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The resulting image used to be recorded on film or with a CCD 

camera with phosphor and a fibre optics. 

With visible light it is impossible to 

resolve points  that are closer together 

than a few hundred nanometres.  

 

Electron and ion microscopes use a 

beam of charged particles instead of 

light, and electromagnetic or 

electrostatic lenses to focus the 

particles. 

Image courtesy of LMB-Cambridge 
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CCD indirect detection suffers 

from poor spatial resolution. 

Images courtesy of LMB-Cambridge 

Faruqi & Andrews NIM A392,233-236 (1997) 
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• Film: good resolution, non digital, needs time for development,  

 poor S/N for weak exposure 

 

• CCD with phosphor: not direct detection (radiation hardness),           

phosphor ruins spatial resolution, good for tomography. 

 

 

15th September 2014 

CMOS sensors allow direct detection, digital, have good spatial 

resolution and good sensitivity (single electron).  
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•  2003-4 StarTracker : CMOS camera-on-a-chip. 

 

• 2006-8 TEMAPS : 1.5M pixels test structure with 25 different pixel 

 types. 

 

• 2009-10 TEMAPS 2.0: 4k by 4k stitched CMOS sensor for TEM . 

 

• 2012 FEI FALCON I : First camera in the TEM market with a CMOS 

 image sensor. 

 

• 2013 FEI FALCON II: TEM camera with back-thinned CMOS sensor 

 for improved performance. 

 

• 2014 FEI CETA: TEM camera for indirect detection with a CMOS 

 sensor. 

 

Development of CMOS sensors for TEM at STFC-RAL (UK). 
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NIMA 546 (2005) 170–175 

15th September 2014 

First images in an electron 

microscope, LMB-MRC 

Cambridge 19 February 2003 

CMOS detector can be used as an 

imaging device for electron 

microscopy. 
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TEMAPS Project: 
 

• 23mm x 21mm sensor. 

• 1.5 Mpixels 

• 25 pixel topologies. 

• Fast analogue outputs. 

• Rad hard design. 

• ROI addressing. 

 

 

 “ Lambda bacteriophage” picture 

with a x17,000 magnification  

1 mm 

Courtesy of W. Faruqi and R. Henderson  

(LMB-MRC Cambridge) 
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CMOS sensor for TEM, used in the 

FEI Falcon© Direct Electron Detector.  

• 61x63 mm
2
 silicon area  

• 16 million pixels  

• 4Kx4K array 

• Analogue outputs 

• Frame rate in excess of video rate. 

• Radiation hard characteristics. 

• Pixel binning. 

• Region Of Interest readout 

• 0.35mm standard CMOS process  

• High yield. 

15th September 2014 

“Self-portrait” 



Radiation hardness improved by 

design techniques (ELT, 

substrate contacts and circuit 

redundancy) and technology 

progress. 

Radiation can create 

positive charge at the 

thin/thick oxide 

interface (bird’s 

beak) that can short-

circuit source and 

drain of the MOS 

transistors. 



Above the reticle is shown and on the 

left the final result. 

The fabricated sensor is obtained by 

stepping and repeating until the 

desired size is achieved. 

 

When the sensor is well beyond the reticle size its fabrication it’s 

made possible using a technique called . 
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The sensor is based on a 3T 

pixel array fully addressable with 

the possibility of ROI readout. 

 
Sensor architecture is based on a 

fully analogue readout chain. 

This improves power 

consumption and the overall 

sensor yield. 



Column stages are connected to the 

binning controller.  

Each binning block is common to 4 

columns and can process the signal 

coming from 4 rows so that x2 and 

x4 binning in both directions is 

achieved independently.  

Having 4096 columns requires 

32 parallel analogue outputs. 

 

The sensor can operate with a 

maximum frame rate of 40fps. 

 



14th July 2010 
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Particular attention has been also 

paid to the output stages, due to the 

demanding performance required. 

• Input and output dynamic 

 range larger than 2.0V. 

• GBW in excess of 190MHz. 

• Phase margin in excess of 60°. 

The very large silicon area of the 

sensor posed a challenge in terms 

of signal routing and signal delays. 

Row and column selection circuits have been optimised in order to 

contain such  delays and allow the fast readout targeted. 



14th July 2010 
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In case of very large distances 

the resistance of the substrate 

can play an important role. 

Routing of biasing currents to blocks 

placed at very large distance 

represents another challenge. 

In these cases it is best practice to 

route the actual current and not a 

voltage. 

Such approach has to be 

kept modular in order to 

be used in a stitching 

layout, where the same 

block is repeated more 

than once. 
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Picture from Ultramicroscopy 109 (2009) 1144–1147 
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•  Total thickness of CMOS sensor 

•  Thickness of epitaxial layer 

Decreasing 

sensor 

thickness 

Decreasing 

sensor 

thickness 



Charge generated ,  charge 

collection and crosstalk are 

related to the thickness of the 

epitaxial layer. 

Pictures from Ultramicroscopy 109 (2009) 1144–1147 
20 

The thickness of 

the detector plays 

an important role in 

the MTF and in the 

DQE, hence there 

are some trade-off 

to be considered. 
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-1 um defocus 

Cryo TEM of TMV 

FEI FalconTM 

4kx4k CCD 

11Å layer line 

~2.7Å/pixel – TEM Mag 37kx 

Electron Dose: 

Electron Dose: 

2k x 2k 

512 x 512 

512 x 512 

~2.6Å/pixel – TEM Mag 39kx 

11Å layer line 

23Å layer line 

15th September 2014 
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• First CMOS image sensor for the TEM market in 

the FEI Falcon© Direct Electron Detector.  

Courtesy of G. McMullan (LMB, Cambridge, UK) 

• Direct detection of electrons  

high MTF and DQE 

•  16 Mpixel, 14 µm pitch 

•  40 fps or 640 Mpixel/sec 

•  Radiation hard  >20 Mrad 

•  CMOS image sensors are replacing 

film / CCD 
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W. Kühlbrandt, SCIENCE, vol. 343, 28 March 2014 

Advances in detector 

technology and image 

processing are yielding 

high-resolution 

electron cryo-

microscopy structures 

of biomolecules. 

Direct detection 

enabled by CMOS 

sensors has led to a 

“resolution revolution”.  
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Film: 11 Å resolution 

Falcon II  3.8 Å resolution 

Chen, et al Ultramicroscopy 135, 24–35, 2013 

Higher DQE of backthinned Falcon II 

allows higher resolution data. 

…landmark in the evolution of 

single particle cryo-TEM…  

R. Henderson, NATURE, 504, 93–94 2013 
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The exciting results presented show the impact that CMOS imaging 

technology can make in the TEM field. 

 

Possible future developments can be: 
 

• Technology scale-down  Possibility of more complex 

electronic in the same area, improved radiation hardness, power 

consumption. 
 

• Larger sensors : 8k x 8k pixels (wafer scale devices)  More 

pixel for better resolution and larger areas 
 

• Increased frame rate  Reduced time for image acquisition, 

better radiation tolerance. 
 

• Lower noise  
 

• Fully digital sensor 
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• CMOS technology has changed the TEM 

 world replacing already exiting 

 solutions like film and CCD. 

 

• The 16 million pixels CMOS sensor for 

 TEM designed at RAL is installed 

 in high-end FEI Electron 

 microscopes.   

 

• Other players in the TEM field are  

 embracing the CMOS revolution.  

 

• Scientist all over the world are generating 

 novel and outstanding results. 

 

• CMOS is becoming the reference in TEM. 

 

 

 



27 
15th September 2014 

• Renato Turchetta 

• Ben Marsh 

• Wasi Faruqi 

• Richard Henderson 

• Greg McMullan 

• Gerald van Hoften 

• Werner Kuklbrandt 

• Jurgen Plitzko 
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Recruiting designers now: e-mail me (nicola.guerrini@stfc.ac.uk) or 

browse jobs in STFC at www.topcareer.jobs 

 

mailto:nicola.guerrini@stfc.ac.uk
http://www.topcareer.jobs/

