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ABSTRACT
Ve present results from recent measurements of the channel stop structures iii AXAI"C( Ds. We discuss refinements

of a technique that uses a tliiii metal film with small periodically spaced holes to restnct incident photons to well-

defined regions of the pixel, providing a way to probe sub—pixel structure. By niaking nioiiochroiiiatic iiieastirenieiits
at different energies, we can reliably deternune the width and thickness of the channel stop p+ —type silicon implant
and its insulating oxide layer.
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1. INTRODUCTION
'The Advanced X-ray Astrophysics Facility (AXAF,),' scheduled for launch iii July 1999, together with the X-ray
Multi-Mirror Mission and Astro— E, scheduled for launch in December 1999 and February 2000, respectively, will

herald a new era of high-angular-resolution imaging and high-resolution spect.roscopy in X-ray astronomy. All three
telescopes employ CCDs (charge coupled devices) as focal plane iiistriiinents, and the scientific objectives of each
iiiission require accurate calibration of the detectors. The AXA FC('l) liiiagiiig Spectroiiiet.er ( A( 'IS) lias particularly
stringent calibration requirements. e.g. measuring the detection efficiency with 1% accuracy and knowing the energy
scale to 0.1% precision.2

'Jo achieve these ambitious goals, a comprehensive calibration plan was conceived and adopted. 'I'lw uiiderlyiiig
principle of this plan was to develop physical models to predict the performance of A( IS aiRl to make grouiid
measurements to check and constraiii these models. Bautz ct at .° discuss the (letails of this calibration strategy
elsewhere. Accurate models for quantum efficiency and the spectral redistribution function (SR F) requires rneasiiriiig
the dimensions of the sub-pixel structures found in ACtS devices. Figure I shows scanning electron iiiicroscope (SEM)
photographs of the the two types of ACTS sub-pixel structures. polysilicon gates and their insulating oxide layers
aiid the channel stop, an implant of p+type silicoii and its insulating oxide.

T

Figure 1. SEM photographs of an ACIS CCI) cleaved to show the gate structure (left.) and channel stop (right).
The thick white and black bands at the top of each image are the polysihicori gates and their insulating Si02 layers.
The thin band below the gates is a layer of Si3N4. The second thin hand in the left image is a layer of Si02. The
elongated hexagonal structure in the right image is Si02. l)irectly below it. is the the p iriiplant. which is not
differentiable from the p-type Si that comprises most of the CCD. The white bar in each photo is I rni.
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Knowledge of the sub-pixel dimensions is particularly important for constructing models accurate at low energies
(E < 2 keV), where the characteristic absorption lengths in Si and Si02 are comparable to the thickness of the gate
and channel stop structures. The cutting necessary for SEM imaging precludes it as a way to acquire the desired
structural information on flight detectors. Instead, we have employed a non-destructive technique (hereafter referred
to as the "mesh" technique) first demonstrated by Tsenumi et al.4 In Section 2, we describe the experimental
method and discuss refinements we have made since our first implementation of the mesh technique.5 In Section 3,
we present analysis of our latest experiments that have yielded a self-consistent determination of the dimensions of
the channel stop structures.

2.1. Concept
2. EXPERIMENTAL METHOD

We place a thin metal foil with small (compared to the pixel size) , periodically spaced holes above the surface of
the CCD. The perforated foil (hereafter, mesh) is slightly rotated with respect to the axes defined by the gates and
channel stops. When placed in front of an X-ray source, the mesh limits the incident X-rays to narrow beams that
illuminate different sub-pixel regions. The rotation of mesh produces a moire pattern in the data. The changes in
count rate reflects attenuation of the incident flux by the different thicknesses of constituent material (i.e. Si or Si02)
that comprise the sub-pixel structures. The left panel of Figure 2 shows the arrangement of the mesh and CCD,
while the right panel shows raw data with the moire effect and count-rate variation clearly visible.

If we make the reasonable assumption that all pixels are the same, i.e. the polysilicon gates, oxides, and p+
implants all have the same widths and thicknesses, the moire data can be be used to construct an intensity map for
a representative pixel (RP). To create the RP, the data is first rotated before individual moire cells (typically 30—50
pixels on a side) are summed together. The expressions relating mesh-hole spacing, rotation angles, and moire cell
size are derived by Pivovaroff et al.5 and not repeated here.

2.2. Improvement to the Mesh Technique
Refinements to our experimental method have resulted in higher quality data, while a better understanding of the
physics that takes place in or near the sub-pixel structures has led to a more accurate interpretation of the data.
Taken together, these advances have led to a significant improvement in our sub-pixel measurements, compared to
the results obtained from our first implementation of the mesh technique.5

2.2.1. Refined Experimental Method
The first change we made in our experimental set-up was to use a mesh with smaller holes. We switched from a mesh
with circular holes with 4 pm diameter to a mesh with square holes 1.4 pm on a side. The front and back surfaces of
one of these holes is shown in Figure 3. The reduction in hole size leads to a smaller beam to probe the pixel, with
a corresponding increase in spatial resolution.
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Monochromatic X.rays

Figure 2. Left: Schematic showing the orientation of the mesh with respect to the CCD. Right: Raw data obtained
from the experimental set-up shown to the left. The intensity variation seen in the moire pattern is due to attenuation
by the sub-pixel structure.
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Figure 3. S FNI photographs oft lie front (left) and back (right) of one hole front t lie 1 .4 /L1ii I .1 pin mesh. 1'he
concentric features on the back of the surface result front t he fabrication process. 'Flie bar at t lie butt on of each
photograph is 1 pm.

The next improvement involved changing the wa the nieshi was held fixed wit It respect to the ( ( l). \Ve hiscovered
that we could place the mesh virtually on top of the detector. Due to the finite distance bet ween the N ray and ( '( D,
the gap between the mesh and detector should he as sniall as possible to reduce t lie broadening the spot si/c due to
beam divergence and diffraction. The last change was in the source of N rays. Before, we priniarily used a phot Ott
fluorescence source whose spectrum contained a relatively large amount of contuiuuni. Now, we exelusivel use an
electron impact source with a grating rnonochromator that results iii a spect rally pure source of N-rays. Fluninat ion
of the background removes any uncertainty in the origin of events outside the niali pliotopeak and alb)ws us to make
an HP from events taken from the entire span of t lie S R.F. F igit re 4 illustrates the resolu t ion gai iie I w lien t hiese t hiree

refinenients are applied to itiesh experiment.
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Figure 4. Mesh data taken at 525 eV. The data to the left. was acquired iii our initial mesh experiiiients5, while the
data to the right was obtained after applying our refinements. In each case, the representative pixel (HP) has been
repeated in a 3 3 array to show the change in detection efficiency across the pixel boundaries.

2.2.2. Improved Understanding of Device Physics
Much effort has been devoted to modeling the higher order moments of the SRF iii A( '15 dev,ces.''' 'Iltese "off-
photopeak" features include silicon K-escape and fluorescence peaks, the low—energy tail, wInch extends front t lie
main photopeak to the low—energy limit, and the "shoulder" of I lie main pliot.opeak. Figure 5 shows the SH F at.
525 eV and 1041 eV to illustrate the magnit tide and location of t lie shoulder at different energies.
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Figure 5. Spectral redistribution functions (SRFs) at 525 eV (left) and 1041 eV (right). Both SRFs have been
normalized so the peak channel is 1 .0 counts/bin. Notice the difference in the shape and intensity of the shoulder at
the two energies.

The majority of shoulder events are horizontally split events, photo-absorptions that results in the division of
charge between pixels that are side by side. As the the horizontal boundaries between pixels are defined by the channel
stops, it was assumed these structures must influence the formation of the shoulder. The mesh experiments providea
unique opportunity to map the sub—pixel location of the events that comprise the shoulder. For monochromatic data
at 525 eV, we divided the SRF into a shoulder region and photopeak region and generated RPs from events drawn
from each of these components. The SRF and resultant 3 x 3 arrays of RPs are given in Figure 6. The sub-pixel
maps confirm the hypothesis that the shoulder events originate either in or below the channel stops. Completely
unexpected, however, is that the regions beneath only two of the gates give rise to the shoulder.
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Figure 6. The top panel shows the SRF at 525 eV divided into the shoulder and photopeak regions. The 3 x 3
arrays of RPs are generated from the shoulder component (left) and photopeak component (right). Shoulder events,
localized to the horizontal boundary regions between pixels, are only onlypresent under two of the three gates. Refer
to the text for additional details.
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Partially motivated by this discovery, Prigozhin et al. have thoroughly investigated the nature of physical pro-
cesses that occur in channel stops.8'9 The relevant conclusions for the mesh technique are three-fold: p+regions are
not "dead" , i.e. charge generated from photo-absorption in this region is collected, some fraction of the charge from
events in the channel stop implant is lost due to surface recombination at the p+SiO2 interface, and this charge-loss
mechanism can be entirely suppressed if the gate voltage is biased below a threshold voltage of V. The mesh data
can be readily understood, then, as the two gates biased at +5 V shows signs of charge-loss, i.e. shoulder events are
present, while the gate biased at —5 V shows no signs of charge-loss, i.e. no shoulder events are present.

3. DATA ANALYSIS AND RESULTS
Data were collected at energies of 525 eV and 704 eV, and RPs were generated using events drawn from the entire
SRF. A detailed description and explanation of each of the analysis steps are presented elsewhere.5 Here, we briefly
describe the three main steps.

The first step is to calculate the decrease in detection efficiency due to attenuation by the channel stop. The
channel stop is modeled using five independent parameters, as shown in Figure 7. One variable is used for the
thickness of each type of material (Si02 , Si3N4, and p+..type Si) while two variables are used to describe the implant
and oxide width. Under the assumption that any photo-absorption within the oxide, nitride or implant is not
detected, the attenuation factor is the product of three exponentials of the form eu/A(E), where d is the amount
of material and A(E) is the attenuation length of that material at energy E. If our understanding of the physics
involved is correct, the thickness of the p+ layer should dramatically depend on which events are used to make the
RPs. If we include the shoulder and photopeak, we expect a zero thickness for the implant, as even though a photon
landing the p will loose charge, it will still be detected. If we only include the photopeak region of the SRF, those
events that undergo surface recombination and appear in the shoulder will not be detected, resulting in a non-zero
implant thickness.

Si02 Gate Insulation
Poly Silicon 4. I
Gates 1.0

Si3Ner 1::
Si02 Layer

0.4
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[1 CS Si02 Thickness 3 Si3N4 Thickness
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Figure 7. Left: the five parameter model used to describe the channel stop. Right: RPs at 525 eV and 704 eV
summed in the direction parallel to the channel stops. The drop in detection efficiency results from attenuation by
the constituent materials of the channel stop.

The next step is to convolve a function, referred to in our previous work as the aperture function (AF) , with
the attenuation calculated above. The AF needs to account for the point-spread function of the mesh hole and the
diffusion a charge cloud undergoes as it is collected by the potential created by the gates. We found that the AF
can be well-approximated from an analysis of vertically split events, photo-absorptions where the charge is divided
between two pixels that share a common vertical boundary.

Finally, we compare the convolution of the attenuation and AF with the experimental data, using a least-squares
minimization to determine the best-fit parameters for the channel stop model. In this case, the data are just the
RPs, summed in the direction parallel to the channel stops. By compressing the RP in 1-D, absorption by the gates
becomes uniform across the pixel, greatly simplifying the problem. The resultant curves, shown in the right panel of
Figure 7 reflect attenuation due solely to the channel stop.

A convenient way to understand the best-fit data is to take slices through the multi-dimensional parameter space
parallel to the plane of two related parameters, e.g. Si and Si02 thickness. Figure 8 shows contour plots for each
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energy. The 68% and 99% confidence limits are drawn and the best-fit value is denoted by the star. The degeneracy
between the two parameters is easily understood as the model cannot differentiate between attenuation by purely Si
or Si02 or some combination of both. However, by simultaneously fitting the data at these two energies, one below
and one above the 0 K absorption edge (534 eV) where the ratio of characteristic absorption lengths are markedly
different, the degeneracy can be broken. The left panel of Figure 9 shows the combined contour plot. Within the
grid of our fitting resolution (0.08 pm), the 99% confidence limit is identical to the best-fit values of 0.0 jim for Si
p+ depth and 0.39 tm for Si02 depth. We note that, as expected, the thickness of the p layer is zero. A similar
analysis for the two width parameters yields best fit values of 4.3 pm for the box width and 0.3 pm for the wing
width. We estimate systematic uncertainties at 1O%.

Figure 8. x2 contour plots for the Si p+ depth versus 5i02 depth. The plot to the left is for the 525 eV data, the
plot to the right is for the 704 eV data. The contours correspond to the 68% and 99% confidence levels, and the star
shows the best-fit value.

While the measured value of 0.0 jim for the implant parameter is correct for data drawn from the entire SRF,
we still have yet to the thickness of the Si p layer. This information can be obtained by carefully selecting only
a portion of the RP data. As shown in Figure 6, photo-absorptions in the channel stop implant under gates with
high voltages contribute to the shoulder, not the photopeak. If we exclude that portion of the RP that contains
the low gates (roughly one-third of the pixel) and only draw events from the photopeak of the SRF, the p layer is
effectively dead. When we perform our fitting, then, we expect a non-zero value for the Si thickness. Again, we fit
the two data sets simultaneously to break the degeneracy. The right panel of Figure 9 shows the contour plot for Si
and Si02 thickness. The model now has best-fit values of 0.31 ,im for Si p depth and 0.46 pm for Si02 depth, with
uncertainties of '2O%. The difference derived for the oxide thickness in the two analyses are entirely consistent with
one another, given the measurement errors. Finally, we note that box width derived in this case is slightly narrower
('O.3 pm) than the values determined when using the RP generated from the entire span of the SRF. This result
is not entirely unexpected, as two-dimensional modeling of the potential fields beneath the channel stops indicates
that the strong lateral fields present at the edge of the implant region may sweep out charge before it has a chance to
experience charge-loss at the p+SiO2 interface. This would effectively reduce the width of the implant, as measured
with our current analysis. In our future implementation of the mesh technique, our channel stop model will have
independent variables for the width of the oxide layer and Si p region.
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Figure 9. x2 contour plots showing Si p+ depth versus Si02 depth for the simultaneous fit of data taken at 525 eV
and 704 eV. The plot to the left is for data taken from the entire SRF, the plot to the right is for data taken only
from the photopeak in the region of the pixel where the gate voltages were +5.0 V. The contours correspond to the
68% and 99% confidence levels, and the star shows the best-fit value.
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