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LBNL Ge R&D  (LDRD) 
 

• This is an LDRD-funded effort to develop 

scientific CCDs on Germanium substrates 

• The next logical step in terms of increasing the 

long-wavelength response of scientific CCDs  

 

~ 10 - 20 um thick CCDs perform to  ~ 700 nm 

250 um thick fully depleted CCDs  ~ 1 um 

Ge CCDs could work out to  ~ 1.4 um 

 

• Direct application to the study of high red-shift 

objects of interest in Dark Energy studies 
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Examples of astronomical CCD cameras 

HyperSuprimeCam – 116 2k x 4k, (15 µm)2-pixel CCDs 

CCDs from Hamamatsu Corporation 

Licensed CCD technology from LBNL 

Subaru 8-m Telescope 

870 Mpixels 

FermiLab Dark Energy Survey Camera (DECam) 

62 2k x 4k, (15 µm)2-pixel CCDs 

CCDs from DALSA Semiconductor / LBNL 

NOAO Cerro Tololo Blanco 4-m Telescope 

Both use fully depleted CCDs (200 – 250 um thick) 

Operational since 2012 

520 Mpixels 
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Astronomical cameras with fully depleted CCDs 

FermiLab Dark Energy Survey Camera (DECam) 

62 2k x 4k, (15 µm)2-pixel CCDs (520 Mpixels) 

CCDs from DALSA Semiconductor / LBNL 

Full moon 

for scale 
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Astronomical cameras with fully depleted CCDs 

FermiLab Dark Energy Survey Camera (DECam) 

62 2k x 4k, (15 µm)2-pixel CCDs (520 Mpixels) 

CCDs from DALSA Semiconductor / LBNL 

Full moon 

for scale 

Roughly 50k galaxies per image 

 

6 year DES survey complete as of 

last week / DECam remains 
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MOSAIC 3 Camera / 500 m thick LBNL CCDs 

David Schlegel, Chris Bebek, Armin Karcher, Sufia Haque 
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Astronomical cameras with fully depleted CCDs 

HyperSuprimeCam –  8 degrees x 3 degrees field of view 

Video courtesy of Satoshi Miyazaki / Subaru Telescope 
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LSST CCDs (in production) 

Uniform illumination Test target image CCD in test fixture 

T
-E

2
v
 C

C
D

2
5
0
 

T
-D

A
L
S

A
/I

T
L
 S

T
A

3
8
0
0
C

 

 100 m thick 

 Fully depleted 

 4k x 4k 

 10 m pixels 

 16 amplifiers 

 

 189 CCDs 

 3.2 Gpixels 

 

Courtesy of Paul O’Connor of Brookhaven National Laboratory 
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LBNL Ge R&D  (LDRD) 
 

• In the following we compare material 

properties of silicon and germanium, and 

discuss how these material properties affect 

the electrical and optical performance 

 

 

 

 

 

 



Properties of the semiconductors Si, Ge, and GaAs 
10 



11 



LBNL talk 12 

January 16th , 2019 

• Higher redshifts, e.g. z = 1.6 to 2.6 for DESI [O II] (Si to Ge) 

• 2x volume reach for future DESI with Ge CCDs  

J band 

Germanium vs Silicon 
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Ge is 2.3x denser than silicon 

Good for  and x-ray detection 

Practical issue:  wafers are heavy 
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X 
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LBNL CCD Dark Current 

DAMIC roughly here with their cooled Cu box enclosure 

0.001 e- / pixel-day at 120K (4 x 10-5 e- / pixel-hr) 
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• The first transistor was realized in Ge (Dec. 1947) 

— Bardeen and Brattain, then Shockley’s junction transistor 

 

 

 

 

 

 

 

 

• At a 1954 IRE conference Texas Instruments demonstrates 

the silicon grown junction transistor 

— Ge and Si transistors in an audio amplifier dunked in hot oil 

 

• 1st Ge transistor 

• Point contact 

• Ge because the 

purification process was 

more advanced than that 

for silicon due to the 

lower melting point of Ge 

• 937C vs 1415C (Si) 

Very brief transistor history 



LBNL talk 19 

January 16th , 2019 

 

• The first transistor was realized in Ge (Dec. 1947) 

— Bardeen and Brattain, then Shockley’s junction transistor 

 

 

 

 

 

 

 

 

• At a 1954 IRE conference Texas Instruments demonstrates 

the silicon grown junction transistor 

— Ge and Si transistors in an audio amplifier dunked in hot oil 
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Germanium has high carrier mobilities 

Ge has the largest hole mobility of any 

semiconductor 
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—  Renewed interest in Ge due to high mobilities 

 

 

 

 

 

 

 

 

— Umicore produces 150 and 200 mm Ge wafers 

(low resistivity) for mostly photovoltaic applications 

— Ge CCD effort at M.I.T. Lincoln Laboratories 

Opportune time for Ge R&D 
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  We applied for a Ge CCD LDRD in 2000 

Luckily it was not approved 

Opportune time for Ge R&D 
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• Numerous technical challenges with Ge 

— Water soluble GeO2 insulator that degrades starting at 

400C due to GeO2 decomposition (more on this later)  

 Nonetheless, GeO2/Ge 

interface is better than 

the alternatives, so cap 

with another insulator 

Ge issues 
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• Class 10 clean room 

—150 mm wafer processing 

— DECam / DESI CCDs with DALSA 

— Ge CCD R&D  

LBNL MicroSystems Laboratory 
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• 1st attempt at GeO2-SiO2 gate insulator 

— Low temperature (300C) SiO2 deposition over GeO2 

• Pinholes in the deposited SiO2 result in etching of 

the water-soluble GeO2 when exposed to e.g. H2O 

 

 

 

 

LBNL Ge R&D  (LDRD) 

Capacitor-only wafer:  Aluminum over SiO2 over GeO2  

Towards the center 

of the wafer 

Upper right region 

of the wafer 
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• 2nd attempt at SiO2-GeO2 using improved methods 

— Two step SiO2 deposition / pinholes not likely coincident 

— Other improvements 

 

 

 

 

LBNL Ge R&D  (LDRD) 

Capacitor-only wafer:  Entire region is SiO2 over GeO2 

130 um 



LBNL talk 27 

January 16th , 2019 

 

• Next step: Fabricate Ge buried-channel MOSFETs 

• Basic building block of CCDs 

 

—Short-loop study to debug the basic Ge process 

• Metal gate transistors now, future polyGe gate 

—Required two ion implantation steps 

• Work with implant vendor Innovion regarding their 

concerns with heavy / fragile Ge substrates 

— Required MSL equipment upgrade for photoresist 

removal after high-dose implants 

• H2SO4-H2O2 often used in silicon not compatible 

with Ge (as is the case with most silicon cleans) 

LBNL Ge R&D  (LDRD) 
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Post high-dose implant with resist mask After plasma resist strip (previously unused 

“asher” outfitted with special wafer handler) 

LBNL Ge R&D  (LDRD) 
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• Buried channel MOSFETs for CCDs 

 

 

LBNL Ge R&D  (LDRD) 
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• Surface versus buried channel MOSFETs 

 

 

LBNL Ge R&D  (LDRD) 

 

• Surface channel MOSFET 

• Conduction in a narrow 

inversion layer along the 

surface next to the gate 

insulator 

• Interface-states trap charge 

and increase the 1/f noise 

 

 

• Buried channel MOSFET 

• Conduction below the surface 

(blue region) 

• Less sensitive to interface states 
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• Germanium buried-channel MOSFET fabricated at 

the LBNL MicroSystems Lab 

 

 

 

 

LBNL Ge R&D  (LDRD) 

PECVD† SiO2 gate dielectric 

Metal-gate transistor 

†Plasma-enhanced chemical vapor deposition 
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• Germanium buried-channel MOSFET fabricated at 

the LBNL MicroSystems Lab 

 

 

 

 

LBNL Ge R&D  (LDRD) 

SiO2-GeO2 gate dielectric 

Metal-gate transistor 



 

o Ge buried channel MOSFET 

o W/L: 50 um / 5 um 

o Metal gate 

 

 

 

o Si buried channel MOSFET 

o W/L: 50 um / 5 um 

o Polysilicon gate 

 

 
Detailed comparisons difficult, but encouraging that the 

Ge MOSFET has similar performance to the Si device 

33 



 

o Ge surface channel MOSFET 

o W/L 50 um / 5 um 

o Metal gate 

 

 

 

o Si surface channel MOSFET 

o W/L 50 um / 5 um 

o Polysilicon gate 

 

 
Ge surface channel MOSFET appears to be inferior 

GeO2/Ge versus SiO2/Si interface 

34 
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• Non-ideal effects noted in the first transistor 

fabrication, the worst shown below 

—600C oxidation step on a Ge wafer with no 

coating on the backside of the wafer 

—Adjacent silicon wafer had blue film deposited that 

was water soluble (likely GeO2) 

 

 

 

 

LBNL Ge R&D  (LDRD) 

Back side of a Ge wafer 

after 1 hour, 600C in O2 

Water soluble film deposited on 

adjacent, oxidized silicon wafer 
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• We now coat the backsides of the Ge wafers 

with SiO2 to inhibit the oxidation and the 

consequent GeO / GeO2 issues 

 

• We next fabricated capacitor-only wafers to 

see if the Ge-GeO2 interface could be 

improved via process changes and address 

some of the issues seen in the first attempt 

• Simple 2 mask process 

• No ion implantation steps 

 

LBNL Ge R&D  (LDRD) 
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• MOS capacitors used to study the quality of 

the gate insulator and the semiconductor-

insulator interface 

 

 

 

LBNL Ge R&D  (LDRD) 

 

 

• C-V curves yield much information about 

the quality of the insulator 

 

• After much R&D in the 1970’s, the Si-SiO2 

interface typically has defect levels in the 

low 1010 cm-2, or about 1 defect per every 

105 Si atoms 

• Ge-GeO2 interface is at best 10x worse 
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• For SiO2 the two major advances (1970’s) were 
 

 

LBNL Ge R&D  (LDRD) 

 

 

• “Deal triangle” 

• Address fixed oxide charge 

 

• Post metallization anneal in H2  

• Minimize interface states 

• H2 PMA in Ge not effective 

 

• Implemented on CDF strip 

detectors in late 1980’s 
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SiO2-GeO2 on Ge 

550C oxidation 

SiO2-GeO2 on Ge 

600C oxidation 

SiO2-GeO2 on Ge 

Improved 550C 
MSL polySi gate 

SiO2 on Si 

1 MHz 

500 kHz 

200 kHz 

100 kHz 

10 kHz 

Oxidized at the same 

time as the wafer with the 

working BC MOSFETs 

Upstream of a MOSFET 

wafer that did not survive 

the GeO onslaught 



Best so far 

 

SiO2-GeO2 on Ge 

600C oxidation 



Post-metallization 

anneal study 

 

550C oxidation 

No PMA anneal 



Same wafer 

 

45 min 300C 



Same wafer 

 

1 hr 350C 



Same wafer 

 

1 hr 375C 
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• Three remaining topics 

 

— High purity Ge wafer production via SBIR 

 

— Brief overview of work at the UC-Berkeley Marvell 

Nanofabrication Laboratory 

 

— Lincoln Labs Ge CCD effort 

 

 

 

LBNL Ge R&D  (LDRD) 
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—The table of material properties shown earlier 

listed millisecond minority carrier lifetimes 

 

 

 

 

 

 

 

—Only valid for detector-grade materials 

• High resistivity silicon (FD CCDs), HPGe 

 

LBNL Ge R&D  (LDRD) 

X 
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— Concern that we only have one viable Ge 

supplier with 10’s sec lifetimes 

 

— Explore the possibility of producing 150 mm 

wafers from HPGe 

• Analogous to the high-resistivity Si effort 

 

— CCD parameters like dark current and charge 

transfer efficiency depend critically on lifetime via 

the presence of harmful impurities 

» Deathnium (W. Shockley) 

 

 

LBNL Ge R&D  (LDRD) 
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• From William Shockley’s 1956 NP lecture 
 

 

 

LBNL Ge R&D  (LDRD) 

Holes, electrons, donors and acceptors represent 

four of the five classes of imperfections that must be 

considered in semiconductor crystals in order to 

understand semiconductor effects.  The fifth 

imperfection has been given the name deathnium. 
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• From William Shockley’s 1956 NP lecture 
 

 

 

LBNL Ge R&D  (LDRD) 

Actually, there are several forms of deathnium. 

… found that copper and nickel chemical 

impurities in the germanium produce marked 

reductions in the lifetime. 
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• Impressive history at LBNL of HPGe work  

• The late Eugene Haller, R. Pehl, W. Hansen, J. Beeman, 

Paul Luke of “Luke phonons”, M. Amman, graduate 

students, e.g. Nick Palaio, apologies for omissions 

 

• With assistance from Maurice Garcia-Sciveres and 

Helmut Marsiske of the DOE, we placed an SBIR call 

for HPGe wafer production 

 

• We targeted the company PHDS Co. given that they 

had received previous SBIRs and were capable of 

producing 150 mm diameter crystals 

 

 

High-purity Ge 
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High-purity Ge 
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• High purity Ge wafer production (SBIR Phase I) 

 
PHDS Co. HPGe 

153 – 180 mm Ø 

Vendor A:  Poor results 

Scratches / particles 

 Umicore slicing 

and polishing 

yielded 41 wafers 

(48 mm thick) 

 -ray spectra from a 

scrap piece of the Ge 

crystal processed at 

Umicore  

(courtesy PHDS Co.) 

3rd crystal grown to date 

SBIR efforts PHDS Co. 
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• High purity Ge wafer production (SBIR Phase I) 

 
PHDS Co. HPGe 

153 – 180 mm Ø 

Vendor A:  Poor results 

Scratches / particles 

 Photoconductive 

decay lifetime 

measurements 

 

LNBL processing in 

progress 

3rd crystal grown to date 

SBIR efforts (Phase II awarded to PHDS Co.) 

 Umicore 
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• Polycrystalline Ge (in-situ doped) capabilities 

• Advanced characterization tools for the Ge technology development 

— Spectroscopic Ellipsometer and Atomic Force Microscopy 

• Deep UV wafer stepper (250 nm lines / spaces) and TCP polysilicon etcher 

• Atomic layer deposition 

 

UCB Nanofabrication Laboratory 
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• Atomic Force Microscopy study 

—SiO2-GeO2-Ge gate stack fabricated in the MSL 

UCB Nanofabrication Laboratory 
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• Interest in an in-situ doped poly-Ge film that could be 

deposited at ~ 350C / possible gate electrode 

• Sheet resistance high and variable across the 

chamber despite numerous attempts varying the 

BCl3 to GeH4 ratio 

 

 

LPCVD Ge investigations  
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• Table below shows some results from Boron 

implantation and post-implant annealing 

 

 

 

 

 

 

• Permission has been granted by the Nanolab staff to 

deposit polyGe films on Ge transistor wafers 

• Plan to add this deposition capability to the MSL 

LPCVD Ge investigations  

Sheet 

resistance in 

ohms/square 

1 hr 350C 1 hr 375C 1 hr 400C 1 hr 425C 

Process #1 2038K ± 9.5% 76.9 ± 219% 17.6 ± 2.2% 17.5 ± 1.1% 

Process #2 1431 ± 33.9% 19.2 ± 131% 17.0 ± 0.83% 16.7 ± 0.85% 

Process #3 3500K ± 6.2% 1919K ± 7.0% 13.9 ± 3.5% 12.7 ± 1.2% 

Process #4 10.0M ± 5.8% 5281K ± 7.4% 28.7 ± 9.5% 16.6 ± 0.55% 

Process #5 95.4 ± 12.5% 22.7 ± 3.6%  20.9 ± 1.3% 
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• LPCVD polyGe films:   

• More effort needed in terms of film flatness 

 

 

 

 

 

 

LPCVD Ge investigations  
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• MIT Lincoln Laboratory has a long history of CCD 

production (Keck DEIMOS, PAN-STARRS, new TESS 

exoplanet satellite, latter two fully depleted CCDs) 

 

Lincoln Labs Ge CCD effort 

 

• Initial Ge CCD report 

published Sept. 2015 

• Advanced technologies 

(193 nm litho, high-k 

dielectrics, 200nm gaps) 

• Very open about the Ge 

issues they have observed 

• Our approach is geared to 

possible tech transfer (DALSA) 

• Must demonstrate results 

70,000 ft2 

MSL 700 ft2 
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• Making progress with transistor fabrication 

with SiO2-GeO2 gate insulators 

• Quite exciting to see the prior R&D efforts 

progressing from a hopeless water soluble film to 

that same film showing encouraging properties 

• High-purity Ge effort well underway 

• Looking forward to polyGe devices 

• Prototype CCD layouts are included on the 

mask design / more technology development 

• Implement cryogenic studies of test structures 

Summary 

Special thanks to Co Tran / Expert on MSL processing and equipment 


