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.A8STRACr 
55Fe X-rays frames offer a lot of information about CCD characteristics. They ore 
traditionally being used for CCD gain and charge transfer efficiency (CTE) 
measurements. The pixel size af modern sclentiflC CCDs is getting smaller. The 
charge diffusion causes the chorge_spread among neighboring pixels especially in 
thick fully depleted sensors. This enables measurement of the charge diffusion 
using 55Fe X-rays. On the other hand, the usual CTE characterization method 
based on single pixel X-ray events becomes statistically deficient. 

A new way of measuring CTE using shape and amplitude analysis of X-ray clusters 
is presented and discussed. This method requires high statistical samples. 
Advances in test automation and express analysis technique allows for acquiring 
such statistical samples in o short period of time. The details of our measurement 
procedure are presented. This analysis con reveal CTE problems. 

The lateral diffusion measured using e2v CCD250 is presented and implications 
for X-ray cluster size and expected cluster shape are discussed. 

INTRODUCl'ION 
Specialized CCD sensors are being developed for the LSST camera. They are n­
channel, fully depleted, back illuminated, 100 µm thick devices with pixel size 
10 µm. First prototypes have been produced and tested [l, 2]. 

For many LSST tasks achieving a small PSF is critical. Thus LSST sensors are 
operated in over depletion mode. The bias voltage larger than needed for full 
depletion is applied to the device creating the electric field up to 6kV/cm. In thick 
fully depleted CCDs, charge carrier transport from the back window to the gates 
is accompanied by charge diffusion. For details see, for example [3, 4]. Numerous 
methods have been developed for lateral diffusion characterization in fully 
depleted Si detectors (see, for example [5-10]). These methods often require 
specialized equipment to perform the measurements and have sources of 
systematic uncertainties which are hard to eliminate. A number of these 
techniques have been applied to LSST prototype sensor characterization and are 
discussed in [10]. 

We have developed a new method to obtain the characteristic diffusion cr value 
from analysis of the charge distribution in X-ray clusters [11, 12]. The general 
features of X-ray data are the following. X-ray conversions happen at all device 
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depths. The drift time and correspondingly the diffusion sigma depend· on the 
conversion point depth. X-ray conversions close to the gates lead to compact 
clusters and conversions close to the window result in wider clusters. The 
absorption length of 5.9 keV photons in silicon is -2s.8 µm. For a 100 µm thick 
device, the number of X-rays converted near the windOw is about 30 times 
higher than near the gates. Thus, the distribution of a values in a 55Fe data 
sample has a peak at the "window" value. The a value for charges generated at 
the window surface is used to characterize the sensor's PSF. The window side PSF 
defines the sensor performance in the visible spectrum where photons convert in 
the first few microns near the window. For example, the absorption length for 
400 nm wavelength is less than 1 µm. 

It is quite practical to use 55Fe X-ray data for charge diffusion characterization. 

Our Dewar is equipped with 10 µa 55Fe source placed on the arm controlled by 
an actuator. The electronic driver module is outside the Dewar. 

Figure 1. X-ray spectra for each CCD segment. 

The 55Fe X-ray data are routinely collected as a part of our device characterization 
test suite [13]. The express analysis (13) of these data reports measured gain and 
noise values for all CCD channels. Examples of express analysis output are shown 
below for the high statistics data set. The same data set is used to generate other 



plots presented in this paper. The sensor with bad segments is deliberately 
chosen to demonstrate analysis sensitivity and power of 55Fe method in 
uncovering sensor defects. A 55Fe run summary plots are shown in Fig.1 and an 
example of X-ray spectra details is shown in Fig.2 for segment 2. Black line shows 
Ka, p fit. These plots are used for gain estimation. 
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Figure 2. Segment 2 X-ray spectra for: all cluster sizes, 1, 2, 3, 4, 5 and 6 or more pixel 
clusters. Cluster size distribution, bottom right. 

As seen in Fig.1, segments 10 and 11 demonstrate 55Fe spectra degradation. 

Even though Ka, p peaks are visible the low energy tail washes out escape and Si 
peaks. The cause is discussed in section 3. These data are also used for the 
characteristic diffusion a measurements and charge transfer efficiency (CTE} 
measurements as discussed bellow. 

CHARGE DIFFUSION. MEASUREMENT METHOD AND RESULTS. 
The generated by X-rays initial charge cloud is very small. Initial size can be 
estimated from the electron range in silicon 0.012xEy 1"75 [14], where Ey is the X-ray 
energy in keV and range is in µm. For 5.9 keV X-rays the range is -o.27 µm. 
During the transport from the point of generation to the gates charge cloud 
diffuses. The shape of diffused cloud is essentially Gaussian [3, 4]. The charge 
sharing between neighboring pixels depends on the charge cloud size at the 
gates and the position of the conversion point in the pixel. The 2D Gaussian 
charge distribution can be described by 4 parameters: conversion point 
coordinates, a, and total amplitude. These parameters can be determined for an 



individual X-ray if the cluster contains at least 4 pixels with amplitudes above the 
noise (with fewer pixels only an upper estimate on the cluster width can be 
obtained). The accuracy of these estimates depends on the signal to noise ratio 
of the duster pixels. The low CCD noise allows for measurement of small 
diffusion sigma even though the pixel size is 2-3 times larger than CJ. Details of 
this method are presented in [11, 12]. Here the focus is on results and their 
implications. 
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Figure 3. Measured sigma values are shown in green. The simulated X-rays with diffusion 
sigma value fixed at 3.55 µm is shown in blue. 

In the following example -6000 K,,, fl X-ray hits and the same amount of 
simulated hits embedded into bias frames were analyzed. This data were 
obtained with CCD250 early prototype. The readout noise was lle-. Measured 
diffusion sigma values are compared with simulations as shown in Fig.3 and Fig.4. 

The reconstructed CJ values for this data set are shown in green on both figures. 
They peak at 3.6 µm and r.m.s. of the distribution is 0.31 µm. These 
measurements have been compared with simulations. The blue histogram in 
Fig.3 shows reconstructed sigma values for a simulated set of 6000 Ka.fl clusters 
with fixed CJ = 3.55 µm value. Simulated X-rays are randomly distributed in x­
and y-coordinates. Simulated clusters have been embedded into zero exposure 
images and processed through the same analysis pipeline as real 55Fe frames. 

The data reduction algorithms are described in [13, 15]. Measurements and 
simulation are in good agreement for the "window" peak. X-rays converted 
deeper in the bulk and away from the window, have shorter drift time and 
·consequently smaller diffusion. These events contribute to the left of the 
"window" peak and have not been simulated. Thus there is a difference between 



green and blue histograms ln this area. The characteristic diffusion value for 

these measurements \s estimated as ci = 3.55 µm. Should be noted this is model 
independent estimate and result does not depend on, for example, drift vefodty 
knowledge. 
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Figure 4. Measured sigma values are shown in green. The distribution obtained from 
simulated dusters is shown in pink. 

Simulations with X-ray conversion points distributed over al! depths according to 
X-ray absorption have been performed as well. The drift time is determined by 
drift velocity which in tum depends on electric field, E. The v(E) parameterization 
[16] from measurements performed in our operating temperature range, around 
-lOOC, has been used. The analytical expression for E-field has been obtained 
solving lD Poisson equations (folfowing, for example [17]). Simulation results for 
cr = 3.65 µmare shown in pink in Fig.4. Both simulations are in good agreement 
with measurements. From these measurements, the estimated characteristic 

diffusion value is cr = 3.6 µm for our CCD with back bias set to -70V. 

The diffusion analysis has been performed on high statistics data set. The read 
out noise in this set was ~7e-. The measured a values for first 8 channels are 
shown in Fig.5. 

The "'window'" peaks are at 3.6 µm for all segments in a good agreement with 
early measurements. There are no segment to segment variations as expected. 



Figure 5. Measured diffusion sigma values for 8 segments, zoom on the "'window"' peak. 

The characteristic diffusion value knowledge can be used to derive general 
properties of X-ray clusters. Let's construct the average cluster assuming uniform 
distribution of X-rays along sub-pixel coordinates. This can be done analytically 
by convoluting 20 Gaussian cluster shape with uniform distribution in x- and y­
coordinates. 
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Figure 6. Average Ka hit 20 profile and variability, r.m.s. in each pixel. 

The average cluster shape and its variability are shown in Fig.6. 

DEFECT DIAGNOSTICS WITH X-RAYS 
X-ray spectra show low energy tails in segments 10 and 11. More information is 
needed to understand the cause. Such information can be obtained from the 
same X-ray data set. The CTE plots for segment 11, as an example, shown in Fig.7. 

This figure shows that X-ray spectra are normal in some parts of this segment and 
are degraded in others. It is possible to pinpoint bad areas using features of 
55Fe X-ray spectra itself. The largest amount of X-rays belongs to Ki and Kp lines. 



Figure 8. CTE plots for segment 11 at normal operating conditions. 

The window framing these lines can be set and amount of events inside this 
window is counted depending on coordinates. The Ka, 13 count has been done in 
llx20 pixel zones. In other words the segment area has been divided into 250 
rectangular pads and Ka, 11 events have been counted in each pad. The Fig.8 shows 
Ka, p count for all segments. 

Figure 8. Ka, Jl count for all segments. 

The areas where Ka, 11 events disappear are clearly seen in segment 10 and 11. 

large number of traps was found in this areas using pocket pumping technique. 

CTE MEASUREMENTS WITH X-RAYS 
The diffusion spreads charges over multiple pixels and number of single pixel 
clusters is very limited as can be seen from Fig.2. So, using single pixel dusters for 
CTE measurements is not practical. From average hit properties discussed in 
section 2 follows that more than 99.9% energy is contained in a 3x3 zone around 
pixel with maximum amplitude. This zone always contains at least99.5% of X-ray 



energy. Using this zone to measure X-ray parameters is an example of aperture 
photometry application. Thus CTE measured using zone total amplitude is 
arguably a good quantity to describe the charge loss in CCD readout process. 
Specifically, this method is sensitive to charge loss due to trap species with 
emission time constant longer than transfer time - referred to as 'slow' traps 
similar to (18]. This technique has been applied to the high statistics data set. 
Plots illustrating CTE analysis are shown in Fig.9 for segment 2 in normal 
operational conditions, T=-lOOC. In these conditions CTE is better than 0.999999 
in both serial and parallel directions. 

By lowering CCD temperature one can induce CTE degradation. Plots obtained at 
T=-lSOC are shown in Fig.10 for segment 2. The CTE measured in these 
conditions is 0.999928 in serial direction and still better than 0.999999 in parallel 
direction. This corresponds to a loss of -sGe- after 500 serial transfers and 
corresponding charge transfer inefficiency, CTI is 7 .2 10·5• 

0 2llO -- 500 1000 1600 --
Figure 9. CTE plots for segment 2 at T=-1DOC. 



Figure 10. CTE plots for segment 2 ot T =-150C. 

AVERAGE X-RAYS CLUSTER SHAPE AND ITS USE FOR CTE 
There is a worry that aperture CTE overestimate the CTE value because lt is not 
sensitive to traps with emission time constant shorter than transfer time -­
referred to as "fast" traps. If "fast" traps are present, then the central pixel, for 
example, might actually lose more charge than estimated using aperture CTE 
value. To check this we use the average pixel profile constructed both for small 
and large number of transfers. The construction of the profile introduces 
variability of the signa! in profile bins as seen in fig.6. A large number of dusters 
is needed in order to achieve sufficient precision in the average pixe! profile. For 
example, to reach le- r.m.s. accuracy about 30,000 dusters are needed. There 
are hundreds thousands X-rays in our high statistical sample and sub electron 
accuracy can be reached. The average K.x. dusters were constructed for data sets 
taken at -100C and -150C. The number of dusters used for any segment zone was 
more than 200,000. Thus our accuracy level is ~o.4e-. The average dusters for 
normal conditions are symmetrlca! as seen in Table 0. The differences left-right, 
top-bottom are aH within a few sigma. 

TableO Average cluster profile close to readout node at -lOOC 

1 2 A(ri~~ 
, 1s6.8 +/-0.37 2s.s +/- 0.1 I 28.7 +/- 0.1 

y/x ,__ _ _,__. ___ _ 
0 

The average dusters for segment 2 at -150C are shown in Tabie 1 and Table 2. 
The segment was divided into two halves in serial direction. Table 1 shows 



average cluster in the first half with number of transfers from 0 to 250 and 125 
transfers on average. Table 2 shows cluster in the second half with number of 
transfers from 250 to 500 and 375 transfers on average. 

Tobie 1 Average cluster profile close to readout node 
y/x 0 1 2 A( right-left) 

0 25.4+/-0.1 152.2 +/-0.35 29.7+/-0.1 

1 1513 +/- 0.35 879.9 +/- 0.45 156.7 +/- 035 5.4+/-0.5 

2 25.6+/-0.1 152.6 +/- 0.35 29.7+/-0.1 

Table 2 Average cluster profile away from readout node 
y/x 0 1 2 A(right-teft) 

0 22.5+/-0.l 146.9 +/- 0.36 31.5 +/-0.l 

l 144.6 +/- 0.36 871.1 +/- 0.46 161.0 +/- 0.35 16.4+/-0.5 

2 22.7 +/-0.l 147 .2 +/- 0.36 31.7 +/-0.1 

The right-left difference in the central row is 5.4e- in Table 1. The same 
difference in Table 2 is 16.4e-. Considering the average number of transfers, the 
excess of charges in the tail per transfer is essentially the same. 

Using the number of electrons in the central pixel one can calculate CTE in 
extended pixel response, EPER, style. This calculation gives CTE value 0.999981 
and CTI is 1.9 10-s correspondingly. The EPER approach underestimates CTI by 
more than factor of 3 compare to aperture method. This is not surprising 
because EPER method does not take into account the release time of trapped 
charges. 

The aperture method could be refined by addition of the charge redistribution 
analysis within the aperture. 

CONaustoNs 
It is demonstrated that X-rays analysis is a powerful tool for CCD characterization. 
X-rays can be used to characterize sensor PSF for CCDs with small pixel sizes and 
low read-out noise. The measured on lSST prototype CCDs characteristic 
diffusion sigma corresponds to blue PSF value 0.17" (FWHM) for lSST plate scale. 
It is shown how X-ray analysis re'1eals and pinpoints defect sites. The X-rays also 
can be used for CTE measurements and provide practical and robust 
measurements of CTE caused by "slow" traps. 
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