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ABSTRACT

ABSTRACT

With the development of information technology, the demand for information
processing, transmission and calculation is continuously higer. While traditional
integrated circuits continue to improve the integration to meet the demand, they also |
present the bottleneck of development, facing the problems of bandwidth difficult to
further improve and power consumption. Silicon photonics technology is developing
rapidly with its excellent performance of fast transmission speed, low heat dissipation
énd anti-interference. The combination of silicon photonics and microelectronics is
expected to break through the bottleneck of the development of integrated circuits.

In this dissertation, the silicon-based germanium detectér is studied based on
silicon photonics integration technology for the application of optical communication.
Compared with other materials, germanium materials have two main advantages: one is
the strong optical absorption coefficient and high carrier mobility in the infrared band,;
The other is that the process of germanium thin films is compatible with the existing
CMOS process. Combined with the advantages of germanium materials and silicon
photonics technology, based on the simulation of two kinds of gerrﬁanium
photodetectors with different structures by using Silvaco software, we designed and
fabricated a waveguide integrated horizontal PIN germanium photodetector.

The detector in this dissertation is fabricated on the 8-inch standard CMOS process
line of Institute of microelectronics, Chinese Academy of Sciences. SOI is used as the
substrate material in this work, and the length of waveguide is 1545 u m. The thickness
is 220nm, evanescent wave coupling is used between the detector and waveguide, the
photodetector is horizontal structure, selective epitaxial growth technology and two step
growth method are applied for germanium film. The size of epitaxial germanium is 14.2
u m of length and 0.5 1 m of thickness. In order to avoid lattice damage to the

germanium layer, the ion implantation and electrode are implemented on the silicon
' I
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layer.

Ttransmission electron microscope is used to analyze the lattice quality of
gemanium film. It shows that the dislocations are well confined in the low-temperature
buffer layer, and the lattice defects in the high temperature layer are few and the lattice
arrangement 1s neat, which indicates that the quality of the germanium layer 1s good;
The etching size of the waveguide structure is accurately controlled; Test results show
that the dark current is as low as 11.6nA at the bias voltage of -1V with 1550nm laser
excitation, which indicates that the gemanium epitaxial material has good lattice quality.
The optical responsivity is 0.75A/W, and quantum efficiency is 60.1%. At the same time,
we measured a 3-dB bandwidth of 20GHz at - 2V bias voltage, and obtained a clear eye

pattern with a transmission rate of 30.26Gbps.

Keywords: Silicon Photonics Technology, Waveguide Integration, Germanium

Photodetector, CMOS Process Compatible
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Fig. 1-11 (a) Schematic diagram of detector structure and CMP process improvement prepared by
SB Samavedam et al. 1!l ;(b) Optical response and dark current of the device at 1.3 micron

wavelength excitation!!]
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Fig. 1-12 (a) Structure of germanium vertical detector prepared by Dongwoo et al'3;(b)

Transmission electron microscopy image of GE growing on silicon substrate by RPCVD method!?
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Figure 1-13 Schematic diagram of the operation of waveguide integrated germanium detector
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B 1-14 LiuJ. F S AH1& 0B R AR 877 AR 8454022 (a) xﬂ%%%é}ﬁftééwﬁﬁi
SHRERERE; (b)) BRERAETREMEAK T ZRESER.

Fig. 1-14 Detector structures with two different docking modes prepared by Liu J. F et al. 2 (a)
Schematic diagram of docking coupling mode structure and its process flow;(b) Diagram of
evanescent coupling structure and its process flow.
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B, 27mA fem? MRS B 2 RER A T4 BB R AT« Yin Tao®I8 AJBR T A 1K
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Si0); (BOX)

" Si(Substrate)

Bl 1-15  Yin Taol245 A9 T4E (a) REEAE I 3 5 1 PIN BUEIRIU BS540, (o) JRUNER K9 SEM
3
Fig. 1-15 Work of Yin Tao® et al. (a) Structure diagram of PIN type germanium detector based on

silicon ridge waveguide;(b) SEM image of the detector
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Fig. 1-16 The three-dimensional structure of the device (a) prepared by Chen H.let al.(b) Diagram

of cross section of the device .
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Fig. 2-1 Microscopic schematic diagram of photoclectric effect
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Fig. 2-2 Schematic diagram of PN junction in equilibrium state
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Fig, 2-3 Schematic diagram of PN junction band under reverse bias voltage
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Figure 2-4. Schematic diagram of operation of avalanche photodiode
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Fig. 2-9 Schematic diagram of vertical grating coupling mode
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Fig. 2-10 (a) Waveguide integrated germanium photodetector with three-dimensional horizontal
structure 34;(b) Two-dimensional wavegu.ide integrated germanium photodetector with horizontal

structure.
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Figure 2-11 Schematic diagram of doping mode of traditional germanium detector
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Fig. 2-12 (a) 3D waveguide integrated germanium photodetector with vertical structure 331:(b)

Two-dimensional vertical structure waveguide integrated germanium photodetector.
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Fig. 2-15 Ion doping distribution and electrode display of horizontal structure device
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Fig. 2-16 (a) Overall electric field distribution diagram of horizontal structure device;(b) electric

field distribution at the germanium silicon interface;(c) Electric field distribution in the top region of

germanium region.
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Figure 2-17 Simulation results of dark current
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Fig. 2-18 Simulation results of dark current and photocurrent comparison
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Fig. 2-19 Vertical structure simulation structure diagram
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Fig. 2-20 Overall distribution of internal electric field of vertical structure device and germanium

region electric field distribution
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Fig. 3-2 Stereoscopic structure of PIN germanium detector developed in this paper
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Fig. 3-3 Diagram of device cross section
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Fig. 3-4 Ge thin films developed by Thomas¥ et al using the SiGe buffer layer technology with Ge

component change

40



B=F F%&@%ﬁﬁ%ﬁ&!ﬂ%ﬁ%%ﬁ#&ﬁ%ﬂl%ﬂ%

BAEE KA ORI T K — 2 Ge I, ZFﬁmﬂTﬁR
ik R — B R E Ge 2. FEIGEAK Ge BN, B N ETHEBE LB,
XBSE T KRR M . BT RS T PR R
ERAREAEE, BNTMNROER: S5RAHY . HRERAH, A
422 B BRI, R B B Fukuda SI0MIZE 1087 ARG, MATRINEE
K—BIGE Ge ZrEEBREAK Ge SMER, Ge BRESHAPERA. ZEE
ST RRRIR K, ML —BIE Ge Bk MR . 1KIB Ge S0 2R, Hhi
&85\ Ge MIERTTE, RETR BRI, KefbgusoRmfte, B
AR R TR S AR A TR (10%em?), FIUEREES
gt K B R AR RE K T Bk — S MR AT . FUFIE K Ge 1 Si
R RBR R O ARIER 1, S RAEIEE, IR RAERRL, AL
BAER . 18 JCRRT DU 45 B RIS 2—3 NSRS, HIE Ge AL
SiGe ZEMEHA, H-EEAKEANICEEMEEE, ARAEE HHT R
S BRI, 2011 4, JAAE 9 AR RRRE N EHARTE Si A LA K
&T%E%%Gﬂﬁ,Zﬁmm%ﬁwiﬁmﬁFfWﬁHM%TGﬂﬁmﬁﬁ%
B, 4 3-5 i, ATLUEH Ge RALEE KB/, MIAETEMR/N, Ge MG BIR

Bl 3-5 Ge M2 2 B 5 R TR HOLF B e
Fig. 3-5 Surface morphology of Ge films after chemical etching under optical microscope %!
SRR MEAME A KR AR E LRI, 2SS TSR RME, 2
JEE M B AN B K Ge TR, BRI FIRFF T MAER MBS Ge B
st B A TREIER, WA T BREN Ge 2. BT ERAEME 3-6 Fix.

41



REIE 8k S R B R0 B
émﬁ%wﬁk?\ﬁﬁﬁ,?ﬁﬁ%%ﬁm@%%%mt%@W,Mﬁ%ﬂE,
TR 1 2 FE A B R0, 2007 4, ParkP®048 AZE SiO 41 it T — A3k
9 400nm. IREEAN 500nm [IMIAE, FEMBENZET Ge MAMEA K, WHE 3-7 A
s BEJER Ge AT SR, R RER FENAEYE S0 MEEHIHE, Ge MR
i EEH D 5 EMAEIR D, Ge BREMRYF . EHMEINEA KEART Bk ERIRIX
ALK HRRER Ge i, XAARMEIEEZ ARG T REAIFER .

Rl

rcy R
| Nl e ':>  onstmE T nsqoME

2. 4 fE S
[k
Al @

m-nm B
Ns;(mo) m CZ’ : N-S:(lOO m Cj Ns: (100) rfﬁ

LK f’l((\
ik

B 3-6 Ge R SME T Z AR )

Fig. 3-6 Eepitaxy process flow chart of Ge thin film ]

9 3-7 Parkl3UE AR BEAMEA K Ge IE TEM #iH

Figure 3-7. TEM cross section of Ge film with epitaxial growth selected by Park et al>!],

332 EEIMEEERNEKRIZREE
A IRAE ] 26 % S R PR B B IR UM B I AR P TS K B () B R A IE T E R AE R
BEil B F BT 8 Bi~f CMOS L& Lre k), ANIRKEHERAMNE T 246 T B0

42



_ BTE RN SERERENSN BRI ZHE
DMIE A K AR FIE R KRR BOPRS . BATAERTRESE ST B FREARIAR RLR
KERE, BT THREEMEEEAK TS, T EAE RPCVD (RELY
SAIRRD) BARHATH, RPCVD RATEHRAMMFE, TERPMMEE,
AR, EAMEAR. WE 3-8 FiR. U TFRAREEEEMEENA
R TS

B 3-8 RPCVD 4K ¥

Figure 3-8 RPCVD growth device
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Figure 3-9. Process diagram of germanium film epitaxial on silicon in this paper(a) Preparation
of silicon wafers;(b) suspension coating photoresist (c) photoresist window (d) etching SiO2 (e)

degumming (f) epitaxy growth Ge (g) CMP grinding



B E R SRS B R T S &

B 3-10 7£ Si0» BH O FMAEKK Ge EEME T HEMER G

Fig. 3-10 Atomic force microscope image of GE mesa selectively grown in SiO 2 window B2
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Fig. 3-11 SEM Figure of Ge Film Growth B!
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Figure 3-11 Layout of the waveguide integrated horizontal PIN.germanium detector
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Fig. 4-1 Physical image of scanning electron microscope (SEM) equipment
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Figure 4-3 Atomic Force Microscope (AFM) equipment physical picture
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Figure 4-4 Basic structure of atomic force microscope P
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Fig. 4-5 Device structure design diagram
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Figure 4-6 SEM image of horizontal cross section of the device prepared in this paper
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Fig. 4-7 SEM image of detector metal PAD
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Figure 4-9 SEM image of the side of rectangular waveguide
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Fig. 4-10 SEM image of the bent surface of rectangular waveguide
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Figure 4-11 SEM image of grating surface
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Figure 4-12 germaniurh epitaxial film AFM diagram (a) surface topography (b) 3D stereogram
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Figure 4-13 SEM image of germanium epitaxial film
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Figure 4-14 SEM image of germanium epitaxial film (before CMP)
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Figure 4-16. Linear fitting curve of waveguide loss as a function of waveguide length
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Fig. 4-17 Schematic Diagram of Dark Current Testing Device B4
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Fig. 4-18 Curve of dark current as a function of reverse bias voltage
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Fig. 4-19 Dark current characteristic curve of detector
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Fig. 4-20 Schematic diagram of optical responsiveness test device 4
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Fig. 4-21 Schematic diagram of optical responsiveness test principle
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Figure 4-22 Curve of photocurrent as a function of voltage
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Fig. 4-23 Curve of photocurrent as a function of reverse bias voltage
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Fig. 4-24 Schematic diagram of bandwidth test device
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Figure 4-26 Curve of detector S21 parameters as a function of frequency
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