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Fig. 1-1 Formation of defects by ion-implantation.
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Table 2-1 The characteristic table of GaSb.

GaSh

Sumitomo Electric Industries, Ltd.

Method of crystal growth | LEC
Conductivity type n-type
Dopant Te
Carrier concentration F: 3.6x 10" B: 3.5x 10"/cm?
Electric resistivity F: 3.6x 10" B: 3.5x 10'/cm?
Mobility F: 3.6x 10 B: 3.5x 10'/cm?
Thickness 408 p m
Diameter 49.69 mm
Process surface Mirror
Backside wrap etch
Orientation (100)
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Fig. 2-3 EDX spectra from the local areas (¢ 20 nm) in the surface
defect structure observed in Fig. 2-1.
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Fig. 2-4 FE-SEM images of GaSb surface implanted with 60 keV Sn™.
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Fig. 2-6 Concentrations of Ga, Sb and Sn obtained form the EDX spectra are
shown against the depth from the surface.
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Fig. 2-7 The illustration of the defect structure formed on the GaSb surface
implanted with 60 keV Sn* to the doses of  8.9x 10™ions /cm?.

-31-



o0 Vacancy
® |[nterstitial

e
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Table 3-1

lon dose and substrate temperature.

Substrate Temperature 147 132 151 150
Dose ions/cm? 1.0x 10 2.0x 10" 4.0x 10" 8.9x 10"
Substrate Temperature Room Temperature
Dose ions/cm? 1.0x 10 2.1x 10* 4.1x 10" 8.1x 10"
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Fig. 3-2 Dependence of the cavity density on ion dose.
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Fig. 3-3 AFM images of GaSb surface implanted with 60 keV Sn* at a low temperature.
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Fig. 3-6 Dependence of defect dimensions on ion dose on GaSbh surface
implanted by 60 keV Sn".
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Fig. 3-9 Dependence of the cavity density on ion dose.

-53-



4.1x 10" ions/cm?, RT 8.1x 10" jons/cm?, RT

Fig. 3-10 AFM images of GaSb surface implanted with 60 keV Sn* at room temperature.
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Fig. 3-13 Dependence of the defect structure on ion dose.
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Fig. 3-15 Dependence of the volume of the defect structure on ion dose.
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[llustration of structure used for calculation.

Fig. 3-16
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Fig. 3-17 The cross-sectional TEM image (bright field) and diffraction pattern
of GaSb implanted with 60 keV Sn* at a low temperature.
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Fig. 3-18 The cross-sectional TEM image (bright field) and diffraction pattern
of GaSb implanted with 60 keV Sn* at room temperature.
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Table 4-1 lon implantation

Substrate 100 GaSh
Substrate temperature Ts=150 K
Acceleration voltage 60 keV

Dopant Sn*
Dose 7.9x 10 ions/cm?

Table 4-2 Heat treatment

Atmosphere H,
Temperature 400
Time 30 min.
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Fig. 4-1 X-ray diffraction patterns results of as implanted and annealed GaSb surface.
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Table 4-3

Comparing of the defect structure between as implanted and after anneral ed.

As implanted After annealed
Diameter 50 nm 50 nm
Depth 250 nm 120 nm
Thickness 10 nm 30 nm
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Fig. 4-4 Profile of Ga, Sb and Sn concentrations obtained from the TEM-EDX.

-72-



Steam Pressure (mmHgQ)

104 |

108 |

10-12 L

10-16

00

|- Ga ——Sb —-Sn

Temperature (K)

Fig.4-5 Saturated vapor pressure of Ga, Sb and Sn.>

Table4-4  Self- and impurity-diffusion coefficientsin GaSh.*

Diffusant Do cm?/s Q eV
Ga 3.2x 10° 3.15
Sb 3.4x 10* 3.45
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swelling
Yearian®
1981 G. L. Destefanis
P" An" N
1985 M. Shaanan
3 InSh
InNSb  GaSbh
GaSb
InSb GaSbh
InSb
InSh 4 712
GaSh InSh
GaSh Ga Sb
5
29.8 156.4 °
5-2
Te n

elevation
GaSb 1957 Kleitman
InSb
2
cd* B*
GaSb
60 keV Sn
Sh Narrow
0.18keV  GaSh 0.69 keV 4
6.095 GaSb 6.4789
Gash 525 InSb 4 InSh
Sb
InSb In Sb
Ga In
111 InSb 60 keV
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Sn*
Table 5-2 SEM
3.8x 10* 6.7x 10" ions/cm?

5-3-1 SEM

Fig. 5-1 FE-SEM
10* ions/cm?® 3.8x 10 ions/cm?® 6.7x 10*

ions/cm? 2
5-3-2 TEM
TEM
3.8x 10 ions/cm? 30nm
40 nm
70° 80°
[111]
3.15
6.7x 10* ions/cm?
10 nm
nm 10 nm
GaSh
3.8x 10 ions/cm?
InSh Sh
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50 nm
220-250
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Figure 5-3

5-3-3 EDX
Fig. 5-4  3.8x 10" jons/cm?
Sn
GaSh
200 nm
nm 4:1
5-3-4
InSb
2
Sb
In Eq Sb
Sh
[111]
Sb In
Sb In
In
2 3

10" ions/cm?

EDX
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In

Table 7-1 %
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a J3ala |
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5-3-5 GaSb

InSb ( Fig. 5-4
Fig. 3-6
10 nm
40 nm
6-7
Table 5-3
InSh
Fig. 3-4 Fig. 5-8
5-3-6
Gasb InSb  swelling

14

) Gash
15 nm
InSb GaSbh
101%
13
Ga 30
InSb GaSb 10
150 K InSh In Sbh
InSb
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30 nm
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10 nm
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InSb
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Table5-1 The characteristic table of 1nSb.

InSb
Sumitomo Electric Industries, Ltd.
Method of crystal growth | LEC
Conductivity type n-type
Dopant none doped
Carrier concentration F: 2.0x 10'® B:2.0x 10'%/cm?
Electric resistivity F: 4.6x 10° B: 4.6x 10°/cm?
Mobility F: 6.8x 10* B: 6.9x 104/cm?
Thickness 604 p m
Diameter 40 mm
Process surface B-mirror
backside wrap etch
Orientation (112)
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Table 5-2

lon dose and substrate temperature.

145

142

141

143

Dose

ions/cm?

1.0x 10

2.0x 10"

3.8x 10"

6.7x 10"
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lon dose (x1014 ions/cmz)

Fig. 5-3 Dependence of defect dimensions on ion dose on InSh
surface implanted by 60 keV Sn™.
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Fig. 5-4 Concentrations of In, Sb and Sn obtained form the EDX
spectra are shown against the depth from the surface.



-------------------

Fig. 5-5

The unit cell of the zinc-blend structure.

Table5-3 Comparison of property between InSh and GaSh.* *?
InSb Gash
Melting point 525 712
Melting point 156.4 In 29.8 Ga)
630.5 Sb 630.5 Sb
Density 7.5 g/cm? (liquid) | 6.0g/cm? (liquid)

6.8g/cm3(solid)

5.6g/cm® (solid)

Threshhold energy for
displacement

6.4 eV (In)
8.5-9.9eV (Sh)

6.2 eV (Ga)
7.5 eV (Sh)

Difusion parameter (at 150K)

5.84x 107** (In)
1.03x 10'% (Sh)

4.63x 10'% (Ga)
4.09x 102 (Sh)
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Fig. 5-6 Dependence of (dose-3.4x 10**)%° on the depth.
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Fig. 6-2

6-2-2 FIB

0.5 nm

FIB

nm 10 nm

6-2-3

TRIM

30 keVv Ga" 1550

FIB
5 nm
30 kevV 15 nm Fig. 6-3
20 nm
5kV 5 nm

60 keV Sn*  GaSb 3200

2 sink

Fig.6-4

-89-



6-2-4

T, K 1/3
T 1/3 GaSbh T
=1001 K 0 K 3336 K
6-3 1
6-3-1
FIB
100 GaSh GaSh Table6-1
150 nm 40x 40x 50 nm® 1
6x 10 ions FIB 30 keV Ga'
150 K
4x 10" ions/cm? 60 keV Sn
FE-SEM AFM

-90-



6-2-2

FIB Fig. 6-5
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Fig. 6-1 Proposed nano-fabrication technique method 1.

Sn*ions

:»W:»

| L

Fig. 6-2 Proposed nano-fabrication technique method 2.
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Fig. 6-3 Dependence of the cascade size on acceleration voltage.
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Fig. 6-4 Behavior of point defects induced to supersaturation.
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Table 6-1 The characteristic table of GaSh.

Gash

MCP Wafer Technology Ltd.
Method of crystal growth | S/IC
Conductivity type n-type
Dopant Te

Seed end Tail end
Resistivity 9.0x 107 3.8x 107
Hall mobility 3.3x 10° 3.0x 10°
Carrier concentration 2.1x 10 | 5.4x 10"
Average EPD 7200 <1x 10
Thickness 494-520u m
Diameter 50.6 mm
Process surface mirror

backside

Orientation (100)
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Fig. 6-5 FE-SEM image of cavity using FIB.

Fig. 6-6 FE-SEM image of cavity using FIB after mplantation.
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Position (nm)

Fig. 6-7 AFM image of the cavity before implantation and depth profile.

AN

0 500 1000 1500 2000
Position (nm)

Fig. 6-8 AFM image of the cavity after implantation and depth profile.
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Fig. 6-9 Initial structure fabricated by FIB.
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Fig. 6-10 Nano-fabrication by FIB.
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Scan 1 Scan 3

Scan 5 Scan 8

Scan 15 Scan 20

Fig. 6-11 FIB image of GaSh implanted with 15 keV Ga' to the doses of 1x 10 ions/cm?.
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Scan 5 Scan 8

Scan 15 Scan 20
Fig. 6-12 FIB image of GaSb implanted with 30 keV Ga' to the doses of 1x 10 ions/cm?.
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Scan 15 Scan 20

Fig. 6-13 FIB image of GaSb implanted with 30 keV Ga' to the doses of 1x 10 ions/cm?.
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Scan 5 Scan 8

Scan 15 Scan 20

Fig. 6-14 FIB image of GaSb implanted with 30 keV Ga' to the doses of 1x 10'® ions/cm?.
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2P m

Scan 1 Scan 3
Scan 5 Scan 8
Scan 15 Scan 20

Fig. 6-15 FIB image of GaSb implanted with 50 keV Ga' to the doses of 1x 10 ions/cm?.
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Scan 1 Scan 3
Scan 5 Scan 8
Scan 15 Scan 20

Fig. 6-16  FIB image of GaSh implanted with 50 keV Ga' to the doses of 1x 10 ions/cm?.
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Scan 1 Scan 3
Scan 5 Scan 8
Scan 15 Scan 20

Fig. 6-17 FIB image of GaSb implanted with 50 keV Ga' to the doses of 1x 10'® ions/cm?.
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Table 7-3
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GaAs
InAs GaSb InSb
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Fig. 7-7 Table 7-2 GaShb
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GaSb

InSb

Fig. 7-1 FIB image of GaSb and ImSb surface implanted
with 50 keV Ga" at room temperature.
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GaAs

Fig. 7-2 FIB image of Si and GaAs surface implanted
with 50 keV Ga" at room temperature.
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GaP

InP

Fig. 7-3 FIB image of GaP and InP surface implanted
with 50 keV Ga" at room temperature.
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InAs

Fig. 7-4 FIB image of Ge and InAs surface implanted
with 50 keV Ga" at room temperature.
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GaP-Sn* 8.3x 10" ions/cm? InAs-Sn* 8.3x 10" ions/cm?

Ge-Sn* 2.0x 10" ions/cm? Ge-Cu* 1.1x 10"% jons/cm?

Fig. 7-5 FE-SEM images of -  compound semiconductors
surface implanted with 60 keV Sn*and Cu®.
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Ge-Sn* 8.3x 10" ions/cm?

Fig. 7-6  FE-SEM images of Ge implanted with 60 keV Sn*.

-120-



Table 7-1 Propeerties of compound semiconductor materials at 300 K. *°

Si Ge BN BN BP Bas AIN AlP AlAs
Crystal structure D D ZB W ZB ZB W ZB ZB
L attice constant,
A 5.4309 | 5.65754 | 3.615 | 2.15 | 4.538 | 4.777 3.111 | 5.4625 | 5.6611
C 6.69 4.98
24.82 41.79
Atomic weight 28.086 72.59 g 5 85.743 | 40.988 | 57.956 | 101.9
Density (g/cm®) 2.328 5.3243 | 3.45 | 2.555 | 2.97 5.22 3.26 2.4 3.598
>270 >200
Melting point () 1420 941 1740
0 3000 0 2000

Line thermal expansion 2.9a, 4.03-
coefficient (10%/K) 24 > 35 45.5¢ 6.09 >
Thermal conductivity
(Wem kY 1.4 0.6 0.8 0.2-0.3 0.9 0.91
Free energy of
formation (kJ/JKg atom)
Dielectric constant 11.9 16 7.1 35 9.14 10.06
Energy gap (eV) (300K) 1.11 0.66 0.8 2 1.46 5.9 2.45 2.13
Effective mass, m°
Electrons //0.91 111.6 1.2 0.5

00.19 0o.08
Heavy holes 0.59 0.28 0.31 0.46
Light holes 0.16 0.044 0.26 0.22
Mobility (cm?/V's)
Electrons 1880 4000 80 180
Holes 450 1500 14
Displacement energy
(eV)
Column atom
Column atom
Elastic coefficient
(10*dynecm)
Cu1 16.48 12.85 71.2 28.73 | 23.35 13.82 12.2
Ci2 6.35 4.83
Cua 7.9 6.68
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AlSb GaN GaP GaAs | Gasb InN InP InAs InSb
Crystal structure ZB W ZB ZB ZB w Zb ZB ZB
L attice constant,
6.1355 | 3.18 | 5.4495 | 5.653 | 6.095 | 3.533 | 5.8694 | 6.058 | 6.4789
a
C 5.166 5.692
Atomic weight 148.74 | 83.73 | 100.69 | 144.64 | 191.47 | 128.83 | 145.79 | 189.74 | 236.57
Density (g/cm®) 4.26 6.1 4.129 | 5.307 | 5.613 6.88 4,787 | 5.667 | 5.775
Melting point () 1080 1467 1238 712 1070 943 525
1200
Line thermal
_ o 5.593, 5.3-
expansion coefficient 4.88 6 6.7 4.5 5.19 5.04
3.17c 5.81
(10%K)
Thermal conductivity
0.56 1.1 0.54 0.33 0.7 0.26 0.18
(Wem K1)
Free energy of
formation (kJ/Kg 35.29 | 28.39 19.22 | 12.89
atom)
Dielectric constant 14.4 12 11.1 13.18 | 15.69 12.35 | 1455 | 17.72
Energy gap
1.62 3.39 2.26 1.428 0.7 2.4 1.351 | 0.356 0.18
(eV) (300K)
Effective mass, m°
Electrons 0.39 0.19 //1.15 | 0.071 | 0.047 0.08 0.023 | 0.012
0.21
Heavy holes 0.5 0.6 0.86 0.5 0.39 0.56 0.41 0.48
Light holes 0.11 0.14 0.082 | 0.056 0.12 0.025 | 0.016
Mobility (cm?/Vs)
10000
Electrons 200 380 200 8500 7700 6460 | 33000
0
Holes 420 120 420 1400 150 460 1700
Displacement energy
(eV)
Column atom 8.8 - 6.7 6.7 5.8
Column atom 10.1 - 8.7 8.5 6.8
Elastic coefficient
(10dynecm)
Cu 8.939 14.12 | 11.88 8.83 10.22 8.65 6.75
Cu2 4.425 6.253 5.82 4.033 5.76 4.85 3.47
Cus 7.9 6.68
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Table7-2  Self- and impurity-diffusion coefficients® .

Diffusant Do cm?/s Q eV
Ga inGaSh 3.2x 10° 3.15
Sb in GaSb 3.4x 10* 3.45
In inInSb 1.76x 10 4.3
Sb inInSb 3.1x 10" 4.3
Ge inGe 7.8 2.97
S inSi 9.0x 10° 5.13
Ga inGaAs 1x 10’ 5.6
As inGaAs 7x 10 3.2
In inInP 1x 10° 3.85
P inlInP 7x 10 5.65
In inInAs 3x 10’ 4.45
As inlInAs 6.0x 10’ 4.0
714 294 185 135 106 (K)
-60 ¢ | | | | Ge (in Ge)
Ga (in GaSh)
-160 As (in GaAs)
Sb (in GaSh)
-260
2 -360 In (in InP)
As (in InAs)
-460 < In (in InSb) Sb (in InSb)
In (in InAs)
~560 — Si (in Si)
N~ P (in InP)
Ga (in GaAs)

1x 10° 3x 10° 5x 10° 7x 10%; 9x 10°
1/T (1/K)

Fig. 7-7 Difusion data of element and compound semiconductors.

-123-



Table 7-3 Recovery stagesin

compounds® . K

Stage GaAs Gash InAs InSh
90 120 100 90
220 160 120 150
280 200 190 175
280 200 190 210
500 360 300 270
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Fig.  Photoluminescence of as-implanted GaSb at low temperature.
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