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 Motivation for Ge CCDs / Facilities for R&D work 

 

 Germanium technological considerations 

 

 Work in progress 

 

 Deep sub-electron noise with Skipper CCDs 

– Silicon CCD collaboration with FermiLab and others 

 

 

Outline 
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Germanium CCDs / Expected NIR benefits 

• Extend near IR 

response with Ge 

 

• Higher redshifts, e.g. 

z = 1.6 to 2.6 for DESI 

[O II] (Si to Ge) 

• 2x volume 

 

• Ge CCD effort 

underway at Lincoln 

Laboratory  

 

J band 



Opportune time for Ge CCD development 

– Significant uptick in Ge MOSFET R&D 

» Ge has high carrier mobility for both electrons and 

holes, e.g Ge hole mobility is the highest of any 

semiconductor and > Si electron mobility 

» Of interest for high performance CMOS 
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 Ge CCDs natural fit for future Dark Energy studies 

– Longer wavelength cutoff  higher redshift objects 

– Potentially higher performance / lower cost than existing 

HgCdTe detectors 

 

 Facilities available for LBNL Ge R&D 

– LBNL MicroSystems Laboratory 

– LBNL Molecular Foundry 

– UC-Berkeley Marvell Nanofabrication Laboratory 

 

 

 

LBNL Interest in Germanium 



 Class 10 clean room 

– 150 mm wafer processing 

– DECam / DESI CCDs with DALSA 

– Origin of the fully depleted CCD utilizing a substrate bias 

voltage (mid to late 1990’s on 100 mm high-r silicon) 

 

LBNL MicroSystems Laboratory 
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 Electron-beam lithography for 

CCD gate electrode development 

and atomic layer deposition (ALD) 

 

LBNL Molecular Foundry 
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 Polycrystalline Ge (in-situ doped) capabilities 

 Deep UV wafer stepper (250 nm lines / spaces) 

 TCP polysilicon etcher (deep submicron) 

 Atomic layer deposition 

 

UC-Berkeley Marvell Nanolab’ 
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 We established a hybrid fabrication model with DALSA 

Semiconductor starting in 2001 (Zarlink/Mitel/DALSA) 

 DALSA also supplies CCDs for LSST (STA / U of A) 

 LBNL Ge R&D emphasizes possible future collaboration 

with DALSA, but we need to demonstrate viability as was 

done with the fully depleted CCD 

 

Teledyne DALSA Semiconductor 

e2V is now Teledyne! 
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 Motivation for Ge CCDs / Facilities for R&D work 

 

 Germanium technological considerations 

– Gate insulator/electrode materials, wafer cleaning 

– Can’t just call DALSA and ask for Ge CCDs 

 

 Work in progress 

 

 Deep sub-electron noise with Skipper CCDs 

– Silicon CCD collaboration with FermiLab and others 

 

 

Outline 



11 

 

 Native gate insulator GeO2 has good electrical 

properties, but is water soluble and degrades for 

post-oxidation temperatures exceeding ~ 400C 

 

Germanium:  Considerations 
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 Water solubility of GeO2 was considered a show 

stopper for Ge MOSFETS, but not so much now 

 

 For CCDs, cap with another insulator 

– Silicon CCDs typically use SiO2 and Si3N4 

» Lincoln Labs approach is thermally-grown GeO2 

capped by Al2O3 (high-K using ALD) 

» We have plasma-enhanced CVD SiO2 and Si3N4 in 

the MSL as well as access to ALD 

 

 Advanced CMOS: Deposit high-K with ALD 

 

 

 

 

Germanium:  Considerations 
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 Aluminum-gate / SiO2 / GeO2 / Ge MOS capacitor 

– Fabricated in the LBNL MicroSystems Laboratory 

 

Germanium: Considerations 

 

 Capacitance-voltage 

measurements used 

to extract information 

about the quality of 

the gate insulator 

 Good electrical 

properties in this first 

attempt 

 Dit in low 1011 cm-2 

 Need to demonstrate 

high yield 
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 GeO2 limitations lead to “Gate-last” process that 

affects the choice of gate-electrode technology 

– 400C limitation implies low-temperature 

processing after the GeO2 is grown 

 

– Triple-polysilicon works very well for silicon 

CCDs, but not practical for Ge 

 

– This low-temperature limitation results in a major 

paradigm shift in the gate-electrode technology 

 

 

 

 

Germanium: Considerations 
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 Silicon CCDs utilize polySi gate electrodes isolated by 

SiO2 grown at ~ 950C (too high for Ge) 

 Intra-poly shorts rare (large spacing) and only cause 

cosmetic defects in the 3-phase, triple-polySi process 

 Very narrow gap between electrodes defined by 

oxidation of the polysilicon (vs lithography and etching) 

»  Excellent charge transfer efficiency (high Efringe) 

 

 

 

The virtues of polysilicon for CCDs 

SiO2 insulation grown at 950C 

Silicon CCD cross section (arrows point to polysilicon) 
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 “Gate-last” process for Ge  

– Single-layer conductor is one approach 
» ~ 100 – 200 nm wide gaps defined by lithography / etching 

 

– Concern is intra-level shorts  
» 2k x 2k CCD would have 63 m of sensitive length 

 

– Not unprecedented, single-layer polysilicon 

under investigation for CCD integration into 

CMOS processes 

 

 

 

 

Germanium: Considerations 
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 LBNL “Gate-last” gate-electrode technology 

– We are investigating a conductive, polycrystalline Ge film 

that can be deposited at low temperatures, e.g. 350C 

 

 

 

 

 

 

 

 

 

UCB Marvell Nanofabrication Laboratory 

 

Germanium:  Gate electrode R&D 

 

 Conventional low-

pressure CVD process 

similar to polysilicon 

 

 In-situ doped (BCl3) 

 

 Etching similar to polySi 

 

 DALSA compatible at 

some point? 
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LPCVD Polycrystalline Germanium 
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 Photoresist mask on polyGe on SiO2 on Silicon 

» PolyGe deposited at the UC-Berkeley Nanolab 

» Etch development in progress 

 

LPCVD Polycrystalline Germanium 
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 Only one viable Ge wafer vendor at present 

– Umicore (Belgium): Excellent so far, can produce 

150 and 200 mm diameter Ge 

» Limited to about 10 ohm-cm (~ 1.5 x 1014 cm-3) 

» CCDs are demanding in terms of wafer quality 

 

– Through the SBIR program we are developing 

high-purity Ge wafers from g-ray quality Ge 

» PHDs Co. Inc awarded SBIR grant 

» Wafer production from 170 mm ingot in progress 

» Less impurities -> lower dark current, better CTE 

 

 

 

Germanium: Considerations 
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 Sample of Ortec high-purity Ge sent to Lakewood 

Semiconductors for hole lifetime measurements 

 

 

 

 

 

 

 

 

 Low-r Ge lifetime 10’s of sec 

 

 

 

High-purity Germanium 

Used for double-sided Ge strip detectors (g-ray detection, courtesy Mark Amman) 
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Germanium: Considerations 
 

 Water-soluble GeO2 leads to high etch rates in 

chemicals typically used in silicon processing 

 Silicon cleans to remove particles and metallic 

contamination are based on strong oxidizers, 

e.g. H2O2 in the RCA and piranha cleans 

 

 When Ge is oxidized during a chemical clean, 

the resulting GeO2 is etched away leading to 

high Ge etch rates 

 

 Requires very dilute chemistries 
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Germanium cleaning 

DALSA cutoff for silicon is 10 x 1010 cm-2 
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Umicore Germanium 

Umicore 10 ohm-cm, n-type Ge wafer for CCD processing:  Very clean 
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Germanium:  Practical issues 
 

 Ge wafers are heavy (2.3 x denser than Si) 

– Evaluated 250 and 650 um thick Ge for compatibility 

with the automated wafer handling equipment in the 

MicroSystems Laboratory 
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 Motivation for Ge CCDs / Facilities for R&D work 

 

 Germanium technological considerations 

 

 Work in progress 

 

 Deep sub-electron noise with Skipper CCDs 

– Silicon CCD collaboration with FermiLab and others 

 

 

Outline 
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LBNL LDRD1 CCD effort 

1Laboratory Directed R&D (internal LBNL Director’s funds from the DOE) 

 

 Develop key components of Ge CCDs 

1) Buried channel MOSFETs on Ge 

» In progress 

2) Ge-compatible gate electrode 

» PolyGe doping vs deposition conditions 

» PolyGe etch development 

» Single versus multi-layer 

 High purity Ge 

 CCD process integration 
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 Custom mask set contains many test structures, e.g. 

» DALSA CCD process control monitors 

• MOS capacitors, contact chains, shorts structures, etc 

» Structures to extract doping profiles (SRP / SIMS) 

» In-process aids, e.g. resolution / alignment test structures 

 

 

LBNL LDRD1 CCD effort 

1Laboratory Directed R&D (internal LBNL Director’s funds from the DOE) 

Ge #29 post plasma etch 

LBNL MSL 

Ge #29 post 

masking step 
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 Test structures for technology development 

 

LBNL LDRD1 CCD effort 

1Laboratory Directed R&D (internal LBNL Director’s funds from the DOE) 

Photodiodes 

DALSA-style 

test structures 

modified for Ge 
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 Custom mask set also includes 

– Large format CCDs for yield studies and (hopefully) 

near-future (at least partially) functioning CCDs 

 

 

 

 

 

LBNL LDRD1 CCD effort 

1Laboratory Directed R&D (internal LBNL Director’s funds from the DOE) 

 

 Large format CCDs allow us to study 

yield issues early on 

 4k x 2k CCDs for multi-layer polyGe 

technology development 

 Etching, inter-polyGe isolation 

 2k x 2k and 1k x 1k CCDs compatible 

with e-beam and deep UV lithography 

 All have 4-corner readout and frame-

store clocks for partial CCD functionality 

(¼ serial / vertical short-free near corner) 

 Designed for parallel process 

development 
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 Motivation for Ge CCDs / Facilities for R&D work 

 

 Germanium technological considerations 

 

 Work in progress 

 

 Deep sub-electron noise with Skipper CCDs 

– Silicon CCD collaboration with FermiLab and others for 

direct dark matter detection with CCDs 

– Tom Diehl’s talk 

– Future design work on Skipper CCDs at LBNL planned 

 

Outline 
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 Skipper CCD (silicon) 

 

 

LBNL / FermiLab development 

Floating gate 
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Backup slides 
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 Gate-last Ge transistor 

 

Germanium CCDs 
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– Single-layer gate electrode with sub-m gaps versus 

triple-poly overlapping gates 

 

 

 

 

 

 

 

DALSA single vs triple polysilicon 
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tungsten

Non-overlapping 

polysilicon electrodes 

 

DALSA single vs triple polysilicon 
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E-beam lithography 

Advertising brochure for ZEP520A 

photoresist, one of the e-Beam 

lithography resists used in the 

Molecular Foundry 
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Germanium CCDs 

Coef. Linear expansion (K-1)                              2.5 x 10-6                 5.7 x 10-6              5.9 x 10-6 
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 Energy levels in Ge and Si 

– EA – EV (boron) = 0.01 / 0.045 Ge / Si 

 

Germanium CCDs 
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 State of the art:  Keck MOSFIRE / 2.5 µm cutoff 

– Larger wavelength reach than Ge 

 

 

 

 

 

 Expensive 

– Bump bonded process 

– 4 Mpixel imagers cost $300 – 350k each 

– Gigapixel camera approaching $100M in detectors 

 

Competition:  Bump bonded HgCdTe / InSb 
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 Conversion of charge to voltage on detector 

substrate has drawbacks compared to CCDs 

– Lack of double-correlated sampling / higher noise 

» Keck MOSFIRE 

» 2048 x 2048, 4.9 e- noise for Fowler 16  

• McLean,  2013 Scientific Detectors Workshop 

 

– Complicated point spread function due to capacitive 

coupling between pixels on the detector substrate 

» DOE DE imaging experiments (DES / LSST) have 

substantial weak gravitational lensing components 

 

 

 Competition:  Bump bonded HgCdTe / InSb 



 

• Persistence in infrared detectors 

• Residual features from images taken 

2-5 hours earlier 

• Hubble Space Telescope Wide 

Field Camera 3 

• Long et al, SPIE 8442, 2012 

• Straightforward to fix in CCDs 
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Saturating exposure Persistent image Erased image 

 

Competition:  Bump bonded HgCdTe / InSb 
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Germanium:  Practical concerns 

 

 We used  

    1/1/5000 NH4OH/H2O2/H2O 

for organics/particles 

  Silicon clean is 1/1/5 

 

    1/200 HF/H2O for metals 

  Silicon clean would use 

 1/1/5 HCl/H2O2/H2O 
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Germanium:  Practical concerns 

Same wafer as previous slide, different location 
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 Test structures for technology development 

– Photoresist mask on polyGe on SiO2 on Silicon 

– Example of intra-polyGe shorts test structure 

» 3 um gap in this case 

 

LBNL LDRD1 CCD effort 

1Laboratory Directed R&D (internal LBNL Director’s funds from the DOE) 


