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Contact resistance lowering at metal/Ge interface by controlling metal property
and interface structure
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In this work, we proposed a metal work function modulation model for Fermi
level pinning at the metal/semiconductor interface, and verified and advanced the model.

We experimentally demonstrated that the semiconductors such as Si and Ge can be reasonably
described by the work function modulation model, and that the work function modulation is weakened
by lowering electron density in metal.

Based on the fact that the vacuum work function of metal is affected by the surface structure of
metal, it was clarified that the work function modulation effect at semiconductor interface is also
affected by semiconductor structure especially like surface orientation of semiconductor. We also
proposed a concept of holes contribution at semiconductor interface.



Si-MOSFET

Ge Si
2.5 35
CMOS Ge Si
Si
FET
Ge
/Ge
/Ge FLP
Ge
FLP
/Ge FLP
FLP
Metal-induced gap states (MIGS)
FLP [71
13 FLP ”
/Ge
MIGS /Ge
MIGS
Ge /Ge FLP
MIGS MIGS
Ge
MIGS
2
Ge
/Ge
Si  Ge
Si Ge
/ Ge Si
/



Si  Ge
/SiGe FLP [1,2]
SiGe Si Si Epi-Si, .Ge
Ge Si Ge PR T
0.3
S 04
- iO.S- [ )
. Si ‘; 06f o e
SiGe % 0.7} ®e > 1
? o8l ® |
SiIGe o e s s s
Ge Vacuum work function (eV)  Vacuum work function (€V)  Vacuum work function (eV)
SiGe  FLP $~0.16 $~0.07 S ~0.03
Fig.1 /Si, /SiGe Si ,/Ge
Si SiGe
SiGe /SiGe
SiGe XRD  Raman Fig.
1 FLP Si SiGe Ge
Si Ge
Ge FLP [1,2]
/Ge Ge
FLP Ge
Ge Ge
FLP Ge
Ge
Ge /Ge
[1]
FLP
Bi/ FLP [3]
Bi 4,27 4.3eV
/Ge /Si FLP 10— -Ge - pee
FLP jo'f— Pm=0sre ] Ny Bi
1
4.5 4.6V Bi ik by oy
o \ r =0.32eV ]
FLP E 10 r 1
< 40
/Ge /si FLP S 107 r 20\/1
n-Ge n-Si . 10° m . oL M)
p-Ge p-Si 10* I I I I .
10 -05 00 05 10 -1.0 -05 00 05 1.0
-V Fig. 2 Vi) Viea
Bi n-Ge Fig. 2 Bi/Ge Bi n-Ge
ff
off p-Ge 0-Ge °
Si Bi
n-Si
Bi
Bi/Ge Si TEM
Bi
FLP Schottky

Bi



Si Silicide /Si FLP [4]
/

FLP silicide/Si 302
FLP £ S B nisi
% 0.4 \% TiSi,
= P TlGe2
silicide/Si -g . NiGe .
/Si 306 e ~a i
FLP silicide/Si %
MIGS I 308
3 silicide silicide/Si 3 4 5
Vacuum work function @ (eV)
Fig.3 silicide ;4
Si FLP Si
FLP
2
FLP
2
[1,5, 6]
MIGS Atomically Polished
/Ge flat i mirro =
0z = % \q_,); A!ornxcalry_|
~°0.450} Flat_g Polished
_é mirror
§ 0425 Polished
9 mirror
Ge (110) z:-S Atomically|
2 0400F'al Polished
8 mirror
8 ’S.‘;’.’"'“"'
Ge (111) b E 0.375¢
@ (100) (110 (1)
Fig. 4 Bi Ge
Bi/Ge Bi/n-Ge
Ge
(100) (110) (111)
Ge Bi
XRD
Bi/Ge
Ge Fig. 4
Ge (110) (100) (111)
Two band MIGS [7-10]
SeV FLP Schottky
Ge 0.5eV 10
FLP
2

FLP

MIGS MIGS



[1] X. Luo, T. Nishimura, T. Yajima, and A. Toriumi, "Understanding of Fermi level pinning at
metal/germaniun interface based on semiconductor structure”, Appl. Phys. Express 13, 031003 (2020).
[2] T. Nishimura, X. Luo, T. Yajima, and A. Toriumi, “Understanding and control of Fermi level pinning at
metal/germanium interface”, IEEE Int. Interconnect Technology Conference and Materials for Advanced
Metallization Conference, (Jun. 5, 2019, Brussels, Belgium)(invited).
[3] T. Nishimura, X. Luo, S. Matsumoto, T. Yajima and A. Toriumi, "Almost pinning-free bismuth/Ge and
/Si interfaces”, AIP Advances 9, 095013 (2019).
[4] : Wi, , ., Silicide/Si Fermi-level Pinning ,
[11a-W934-7], 66 , 2019 3 11 ,
[5] T. Nishimura, X. Luo, T. Yajima, and A. Toriumi, "Further investigation of Fermi-level pinning on Ge
from substrate side",3.8, 49th IEEE Semiconductor Interface Spesialists Conference(SISC), (Dec.6, 2018,
Catamraran Resort Hotel, San Diego, USA).
[61 . , , Ge Fermi-level pinning Ge

J[P-12], 24 , 2019 1 24

[71 T. Nishimura, T. Yajima, and A. Toriumi, "Reconsideration of Metal Work Function at
Metal/Semiconductor Interface”, 232nd ECS Meeting, G03, #1121, (Oct. 2, 2017, Gaylord National Resort
& Convention Center,National Harbor, MD(greater Washington, DC area), USA)
[8] T. Nishimura, T. Yajima, A. Toriumi, "Generalized Picture of Work Function of a Metal with Schottky
Interface", 2017 International Conference on Solid State Devices and Materials (SSDM 2017), K-1, #05,
(Sep.20, Sendai International Center, Sendai, Japan).
[9] . B : :

J[P-11], 24 , 2019 1 24

[10] , , ,  Schottky Two-band MIGS , [12a-PB3-6],
66 , 2019 3 11 , ,



3 3 0 1

Nishimura Tomonori, Yajima Takeaki, and Toriumi Akira 80

Reconsideration of Metal Work Function at Metal/Semiconductor Interface 2017

ECS Transactions 107 112
DOI

10.1149/08004.0107ecst

Nishimura Tomonori Luo Xuan Matsumoto Soshi Yajima Takeaki Toriumi Akira 9

Almost pinning-free bismuth/Ge and /Si interfaces 2019

AIP Advances

095013 095013

DOl
10.1063/1.5115535

Luo Xuan Nishimura Tomonori Yajima Takeaki Toriumi Akira

13

Understanding of Fermi level pinning at metal/germanium interface based on semiconductor
structure

2020

Applied Physics Express

031003 031003

DOl
10.35848/1882-0786/ab7713

Reexamination of Fermi level pinning for controlling Schottky barrier height at metal/Ge interface

2018

2018




T. Nishimura, X. Luo, T. Yajima, and A. Toriumi

Further investigation of Fermi-level pinning on Ge from substrate side

49th IEEE Semiconductor Interface Specialists Conference

2018
2018

/Ge Fermi-level pinning Ge
2018
Silicide/Si Fermi-level pinning
2019

2019




Schottky Two-band MIGS (metal induced gap states)

2019

2019

T. Nishimura, X. Luo, T. Yajima, and A. Toriumi

Understanding and control of Fermi level pinning at metal/germanium interface

International Interconnect Technology Conference & Materials for Advanced Metallization

2019

T. Nishimura, T. Yajima, and A. Toriumi

Generalized picture of work function of a metal with Schottky interface

International Conference on Solid State Devices and Materials

2017

T. Nishimura, T. Yajima, and A. Toriumi

Reconsideration of Metal Work Function at Metal/Semiconductor Interface

Electrochemical Society Meeting

2017







