #3535, Fig. 5-6 |2, ASET, EPSON, Samsung,
RTI OB #HBZ R LTz, ASETIZHADEF ey =7 b & LT TSV HE)E % f
ZEBAFE L, Z ORI 5 HARDOHIA 2 —5UZ & T2, Fig. 5-6 O TIE, 10 um
. 20 um B> F D Cu-TSV ZJER L, —BRE %17 > T\ %, Via-Last |% LSI
TRROKDLSTEbDIZH L TMTATE D Z EDXFET, @RGIEEZHE VK
2T HRENZ L, MTHEBEOBRABRER GG, £7o, DAL B EE M
N—R NREHR E GO LFEOMENNEE~S, —JF, Via-Last Front (ZB L T
I, BT BRI LI Si SN Z B ORI A =~ > F o 7T 50BN B D |
BB FE S, S BHIT, #il Via OB b INEECTH D, =0 X 5 ZRakEEIc
%t LT, Samsung OFI[12]D & 5 72 L—H—IZ X 5 Via B HEX, @B > F
Y7 OMBEE 2 A NORMBEE [FIRICHRRCTE 2208, Via JRIRAHE LiIc<nwZ &
R Via 23Ry FAL LIS WRITFEIRRTH 5, ZHUxf L, RTHIZ 4 pmo &
IIEFITHMEZR Via TR L CTHV[17], =y F 77 et R TREHDLHD
b D, L, HDIAIIITAERENE L EE A 7 T D RTAF]Z: Cu-CVD
ZHNTWD Z EDREERTIED D,

w»‘ewwuwwwuuuuu

[ X ¥ ¥ N N N N X N W N N

L_..lL,.Jz...Ju_qJ»._.JL,at_.J&-«‘ sk o

\ : N

oA X X XX L X X X X X Via holé (Cu) Resin Via (Cu)
450x
ASET: K.Tanida et al, ECTC2003, p.1084. \ EPSON: K.Hara et al., [EEE Ad. Pac., 28 (2005) 367. _/
EP-Cu 0.02Q @10um & X 50pum EP-Cu 35pm ¢ X50um

Samsung: K Lee et al., 3D Architectures 2005. / \ RTI: D.Temple et al., IEDM2005, p.143. _/

EP-Cu 30umd X50um CVD-Cu 0.14Q @4pmd X25pm
Fig. 5-6 Examples of Via-Last Front process from [6], [13], [12] and [17].
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Fig. 5-7 1%, Via-Last Back D] Td %, Via-Last Front & DiEVNE, Si V=%
WAL L2, HE2D Via Ty F U&7 2L ThHD, £0d, KO
WEBEREREZ =y T 7T A NEREN, FEE LT, =y T A b
v N—Z FTEEMRTITOMNENH LT, =y F 7 A Ny 7 HEE & BlAEE O
N— RATZRHEET D2 ENET D, EBEERET, KR (<2000C)
THRBESELHERH Y, &EA) T & L TOMRE, HBEEMEOE VIO K
NREETH D, S HIT, MIBEERZZIZ Via JKE O T30 ERH DN, Z07 e
TAGLERREE 2D, THOOFEICE 2 B, Fig. 5-3 This L72h3,
BN ZDOTIETCMOS A A=V 2R THL, Ly, BELT = —
RIZFFFITEN L~V ETHEATHN S, ZOHEBE LT, A A=V HiERAE
NCARGET T ZAZ VAT D ENRH Y RGET T A ZHESI U = ~"DOIFHAE L
THHTENE, A A=V YR A NEREIZORNDZ ENEBEZOND,
ALIEBRE Yy FAETIEANTH L0, 4 A =TI T L < v
DT, TOHRTHARLENS L TWAD, Via-Last Back 1X, 4 A—T vV HET
o & L EARIGEWEIFE S 25,

2 B

Elie
CUBEER
FTEEE
1REEH SN

-
EFILR
BIEEE

REEA TR

\ HETHEOHE EmEA / Al o ) e
=3#: ASETZLAVY—ZEH 2004.2.18 ZyCube: Website®H4, STS2007 9-47.
Cu 50umd X150um EEMHEAR—ZP 60umd X 100um

/ Gold bump  Through hole \
/

80 um

H3L/MzY¥2A: N.Tanaka et al., ECTC2005, p.788.
Au ~25pum¢ X30pm

Intel: M.Newman et al., ECTC20086, p.394. /
Cu 1Q @~20umd X100um

Fig. 5-7 Examples of Via-Last Back process from [7], [20], [15] and [10].
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5.3 Rk B

FEREMICOWTH TSV 71 25T & AR A 2 AL LTV D,
FERE G RIIFERELS DT T=FEELIHY . 20613 TF v 72 ZF KRB L T <
Chip-to-Chip (CtW), 7 =/ RIZF v 7 ZfHkE L T < Chip-to-Wafer (CtW), ¥ =
MNEIEZNERFEE 9 25 Wafer-to-Wafer (WtW) T 5 (Fig. 5-8), CtC 237 1t A #
GERH - & BIRLS ., IO TIIR T b X THD, L, A
HALTTHHOT, MR MIEL 2D | BEIZIIH E D MDD, —JF, WIW
D LS F > 7% 3y FRBERICHEE TE 20T, AERNTMHEIL = A M/~
S TEDITE L, T = R TR S T 2 B 72 T AU DT 7272
VNN T ESELDOE R EORBEEZITROTV, £, v v S ap
JECHRETHEICEH, Vo KOEEL —EICFEL T, RBHORA &L
THERGDZ LD, M T e A0S E IR bE V., IHIZ, Vo \WIZ
REF v TPFELESGS, TNEEOEBETY 2 — VIIARRME SR> TLE
Ve Ty TR L E ST, SO0 UORMTF v 7 (KGD: Known-Good Die) 7217

Chip to Chip (CtC) Chip to Wafer (Ctw) Wafer to Wafer (WtW)
‘EAR g
w7 berin | I RF. 7 RF. TR RF. 7 BTFRR
=Rttt | oo R AL L, 10l IR
INE{L = RIS 1[4 CiWiEE IZEAA%: 1[4 TN
70tX
HISHTRE — HhRR FyTRIL DTN ETER
EF1L 1L ZiShRIR BEF 1L
FUTHE ; CtwitiE B
FITE 100~30um 100~10um 50~1um
BiEEYF 20umilE 10umpBlE 0.4umllE
- A o o~A
fimazk T EE R+ —iEE HINn—{ENE, SER
[6) ) A
Sa) KGD RS KGD RS BRFYTOBRIRT
B S B8 ASET (Sn/Cu) Frounhofer 1ZM (Sn/Cu) NEC. HONDA R.L ((In/W)
e H) B3I/ V28R (Au/Au) HALK (In/In) FALKX (In/In)
tra—x7"/ (SnAg/Cu) Elpida/OKI/NEC-EL (SnAg/Ni) RPI. IBM. Intel. Tezzaron (Cu/Cu)
. . AR EHEOMILT, SEBRECFVTHrXFHHEY.,
Ak TR BEEALICE i, BEYFEBOETL vV EL,

Fig. 5-8 Comparison of LSI stacking processes .
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FEIRLCHETDZENTERY, 20O, HSEE Y BEVGSIE, h—%
AR NMIEFICEVLDO LD, LoT, WIW FRUIBEE VW ORWEEICL
MEATE R, 2, BET 2T v A3 TRV A XA TRITFUT R 50 En
IR BB,

VL ko X2 2efigrcxt L, CtW X7 f8a F5o, £79. KGD %%
RLTHBETELZ LD, TyTBEEVICELLZaXA M0 EHEMA NS,
Flo BT 2F v 7Y A XL, CIC ERERLT LB IRV A X TH DT,
M a2 MIEAFEECTHD Z ED WIW L0 IIAEMICE WD, BE%R D
VR ROBINEER LT 5581, Ve BALTORBENTE D720, CtC X
DITAFIE 2%, EH T CW 3FER S TEB Y | 16k WIW IZE A A EV TR
5L CE Rk S CtW OB A ED TWD, LED L SR &b,
AWFECIE, CtW g @28 L. e AR EZED L L L LT,

I, BF7EREEI C o BARAIBRFE B & 7R3, Fig. 5-9 1%, CtC DB FH| & LT
ASET OB %25 7-[8][9], £7=. CtW. WtW Dl Fig. 5-10 & Fig. 5-11 I[ZZ 4
ETNET T,

4 .70 B FE R 1l

B0 S U S B G S @ G B G G o

Upper TV

Cu;Sn Resin
[ L X X X R X ¥ X X W X ¥ )} 4
Cu Bump
L.uc_.u..«»_ﬂu,_JJ-».; 4 A (AT o |02
; Lower TV Z3id
SiN Si interposer mf;ﬁaﬂﬁ
» Magn === b . SRR REY | 1004
e e i B Inside of Stacked LSI
. (Si is removed by etching)

Cu Through Via (10 pm sq.)
; 20 pm pitch

’ﬂ iﬂ\fﬂ’ )

Wafer = S

e Thinning Processes s,

10pm 50 pm

e

Substrate ‘

-1 LEL, L1,

t sum
s 725um

Si Interposer

g
=
=
2]
3
O
2
B
g
7
=3
o
Smetweof DLSI

|
\ Sub. Attach Sub. Detach [iH

i ISTC 2004

Fig. 5-9 Example of Chip-to-Chip stacking process .
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Fraunhofer IZM®D Bﬁ%ﬁﬁﬁl

FIGURE 2: F2F-ICV MODULAR WITH CHIP TO WAFER HANDLING; CHIPS
SOLDERED ON TOP OF BOTTOMWAFER AT NORMAL THICKNESS (LEFT)
AND AFTER THINNING DOWN TO 10 uM (RIGHT)

WTSVs\
FIGURE 3: THROUGH SILICON VIAS; VIEW FROM TOP AFTER THINNING

S ERESN—AFVY (HELL)

*E7: Cu. W(1~3um, 10~50um& <)
Qﬁéﬁ: Sn-Cu (Ei&ME L ER) /
A. Klumpp, VLSI-TSA2007, p.70.

-

-E7: Poly-Si. W (1~3um, 30~50um&E <)
&M In-Au (BiRHEEERR)
T. Fukushima, ECTC2007, p.836.

LA DS Bl

N

Low-CTE
Lst chi
T (sxsm'.'@]
: o Support wafer
Hydrophaobic area -
Hydrophilic area Liquid

T

kg

Handling substrat:
LSI chip
T : J 0 I ’
Precise alignment

- Self-Assembly process

do|
ag

Liquid drop

= E

LSI chip putting

Fig. 5-10 Examples of Chip-to-Wafer stacking process .

IBM®) BRZE# i

» Attach circuit to
glass handle
wafer

» Remove handle
wafer &
adhesives

» Form vertical
interconnects

= Align & bond
top circuit to
bottom circuit

= Remove original
substrate

Zmz0s

-WtW T BRI (X SiEs L E D KR
(300°C) &

Intel 0 BHZE i

3D Stacking Research
Wafer Stacking

Metal lines on backside
of thin wafer

-

- -

Thru-
Silicon
Via

Bonding Interface

DRAM

CPU

Bonding
Structures

FORUM

300mm (DWafer to Waferfg &% Cu—Culs
ATER, v1/a70tey YAt —
DERKRELEMLTHERE15%R L, H

BREE 7(X02um ¢ | 1.6umiES,
\).4um|:°‘y7'(DCu /
(8D Architecture 2005.6)

\f'ﬁﬁ 15%EFEER, /
(Intel Developer Forum 2005)

Fig. 5-11 Examples of Wafer-to-Wafer stacking process .
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5.4 §E TEG, 72 N DRAM fH#E & v rr— KR

Fig. 5-13 IZARFMETHW NNy I —UiETH 5, FTI & KX 28R
WD 7 f— KA — o f U HZ—HR—PF =N RAEY —F 7L I/F Fv 7 DI
FASIND, BEO Cu il TR SN FTHIEZ, S0um By FTO 7Y v 7 F v
THHEL . 1 mm AR—/L By FCOMNHER O T 2 . ANy I —UHEED
FESTHERRGGIE 21T © T2 D OFdHR TEG & 3%7 L7z (Tabel 5-11), 245D TEG F v 7
IZiE, R 3ED ALEREE 50 um B F D Sn-Ag/Cu N T HRTER STV D,
A€ U —TEG X, JEZ 50 um, F v 7 HHEEHEDOTZO D 50 um & F O FEEMR &
HH AwNi N> T E R,

Memory-TEG
8 strata

Molded resin

FTI
1 metal layer

IIF-TEG

BGA terminals

Fig. 5-12 TEG layouts and package structure using SMAFTI technology. I/F-TEG

bump configuration is also compatible for CoC bonding with memory-TEG.
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Tabel 5-1 TEG chip and package specifications.

Memory-TEG chip size 10 x 10 mm
I/F-TEG chip size 14 x 14 mm
Minimum bump pitch 50 um
TSV count per chip 4,376
Package type BGA with SMAFTI
technology
Package size 33 x 33 mm
Outer solder balls 1.0 mm pitch
520 pins

Tabel 5-1I1  Actual device specifications.

DRAM chip size 10.7 x 13.3 mm
DRAM capacity 512 Mb/chip
TSV count per chip 1,560

I/F chip size 17.5 x 17.5 mm
Bump counts on I/F chip | 3,497

HNELTZ, ZOF v FHEEE

5.5 Poly-Si E@EMR 7 1 & &

102

/8 DRAM BERMEE D=2, B ET (1% 512 MbDRAM & IF Fv 7D
0 hZA T
HARIIRTRE TEG 3@ TH 5, UF F v 71, 0.15 um CMOS 7' 1 & A TIEDL 4L,
PCI-Express (ZHEHL L 72N A A U X —T = — A& 5# L T\ 5,

Tabel 5-1I1 (27”9, 2B, NvFr—

AHFZETIL.DRAM 7' 1 & AT I D & 5 Via-First TIEZERHA L T\ 5,
Via-First ClZ., Poly-Si BEARA OE:H[2]-[16]
FEDHIFRAMEE & RIRFIZ, Bl LI IRIT Si
MR K< B ME R Bl EREIE bR T 2 2 L NFREE 2D, — 7,
Via-Middle <° Via-Last Tl Si LLAM T Haiz s

IZ L0 BB R RO Y vt AR
T FORUKATT 5 Z & BIRIK

Dx oy F U TTRRIC b EE T D MEN



bV ZORIREIEDAA47 THAULEME DI OIALRIHT R A RHRRAET LG
BRIED 3 D, 7235, Via-First OFREIT Poly-Si 2348 & Hhi L CEikii Th D i L
HDIAHD AN—"T" RISV TH O ARHFIETIE Z O R ORI & i A 72,

Via TEIRAENZES L Cix, 8 4L Si Deep Dry Etcher % #F4fi L7z (Fig. 5-13), %
oy ToF U HARE T F U TREOINIRE (AT —VIRE) % Tabel 5-1IV
(T, FHEE OF—1X Via FRIR T, A—A 7, W7 — 3— BT,
—va7T®%4Fiy?(<0mm)“ﬁﬁm@wﬂ\9@w%®ﬁ%ib

o Flo, vAZ LOBRENE NI E (>30), =y F Uo7 L—EREmnle

(> 5um) bEETHD,

Si DTy F U T HAL LTI, SFe WD Z EN—IT, Sllo=y F v
—F XTI SFe Z HNWT WD, —J7, TE DT HEETR Via TR 2155 72121
Via I3 v F o 7t —F, [AEERT v F 7 IRV E D J%&Wsz%
NHDb, ZOEDITHNWENDDONTRTATHD, THRAANMUIBEAET D
iKY BTy F U T DOERNERERODL I EINTEDL, TARITAL LT,
TvF v —AlLSiF;, TvF ¥ —B, FIZHBr ., BOSCH 72t XD G, H % C4F;g
ZHWTWS, =y F ¥ —C, D, BIITRTAZHNTZU,

Etcher A B C D E F G H
Process Non-BOSCH Non-BOSCH Non-BOSCH Non-BOSCH Non-BOSCH Non-BOSCH BOSCH

Via shape

| | I ;f
BT
Via opening b

Undercut [um] 0.07 0.25 1.7 23 1.5 -
Selectivity 51 30 100 37 32 57 50 68
Etching mask SiOo, SiOo, Sio, SiO, Sio, SiO, Photo resist Photo resist
Etch rate 41 5.0 2.0 64 6.5 6.0 5.0 NA
[um/min]

Fig. 5-13 Etching properties for various Si etchers.
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Tabel 5-IV  Gas source and substrate temperature for each Si etcher.

Si Etcher Gas Source Sub. Temp.[°C]

A SF6+02+SiF4 —-45
B SF6+02+HBr 10
C SF6+02 -100
D SF6+02 -30
E SF6+02 -950
F SF6+02+HBr -10
G SF6+02+C4F8 -30
H SF6+02+C4F8 -

TARATRAEZRANRNZ Y F ¥ —IZONTE, £ LTHRTmO=y F o 7R
M BEEITITVVABE NS HL7e, ZHa RS 5 51k E LT, BRI
LTy F o 7 AR ZBE AT E SE L HERD 20, -100C (v F v —C)
ThoThH A Ry F M 1.7 um & AR EZ VN, F£72, BOSCH 7'1& R,
MEMS R TR EDLNTEY, HEJRO Via L7252 L, VYA MEvRT L
UCHAFRER Z EMRIRTH DN, =y F U T HAL TR A 2L HITY Y
X CxyF 7 %D %5 BOSCSHEDFEIC LV | IEEFTIL (scallop) 23#ET &
nigvy, ETOEATHETE 2Ty F v —3R2ho 7, AEOFMTIE, 7
R A% 72 Non-BOSCH 7’22 A TH Y | 7D Fig. 5-13 | Téﬂi«ﬁ(@ﬂiiﬁ
ENZ A Oy Fr—2BELL, L, =y FL— IOV TE, 41
um/min & TF/NI 0,

Fig. 5-14 |Z Poly-Si Bi@EMDO 7 n¥ 27 n—%R7, H@floyF o 71
SiOy /N— K< A7 Z W T{T-> CW\W5b, HIBEHEZEEOF %, CVD (Chemlcal
Vapor Deposition)i£(Z & ¥ Poly-Si E}ZH%%{T VY, CMP (Chemi-mechanical Polishing)
EIZ L0 BismfLLUAL D Poly-Si & B2 L3YE4H{E 9%, FEOL (Front End of Line),
BEOL (Back End of Line) 7' & & X & #8712, 7 ASCFHAICHAE L, il L%
179, V=ML 50 pm B E THHI - BHES L. BN T EBR, KRR E 7
BT 2, BRI, A T EATVWEBERMN EF v 72155,
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1. Via-first

Hard mask

Via

etch

Isolation

Poly-Si

CMP

A

y

DRAM process ||

2. Front side

| Front-bump |

2.5

3. Back side
>

BG+CMP | [EETEmrEE

Glass support

Isolation
Contact '
| Back-bump | === ===
._"_,'_.
v
Dicing :

Fig. 5-14 Process flow for poly-Si TSV.

um

A

28 um

"
|

For Signals

|

-

'For Power Supplies

Fig. 5-15 Design rules for poly-Si TSV and plan views before poly-Si CVD.
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Poly-Si # &AL D EHA LD T= 8, Si T FHOEBILNITIL, SiHAA FBE
S TWD  (Fig. 5-15), Poly-Si 1%, EBILOMEE SR T 2720, #HIA
HEX Y v TMRE/NSL$T5H2 LT, HOALRKRER 2B NS LT 2 LR
RRThd, AEEEZERHT L2 LT, BEEROT A XIZhrbbd, 7l
& H 1um D Poly-Si fRIEIZ X W OIABLEZTE T T 52 LN TE 5,61 %1%.20 um
%@%ﬁ%@bﬁﬁé%zéa10%@x»~7y%ﬁ%ﬁ?%é [EIRFIZ
HDIALT R RAEERTT 52 L3 BEREKFHEICA DY THBEMD B
4X%%E¢6*k%§5?%6zﬂ;mgiw@%ﬂj/ﬁiﬁéﬁgﬁﬂ
DEDICEHBEIN TS, JEY 7%, B@EmicsL<Cr7e—7 47T
HY ., I LY MBI DR 2 % FEIC 3IFEICTH I ENTE D,

Si EHT v FOERFER LD . ~N— R~ 27T 1.5 um HAUE, 50 um S
U LOB@EILZERTE 5 Z Lo 7- (Fig. 5-16), Bl fLOMIBER AR ITHE
IAFIZBWTHRO TEET, RN RZERET D 720IIZb TR — 1 7R
LT DMENSH D, Ty T ¥ —A—H—8DOFNELEED Si T v F v —& ik
B, S DITHRESMZG DD Z LI L V| Poly-Si OFERMDIALITEE) LT (Fig.
5-16(c)) .

O——————— 4 &
E A
=

£ ' 3
=50} S %
£ "L 8 b o]
o
o) 2]
° Zg g.
S S
& £ o
£ 40 S«
.1 © lﬂ
. 2, £
% v
a
30 L

1300 1500 1700
Etching time [s]

Fig. 5-16 Trench depth vs. etching time (a), cross section after 1700 s etching (b)
and after poly-Si CMP (c¢).
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5.6 Poly-Si B @EM D BXIEN

ZOXHIZLTE LN EIEEMmST & TEG v 7 2fE L iz /H'JEL
7= (Fig. 5-17), VF-TEG ¥ v 7" EIZ Memory-TEG v 7%, 2., 4, 8ED —=fi
HigE L, BEEmERAL T A V—F =— A TWD, K EEIZITY
W LEHLDT-H D TEG F v 7 BEH I TV D78, BEHIL UF-TEG & H T
K10 F v 7 ThodH, £ORR, BEBIZHH L ZBHEA G5 TR Y, 4X4
D Si HA NOEBEEM1ESHT- OBEPUEIX, 41 Q/Via & W OERELI,
Z OfEIL, 8 BB DRAM T = —/LDE 5B OB & L ORI 720 vl
Th b,

oo
o

o
o

N
o

Total TSV resistance [ Q]
S
o

O 2 4 6 8 10
Number of TSV—chip stack

Fig. 5-17 TSV resistance for 2, 4, and 8 chip stack.

57 fAN Tk R
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Fig. 5-18 IZHNL 7 v — % g, £, AL LTOSIi V= EIZHRY A IR
BRSNS, Zoklc, 7, . AwNi oSy RRIBICEEK S, FTI
(Feedthrogh Interposer) 233k E23%, WKIZ, FTI V= RICAE Y —F v T %27
Uy T FoTRAT 4 ZICEVIRICHEE LTV, ERFMXTICENT, 7
Ty I AVATOR—ANY 7a—TIRITEEZITY, 7Ty ¥ —7 4 /VREIX
FEREBIC—FE L TITV), U = "R EMEE —/L RTIEIC X W EIET 5, 2 0%,
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Wafer Molding
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Fig. 5-18 Assembly process for stacked memory with SMAFTI technology.

L. T U2 =7 A VFKEEITY, BBEITHIIEY = LD FTHIZIR STz
R EIZ SnAgCu lFATER—NZta, XA T L THRIENSNy T —U %155,

Fig. 5-19 1% Si EOFTI 7 =/ \ZAEY TEG F v 7% SHE L7-IRETH D,
F v T FRICITEB AN TR R TS, 2, SO ATY TEGF v 7L 1
KD VF-TEG T v 7 &/ AIA A TFERK LTz, SMAFTI /3> 77— U8l % Fig. 5-20
IZRY, AEV—TEG Fv 7B LV VF-TEG F v 7 OEAEROFHE % ¥ SEM
BRI X viTHo7= (Fig. 5-21), Zhuc kv, SHEE TOAEY —TEGHEEIZH
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FANZITE L TV D Z &R EnL T 5, £72, Fy 7 MET 2 —7 4 VRIS
FORA RS HIESNTWD Z ENRHERTE 2, VF-TEG F v 7120 Th,
Sn-Ag/Cu /N2 X 5T FTI ICRAFICHESE SN TWD Z &L D3R8 CT& 72, Fig.
5-21(b)i%. FTI fHEDOEHREILR LT D TH D, N7 BlEMmE Y |
FTI JAVIZIE, Fric7 7 v 7 EHEFBER EORRIZA ST, FEBY OIS
ERETDHZENTET,

Fig. 5-19 Memory-TEG chips bonded on FTI wafer. Eight chips were
stacked for each block.
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Fig. 5-20 External view of SMAFTI Package. Center consists of I/F-TEG
chip. Memory-TEG chips are molded in package.
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Fig. 5-21 Cross sectional SEM images of SMAFTI package with poly-Si
TSVs and Sn-Ag microbumps.

5.8 FTI Bifi & oty I 2 L—va v

FARE 18 CHER S A JE S 15 um @ FTI (Fig. 5-22) 1%, koD K 5 7atkfe
BfiLTnW5b, 1) L/S=15/10pum, EEZ 7 um @ Cu BT XD HALH. 2) 50
um By FTOMmMET Y v 7F v 7. 3) BGA SMbim 1. 2D XK 9578 FTI
E, REBE - mEHONRy =V E O TR A N TERHATEDL LWV )RR AR
D, Flo, A VH =R —FRIE, TUX =T 4 BIRICELY, Fo TN
Dia B 2030 um BN TR Y, A L E—F U RABED AN D B, LSI EOE
f &t U CHR 2 BB ERE 2 RO Z B TE B,

AR ORFE BIEDO—>T&H 5 3 Gbps/pin miEDRIHEN E D MITHONW T sk
V3alb—valE{Toln, O, HFSS Rt EMMA L I 2 L—FX 2 H T
FTIBLAR D S /XT A —& ZHhiH L7, JEMECH & LT, 200 MHz 7> 5 10 GHz

THE L7z, Fig. 523 18y 7 —VET NV E FTIEMR LA 7 7 b &R d, FTIE
BMON, BbEWTmm EORBRICH L Ty Ialb—ra rE&iTo7, 858
a7 LRI TR T, L/S 1 30/20 pm, BREOMEHIIZIL GND 7 A >~
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Fig. 5-22 Schematic representation of FTI detailed structure.

ZEOE L CW 5, SMAFTI Ny 77— D7 A XA 7 27 A%, HSPICE Z VT
AR L7, RIS, BIRECHIH L7z S /YT A —% L | PCI-Express SerDes = 7
SPICE Model % W\ TW %, 3 Gbps TDT A /3% —> % Fig. 5-24 |2/~ 7, Fast
X, vVdd=1.575 V, {EE 0°C, Slow 5413 Vdd=1.425 V., iR 85CTH %,
B, VT 7 VAOREL L TUWRY, PCI-Express (2.5 Gbps) D415 Hikk
% 3Gbps £ THMFET D & 7 A 1 250 ps (0.75 Ul at 3 Gbps). #EIE 505 mV TdH 5
ZEMD, EEHRBICH LTSy = UNTORESIIE 0/ S W2 & D3
MTET,

I/F chip BGA
Port 1—] — Port 3
port 2| PKG Model L o

Simulated
differential pair

Simulation area

Fig. 5-23 Package model and FTI layout for transmission line simulation.
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Fig. 5-24 Simulated eye diagram at point A of a differential pair in
SMAFTI package.
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GO NTTAZAT 7T b%RmT, EEMDY Y ¥ —%EfE L= PCl-Express
FEY DOZASHIFEIL, 7 A 1 217 ps (0.65U1), #ElE 175 mV TH Y | ZAEMIZONT
LEUEZTE T D 2 LR TE T,

Driver LSI-Tester
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Waveform Waveform
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Fig. 5-25 Topology used for transmission simulation at reciever.
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Fig. 5-26 Simulated eye diagrams at point B.

5.9 T A ZAEERRGE
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BB E 7% 512 Mb DRAM 2 ft % fig L, DRAM fiAEZEEEIT 72, 1)8
H., 2BEXNFOEE Yy Mt LT, 7 —F A3 LTIE LVMENGEAH S
NTEY, B@EEMT 2t A5 DRAM BIEICEZ 5 X0\ L2 LT,

KIZ, 512 Mb DRAM % 2 & 1/F F v 7% SMAFTI /3 &r— DI A IA Fx
DRAM & IF 5 v 7 O@#EEEE R L2, AT —ZIZIG LIz h T — 4% %
3Gbps T[T, EWIMELZMRE L7z (Fig. 5-27), £/, 7 A F—FKE
Db A A a—7THERHAI LT3 Gbps BIERFD T A /3% — > % Fig. 5-28
2T, 7 A & 266 ps, IRIE 480 mV 3G Hdv, X = L— 3 UfER (Fig. 5-26)
& BWW—%%& B, [RIRFIZ PCI-Express FH X4 OS5 Hik& . 240 133 ps (0.4U1),
175mV biiie L TW\WD Z & R TE T,
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Fig. 5-27 DRAM operation with I/F chip at 3 Gbps.
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Fig. 5-28 Measured eye diagram at 3 Gbps operation.
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Fig. 5-29 Examples of camera module products using TSVs [34].

115



3D-LSI DA & LT, #ERARLSMI S, High-end 1 — =72 ENE X 5
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HOBHEIZ OB THETHY | ZIUTHNLOE 2 X METH D, Fo,
TSV 2T BB a ML, FEHENRE R0 THD Z & BBREN, T A
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FRA A= THD, BEBHUG T oL Ry — U 7R FE]
TEXDMN, Si T3 AEIMEHES T AL A Z R < OT, TSV Z el &
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W2 BRI TR, REZSUCETITHL TE 5, BaHERT,
WERBATDTIA =R T 47 THY, HINERHOHW X2 A FOARTH S,
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INHDORELING 9 I D DT TR,
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Fig. 5-30 Conductive pin to back electrode of SOI RFID chip to realize

double surfae electrode structure [33].
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Fig. 5-31 Demand speculation by Yole Developpement for 3D-LSI [35].
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Fig. 5-32 Bit cost scalability for three-dimensional flash memory [36].
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Fig. 6-6 2D or 3D array processors for 2D and 3D Data processing [2]
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Fig. 6-8 2D and 3D Data are everywhere [2]
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