
 

sensors able to be able to get to large mega-pixel arrays for 
single exposure and dual exposure HDR QIS. 

V. CONCLUSION 

The first practical demonstration of extended and high 
dynamic range in oversampled binary imaging is shown using 
a SPAD image sensor in a QIS mode. A dynamic range of 74dB 
is measured in a single frame using dual in-pixel storage 
elements to capture two frames, and 101dB is measured using 
three frames. The future technology scaling for SPAD image 
sensors is discussed for both monolithic and stacked 
implementations indicating the requirement for oversampling. 
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Fig. 5. 100 binary oversampled field images, captured simultaneously at two different exposures. Linearly summed to create extended 
DR combined image. No filtering has been applied. 

 
 
Table 3. Projected trends, of 2D monolithic and 3D-stacked SPAD pixels based on an all-digital ripple counter architecture, towards 3D-
stacked Quanta Image Sensors. Cells marked in red indicate where spatio-temporal oversampling is assumed to be required for in-pixel 
full well less than 255 photons.  
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INTRODUCTION 
 

An interline-transfer, electron multiplying CCD (EMCCD) image sensor [1] with an output structure 
that includes a non-destructive floating gate amplifier enabling dynamic range improvement has been 
previously reported [2].  This paper will describe recent process modifications made aimed at improving the 
sensor’s quantum efficiency, reducing gain aging [2-4], as well as improving other key performance 
attributes of the device such as reduced PD-to-VCCD transfer gate and electronic shutter voltages and 
reduced point defects. 

1. IMPROVED QUANTUM EFFICIENCY 
 

Quantum efficiency is improved by a factor of over 2X in the NIR region of the spectrum by increasing 
the photodiode’s collection volume via use of high-energy MeV implantation for both the deep p-well and 
deep n-type photodiode regions.  A high-aspect ratio, thick photoresist is used for masking.  Comparison of 
the electrostatic potential contours of the old and new processes are shown below in Fig. 1.  As can be seen, 
the overflow depth is over 6 um with the new, MeV implant process vs. only around 2.5 um deep for the old 
process.  The resulting improvement in absolute quantum efficiency is shown below in Fig. 2. 

 

   
Fig. 1.  Comparison of potential contours for the old (left) and new (right) processes.  This 2-D cut from the 
3-D model space has a VCCD on the left, the photodiode in the middle, and another VCCD on the right. 
 

 
Fig. 2.  Measured absolute quantum efficiency for the old and new processes. 
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2.  IMPROVED RELIABILITY  
 

Stability of the multiplication gain in EMCCDs is a known problem as has been previously reported, [2-
4].  This loss of gain results from the buildup of hot electrons being injected into the gate dielectric over time 
during normal device operation as illustrated in the band diagram of Fig. 3 below.  As an additional 
complication, the more signal electrons that are present, the more that can get injected into the dielectric, 
resulting in this drift in gain being a function of signal level. 

               
 
 

 
To get around this problem, we have incorporated an oxide-only dielectric structure under the high-field, 

multiplication gates of the EMCCD registers as shown above in Fig. 4b.  As can be seen below in Fig. 5, 
gain aging has been eliminated for the new process using an oxide-only dielectric under the high-field, 
multiplication gates. 

 

 
Fig. 5.  Shift in multiplying gate voltage required for 20X gain versus time for old and new processes. The 
slight drift downward in the oxide-only dielectric curve was due to some slight inaccuracy in the 
temperature controller. 

3.  IMPROVED TRANSFER EFFICIENCY 
 

By reducing the thickness of the photodiode’s p+ pinning layer along with the depth of its shallow, 
higher dose n-type component, a given charge capacity can be achieved with a lower empty photodiode 
potential and nominal substrate bias.  The thin, spike pinning layer was formed via low-energy BF2 
implantation whereby only the steep concentration gradient tail of the distribution is within the silicon.  The 
shallow, higher dose n-type photodiode implant is formed via As implantation. 

The shallower surface layer construction of the photodiode is also found to reduce the parasitic wells 
and barriers at the transfer gate edge.  (Examples of such wells and barriers can be found in the early 
reference, [5].)  By reducing these transfer barriers and the empty diode potential, the transfer-gate voltage 
required for complete charge transfer from the PD to the VCCD was reduced by 3 V.  With the combination 

Fig. 3. Band diagram showing the physical mechanism 
for gain aging. 

Fig. 4a. Cross section of EMCCD gate 
structure of old process with ONO. 

Fig. 4b. Cross section of EMCCD gate 
structure of new process. 
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Fig. 3. Band diagram showing the physical mechanism 
for gain aging. 

Fig. 4a. Cross section of EMCCD gate 
structure of old process with ONO. 

Fig. 4b. Cross section of EMCCD gate 
structure of new process. 

of a lower empty diode potential and nominal substrate bias, the voltage on the n-type substrate required to 
clear the photodiode during electronic shutter operation was reduced by 10 V.   

 
4.   REDUCED POINT DEFECTS 

Quite independent of the deep MeV photodiode implants, the changes that were made to the lower 
energy photodiode implants also improved image quality. It was found that the new shallow implants, using 
BF2 to form the p+ pinning layer and As for the high-dose shallow photodiode implant, reduced point 
defects by about 5X as shown below in Fig. 6. 

 

 
 

Fig. 6.  Point defects >5 e- at 0 °C for 2 Mp imagers with old and new shallow PD implants 

 
 

CONCLUSION 
Recent process changes to improve the performance of our EMCCD devices have been successfully 

demonstrated.  These improvements resulted in; increased quantum efficiency, elimination of gain aging, 
and reduced PD-to-CCD transfer and electronic-shutter voltages.  A performance summary is given below in 
Table 1, and some sample images are shown in Fig’s. 7 and 8. 
 

Parameter Old Process New Process 
Pixel size (um) 5.5 5.5 
Charge-to-voltage (uV/e-) 44 44 
Charge capacity, nominal (ke-) 20 20 
QE at 450, 550, 650, 900 nm (%) 49, 45, 31, 5 48, 52 ,43, 10 
PD-to-VCCD readout voltage (V) 9.5 6.5 
Absolute electronic-shutter voltage (V) 27 18 
Effective noise (e-rms) 0.3 0.3 

 

Table 1.  Device performance summary table 
 
 

       
 

Fig. 7.  Sample images with NIR illuminator and no EMCCD gain.  Device with old process on the left, and 
device with an enhanced NIR process on the right. 

− 95−



 
 

Fig. 8.  Sample images taken just after dusk on beach in Delray, FL.  Captured with Imperx Puma P1940 
camera.  Device with old process left, device with an enhanced NIR process right. 
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