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SpotScan TEM vs. STEM





2D#crystal#forma.on

Membrane#Protein#2D#Crystalliza.on#by#Dialysis

2D#crystalDetergent#removal



Fourier#Transform#of#a#2D#crystal#image Tilt#Angle:#0º



PLOTRES resolution circle plot of APH file.

Input file: APH/mCitS0000184801.cor.aph

    184801 mCitS0000184801, Wed Nov 7 10:25:19 CET 2012     

Resolution Max (Nyquist of plot) at       7.00 A            

Resolution Ring at      36.00 A                             
Resolution Ring at      24.00 A                             
Resolution Ring at      18.00 A                             
Resolution Ring at      12.00 A                             
Resolution Ring at       7.00 A                             

Right-handed lattice

Plot is based on measured reciprocal lattice: U = 99.758,65.688     V = -58.685,88.929
Plot shows the measured data.
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IQ#plot#(~FFT)#of#a#nonF.lted#2D#crystal



Electron#crystallography:#The#third#dimension

www.iimcb.gov.pl/itn/research_method.html

Til.ng:#Filling#the#Fourier#space



Tilt#Angle:#45ºLaser#Diffractometer#Screen#Shot#of#Film#of#a#2D#crystal#image



Tilt#Angle:#45ºLaser#Diffractometer#Screen#Shot#of#Film#of#a#2D#crystal#image



45#degree#(lt 40#degree#(lt

IQ#plots#(~FFT)#of#.lted#2D#crystals
(Beam&induced,resolu1on,loss,in,the,direc1on,perpendicular,to,the,1lt,axis,is,visible)



The#third#dimension:#x,y#/#z#Anisotropy

Ruprecht)et#al)(2004),,EMBO,J.)23)(18),)360953620

Metarhodopsin:#5Å#vs.#12Å

Holm)et#al)(2002),,Biochim.(Biophys.(Act.)1594,)276585

Glutathion#Trans.:#5Å#vs.#15Å

Goswami)et#al)(2011),,EMBO(J.)30(2))4395449

NhAP1:#6Å#vs.#15Å



Downing,&Science&251(4989),&53D59&(1991)

x,y#/#z#Anisotropy:#Reasons#&#Solu.ons
Crystals#not#flat Missing#coneMissing#cone

Single#par.cle#treatment

Gipson&et&al&&Phys*Rev.E&84&011916&(2011)

SpotScan

Electron#BeamFinduced#DriZ

Projec.ve#constraint#
op.miza.on



ProjecJve&Constraint&OpJmizaJon

PCO:&100&iniJal&rounds,&
followed&by&30&rounds&
of&edge&detecJon

Bacteriorhodopsin,&SchiSase&region
(data&from&Mitsuoka&/&Fujiyoshi)

Overlaid atomic model: 1BRR 
Essen et al 1998

(2.8 Å, XRD with lipids)

Kimura et al, 1997
(3.0 Å, electron crystallography)

Gipson'et#al''Phys%Rev.E'84'011916'(2011)

Total dataset Only 7 - 3 Å



x,y#/#z#Anisotropy:#Reasons#&#Solu.ons
Crystals#not#flat Missing#coneMissing#cone

Single#par.cle#treatment

Gipson&et&al&&Phys*Rev.E&84&011916&(2011)

Electron#BeamFinduced#DriZ

Projec.ve#constraint#
op.miza.on

Downing,&Science&251(4989),&53D59&(1991)

SpotScan
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image plane

TEM

Cryo-EM of tilted samples:  Beam-induced resolution loss
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C-Sandwich helps.
E-diff pattern not affected.

Is 
it 

ch
arg
ing

?



specimen (ice)

carbon

image plane

TEM

Cryo-EM of tilted samples:  Beam-induced resolution loss

Electron BeamElectron Beam

Lenses

C-Sandwich helps.
E-diff pattern not affected.
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specimen (ice)

carbon

image plane

TEM

Cryo-EM of tilted samples:  Beam-induced resolution loss

Electron BeamElectron Beam

Lenses

Downing,(Science(251(4989),(53259((1991)
SpotScanning

   
   

   
 A

ny
way,

   
Sp

ot
Sc

an

   
  h

elp
s i

n 

bo
th

 ca
se

s.



Camera&based*SpotScaning Here:(EM2TOOLS,(TVIPS,(
using(a(F416(CMOS(camera

Proposed#Approach:

Non&4lted*sample

• Every#SpotScan#spot#is#recorded#as#an#individual#CMOS#image,#which#is#2x2#or#4x4#binned
• Recorded#spot#images#may#be#CTF#corrected#individually.#(Beam84lt#?)
• Spots#may#then#be#merged#into#one#large#output#image.



Proposed#Approach:

Camera&based*SpotScaning Here:(EM2TOOLS,(TVIPS,(
using(a(F416(CMOS(camera

Tilted*sample:*Semi&Dynamic*Focus

• Every#SpotScan#spot#is#recorded#as#an#individual#CMOS#image,#which#is#2x2#or#4x4#binned
• Recorded#spot#images#may#be#CTF#corrected#individually.#(Beam84lt#?)
• Spots#may#then#be#merged#into#one#large#output#image.



Transmission Electron Microscope



Scanning Transmission Electron Microscope

Dark Field Detector
Bright Field Detector



STEM applications for biological specimens

Sousa & Leapman, Ultramicroscopy (2012)



Cs-corrected HAADF STEM (Z-contrast) gives highest resolution.

STEM of  SrTiO3 

Atomic structure model for a 25° [001] symmetric tilt grain boundary in SrTiO3 
McGibbon et al. Science 226 (1994) 102

Resolution < 1Å

Dislocation Cores
with Nigel Browning

High resolution

Tilted samples

Low dose

High contrast



Buban et al. J. of Electron Microscopy, 2009)



Incident beam (electron probe)

Dark Field Detector

Bright Field Detector

TMV in vitreous ice
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Conventional STEM for high-resolution Structural Biology is not useful. 
(but good for Mass Measurements)

High resolution

Tilted samples

Low dose

High contrast





Incident beam (electron probe)

Dark Field Detector

Bright Field Detector

Both are Dark Field images

N
on

-ti
lte

d
45

º t
ilt

ed

STEM has no apparent resolution loss on tilted samples.

High resolution

Tilted samples

Low dose

High contrast



TMV in vitreous ice (heavily contaminated)Here:

•Gatan 626 
holder

•TMV in 
vitreous ice

•Tilt pair: 0º, 45º



Dark Field Detector

Bright Field Detector
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High-Speed scanning

STEM can be done at low dose.

Bringing the electron dose down to ~1 e/Å 2

High resolution

Tilted samples

Low dose

High contrast




J. Buban et al., J. of Electron Microscopy (2009)

Cs Corrector

Here:

•Very short 
dwell time

•Lowered 
extraction 
voltage on FEG

•Use Cs 
correctors as 
gun stigmators



Dark Field Detector

Bright Field Detector
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High-Speed scanning

Nano-second Beam Chopper

STEM can be done at low dose.

Bringing the electron dose down to ~1 e/Å 2

High resolution

Tilted samples

Low dose

High contrast




J. Buban et al., J. of Electron Microscopy (in press)

Cs Corrector

Raw HAADF Image FFT of raw image

Fourier filtered

Here:

•Very short 
dwell time

•Lowered 
extraction 
voltage on FEG

•Use Cs 
correctors as 
gun stigmators



Dark Field Detector

Bright Field Detector

Nano-second Beam Chopper

High-resolution STEM on beam-sensitive samples: 
The need for a Beam Dimmer

High resolution

Tilted samples

Low dose

High contrast




Cs Corrector

Vary On/Off ratio of 
beam in nano-second 
time range, while 
leaving everything else 
in the (S)TEM the same



Dark Field Detector

Bright Field Detector

Nano-second Beam Chopper

Phase-Contrast in Cs-Corrected BF STEM

Sweet Spot in Ronchigram increases with Cs correction





High resolution

Tilted samples

Low dose

High contrast

Cs Corrector

Batson et al., Nature (2002)

STEM Ronchigram without Cs corrector:
Phase contrast signal could only be harvested 

with an infinitely small BF detector

STEM Ronchigram with Cs corrector:
Phase contrast signal dominates 
a larger area on the BF detector



Dark Field Detector

Bright Field Detector
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Nano-second Beam Chopper

Cs Corrector

Phase-Contrast in Cs-Corrected BF STEM

BF image variation upon thickness or defocus change -> Phase Contrast

Z-contrast

SrTiO3 

Phase Contrast





High resolution

Tilted samples

Low dose

High contrast

with: J. Buban, Nigel Browning, 



(see also: Hammel & Rose, Ultramic., 1995)

Phase-Shift in STEM illumination





High resolution

Tilted samples

Low dose

High contrast

Specimen

α (Illumination Angle)

γ (Total Scattering Angle)β (Individual 
Scattering 
Angle)

δ (Detector Radius)

Ph
as

e 
Sh

ift

No Defocus

Underfocussed

Cs = 0 mm

α (Illumination Angle) 

α (Illumination Angle) 

Ph
as

e 
Sh

ift

No Defocus

Underfocussed

Cs = 2 mm



ω1 (Incidence Angle, scattered e-)

ω0 (Incidence Angle, non-scattered e-)

Interference contrast between non-scattered and scattered 
electrons





High resolution

Tilted samples

Low dose

High contrast

Ph
as

e 
Sh

ift

No Defocus

Underfocussed

Cs = 0 mm

α (Illumination Angle) 

α (Illumination Angle) 

Ph
as

e 
Sh

ift

No Defocus

Underfocussed

Cs = 2 mm

(see also: Hammel & Rose, Ultramic., 1995)



Dark Field Detector

Bright Field Detector

Detector Position [mrad]

Nano-second Beam Chopper

Cs Corrector

Def=-40nm, Cs=0.2mm

R
es
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n 

(C
TF

)

Detector-position dependent 
Contrast Transfer Function

(Simulation)

Phase-Contrast in Cs-Corrected BF STEM





High resolution

Tilted samples

Low dose

High contrast

(see also: Hammel & Rose, Ultramic., 1995)











Proposed Multi-Ring Detector 
(UC Davis, 2007)

Incident beam (electron probe)

Dark Field 
Detector

Bright Field 
Detector

Segmented Ring Detector Array

James Buban, Nigel Browning, Quentin Ramasse, Hui-Ting Chou, Henning Stahlberg, UC Davis, 2007  



Nano-second Beam Chopper

Cs Corrector

Energy Filter

6-channel BF

DF and HAADF

Proposed Phase-Contrast BioSTEM (2008)

Low-dose cryo-STEM of tilted biological specimens

Low-dose: 
Fast Electronics (1 µs / pixel)
Beam Chopper

Phase Contrast: 
Aberration correction

Tilted Samples:
Precise computer control, 
online feedback

Data Collection:
8k x 8k images,
8-channel detector system 
(HAADF, DF, 6 BF channels)






High resolution

Tilted samples

Low dose

Phase contrast

James Buban, Nigel Browning, Quentin Ramasse, Hui-Ting Chou, Henning Stahlberg



200 kV FEG

Cs corrector
before sample

GIF

Low-dose: 
Fast Electronics (1 µs / pixel)
Beam Chopper

Phase Contrast: 
Aberration correction

Tilted Samples:
Precise computer control, 
online feedback

Multi-channel detector

Data Collection:
8k x 8k images,
8-channel detector system 
(HAADF, DF, 6 BF channels)






High resolution

Tilted samples

Low dose

Phase contrast

Nano-second 
Beam Chopper

GIF

Nano-second 
Beam Chopper

GIF

Multi-channel detector

James Buban, Nigel Browning, Quentin Ramasse, Hui-Ting Chou, Henning Stahlberg

Proposed Phase-Contrast BioSTEM (2009)



Nano-second Beam Chopper

Cs Corrector

DF and HAADF

Low-dose: 
Fast Electronics (1 µs / pixel)
Beam Chopper

Phase Contrast: 
Aberration correction

Tilted Samples:
Precise computer control, 
online feedback

Data Collection:
8k x 8k images,
multi-channel detector system 
(HAADF, DF, Pilatus)






High resolution

Tilted samples

Low dose

Phase contrast
Energy Filter

High-speed solid state detector

Proposed Phase-Contrast BioSTEM (2010)



Dark Field Detector
Bright Field Detector

STEM

Proposed Phase-Contrast BioSTEM



STEM operation in
upper column

Bright Field Detector

TEM operation in
lower column

Macroscopic Phase Shift 
device here

Proposed Phase-Contrast BioSTEM

STEM

Scanning

De-Scanning



Summary
• The Problem:

• Imaging tilted specimens suffers from beam-induced resolution loss

• The Cause:
• Physical specimen movement (and charging?) 

• Solutions:
• Symmetric sample preparation: Carbon sandwich
• SpotScan TEM imaging
• STEM 

• Beam chopper for low dose.
• Phase contrast is required. Possible avenues (?):

• Multi-channel detector on Cs-corrected STEM
• Phase plate on with BF-detector-focussed descan-STEM

• Pre-illumination
•Filming the sample during TEM imaging 



Basel, Switzerland
Acknowledgements

C-CINA.org

Priyanka Abeyrathne
Bill Anderson
Marcel Arheit

Christopher von Arx
Paul Baumgartner
Karen Bergmann
Benjamin Bircher
Christopher Bleck
Benjamin Bircher
Thomas Braun

Daniel Castano-Diez
Mohamed Chami
Venkata Dandey
Nicolas Devantay

Luc Duempelmann
Christel Genoud (FMI)

Dominic Giss
Kenny Goldie

Alexandra Graff
Mark Hilge

Elias Imahorn
Fabian Kebbel

Simon Kemmerling
Julia Kowal

Raphael Küng
Misha Kudryashev

Cedric Leu
Shirley Müller

Philippe Ringler
Nora Sauter
Kushal Sejwal

Sebastian Scherer

Hui-Ting Chou (UCD/Harvard)
Quentin Ramasse (LBNL) 

James Buban (UCD)
Nigel Browning (UCD/PNNL) 


