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ABSTRACT
In the past decade, charge-coupled devices (CCDs) have rapidly become
the astronomical imaging detector of choice for the visible and near-IR spectral
regions. There are, however, several problems which have greatly reduced the
availability of sufficient quality CCDs to the astronomical community. These
include the low blue and ultraviolet quantum efficiency of thick devices, the
lack of properly thinned devices, warped imaging surfaces, interference fringing, and the small size of the detectors themselves compared to telescope
focal planes. This dissertation presents methods which can be used to optimize CCDs obtained from various manufacturers for astronomical observations.
A

n~w

thinning technique which produces an optically flat surface across an

entire CCD is demonstrated. A mounting technique which maintains a flat
and stable imaging surface for thinned devices by bonding the CCD backside against a transparent glass support substrate is also demonstrated. Bump
bonding of CCDs onto a silicon support before thinning is discussed as a future mounting/thinning technique. The design of antireflection coatings for the
near-UV through near-IR spectral regions is explained and demonstrated on silicon diodes, allowing quantum efficiencies as high as 90% to be obtained. The
reduction of interference fringing amplitudes by as much as 70% in the red and
near-IR with AR coatings is also discussed. And finally, the design of CCD
focal plane mosaics using the optimization techniques presented is discussed.
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CHAPTER 1

CCDS IN ASTRONOMY

In recent years charge-coupled devices (CCDs) have become the astronomical detectors of choice for nearly all instruments requiring a two dimensional imaging sensor in the visible and near infrared spectral regions. This
great popularity is due mainly to the CCD's high quantum efficiency, low noise,
large dynamic range, and stable operating characteristics. These properties are
greatly improved over previous generations of astronomical imaging devices such
as image tubes and photographic plates. Considering the vast amount of obser:vatory resources put into CCD detector programs worldwide, and anticipating
the future trends of the semiconductor industry, it appears likely that CCDs
will remain the dominate astronomical imagers in the visible and near IR for
at least the next ten years. It is therefore advantagous for astronomers to fully
optimize CCDs for their observational needs to obtain detectors of the highest
possible quality and efficiency.
Great advances have been made by manufacturers in the last decade
toward improving CCD characteristics, and much progress can be expected in
the future. Current devices, however, have a number of characteristics that are
far below their theoretical limits and have seen little recent improvement. Many
of these are of prime importance to astronomers, such as absolute quantum
efficiency, active imaging area, and flat field uniformity. The slow progress

11

in these areas can be attributed mainly to the technological difficulties of
silicon processing. Quantum efficiency in the blue I),nd UV is now limited by
the solid state conditions at the silicon surface exposed to radiation. The
maximum area of an integrated circuit is determined by production capabilities
and the number of defects in a single silicon crystal. Flat field uniformity is
determined by chip packaging techniques as well as silicon processing procedures
such as mask alignment, oxide growth, metalizations, and in the case of back
illuminated CCDs, thinning uniformity. The significant improvement of any of
these characteristics requires extensive research and development expenditures.
CCD manufacturers would realize little immediate economic gain because of
the relatively few customers (such as astronomers) who would benefit from the
improved devices. This dissertation describes techniques I have developed that
can be applied to individual CCDs after their manufacture to obtain detectors
of significantly higher quality than are currently available. The specific areas
of detector optimization include thinning, antireflection coating, and backside
charging for enhanced quantum efficiency, improved mounting for more uniform
QE and image quality, and focal plane mosaic design for increased imaging area.

Current Optimization Procedures

Most CCD users have been able to optimize their detectors only by
modifying those parameters that can be changed by controller electronics, such
as gate voltages, waveform timing, and operating temperature. Many observatories have designed their own controllers to more fully optimize these parameters than is possible with commercial systems (i.e. Marcus et al. 1979,

12
Gunn et al. 1987, Robinson et al. 1987). As an example, most astronomical
applications do not require rapid readout, therefore astronomers are willing to
trade fast readout time for the lower noise that can be obtained with longer
sampling times. A particular device is considered to be fully optimized when
the best values of these "electronic" parameters have been found. But many
important CCD characteristics are more difficult or impossible for astronomers
to modify. These include pixel size, quantum efficiency and spectral response,
detector area, cosmetic defects, and fringing amplitude. The only way to vary
these characteristics has been to observe with different CCDs, which is always a tradeoff that introduces other undesirable characteristics. Furthermore,
there are disappointingly few scientific grade CCDs available. Over the last
decade, devices from only four manufactures have been used extensively for
direct (unintensified) astronomical imaging or spectroscopy (Texas Instruments,
RCA, GEC, and Thompson). This has limited the fundamental CCD characteristics which are available to astronomers. In contrast, as of early-1988, at
least six scientific grade CCDs are known to be currently manufactured. In
addition to these, there are now many smaller semiconductor foundries with
the silicon processing capabilities for making scientific grade CCDs under contract. The means to convert readily available commercially produced CCDs
into astronomical grade detectors is a primary goal of this disseration. This
would greatly alleviate the unhealthy dependence modern astronomical instrumentation has placed on the success of a few commercial manufacturers. It is
well known that astronomers have made great strides in the last century by
adapting technologies developed for more lucrative markets (e.g. image tubes
and photographic plates). The manufacture of solid state detectors is just such
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a technology which can continue to be of great benefit to astronomy, especially

if it is possible to modify the many commercially available sensors for use as
astronomical detectors.

Optimizing Commercially Available CCDs

Table 1.1 and Figure 1.1 show a summary of some important characteristics of several scientific grade CCDs currently used for astronomical observations. The GEC, Thompson, and RCA devices are all built on commercial
production lines intended mainly for manufacturing television grade devices.
Scientific grade sensors are usually specially selected and tested for cold and
low noise operation. The RCA CCD is thinned for irpproved blue and UV
response, but is no longer available since RCA has stopped making CCDs.
The Texas Instruments CCD is the only "astronomical" grade sensor, developed specifically for the Hubble Space Telescope Wide Field/Planetary Camera
(Blouke et al. 1983) under contract with NASA. It is also thinned, but not
commercially available. A limited number of TI sensors have been distributed
to various observatories by the National Science Foundation, including three to
Steward. They are excellent devices with high quantum efficiency when backside charged. The specific parameters quoted for the TI detector are those of
our 90" telescope sensor after more than a man-year of optimization effort to
achieve low noise and high UV response (Leach and Lesser 1987, Leach 1987).
It can be seen from Table 1.1 that most properties of the commercial
scientific grade sensors are in no way inferior to those of the TI "astronomical"
device. This is an important point when attempting to optimize commercial

14

1.0

0.8

/

,/_./

0.6

0.4

/

~- ...............

.....-.;:

/-,

................

",..,...' •J
..,.J /
/
i

"

-

A"

I

!

j
i

i

I

0.2

I

i

;

i

f

I

I

I
!

"

/

/

/ J

.---_/ "'\
....J
\ "'.
/
\'
/
\ .\
GEe

\

\

\
\

\

\ \'

\

/ I"
\ '\\ \ \.
/
I ............. RCA
\ .~\
/ /
Thompson
\ .\\
/
I
~"
TI (UV flooded) " ,,~~
/ I
/ / "
Optimized GEe
" \

""\

V"

!

0.0
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Wavelength (J-lm)
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TABLE 1.1
Current Scientific Gra.de CCDs
Paramete'Z

GECl

Thompson l

Device

P8603

TH7882

Format

385 x 578

384 x 576

320 x 512

800 x 800

22 x 22

23 x 23

30 x 30

15 x 15

Front

Front

Back

Back

5

5

37

6.2

pixel-to-pixel (%)

1.9

0.8

1.2

3.0

large scale blue (%)

7.6

2.4

2

30

large scale red (%)

2.4

0.4

20

20

No

No

Yes

Yes

< 0.07

< 1.5

72

< 0.06

Pixel size (J.Lm)
Illumination
Noise (e-)

RCA

TI

SID501EX 800x800 3¢

Response uniformity

Fringing?
Dark current
(e- /pixel/min at 1500K)
Full well (e-)
1

From Thorne et al. 1986

1.9 x 10 5
2

1.7

X

10 5

2.0

X

105

4.5

X

104

At 1700K for optimum CTE

CCDs for astronomical use because some parameters such as charge transfer
efficiency, pixel-to-pixel uniformity, and minimum readout noise cannot be significa.ntly altered after manufacture. Most other parameters, however, such as
QE, large scale uniformity, and fringing are determined mainly by thinning and
mounting techniques and can be greatly improved by the techniques presented
in the following chapters. My QE goal for a CCD thinned to 15J.Lm is shown as
the uppermost curve of Figure 1.1. This is the calculated QE of CCDs such as

H3
are currently in initial production at Ford, Reticon, Textronix, Thompson, and
EEV after thinning, backside charging, and with the application of antireflection coatings. This particular curve shows a device optimized for blue and UV
observations. Large scale response uniformity, fringing amplitude, and quantum
efficiency can be significantly improved over what is currently obtained with
a TI device. It can be clearly seen that commercial scientific grade CCDs, if
fully optimized, have great potential for meeting the needs of the astronomical
community and in fact becoming the finest detectors available to astronomers.
What is lacking, and is the subject of this dissertation, is the ability to make
the final optimizations of scientific grade CCDs to achieve the quantum efficiency, I.lpectral response, and active area desired for astronomical observations.
Although there has been some research from manufacturers and laboratories
in recent years to obtain different devices with some of these characteristics,
there has been no attempt to produce a single device with all of the properties
desired for astronomical applications.

Quantum Efficiency Improvements

Some CCDs have measured quantum efficiencies in excess of 60% in
the visible. Although this is extremely high compared to photographic plates
(typically less than 4%) or image tubes (less than 20%), it is far from the
theoretical performance of which a silicon detector is capable. There are several
techniques that can be applied to ceDs after manufacture to increase QE to
near its theoretical limit. These are briefly described below.
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Thinning and Backside Charging
High quantum efficiency at wavelengths less than 4000A has traditionally been very difficult to obtain with CCDs due to silicon's extremely
high absorption coefficient in the blue and UV. CCDs are usually covered
with polysilicon (silicon with only short range crystalline structure) on their
frontside to make electrical connections to each pixel. This polysilicon is about
1JLm thick and absorbs nearly all light below 4000A. To avoid this loss some

CCDs are operated in the back illuminated mode, where radiation is incident on
the side opposite the electronic circuitry. This requires thinning the device to a
thickness of less than ~ 20JLm so that photo-generated' electrons have a chance
to diffuse through the silicon and reach the frontside potential wells. For these
devices the blue and ultraviolet QE is determined by the solid state conditions
at the back surface. Electrons photogenerated near this surface (predominately
by short wavelength photons) are mostly trapped by a backside potential well,
reducing the blue and UV quantum efficiency of the device considerably. In
the last few years, however, a number of techniques have been developed to
reduce this well and bring the QE of these sensors up to their reflection limited
value. I describe in Chapter 2 a new method to thin CCDs for maximum blue
and UV quantum efficiency, and in Chapter 4 discuss the backside treatment
required to maintain this high QE. A new backside charging technique which
allows permanent elimination of the backside potential well is presented.
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Anth,t:!flection Coatings
Due to a back illuminated CCD's polished mirror-like surface, up to 60%
of the radiation incident on the detector is lost by reflection. If appropriate
antireflection (AR) coatings are applied directly to the CCD surface, this loss
can be limited to less than 20% over the UV, visible, and near IR spectral
regions. These coatings must be compatible with other methods of optimizing
the detectors and should not degrade QE in any spectral region. Theoretical
and experimental studies of AR coatings for astronomical CCDs have been
completed and are disscussed in Chapter 3.
Thinned CCDs have suffered a problem in the red which has often given
them a bad name - interference fringing due to multiple internal reflections
off the silicon-air and silicon-silicon divxide interfaces. This occurs because
of silicon's high index of refraction but low absorption coefficient at longer
wavelengths. Fringing can be reduced very effectively by the application of
AR coatings on thinned devices. In addition, uniform thinning makes fringing
more reproducible across the chip and therefore easier to remove with data
reduction techniques. The effect of AR coatings on fringing is discussed in
Chapter 3.

Device Uniformity Improvements

A major problem that affects accurate CCD observations is device
nonuniformities. Pixel-to-pixel and large scale quantum efficiency variations
make photometric calibrations very difficult. While little can be done by the
astronomer to correct pixel-to-pixel variations other than careful calibration, a
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number of techniques can be used to improve larger scale variations. These
types of nonuniformities include fringing, defocus due to chip warping and
movement, and thinning defects such as overly thin "hotspots" and large scale
thickness variations. Some of these problems can be attributed directly to the
technique used to mount the eeD in its carrier (defocus ripples and device
movement). The remaining are due to thinning problems. Most pixel-to-pixel
non-uniformity is due to variations in the fronts ide gate structure and actual pixel size, which can be changed only during manufacture. A mounting
technique which improves device flatness to avoid defocus across the detector
and is closely coupled to the new chemjmech thinning method is discussed in
Chapter 2.

eeD Focal Plane Mosaics

A review of the literature from the semiconductor industry during the
past decade shows that the average size of integrated circuits has consistently
been decreasing. This is due to both the difficulty of producing large area
devices free of defects and to the economic gain realized by producing many
devices on a single wafer. Although large area eeDs have been anticipated
for some time, they have yet to be delivered.
One possible method of obtaining a large detector area is to build
a mosaic of many current-sized eeDs in the focal plane of the telescope.
Although such a mosaic could find many uses even if it were not comprised of
the best quality eeDs available, individual detectors in a mosiac should be as
fully optimized as eeDs in single detector systems. This is necessary to justify
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the high cost of a CCD mosaic since otherwise it would be more practical in
many cases to take multiple exposures with a single fully optimized detector.
As an example, if the detectors in a 2x2 mosaic achieved 20% QE at 4000A
(which is still better than the majority of CCDs today), a single CCD with
80% QE could cover the same area of sky in nearly the same time as the
mosaic. If the image quality or quantum efficiency of a mosaic is poorer than
that of a single detector, astronomers would probably prefer to take multiple
exposures rather than use the mosaic. To fully justify the cost of a large area
CCD mosaic the individual detectors must all be of the highest quality possible,
and certainly no worse than the single detector systems available at the time.
This design criterion has influenced the optimization techniques presented in
the following chapters and constrained all research efforts to develop only those
techniques that can be used with CCDs in a focal plane mosaic. The design
of such a mosaic is discussed in Chapter 5.

Mosaic Controller Design Requirements
In order to realistically implement multi-chip detector systems such as
focal plane mosaics, the controllers used to operate the individual detectors
must be much more sophisticated than those now used. Many functions that
are routinely done manually should be automated due to the sheer manpower
required to maintain all the detectors at their optimum performance level. As
an example, the initial start-up of a single present day CCD may take many
weeks to fully optimize all the electronic parameters that control the chip (voltage levels, pulse widths and shapes, video processing parameters, temperature,
etc.). A large mosaic of ten or more detectors would make this time scale
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impractical from an operational standpoint. Shortcuts must be implemented
to allow devices to be optimized through sophisticated computer control and
image processing.
Along the same lines the data acquistion system must be changed in
order to spend as much time actually observing each night as possible. If a
single CCD takes 30 seconds to read out its image, a 10 chip mosaic would
require 5 minutes to read out in series. This is not very practical, so parallel
processing is necessary. Computers must be used that can receive data from
many detectors simultaneously and efficiently store the images. The basic image
processing functions such as bias subtraction and flat field calibration must
be done on-line at the telescope to reduce the tremendous data storage and
analysis problem a mosaic would create. These controller design considerations
are discussed in Chapter 5.

Applications to Other Detectors

Because CCDs are silicon devices, any optimization techniques developed that relate directly to the silicon material can in principle be applied
to other types of silicon photodetectors. As an example, silicon photo diodes
have characteristics that make them more suitable than CCDs for certain
projects, mainly due to their low cost, high speed, and large area. Advances
are continuously being made in photodiode technology, especially with amorphous semiconductors, due to the world-wide interest in solar power conversion.
The key to successful astronomical instrumentation is often the ability to use
devices developed for other applications for astronomically important problems.
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A field which has grown rapidly in recent years is infrared detector development. Silicon devices cannot detect light of wavelength longer than about
1.05j.tm due to silicon's bandgap of 1.1 eV. For IR observations, detectors of

germanium, indium-antimony, mercury-tellurium, or other semiconductors must
be used. The technology of processing these materials and building devices
from them is immature compared to silicon technology, and a great deal of
solid state physics is still to be learned concerning the interface, bulk, surface,
and noise properties of such materials. Much of what is learned from improving the characteristics of silicon devices may be applicable in some way to
improving IR detectors. Techniques to be discussed in this dissertation such as
thinning, mounting, and antireflection coatings are directly applicable to solid
state imagers of any type, while other QE enhancement techniques such as
backside surface charging may apply to silicon devices only. Future experimentation and better theoretical understanding is required to know with certainty
what techniques can cross over to the IR detector world.
Although silicon CeDs can be used as far UV and x-ray detectors (i.e.
Luppino et al. 1987, Stern et al. 1987, Griffiths et al. 1981), the optimization
procedures developed in this dissertation are intended for the spectral region
from the atmospheric cutoff at 3100A to the silicon response limit at 1.05j.tm.
Many of these techniques, however, are directly applicable to shorter wavelength
detectors. The differences between AR coatings used in the visible and those
required for much shorter wavelengths (as might be appropriate for space
missions) will be discussed. Thinning and mounting techniques are appropriate
for all wavelength regions, although the desired device thickness depends on
silicon properties in the wavelength region of interest. Backside charging is
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also required for good far UV and x-ray performance. It is interesting to
realize that deep depletion CCDs that have been built for x-ray observations
have excellent potential as imagers in the red and near IR spectral regions. By
careful characterization and understanding of CCDs designed for many different
applications, and with the development of techniques such as those presented
here, it is possible to modify current generation CCDs to obtain nearly ideal
detectors for most ast.ronomical needs for which silicon is a viable sensor.
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CHAPTER 2

CCD THINNING AND MOUNTING

Two of the most important characteristics of astronomical detectors
are broadband sensitivity and spatial and temporal stability. Optimized CCDs
should therefore have high quantum efficiency from the atmospheric cutoff at
3100A to the silicon response limit near 1JLm with minimal spatial variation.

For calibration purposes, QE variations with wavelength should also be small
so that color differences between program objects and calibration sources do
not introduce significant errors. The influence that the thinning and mounting
of CCDs has on their spectral response, uniformity, and stability is discussed
in this chapter. I describe a new thinning technique which allows very precise
thickness control and can be used on nearly all CCDs. A mounting/packaging
technique for thinned CCDs which maintains a flat surface to avoid the defocus
problems associated with surface ripple is also discused.

CCD Spectral Response

Radiation incident on CCDs operated in the front illuminated mode
must pass through the frontside gate structure before being detected. This
gate structure is composed of an electrical conductor (either aluminum or more
commonly polysilicon) and various oxide/nitride insulator levels. Polysilicon,
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which has optical pro.perties similiar to crystalline silicon, absorbs almost all
light below 4000A. Front illuminated CCDs therefore have little or no blue and
UV spectral response. It is for this reason that CCDs are often operated in
the back illuminated mode in which radiation is directly incident on the silicon
lattice. Figure 2.1 shows a schematic representation of a typical CCD (here
an EEV P86000) for reference purposes.
Silicon is capable of detecting radiation of all wavehmgths shorter than
its energy bandgap edge near 1.05ILm. However, throughout this broad spectral
range its absorption properties vary tremendously. The absorption length (distance over which a fraction lie of photons are absorbed) is 80ILm at A

= 1ILm

and 40A at O.29ILm. When optimizing devices for the ground-based astronomical region, it is desirable to have very thick CCDs for observations redward of
about 7000A and very thin devices toward the blue. Unfortunately, most observatories are unable to either obtain or maintain separate astronomical grade
CCDs for these regions. Furthermore, all scientific grade CCDs currently manufactured are built on epitaxial layers less than 25ILm thick. Electrons photogenerated outside this epitaxial region have a very small chance of being
detected due to their short diffusion length in the substrate material. And
since the depletion depth of such devices extends less than lOILm from the
frontside, photoelectrons generated in the "field-free" region between the back
surface and the back edge of the depletion region often diffuse to adjacent pix,~ls

for collection, reducing spatial resolution and effective quantum efficiency.

The most sensitive CCD is therefore a thinned back illuminated device with
an electric field at its back surface to force electrons directly to the frontside
collection wells. This electric field can either be generated from the frontside
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gate potentials (the depletion well), or induced from backside charging. Figure 2.2 shows the QE of such a CCD as a function of thickness for several
wavelengths in the red and near IR. It can be seen that a thickness of at
least lOJLm is necessary for maximum QE in the visible and red, where most
astronomical CCD observations are made.
While thinning CCDs for back illuminated operation has proven very
successful for two scientific CCD manufacturers (Texas Instruments and RCA),
there is another means of boosting blue and UV quantum efficiency. Thin films
of organic UV downconverting phosphors have been applied to the frontsides
of many devices. Considerably success has been reported by astronomers using
coated GEC and Thompson devices (Cullum et al. 1985, Beal et al. 1987).
The Wide Field/Planetary Camera for the Hubble Space Telescope was designed
for TI 800x800 CCDs using a coronene film on the back surface (Blouke et
al. 1983, Blouke et al. 1980). These dyes absorb UV photons and re-emit by

fluorescence at longer wavelengths to which the CCD is more sensitive (around
6000A). Although this is a much simpler and inexpensive way to gain blue and
UV response, the highest QEs reported so far are about 20%, and the films
are not very durable. I have therefore chosen to develop a means of thinning
CCDs after manufacture with the uniformity and thickness control required to
obtain high quality back illuminated detectors.
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Figure 2.2. A comparison of the predicted quantum efficiency of a back illuminated CCD
at several wavelengths as II. function of device thickness. It is assumed that full backside
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Thinning Requirements

Many cosmetic defects such

as,

pits, hills, and rings have been found

in previous generations of thinned CCDs which contribute to non-uniform QE.
These local thinning variations affect red and blue sensitivity in different ways.
Red QE is directly proportional to the device thkkness,

as

shown in Figure

2.2. From the slope of the lines in this figure it can be seen that thicker
devices have much smaller QE variations resulting from thickness variations
introduced during thinning. A thickness variation of only IJLm causes a QE
change of several percent in the near IR if the device is thinner than lOJLm.
It is therefore necessary to achieve very precise and uniform thinning, and to
use CCDs capable of operating when thicker than lOJLm. This requires devices
built on epitaxial layers

~

20JLm thick. Blue QE is extremely sensitive to the

solid state conditions at the back surface because of sHion's short absorption
depth in this spectral region. If thickness variations extend through regions
of different doping concentrations (as in the region surrounding the epitaxialsubstrate interface), the effect of the backside charging used to eliminate the
backside potential will also be variable. Blue and UV QE will therefore also
vary as a function of device thickness (see Chapter 4). Current generation
devices are in fact very sensitive to local thinning variations. For this reason
CCDs must be thinned through the epitaxial diffusion region, which extends
approximately 2JLm inside the epitaxial-substrate interface on most CCDs. For
the TI 800x800 devices this requires a total thickness of less than 8p.m. Other
CCDs with thicker epitaxial layers can be thinned to about 15JLm (EEV, Ford,
Reticon).
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My initial thinning goal was to produce a surface quality superior to
that of the Texas Instruments 80Ox800 3-phase CCDs developed for the HST
Wide Field/Planetary Camera. My reasoning has been that these devices are of
exceptional quality in terms of their electronic properties but suffer considerably
from nonuniformities caused by acid thinning. Steward Observatory operates
several of these sensors with excellent results. Their major drawback is local
sensitivity variations of 20 to 30 percent (and its rippled surface, which will be
discussed in a later section). After extensive extensive experimentation with
acid thinning, I found that the surface quality desired for astronomical CCDs
is extremely difficult to achieve. Thinning uniformity is critically dependent on
agitation techniques, required to keep the acid flowing evenly across the silicon
surface. It became apparent that thinning only the central region of the CCD
was largely responsible for uneven thinning rates, due to acid "pooling" and
uneven acid flow. Masking the edges of single devices is required, however,
to avoid etching the edges of the device and ruining the circuitry. When I
duplicated the exact thinning technique used by TI for the 80Ox800 eeDs
(Janesick, 1987) I found the method to be dependent on the silicon epitaxialsubstrate structure of the TI device. It does not work for thinning bulk silicon
and must be modified for other epitaxial structures. For example, the EEV
devices purchased have 25JLm thick epitaxial layers but should be thinned to
about 15JLm for good QE and spatial resolution. Acid solutions can be devised
which stop at the epitaxial interface and new solutions used to very slowly
thin further. However, as the device is thinned inside the epitaxial interface
the surface becomes less and less uniform due to thinning rate variations
caused by local temperature, agitation, and chemical concentration fluctuations.
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These factors are nearly impossible to control over the entire surface of a CCD
to the precision required for the highest quality astronomical detectors. For
these reasons I have developed a chemical/mechanical thinning technique which
produces an optically flat surface and can be directly applied to a wide variety
of devices. The final thickness does not depend on the epitaxial thickness
of the device as with acid thinning techniques. Although mechanical action
is used to maintain surface quality, the final silicon removal is chemical to
eliminate any subsurface damage which would cause excessive recombination
and dark current. This thinning method and results of laboratory experiments
using setup grade CCDs are described in the following sections.

Chemical/Mechanical Thinning

The chem/mech thinning method proceeds in two distinct steps - initial
loose abrasive lapping and final chem/mech polishing. ceDs are typically 500
- 600,um thick when received from the manufacturer. They must be thinned to
15,um or less for most existing eeDs structures, as discussed above. Because
my final polishing method removes silicon at the rate of less than l,um/min,
abrasive lapping is necessary to initially thin the CCD to approximately 100,um.
Lapping allows precise corrections for tilts introduced during thinning while
the final chem/mech polishing does not. Lapping silicon is straightforward
and quite similar to producing glass optical flats. The eCD is waxed with
its fronts ide against a glass support (of matching expansion coefficient). It is
surrounded by several silicon samples ("outriggers") which are used to keep the
support from tilting. By monitoring the thickness of each outrigger during the
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thinning process (with a dial indicator) it is possible to detect any tilts being
introduced before they significantly affect the CCD. These tilts are corrected
simply by shifting weight to the periphery of the glass disk for a short time,
increasing the thinning rate where needed. The wax used to secure the silicon
is several microns thick and must be applied with great care to maintain
the necessary uniformity. Nearly all bow (uniform thickness variation from
the center outward) or tilt in a chem/mech thinned device can be attributed
to nonuniform mounting wax. The actual lapping takes place against the cast
iron plate of a Lapmaster 12 lapping machine, shown in Figure 2.3. Aluminum
oxide slurry is used in two stages, with 12 and 3 micron particles, respectively.
The thickness limit of the abrasive process was determined to reduce the
polishing time required and to ensure that all the mechanically damaged silicon
is removed in the polishing operation. The 12j.tm lapping stage stops at a
thickness of 200j.tm and the 3j.tm stage at lOOj.tm. Subsurface damage extends
inward about five times the slurry particle size, or to about 80j.tm from the
frontside when lapping is completed. Polishing to 15j.tm entirely removes any
damaged silicon. This has been verified by acid etch studies of the chem/mech
polished surface.
After the CCD is mechanically lapped the polishing begins. I have
adapted a chemical/mechanical process originally developed at IBM for the
polishing of silicon wafers before epitaxial growth (Regh and Silvey 1968).
From published accounts, it seems this method was used only a short time
for silicon polishing, and never for other applications such as thinning. In
this cupric ion process, a layer of copper is plated on the CCD backside which
reacts with the silicon by oxidization. The copper and oxidized silicon are then
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Figure 2.3. The Lapmaster 12 lapping machine used for the chemical/mechanical thinning
of CCDs. The glass thinning support disk is placed in one conditioning ring with weights
on top. The other rings are used to keep the lapping plate (cast iron) true. For polishing
the plate is covered with a soft polishing matrix such as a PELLON pad.
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mechanically removed by the wiping action of a soft polishing matrix (PelIon
pad or Microcloth). The silicon removal process takes place in several steps as
follows (Mendel and Yang 1969).

Si+ 4 + 6F- -+ SiF6"2
SiF6"2 + 2(NH4)+ -+ (NH4)zSiF6'
The Cu+ 2, F-, and (NH4)+ are provided by the ionic polishing solution, the
Sin is the CCD backside surface, and the CuD is wiped from that surface
by the polishing cloth to enable the reactions to continue indefinitely. Since
the silicon interaction is essentially chemical, there is no subsurface damage.
Furthermore, since the removal rate is determined by mechanical action, all
the control of true optical polishing is obtained. Surface flatness of less than
one micron is easily obtained as verified by interference against an optical flat.
The major difficulty with this thinning technique is due to the fragility of the
entirely thinned silicon. Problems include the chipping of the CCD's edges
during polishing and removing the delicate thinned device from the thinning
support. This has been the main failure mode, with the present yield being
about 75%. A detailed recipe of the thinning process is included in Appendix

A.
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Chem/Mech Thinning Results

The quality of the ref::lultant surface is dependent on factors such as
solution composition, lap speed, applied pressure, mounting technique, polishing
cloth type, and the method of proces!) termination. While all of these can be
precisely controlled during the thinning operation, the determination of the
proper conditions for successful thinning is quite difficult. The development
of the process to the point where 15JLm devices can be routinely obtained
with reasonable yield has taken several years. It has been found that there is
no substitute for PelIon polishing cloth, even though many other softer cloths
were tried in hopes of reducing edge chipping. Softer cloths with higher pile
are unable to wipe the plated copper off the CCD, in which case the chemical
thinning process stops. Thinning no longer continues evenly and a very rough
surface is obtained. I have found that the uniform removal of the plated
copper is the most important factor influencing the surface quailty. Uniform
copper removal is also determined by the applied pressure of the CCD on the
polishing cloth. A great improvement in surface quality was obtained when
the CCDs and outriggers were waxed to microscope slide glass plates which
were in turn waxed to the larger glass disk (4" diameter). This allows only a
small area of glass in three distinct areas to contact the polishing cloth, and
much better control of surface pressure is obtained. It was also found that
some CCDs, all from one manufacturer, could only be thinned when polished
to a specular surface before beginning the final chemjmech step. Other CCDs
could be chemjmech thinned directly after the lapping stage. The reason for
this is unclear. The method used for termination of each thinning cycle (about
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20 minutes) is also important for obtaining a high quality surface. By flooding
the polishing cloth for at least one minute before stopping the cloth rotation,
all copper is uniformly removed for the eeD and the next step will procede
uniformly. If copper is left on the device between cycles, uneven polishing
may occur. It has been reported by the original IBM research that some
silicon resistivities (high doping concentrations) do not polish well using this
method, although my experiments have demonstrated that the method works
well on the types of silicon used for eeD fabrication. The only poor results
have been encountered with very highly doped silicon. Since future eeDs will
most likely use silicon with lower doping concentrations for deep depletion and
easier backside charging, I expect this process to remain an ideal thinning
technique for many years. Thin sample devices flat to ±0.5JLm across the
entire device are now routinely produced. These experiments have been done
with bulk silicon and 20 and 25JLm epitaxial layer silicon, typically thinned to
15JLm.

Thickness measurements are made with a dial indicator referenced to

the original thickness of the device. The thickness measurements of a thinned
device have been confirmed by interference fringe counting using a scanning
infra-red spectrophotometer. The color of light transmitted through the CCD
(thinned to less than about 20JLm) is also indicative of the thickness. Attempts
to thin to less than 15JLm have proven unsuccessful with the chem/mech process
due to excessive edge chipping. I believe this is near the limit of the technique,
and thinner devices might be better produced using other methods. This limit
is responsible for the low yield of my early work when I attempted to make all
devices thinner. The 15JLm thickness limit is no limitation for eeDs built on
epitaxial layers which are 20JLm or thicker. Fortunately, most eeDs currently
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being produced have such epilayers and can be chem/mech thinned. Older
devices such as the TI 800x800 and RCA eeDs were built on 10j.Lm epi-layers
and cannot be chem/mech thinned with good yields.
It has proven very difficult to obtain affordable working CCDs which

can be thinned and operated at Steward Observatory. I have obtained several
EEV P86115 setup grade devices. These have been thinned using the chemicalmechanical method with encouraging results. Figure 2.4 shows a quantum
efficiency plot of the first chem/mech thinned setup grade EEV sensor both in
the front and back illuminated mode. This data was taken using the CCD in
a diode mode, where the QE is measured not on a pixel by pixel basis but
by treating the whole device as one large pixel (Janesick 1987a). This test
yields the same front illuminated QE for unthinned sensors as found by other
researchers (Thorne et al. 1986). The poor blue and UV response is due
to the large backside potential well of the untreated device. The TI sensor
(not UV flooded) shows better blue response because of its smaller backside
potential well, due to an oxide (unintentionally) grown on its surface some
time after manufacture. Methods are discussed in Chapter 4 which are used
to treat thinned devices to eliminate this backside well. It is interesting to
note that the visible and red QE of the same CCD is higher when operated
in the back illuminated mode than when front illuminated. This is due to
the finite absorption of radiation of all wavelengths in the frontside electrode
structure. When antireflection coatings are used, which cannot be applied to
front illuminted devices (as discussed in Chapter 3), the QE of thinned devices
is enhanced even more. Cosmic ray events are also reduced somewhat in thin
devices. In fact, the only advantage of thick eeDs over properly optimized
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thin devices is the absence of fringing. Even fringing, however, can be reduced
to only a few percent in thin devices with the use of AR coatings optimized
for the red.
Imaging with the setup grade EEV CCDs was not succ1:!ssful, due mainly
to the low yield after thinning, mounting, and wire bonding. As indicated
above, my early thinning efforts of these devices was targeted at 15JLIll or
thinner, and several CCDs were destroyed when thinned to just less than
15JLm.

Only one setup quality device was successfully thinned and mounted,

but images from the device were not obtained. This was due to poor wire
bonding and subsequent electrical connection to Steward's CCD controller. The
ultrasonic wire bonder to which I have access has proved to be unsuitable for
bonding CCDs, and several devices have had their bonding pads destroyed with
its use. A thermosonic gold ball bonder is suggested for these large devices
and is presently on order. Valid quantum efficiency measurements have been
made with thinned, non-functioning EEV CCDs as discussed above. These
devices were received as mechanical samples and have shorted phases and/or
damaged amplifiers. They do, however, allow for excellent QE measurement
when operated in diode mode.
Through a collaboration with Photometries, Ltd., in Tucson, I have been
able to experiment with the thinning of several PM512 CCDs manufactured by
Ford (Bredthauer et al. 1988). These devices have 516x516 20JLm pixels and
were designed for use as low light level sensors. They have a 15JLm epitaxal
layer, with my thinning goal being 15JLm. These devices have never previously
been succesfully thinned and have excellent potential as astronomical imaging
devices. My thinning results with them have been very sucessful, although
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Figure 2.4. Quantum efficiency curves of three CCD's measured in the diode mode. The
thinned EEV sensor is a setup grade device thinned at Steward using the chemical/mechanical
process described in this chapter. There has been no attempt to grow an oxide layer or
backside charge this device. It is mounted with its backside against a thin glass support.
No AR coating has been applied. The thick EEV sensor is measured in the same diode
manner using front illumination. The TI device's QE has been measured using the standard
Steward QE meas·urement procedure in imaging mode, before a UV flood. It has better
blue response due to a smaller backside potential well since it has a backside oxide. The
thin EEV sensor is 15JLm thick and therefore shows better red response than the 9JLm TI
sensor.
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there is a serious problem associated with their lack of a substrate (ground)
bonding connection.
The PM512 eeDs were designed to be operated in the front illuminated
mode, or thinned with the acid etching technique used by Texas Instruments.
This method thins the center region of the eeD only, and in fact the bonding
pads of the device have been set away from the imaging area by 30jLm. This
eliminates edge effects caused by thinning variations and allows for fiber optic
boule bonding, also planned for these devices. The edges of the imaging area
on thinned devices should not show the "acid pooling" effect commonly seen
in the TI 800x800 eeDs, where the edges of the image are thinner, have
lower red response, and respond differently to UV flooding than the center.
When the devices are acid thinned the edges remain thick and are able to
act as the electrical connection to the substrate. The backside is coated with
aluminum which makes an excellent ohmic contact to the non-polished silicon.
The problem with this is that my chemjmech thinning method thins the entire
backside and the aluminum connection is therefore thinned away. The highly
polished Si surface does not allow for a quality electrical connection to the
substrate, and thus the eeDs are very difficult to operate. I have sucessfully
thinned and mounted several of these devices as shown in Figure 2.5, but
sufficient charge transfer could not be obtained to produce an image. Electrical
tests using an oscilloscope attached to the output amplifier show the device
is operating correctly, but the missing ground connection is sufficient to not
allow adequate potential wells to be clocked, and therefore to transfer charge.
This fact has been confirmed by operating a thick device and then removing

41
the ground connection. Results of electrical tests are then identical with those
of the thinned CCDs.
To demonstrate success of the chem/mech thinning method, I have
mounted one PM512 CCD on an Invar frame with a square hole cut in the
center of the same dimensions as the active imaging area of the CCD. After
thinning, this frame was bonded to the CCD with conductivf! epoxy, allowing
a relatively large surface area for electrical contact. Although the device is not
mounted flat against glass as desired for a fully optimized detector, it is able to
image successfully. Sufficient substrate contact was made with this technique,
as shown by several images in Figure 2.6. This is in fact the first working,
thinned PM512 CCD ever produced. Full characterization of this device will be
obtained in the near future. Knowing that a backside contact is possible, my
next step will be to deposit an aluminum contact on the non-imaging backside
area and again mount the CCD on a transparent support substrate. Hopefully
in the future these PM512 devices can be produced with a substrate contact
(requiring a mask change), and the advantages of chem/mech thinning can be
more easily obtained.

Future Thinning Requirements

An important thinning consideration involves the type of silicon wafer
structures from which future CCDs will most likely be built. It was noted
above that high resistivity devices allow deeper depletion depths (and therefore better red response and charge collection efficiency) and makes backside
charging less difficult. If thick epitaxial layer devices of high resistivity are
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Figure 2.5. A 15p.m thick Photometrics PM512 CCD after chem/mech thinning and
mounting on a borosilicate glass support. The device hole cut in the Kovar device carrier
is the size of the active imaging area. This device is functional, but unable to clock charge
due to inadaquate substrate electrical conection as discussed in the text. The silver expoxy
on the frontside is used to improve the wire bonding contacts and as an attempt to contact
the silicon substrate.
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Figure 2.6. Two images taken 0. chem/mech thinned PM512 ccn. This device is 15p.m
thick and is mounted on an Invar frame to make 0. substrate ground connection. The top
image is of three horizontal slits while the bottom image is of three rectangles. The vertical
lines are three bad columns. There is 0. CTE problem in two regions of the device, possibly
because the clocks voltages were not yet optimized. The images are not well focused due
to the ccn location in II. test dewar.
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the way of the future, the thinning variations of acid etching may become less
important for fully backside charged devices. For such devices acid thinning
may be adequate, although not superior to chem/mech thinning. However, for
producing mosaics of eeDs which require uniform, flat mounting and for thinning the wide variety of devices to which I realistically expect to have access
in the next few years, chem/mech thinning is an excellent approach. It also
has great potential for thinning entire wafers rather than single devices, which
is of special interest to manufacturers. A particularly well suited application of
chem/mech process would be the thinning of "buttable" CCDs. These devices
have active imaging area extending to the silicon edge on one or more sides.
The entire eCD must be thinned in this case - a very difficult task for acid
solutions which would etch the edge of the CeD as well as the back surface.

Mounting CCDs

A major problem with thinned CCDs is the method currently used to
mount them in their final package. The TI sensors are certainly unacceptably
mounted for optimal use in optically fast beams, being supported only by
the edges which allows excesive warpage. Steward's 90-inch CCD has an rms
surface height variation of 30jLm, with peak to valley deviations of 120jLm. This
has a direct impact on the quality of observations - in spectroscopic mode onchip coaddition is often required to avoid defocus in the f/1.6 spectrogr;;.ph
beam. I have therefore found it necessary to develop a mounting technique
that does not introduce image degradation due to surface ripple or movement.
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Glass Support Substrate
The rippled surface seen on thinned CCDs is caused by stresses developed during thinning which are greater than those which the free silicon
membrane can support. For this warpage to be significant, entirely thinned
silicon must be less than 30J,Lm thick. CCDs with thick borders do not show
significant warpage unless thinned to less than about 15J,Lm. Thicker devices
show little surface warpage because the membrane is strong enough to support
itself against the induced stresses. The simplest way to maintain a flat surface
with thinner devices is to cement the device directly against a support substrate
before releasing it from its thinning support. The support substrate used must
match silicon's thermal expansion properties closely due to the frequent thermal cycling between room and operating temperatures (a 170°C differential).
Because the wire bonds to the frontside bonding pads must be made after the
detector is thinned (in order to allow a flat support for lapping and polishing),
I have supported the chem/mech thinned CCDs with their backside against
a borosilicate glass substrate. A

simi1i~r

method has been used by RCA for

their thinned CCDs. Incident radiation must therefore pass through this glass
before being detected. Unfortunately this low expansion glass absorbs strongly
below 350oA, where CCDs still have high quantum efficiency. Corning Glass
manufactures a UV transmitting borosilicate glass (9741) which may eliminate
this problem. I have obtained a sample of this material and will produce a
CCD support substrate from it in the near future. Thermal cycling tests have
been conducted which demonstrate that it is possible to mount a thinned CCD
on sapphire and cycle between room temperature and that of liquid nitrogen
( - 200° C). Although the expansion coefficient of these materials are quite dif-
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ferent (Si has a ~ 3xlO- 6 while sapphire has a ~ 9x1O- 6 ), the thin silicon is
put into compression against which it seems extremely durable. Sapphire is
transparent to well below the atmospheric limit and is therefore also a suitable
support material. A similiar mounting scheme was used by RCA for their back
illuminated CCDs, although the glass support substrate was not UV transparent. Some devices have the glass support substrate removed (by etching) for
increased UV response, but mechanical stress induced warping of the surface.
In addition, many such devices have residual epoxy which was not removed in

the etching and severely increased quantum efficiency nonuniformity.
In practice, the actual mounting of the CCDs requires great care to

avoid breaking the thin silicon membrane. I have found the following technique
to work well. Figure 2.7 shows a schematic view of the various CCD materials.
Antireflection and transparent conductive coatings are applied to the CCD
backside, as discussed in Chapters 3 and 4. An AR coating (MgF 2 ) is applied
to the CCD support substrate on the side away from the CCD. Although
the QE loss due to this surface is small, the coating helps to reduce fringing
and ghost images. Several microns of cement are applied on the substrate
which is then contacted to the CCD backside and cured. This cement must
be transparent throughout the UV, visible, and near IR and not crack or
lose adhesion at cryogenic temperatures. The cement must also remain slightly
flexible (even when very cold) in order to relieve any thermal stresses developed
due to the mismatched expansion coefficients of the silicon and glass. I use
Epoxy Technology's 301-2 epoxy which meet these specifications very well.
Once the cement is cured the assembly is gently heated to remove the thinning
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support substrate. The CCD and support substrate are then mounted in a
carrier and wire bonded for installation into a dewar.

Bump Bonding
An alternative mounting technique is to bond the CCD with its fronts ide
against a support substrate. This can be done in two ways. It may be possible to cut small holes in the substrate for each wire bonding pad (about
200x2001lm) and use a specially modified wire bonding machine to reach into

these holes and make the wire bonds. However, after studying many methods
of semiconductor packaging, I have concluded that the most promising technique is bump bonding, in which the frontside of the CCD is placed directly
against a silicon substrate that has matching bonding pads for interconnections. Bump bonding is used for production mounting and bonding of many
integrated circuits today, but not yet for devices are large as CCDs (Goldmann and Totta 1983). The bonding process consists of depositing metallic
bumps on either the device to be bonded or the substrate used for support
and electrical interconnection. These bumps must be composed of materials
which will form reliable electric connection to both the metalization on the
device and on the substrate (typically aluminum). Excellent results have been
made in the past with indium bumps, using nickel, gold, and/or 'chromium as
plating material to ensure wetting to aluminium. A bump bonding machine is
used to align the device and substrate, and apply heat and/or pressure when
necessary. Reflowing of the "solder" is often done in an oven after inital bumping to improve physical and electrical contact. This type of bump bonding is
completely compatible with CCDs because of the low temperatures involved.
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Figure 2.'1. A schematic repreaento.tion of a fully thinnned and optimized CCD aD it is
mounted ready for use. The header the device is wire bonded to is not shown since it may
be either a aingle chip packa.ge or a mosaic <-'evice holder. The two thin film. are leu thlYl
Ipm thick. The wire supplying the voltage for backside chlll'ging contacts the Ag film or
a metalilll.tion on it with conductive epoxy. Mo.ny vIIl'iatioD8 of this mounting system lIl'e
possible, from a completely blll'e backllide to this fully configlU'ed model. The thin films
will be discuued in the following two chapters.
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Although not yet demonstrated with CCDs, I believe this is the best method to
mount thinned CCDs (especially for use in mosaics) and will work to develop
this technique in the future. There are several important questions which must
be researched to determine the feasibility of this bonding method for CCDs.
The thermal effects of bonding devices as physically large as CCDs must be
carefully studied, especially relating to thermal cycling from room temperature to that of liquid nitrogen. For reliable bonding, the proper metalization
must exist on the device pads and on the bumps. If standard, commercially
available CCDs are used the aluminum pads must be coated with another
metal before bonding. One very important advantage of bump bonding is its
application to CCD thinning. Using the chem/mech process where the entire
CCD (or wafer) is thinned, bump bonding will allow electrical connection of
devices before, during, and after the thinning process. CCDs could be bumped
onto silicon support substrates and then thinned. They would not be removed
from the support after thinning, which would increase the process yield. This
bumping and thinning would require injection of epoxy under each device after
electrical contact is made. This would provide support for the device during
thinning as well as keep the imaging surface flat at all times, including during
operation. Bump bonding also has no absorption problems since a glass support is not used on the backside. Because the devices would be mounted to a
silicon substrate, no thermal expansion matching problems would arise. CCD
bump bonding has the potential for making a major improvement in device
packaging, and is essential for the production of large scale mosaics as will be
discussed in Chapter 5.
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CHAPTER 3

CCD ANTIREFLECTION COATINGS

One of the most significant quantum efficiency degradations of back
illuminated CCDs is due to the large back surface reflection loss. The polishing
required during the thinning process to minimize subsurface damage creates a
mirror-like finish with an extremely high specular reflectivity. This reflection
loss approaches 60% in the near UV, and remains greater than 30% throughout
the visible and near IR, greatly reducing the CCD's quantum efficiency. In
addition, "ghost" images are often formed when this reflected light is again
reflected back to the detector by the dewar window or other optical elements.
In the red and near IR, interference fringing modulates QE by as much as
20%, due to multiple reflections between the front and back surfaces of the
CCD. The application of thin film antireflection (AR) coatings directly onto
the CCD back surface can significantly reduce all of these problems. In this
chapter I present a study of the materials and application methods required to
produce such coatings. Both a theoretical description of the processes involved
and results from laboratory experiments are discussed. Although a great deal
of literature exists pertaining to AR coatings, no published studies have been
made of the unique requirements of coatings for silicon CCDs, especially in the
UV. Much of this work can also be found in Lesser (1987).
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Figure 3.1 shows that the index of refraction n and extinction coefficient
k of silicon increases strongly with decreasing wavelength in the blue and
ultraviolet. The specular reflection from a polished silicon surface (such as a
thinned Lack-illuminated CCD) in vacuum is given by R
incidence, where

n is

= (~+D2

the complex refractive index of silicon

for normal

(n == n -

ik). The

resultant reflectivity from such a surface can be derived from Figure 3.3. The
greatest QE improvement gained by AR coating is in the blue and UV, but
a significant increase will also be obtained throughout the visible and near
IR. In fact, since AR coatings can be optimized for any desired wavelength,
a 50% to 100% QE enhancement may be realized at any wavelength from the
atmospheric cutoff at 3100! to the silicon response limit near 1JLm.
Obtaining a significant quantum efficiency improvement requires that the
AR coating be applied directly to the silicon surface. This is well suited for
thinned, back illuminated CCDs in which the backside is exposed. The front
surface of a CCD, however, is not exposed silicon but usually a protective
glass covering (passivation) with a refractive index near 1.5. AR coatings on
the frontside of a front illuminated CCD will therefore improve QE by a few
percent at most. Substantial reflection losses occur at the interfaces between
this passivation and the polysilicon gates, and between the gates and the
underlying gate oxides. For these reasons the coatings described throughout
this chapter are for thinned, back illuminated devices only. In the future,
however, manufacturers may be able to replace the frontside passivation with
a more suitable AR coating material to reduce some reflection loss for front
illuminated sensors as well.
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Figure S.l. The optical constants of silicon at SOO°K. The complex refractive index is
n = n-ik, where n is the refractive index and k is the extinction coefficient. The absorption
coefficient ~ (reciprocal of the absorption depth) is given by ~ = 4~/C. The values of nand
k are from Edwards (1985).
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AR Coating Theory and Design

A thin film antireflection coating applied to an optical surface causes
interference between the light reflected from the two sides of the thin film. By
choosing suitable materials with the proper refractive indices, the amplitudes
of the reflected wavefronts can be matched and near complete constructive
and destructive interference obtained. By conservation of energy, any light
not reflected or absorbed in this film must be transmitted into the substrate
material, increasing the CCD's QE. The difficulty in designing such thin film
systems for silicon is due to the large and varying refractive index and extinction
coefficient of both silicon and the majority of suitable AR coating materials as
a function of wavelength. A computer program is required to optimize the thin
film system iteratively, taking into account the varying optical constants of all
materials involved, incident light properties such as polarization and angle of
incidence, and the phase changes associated with absorbing media.
Although simple thin film calculations to determine reflectance and
transmittance for specific systems can be found in many references, the general
case of an arbitrary number of absorbing films on an absorbing substrate
(as needed for CCDs) is not easily solved. In this section I describe the

.

method used to design the CCD AR coatings presented later. Absorption in
the thin films and the substrate, variable optical constants, polarization state,
angle of incidence, and an arbitrary number of layers are all allowed with
this technique. All media are assumed to be homogeneous and isotropic. This
method is based on a procedure described in Heavens (1965). The reflectance
R and transmittance T of a system of thin films in terms of the incident,
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reflected, and transmitted electric field amplitudes
R=

T

~efl~cted

ei, en

energy = 1er 12
incIdent energy

and

ei

= tr~ns.mitted

energy
incIdent energy

e

and t are given by

= Re (nk+l) 1et 12
no

Ej

since the energy in a radiation field is given by the Poyting vector S =

;f;rIE x HI = ;f;rln/lEI 2

where

E

and H = nE are the electric and magnetic

field intensities, respectively. The amplitudes and indices of each medium in a
system of k thin film layers will be labeled with a subscript ranging from 0
for the incident medium to k

+ 1 for

the substrate.

Multiple interference from radiation reflected from all media interfaces
is allowed for if

Et is defined as as the total tangential electric field amplitude

in the jth media moving in the direction of propagation, and similiarly

Ei

in

the opposite direction, as shown in Figure 3.2. The total tangential magnetic
field intensity amplitudes

Ht

and

Hi

is defined in the same way. Therefore,

for light polarized with its electric field vector in the plane of incidence (ppolarized) ,

, = e=!=, cos 4>,'

E=!=
where

ej

H ±. =
3

and

E=!=
±Anjf..'
,,± = ±Anj--",,,
,

cos~

is the total electric field amplitude at the (j, j + 1) interface moving

in the positive (+) or negative (-) direction. The angle
incidence of radiation at the (j,j

+ 1)

4>j

is the angle of

interface measured from the normal.

With J.Lj = Co~i(f)i then Hj = ±l-£jEj. The same formulae can be used for
radiation polarized perpendicular to the plane of incidence (s-polarized) if for
this case

I-£j

= nj cos 4>j.

Any arbitrary polarization angle can, of course, be

obtained through a linear superposition of these two polarization states.
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Figure 3.2. DefinitioDIJ ued in the derivation of the general equations for re8ectance and
tranamiUance of an absorbing thin 6lm otack. The radiation is initiclly moving in the +
direction.
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Since the tangential components of E and H must be continuous across
an interface of two media according to Maxwell's equations,

+
E;-1

. + E.
+ E-;-1 = E+; exp'tg;
j exp -zgj

Ht-l

+ H'~_1 = Ht exp igj + Hi exp -igj

J.L;-I(Et-l - Ej-l)
where gj

= ¥n;t; cos ¢;

= J.Lj(Et exp igj -

and
or

Ej exp -igj )

is the phase change of the radiation of wavelength >.

as it traverses layer j of physical thickness tj.
These equations can be used to form a recursive relation
the total tangential field intensities Ej = Et

+ Ej

and Hj = Ht

In

terms of

+ H,"":.

By

expanding the exponetials above in terms of sines and cosines and substituting

E; and H;,

E;-1

= cos gjEj +

i singj
J.L; H;

and

H;-l = iJ.LjsingiEj + cosgjHj.
Written in matrix form, this becomes

E j - 1 ) = ( cosgj
( Hj-l
iJ.L; sin gj

i8~~9i) (~,:)

cosg;

.

The tangential electric and magnetic field amplitides in the incident medium
and the last thin film are therefore related by

where M; is the above recursion matrix for layer j. The matrix elements
mu, m12, m2b and

m22

can be easily computed with a suitable computer pro-

gram given the angle of incidence, complex index of refraction at all wavelengths needed, and the thickness of each layer in the system. The reflectance

57

and transmittance can then be found as follows.

2

T

= Re(nk+l) 1et+1 1 = Re( nk+1) 1Et+ll2 (
no

et

no

Ed

and

R

2

= 1eo 12 = 1EO' 12 = 1mllJ.lo + m21J.lk+lJ.lo -

et

Ed

cos <Po ) 2
cos <PHI

m12 - m 22 J.Lk+11 •
mllJ.lo + m21J.lk+lJ.Lo + m12 + m22J.Lk+l

The models presented below for CCD antireflection coatings have been
calculated from these expressions for Rand T.

Material Selection

Once the computation algorithm has been developed to design AR
coatings, appropriate thin film materials must be found. After considering the
properties required of a CCD AR coating, and the many possible application
methods, I have found there are two two general classes of constraints which
limit the production of such coatings. These are material constraints which
depend on the thin film materials themselves, and application constraints which
depend on the techniques used to apply these coatings to CCDs. I discuss these
below.

~~

~-~~~--"-'~'---'-------
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Material Constraints
Refractive Index.

The most significant material constraint is that thin

film materials of very high index of refraction be used in order to make a good
"impedance" match between the incident medium (taken here as a vacuum)
and silicon. An ideal single layer coating for use at normal incidence, optimized
for a wavelength >., requires a refractive index n(>') ~ VnSi(>'), where nSi is
the refractive index of silicon. A coating material with n ~ 2.4 in the UV or

n

~

2 in the visible and near infrared is needed to obtain zero reflection at the

wavelength of optimization. There are few transparent materials with such a
large refractive index, and none whose index increases as rapidly in the UV
as necessary to match silicon. In comparision, an AR coating used to obtain
zero reflection from a glass surface requires only n

~

1.33. This requirement is

met fairly well by materials such as magnesium fluoride, chiolite, and cryolite.
No material exists which optimally meets all the requirements for a CCD
AR coating usable from the UV to the IR. It is therefore necessary to make
compromises in the design which allow a coating to provide the most useful
QE boost for the applications of any particular sensor.
Absorption Coefficient.

I have set a design goal of achieving greater

than 80% transmission into silicon over the spectral region from O.31J.Lm to
l.0J.Lm. Unfortunately, the majority of high index materials commonly used in

thin film systems are strong absorbers in the UV. For example, a common
choice for silicon AR coatings in the visible is silicon monoxide (SiO), which
is often used on solar photocells. SiO has an index near 1.9 in the visible but
a quarter wave layer optimized for 4000A absorbs 37% of the incident 3500A

59

light. Other common high index coating materials which cannot be used due
to high UV absorption include ZnS, TiO, Ti0 2, and ee02'
Radioactivity.

Because high energy particles can create long trails of

electron-hole pairs in silicon, eeDs are quite sensitive to radioactivity. Cosmic
ray detections cannot be avoided but must be removed with image processing
techniques. Local sources of radioactivity, however, can often be eliminated
by adaquate selection and testing of the materials used near the detector.
Thorium compounds in particular are common in thin film systems but may
not be used with eeDs due to their radioactivity.
Stress.

The stress developed in thin films can be extremely high in

many cases. Deposited films are usually in tension due to thermal mismatch
when the hot coating material is applied to a relatively cc01 substrate. The
film cools after application but is unable to contract due to adhesion to the
substrate, creating tension stress. Because back illuminated eeDs are typically
thinned to less than twenty microns, these high stress films can actually warp
the detector. For r:.'lany applications, especially when using a fast focal ratio,
only a small amount of surface curvature can be tolerated before the optical
performance of the system is significantly degraded. Warping by 30JLm causes
nearly half the light from a point source to be lost to adjacent pixels due
to defocus, assuming 15JLm pixels in an f/l beam. This problem is especially
detrimental to spectroscopic applications where such fast focal ratios are common. While most films do not develop such high stresses, magnesium fluoride
(the most common low index coating material) is capable of warping a thinned
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CCD ten times more than this (Ennos 19(6). Clearly this material should not
be used for CCDs which are not well supported across their entire surface.

Application Constraints
Temperature.

Since AR coatings are applied after CCDs are manu-

factured (and thinned), excessive heating can damage the metalizations used
for electrical conduction in the device (usually aluminum). Most manufacturers recommend that CCD temperatures remain below 200°C to avoid danger.
This requires that the coating system used to apply AR films be fitted with
a heat shielding shutter and that an electron beam gun rather that a resistive
heating element be used to evaporate those materials with very high evaporation temperatures. This will reduce CCD heating during the coating process.
Most chemical deposition techniques require that the substrate and films be
baked at high temperatures (> 400°C) to produce a final transparent coating.
Some evaporated films must also be applied to heated substrates to improve
their durability and adhesion. Neither of these techniques are allowable when
coating CCDs.
Lattice Damage.

Semiconductors are susceptible to radiation damage

from high energy photons and particles, causing lattice defects which result in
excessive noise during operation. Sputtering is a common thin film application
method which must be avoided or carefully controlled when used for coating
CCDs. During sputtering, a strong electric field is produced in the coating
chamber that accelerates ions to a target of the desired coating material.
Through momentum transfer target molecules are knocked free and travel to
the substrate (CCD). These high energy molecules or ions can easily damage
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the CCD lattice structure. Careful shielding is necessary to protect the CCD
if sputtering is required. Thermal or electron beam evaporation techniques
involve much lower energy particles and present less possibility of damage to
the lattice. For the coatings discussed here, only thermal evaporation with a
heat shielding shutter has been used.

Suitable Materials
Given these constraints, there are few suitable materials that can be
used for efficient CCD AR coatings. These include hafnium oxide (Hf0 2) ,
aluminum oxide (AI20 3), and lead fluoride (PbF 2). Of these, Hf0 2 has the
highest index of refraction and is the most promising candidate for a single layer
coating. PbF 2 is also an excellent choice which requires a considerably lower
evaporation temperature (400°C) than Hf0 2 (2500°C) and therefore presents
less danger to the CCD. All of these materials are readily available from
major thin film material suppliers and have very stable properties. Tantalum
pentoxide (Ta20s) and zirconium ~xide (Zr02) may also be suitable materials for CCD AR coatings but their optical constants vary tremendously with
application method.
Multilayer AR coatings on silicon require both high and low refractive
index films. The same constraints discussed above apply to these materials.
Fortunately, there are several suitable low index dielectrics which are transparent in the UV. Magnesium fluoride, cryolite (Na3AIF6), and chiolite (NasAI3F14)
are low index, low absorption materials commonly used in AR coatings. MgF 2
is unsuitable for unsupported CeDs due to its high internal stress. Chiolite

(n

= 1.33)

can usually be obtained with higher purity and more stable opti-
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cal and mechanical properties than cryolite and I have used it as the design
material for the low index films in the multilayer systems described below.
The following references contain the optical constants for the materials
discussed here: Si (Edwards, 1985), SiO (Philipp, 1985), Hf0 2 (Smith and
Baumeister, 1979), Al 2 0 3 (Malitson, 1962), and PbF 2 (Driscoll, 1978).

Modeling Results

The coating designs produced from the above materials are listed in
Table 3.1, and their efficiencies as a function of wavelenth are shown in Figures
3.3 and 3.4. The ordinate in these figures must be multiplied by the internal
quantum efficiency of a given CCD (the probability of detection of a photon
which has penetrated the silicon surface) to obtain the actual QE of a coated
detector. It is important to maximize transmission into the CCD when dealing
with absorbing materials rather than to minimize reflection. Because of phase
changes at the interfaces of the thin films, the wavelengths for these two
occurences will be different. Minimum reflection is obtained with a different
coating thickness than maximum transmission. For optimizing detector QE,
maximum transmission is certainly desired ..

Single Layer Coatings
From the single layer coatings shown in Figure 3.3 it can be seen that
Hf0 2 is the best material for use in the UV due.to its high index of refraction.
One coating is shown which is optimized in the visible, at O.55JLm, rather
than in the UV as are the others. Although the efficiency of this coating is
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Figure 3.3 Calculated single layer antireflection coatings for a silicon CCD. The wavelength
of optimiztion is given with the material name. The thickness of each coatings is listed in
Table 8.1. Absorption by the coating and substrate is included.

64

1.0

'"-.......... _./.
0

I

0.8

---

//

f " .\

/

·r

".>,
....... -. -'.... ,

~

--- ---

/

i I

~
0.6
I
I
I

0.4
-"-- Hf02 • Al2 0 3 • chiolile (O.40pm)

0.2

0.0
0.3

Hf02 • chiolile (O.55pm)
Hf02 • chiolile (O.37pm.)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Wavelength (}lm)

Figure 3.4 Calculated multilayer antireflection coatings for a silicon CCD. The wavelength
of optimiztion is given with the material name. The thickness of each coatings is listed in
Table S.l. Absorption by the coating and substrate is included.

--------------------------------

65

TABLE 3.1
Antireflection Coating Parameters

Material

Thickness (X)

Hf0 2

410

0.37

PbF 2

478

0.37

Al 2 0 3

491

0.37

Hf0 2

671

0.55

Hf0 2 , chiolite

410, 1391

0.37

Hf0 2 , chiolite

634, 2221

0.55

Hf0 2 , A1 2 0 3 , chiolite

476,559, 752

0.55

Optimized

>.

(pm)

about 15% higher at this wavelength, the UV efficiency is reduced by 40%
at 0.32J.tm. In all cases, coatings which are optimized in the visible show
significant degradation in the UV due to silicon's rapid increase in refractive
index toward shorter wavelengths. Coatings optimized in the UV are much
less degraded in the visible and red and are preferred because their higher
broadband QE improvement. addition, In because silicon's refractive index is
considerably lower in the red, a smaller QE boost will be obtained since the
absolute reflection loss is nearly 30% less than in the UV. I have found that the
best broadband AR coatings should be optimized near 0.37J.tm. This is near
the wavelength of maximum reflection loss for silicon and therefore where the
greatest gain in QE can be obtained. Astronomically it is also near the central
wavelength of the Johnson U photometric filter

(>. =

3650A). Optimizing QE

in this region is important for many photometric observational projects.
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Multi-layer Coatings
Figure 3.4 shows the efficiencies of several multi-layer coatings consisting
of Hf0 2 and chiolite. None of these coatings are significantly better than
the single layer Hf0 2 coating for wavelengths less than about 0.6JLm. The
choice between the single and multi-layer coatings will depend on the particular
application for which the detector is intended. In the case of a general purpose
detector, the single layer coatings perform well and are simplest to apply.
Figure 3.5 compares the predicted QE of one of Steward's TI CCDs
with a single quarter-wave Hf0 2 coating and with the two layer Hf0 2

+ chiolite

coating, both optimized at 0.37JLm. The measured QE of the uncoated device is
also shown. These predicted performance curves assume that the same internal
QE of this sensor can be obtained using flash gate or conductive coatings as
are presently obtained with the UV flooding technique (see Chapter 4). Recent
laboratory experiments have demonstrated this to be true with both techniques.
As expected, the multilayer AR films provide a higher peak efficiency and
should be used when a detector is mainly intended for observations in a specific
spectral region.
Other two and three layer coatings have also been designed but show no
significant advantages over the coatings presented here. In general, multilayer
coatings allow higher QE at certain wavelengths, but oscillate rapid to yield
lower QE in many regions. It should be noted silicon multilayer AR coatings
do not show the traditional multiple minima seen, for instance, when such
systems are applied to glass, because of rapid changes in silicon's refractive
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Figure 8.5. The predicted quantum efficiency of one of Steward Observatory's BOOxBOO
3-phase CCD with AR coatings. It is assumed that the internal QE of the device is the
same as currently obtained using a UV flood to eliminate the backside potential well. A
flash oxide/gate or a conductive coating must therefore be used instead of flooding as
discussed in the text.
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index in the UV. If coatings were designed only for the visible and near IR,
the standard shapes would be obtained.

Laboratory Results

Figure 3.6 shows

t:,

comparison of predicted and actual quantum effi-

ciency improvement for an AR coated silicon photodiode. As can be seen, the
QE gain is dramatic and in good agreement with the models. The differences
can be accounted for by variations in the optical constants between values found
by other researchers (and used in the models presented here) and those in the
films actually applied. Factors which affect nand k include substrate temperature, residual gas pressure and composition, the rate of deposition of the
films, and substrate surface conditions. These results demonstrate that excellent QE improvement can be obtained by relatively simple means. As long as
the vacuum chamber used to apply the coatings offers sufficient protection from
heat and high energy particles, and gas adsorption is not needed for backside
charging, AR coatings should be used for all back illuminated CCDs. The risk
in coating these detectors is extremely small while the benefit is substantial.
There are no other detector optimization techniques (including thinning) which
can offer such dramatic QE improvement over such a wide spectral region.
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Fringing

Fringing is an interference effect which causes substantial QE variations
in thinned eeDs used in the red. It is produced by constructive and destructive interference of light multiply reflected between the front and back surfaces
of a thinned device. Because silicon's absorption length is very short in the
visible and UV, fringing occurs only longward of about 7000A for most eeDs
where light is reflected several times in a eeD before being absorbed. Thinner
eeDs will show worse fringing due to the smaller absorption between internal
reflections. The resultant QE of each pixel is determined by the wavelength
of light and actual thickness of the detector at that pixel. Since thickness
typically varies by many light wa.velengths over a eeD, the effective QE even
for monochromatic light will vary substantially. Fringing is most noticable in
spectroscopy but also is a problem for direct imaging when using narrow-pass
filters and due to bright night-sky emission lines. Sky fringing is an additive
effect which can be well subtracted from data frames only if the sky line intensity ratios are fairly constant with time. Spectroscopic fringing from object
or sky can in theory can be easily corrected since each pixel should always
be illuminated by the same color. However, the very rapid pixel-to-pixel and
intra-pixel QE variations make fringing extremely sensitive to instrument flexure. Fringe amplitudes are typically 10% of the mean signal and a means of
reducing this for back illuminated eeDs would be great benefit to nearly all
observations in the red and near-IR.
There are two methods of decreasing the QE variations caused by
fringing. One is

u~iform

thinning
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thickness variations become unimportant.
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Since a thickness change of only a quarter-wave (~2000A) is enough to modulate QE from minimum to maximum, extremely precise thinning is required.
The chem/mech technique is capable of such precision locally, but some amount
of tilt (~5000A) will always present. This only introduces a large spatial scale
QE variation which is much easier to remove with data reduction techniques
than fringing due to rapid local thickness variations. Another, more effective
method of reducing fringing is the application of AR coatings. By reducing
the reflection at the back surface of a CCD, the amplitude of the fringes will
be substantially reduced. This is simply because less light is multiply reflected
inside the CCD to cause interference. Figure 3.7 showns the predicted effect
of AR coatings on fringing amplitudes. The single layer Hf0 2 coating applied
in this model reduces fringing amplitudes by more than 75% (to less than

2%) as well as increases the mean QE by 30%. Since fringing is the major
drawback of using thinned CCDs in the red, the application of these coatings
is extremely important for more efficient use of CCD detectors.

AR Coatings and Backside Charging

Antireflection coatings must be used in conjunction with backside charging techniques which direct photoelectrons away from the back surface and
toward the frontside collection wells to obtain maximum QE. A number of
methods (discussed fully in Chapter 4) such as flash gates and conductive films
are under development which are compatible with AR coatings. Techniques
requiring atomic or molecular adsorption on the silicon surface such as UV
flooding or nitric oxide gas treatments cannot be used because the thin film
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system protects the silicon surface. Flash gate or conductive coating charging,
however, combined with proper AR coatings, will yield unprecedented external
quantum efficiency throughout the UV and blue spectral region. Only the finite silicon thickness will reduce QE in the red. Applying such techniques to
thicker, deep depletion devices in the future should allow these high quantum
efficiencies to be obtained from the UV all the way to the silicon response limit
in the near IR.

AR Coatings for Space Borne CCDs

The discussion presented here has been centered on CCD's used for
ground-based astronomical observations. If sensors are to be optimized for
space flight, consideration must be given to AR coatings for wavelengths below
31001. This is a difficult task because silicon's index of refraction decreases with

decreasing wavelength from 7 at 37001 to 0.25 at 990A. The high index coating
designs presented above for near UV and visible detectors are transparent above
23001, but have such high indices of refraction that they increase reflectivity

and lower the CCD's QE below that of an uncoated chip for wavelengths less
than about 30001. CCD's operating in this region should therefore be coated
with only low index materials. Below 23001 there is no known material with
a low enough refractive index to AR coat a silicon detector.
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CHAPTER 4

CCD BACKSIDE CHARGING

After a CCD is thinned, there is an abrupt discontinuity of the silicon
crystal lattice at the backside. A thin native oxide (Si0 2 ) grows on this surface as the device is exposed to the ambient atmosphere. This oxide contains
impurities and trapped charge which give it a net positive charge. This charge
and the Si-Si0 2 interface trapped charge create a potential well near the backside which has a significant effect on free electrons within several thousand
Angstoms of the interface. Any photon absorbed within this well generates
a photoelectron which has only a small chance of migrating to the frontside
collection wells before it is trapped and lost to recombination. Photons with
oX

<

0.5J.Lm are most affected since the absorption depth of silicon decreases

rapidly with decreasing wavelength, from more than 50001 at

oX

=

0.5J.Lm to

less than 1001 in the UV. This backside potential well can be eliminated by
applying a negative charge to the backside of the CCD to counteract the oxide
charges. There are several ways of doing this -

UV flooding, nitric oxide

gas treatment, a Schottky barrier on the back surface, or an applied voltage
very close to the backside. The UV flooding technique is routinely used on
Steward's TI detectors before observing runs (Leach and Lesser 1987). Lick
observatory has had excellent results with nitric oxide gas treatment of their
detectors (Robinson and Osborne 1986). The Schottky barrier method is un-
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der development at the Jet Propulsion Laboratory. In this chapter I present
a theoretical description and initial experiments of another charging technique
which offers some important advantages over current methods. r;rst, however,
the theory of backside charging is presented with some specific characteristics
of existing techniques.

Charging Theory

There are two classes of charges in the CCD backside Si0 2 layer which
create the backside potential well; interface trapped charge and oxide charge.
The interface trapped charge density (charge per cm2 ) usually dominates oxide
charge in the CCD case, but the effect of both will be derived in the following
discussion. The desired result is the backside voltage needed to eliminate the
backside potential well and obtain maximum QE.

Interface Trapped Charge
Interface traps are defects with allowed energy levels in the Si band gap
at the Si-Si0 2 interface. These traps occur both at the fronts ide oxide between
the Si and metal/polysilicon gates and at the backside oxide which grows after
thinning. The frontside traps cause the well known charge transfer problems
associated with surface channel devices, while the backside traps contribute
strongly to creating the backside potential with which I am now concerned.
For the remainder of this discussion I will deal only with the backside oxide
charges. The interface traps can exchange charge (electrons and holes) with
the silicon conduction and valence bands. Traps located below the Fermi level
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E f are occupied and neutral, while those above are vacant and positively
charged. It is the vacant, positively charged traps which attract photogenerated
electrons to the backside and decrease blue and UV QE significantly. The
actual charge trapped at the interface varies in a complex manner with backside
surface potential (due to charging) as demonstrated in Figure 4.1. As the
energy bands at the Si-Si0 2 interface move up (towards accumulation due to
a negative backside charge), traps empty by hole capture and the amount of
positive interface charge increases. In the same way, as the bands move down
(toward depletion), electron capture decreases the amount of positive trapped
charge. Backside charging therefore uncovers more positive charge which must
be counteracted by even more negative backside charge.
In semiconductor manufacturing, the density of interface traps Qit is

reduced by proper thermal oxidation and annealing. Lowest trap densities are
obtained when the oxide is grown in a dry O 2 environment at high temperatures (> lOOO°C) and annealed after oxidation, also at high temperature.
This method cannot be used for reducing the backside interface charge density
because thinning takes place after frontside metalization and elevated temperatures would cause the aluminum to diffuse into the Si and Si0 2 on the
frontside. Some forms of rapid, post metalization laser annealing have been
used, however (Stern et al. 1987). The effect of such treatment on Al diffusion must be carefully studied, although the flash oxide method (described
later) seems to reduce interface trapped charge densities to sufficiently low
levels for backside charging. It has been rep eat ably demonstrated that passivating a silicon surface with an oxide impervious to water, hydrogen, sodium,
etc. greatly improves the stability of Qit over time (Nicollian and Brews 1982).
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This observation, combined with the temporary and often unstable problems
of existing backside charging methods, has led me to believe that passivation
of the backside surface is necessary after thinning, AR coating, and backside
charging. This can be done by applying a thick

(~O.SJLm)

layer of glass or

other transparent insulator, or by mounting the back surface against a transparent mounting support. This aspect of mounting will be discussed further in
a later section of this chapter. The purpose of the passivation is to not allow
any environmental influences to affect the Si-Si0 2 interface. One advantage
of the new transparent charging technique discussed later is that backside is
automatically passivated by the insulator used to prevent charge leakage.

Oxide Charge
Oxide charge can be distinguished from interface trapped charge by
its insensitivity to backside surface potential changes. There are two types of
oxide charge; fixed and mobile. Fixed charge is created by holes or electrons
injected into the oxide and trapped at trapping sites (defects in the oxide).
These holes and electrons usually come from high energy processes such as
cosmic rays or UV flooding. The fixed charge density is typically much smaller
than the interface trapped charge density. Mobile ionic charge is caused by the
diffusion of mainly alkali metal ions into the oxide from contamination sources.
Sodium is the main component of this charge due to its rapid diffusion in Si0 2
and high natural abundance. Very clean processing technqiues are required to
keep Na+ levels low enough so as to not dominate interface trapped charge.
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This has proven possible by following the generally accepted semiconductor
manufacturing practices.

Flatband Voltage
The effect of oxide and interface charges is to produce what is termed
the "flat band" voltage Vfb. This is the voltage which must be applied across
the oxide, relative to the Si substrate, to eliminate energy band bending at the
Si-Si0 2 interface. Since the oxide charges are positive, a negative charge must
be applied and Vfb

< av. Any backside charging method must at least develop

a voltage V fb on the backside to eliminate the backside well, and preferably a
more negative voltage to create an electric field directing photoelectrons toward
the frontside. I derive Vfb as a function of oxide charge and thickness below.
If qno(x) is the total volume charge density from all sources in the

oxide and at the Si-Si0 2 interface, Poisson's equation can be written

where t/J(x) is the electric field due to all oxide charges and Eoz is the dielectric
permittivity of Si0 2 (3.4

X

10- 13 F fcrn). I define x

=0

as the oxide back

surface and x = Xo as the Si-Si0 2 interface. Integrating,

dt/J =
=-dx
t/J(O) = -q
Eoz

}L

1:1:

Eoz

z

0

no (x') dx'

:1:0 dx 1z0 no (x') dx'

1
0

z

where t/J(O) is the backside voltage required to achieve the flat band condition

(~Izo

= O,t/J(xo) = 0).

Actually, t/J(O)

= V;~ -

W mIJ where W mIJ is the gate-

silicon work function difference, as long as electron tunneling is possible through
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the oxide. Rearrange the order of integration,

{XO
10

{XO

dx 1X

{XO

no (x') dx'

= 10

{X

(XO

no(x') dx'10 dx

= 10

dx':c'no(x')

to obtain

If the charge centroid

x

is defined as

and the total surface charge density Qo as

(XO

Qo = q 10

no (:c') dx'

then the final result is

xQo
Vfb -W ms = - fox

Since it is difficult to measure anything other than

(4.1).
Vfb,

it is the product xQo

that is actually known, not the actual charge distribution thoughout the oxide.
Detailed studies have found that, for thin oxides such as on the CCD backside,

x = :Co

and Qo can be determined from the oxide thickness and the measured

flat band voltage. Thermally grown oxides have ~ ranging from 1011 to 109
cm- 2 , depending on oxidation and annealing conditions. A bare silicon surface
with no oxide has
surface.

9j ~ 1015

cm- 2 due to the dangling Si bonds at the crystal
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Flash Oxide
Janesick (1984) finds flat band voltages for the TI 800x800 CCDs in
the range -0.2 - -2V, indicating ~.Q is about 1013 cm- 2 with a native oxide
~ 30A thick. The TI CCD backside oxides were not intentionally produced and

probably took many years to grow. Janesick (1986b) has developed a technique
which a.llows the growth of a backside oxide in a short time (several hours) with
a smaller value of Qo. This flash oxide is grown in steam at a cool enough
temperature that no damage from the fronts ide metalization occurs. Flash
oxides have actually been grown with a net negative charge under ambient
conditions, indicating Qo is low enough that natural O 2 adsorption was able
to eliminate the backside potential well. An oxide thickness of about 24A
is formed in only 2 hours of steam treatment, which would otherwise take
several years to form under ambient conditions. I use a sirniliar recipe to grow
a low temperature backside oxide after chem/mech thinning. By careful oxide
growth under clean conditions,
IVfbl

9f can be reduced to about 1012 cm- 2 , yielding

< O.lV for 20A thick oxides. For thicker oxides and insulator materials

such as are used in the transparent conductive coating technique, Vfb is larger
as indicated by equation 4.1.

Existing Backside Charging Techniques

There have been many reports of successful charging efforts within the
scientific community. Lind and Zalewski (1976) first reported that an ultraviolet light flood increases the UV response of silicon photo detectors. J anesick
(1984) reported that a UV flood with a mercury discharge lamp produced si-
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miliar results when used with a TI 800x800 CCD, as also discussed by Hlivak

et al.. (1983), and later gave a detailed recipe for charging these devices using a zinc lamp and using [NO] gas. Robinson (1986) reported better success
with [NO] charging than with a variety of other UV flooding recipes he had
tried. Janesick (1986a,b) later developed the flash oxide/gate charging technique currently used at JPL and Reticon. A discussion of the distinguishing
characteristics of each of these methods of backside charging is given in this
section.

Ultraviolet Light Flooding
Charging by UV flooding relies on the adsorption of oxygen molecules
onto the backside of the CCD with the aid of a free electron to create the
0; ion. This ion becomes fixed to the surface and is negatively charged.
Oxygen is Uf.·ually adsorbed at oxygen deficit sites on the Si0 2 surface (Morrison
1978). If there are sufficient oxygen molecules in the atmosphere near the CCD
backside and sufficient free electrons in the oxide to be trapped by the adsorbed
molecules, then a negative charge can be built up to eliminate the backside
potential well. If an even greater negative charge is added, an electric field
gradient in the Si can be produced to enhance the electron collection efficiency
of the

ccn.

The internal quantum efficiency (percent of absorbed photons

which are detected) in this condition can approach 100%.
Electrons can reach the backside of the oxide by very simple means.
If light of sufficient energy illuminates the chip, photogenerated electrons will

be ejected from the valence band of the silicon to the conduction band of
the oxide. They are then able to migrate through the thin oxide where they
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can be trapped on the back surface with adsorbed oxygen. Photons with

>. < 29001 (4.25 eV) are required for this transition. Simple gas discharge
tubes of mercury, cadmium, or zinc produce radiation in suitable amounts
for charging CCDs in a few minutes. These lamps emit mainly in spectral
lines at 2500, 2290, and 21401, respectively. Due to the additional potential
which must be overcome once some charge has built up on the backside, the
lower energy mercury lamp is less suitable than cadmium or zinc. All three
lamps have been used with successful results. The oxygen molecules needed to
complete the charging can be introduced into the CCD dewar from the ambient
atmosphere or from a dry oxygen supply. We have found better results are
obtained when the air in the dewar is recycled several times during flooding
(Leach and Lesser 1987).
Once a CCD is UV flooded, conditions must be such that the backside
charge remains stable so that repeated flooding is not required. The silicon
surface can discharge in a number of ways. If water vapor is li.llowed into the
dewar, discharging will occur because H2 0 is readily adsorbed on the oxide
surface and donates an electron to the semiconductor, creating a positively
charged H 2 0+ ion which counteracts the effect of an 0; ion. UV radiation
is very effective at desorbing H 2 0+ ions as well as providing electrons for 0;
trapping, allowing a net negative charge to build up. Discharge also occurs
by the photoinjection of holes from the silicon to silicon dioxide valence band.
This transition requires photons with>'

< 25001 (4.92 eV) and therefore occurs

simultaneously with UV charging. These holes can be
as well as neutralize the

0;

tr~pped

on the backside

ions, in both cases discharging the surface. Because

the mobility of holes in the oxide is significantly less than that of electrons

84

they do not migrate to the backside as readily and a negative net charge is
achieved. To date, higher QE has been obtained with UV flooded eeDs than
with any other charging technique. The major drawbacks with UV flooding
are that it is not a permanent solution to the backside potential well, and its
success is very dependent on backside surface properties. In particular, eCDs
with p+ substrate material left over after thinning are very difficult to UV flood
and achieve maximum quantum efficiency. AR coatings cannot be applied to
a eeD used with UV flooding since O2 molecules could not reach the back
surface.

Nitric Oxide Adsorption
Nitric oxide [NO] gas is believed to be adsorbed dissociatively on the
silicon surface such that Nand 0 atoms bond separately to adsorption sites.
The energy of the resulting electron traps is low enough (below the Fermi level)
that electrons which tunnel through the thin oxide layer can become trapped
and no UV flooding is required. The [NO] gas must only be introduced near
the eCD backside for charging to occur. This implies that the energy levels
of the [NO] electron traps are below the Fermi level, while the O 2 traps are
above. The same conditions as described under UV flooding are required to
maintain the fully charged condition after [NO] charging. Lick Observatory
has maintained [NO] charged TI 800x800 eeDs for many months without any
lloticable loss in quantum efficiency (Robinson and Osborne 1986). The major
problem with this method is the high toxicity of nitric oxide - a few ppm
inhaled over a period of a few hours can be fatal. INO] has also been found
to be corrosive to Bome dewar materials, particularly copper. As with UV
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flooding, [NO] charging is not a permanent solution to the backside potential
problem and its effect is highly dependent on backside surface characteristics.
AR coatings also cannot be applied to [NO] charged sensors because of the
need for gas adsorption on the back surface.

The Flash Gate
Electron tunneling can occur through a thin « 50!) oxide on the CCD
backside if a metal is deposited on the outer oxide surface. Depending on the
work function (the energy required to move an electron from the Fermi level to
the vacuum level) of the Si and metal, electrons can flow either from the Si to
the metal or vice verBa. When the work function of the metal is larger than
that of Si, electrons flow to the metal and a negative backside charge builds
up. If this charge is large enough, the backside potential well is eliminated.
The net backside charge obtained from this flash gate system is determined by the interface trapped charge density, oxide charge density, and Si
work function at the back surface. The work function is dependent on the
silicon Fermi level (and hence the doping concentration) and is larger for p+
Si than p Si. The only common materials with suffkiently high work functions
are platinum, gold, and nickel; of these Pt is best. In practice less than

lOA

of Pt are needed to fully charge a CCD after a high quality flash oxide is
grown. This is so thin (approximately one monolayer) that the Pt has a fairly
small optical effect on CCD operation.
The major difficulty with the flash gate charging method is that is very
sensitive to backside surface conditions and proper oxide growth. If the oxide
and interface contain too many positive charges, enough electrons cannot be
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transferred to eliminate the backside well. Any p+ material can especially effect
the charging properties since W m, is significantly reduced. The great advantage
of the flash method is that once charged, the backside well is permanently
eliminated. There are some environmental effects which can discharge the CCD,
and more research is needed to improve the QE stability of the flash gated
CCD. If this problem is associated with diffusion of H through the Pt flash gate,
it might be solved with backside passivation. AR coatings can be applied after
flash gate deposition since adsorption of ambient molecules is not necessary.

Transparent Conductive Coating Charging

Due to the astronomer's need for a CCD with maximum QE and
very stable characteristics, I will present a theoretical developed of another
method of backside charging that allows AR coatings to be applied and can
be applied to a wide variety of CCDs. This transparent conductive coating
(TCC) technique consists of applying a negative voltage from an external
power supply to a transparent conductive thin film deposited directly on (or
near) the CCD backside. In effect, a metal-insulator-silicon (MIS) capacitor is
formed directly on the backside. The electric field so generated will eliminate
the intrinsic backside potential well in the same way that a negative charge
build up does with UV flooding, [NO] adsorption, or the flash gate. The
applied voltage can be varied to give maximum QE for devices with different
backside characteristics. In particular, a higher Si-Si02 interface potential can
be obtained than with other charging methods. This results in more uniform
, QE across the device since backside characteristics such as residual p+ material
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and thickness variations will not effect QE (in the blue and UV). A large
enough interface potential generated from backside charging will compensate
for potential well variations caused by surface impurities. A voltage controlled
backside charge is insensitive to work functions or environmental conditions.
The CCD backside becomes passivated against environmental conditions and the
conducting gate is too distant from the Si-Si0 2 interface for electron tunneling
to occur. Since there is no reliance of gas adsorption with this charging method,
AR coating can be applied as discussed in Chapter 3. The major difficulty is
the actual deposition of a suitable sufficiently transparent conductive coating
and its required insulator.
The backside of a CCD using the TCC charging method is a simple
metal-insulator-semiconductor capacitor. The gate voltage applied to the conductive film brings about a change in the energy bands in the silicon. Equation
4.1 relates the Si-Si0 2 interface potential to this gate voltage in terms of the
oxide (insulator) thickness and dielectric permittivity. The most stringent requirement for the operation of such a capacitor is that the current flow through
the insulator be less than the dark current of the CCD (2 e- jpixeljhour at
-140°C). During normal semiconductor processing, insulators (Si0 2 ) are grown
at ~ lOOO°C , typically lOooA thick. They have no pin-holes and a resistivity
of near 1019 0 cm. As discussed previously, thermal oxides cannot be grown
on the CCD backside so other means of producing an insulator must be found.
The ideal system uses an AR coating to increase QE as well as act as the
TCC insulator. This is possible if AR coatings can be deposited without any
pin-holes through which charge can leak. My experiments have shown this to
be nearly impossible for the thin coatings required for silicon AR coatings,
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especially since they must be deposited on the CCD cold and therefore do
not grow well after initial nucleation. Fortunately the mounting technique I
have choosen to keep the CCD flat and stable also allows the TCC to be
feasible. The cement used to bond the CCD to the transparent substrate is
electrically insulating and at least one micron thick. It has sufficient insulating properties to keep charge from leaking into the CCD when the· conductive
coating is deposited on the substrate instead of the CCD itself. Unfortunately,
this same thickness decreases the capacitance of the Si-insulator-coating system considerably, and large backside voltages are required (IVgl

> 50V, see eq.

4.1).

Metallic Coatings
The requirements of the TCC material for backside charging is high
optical transparency from the atmospheric limit to the silicon bandgap edge
with sufficient conductivity to apply a uniform charge across the entire active
CCD area. The most obvious choice for the TCC material is a thin metallic
film. Quite high sheet resistivities can be tolerated for this film since the field
generated is static. In fact, the actual requirement is simply that the film
be electrically continuous over its entire surface. Many such films have been
produced by other researchers with mean thicknesses less than lOA (Hoffmann
and Fischer 1975, Hoffmann et al. 1985). Figure 4.2 shows the theoretical
transmission of several thin metallic films. Each of these can easily be applied
to the CCD backside by thermal evaporation, requiring the substrate to be
only at room temperature. Silver and copper coatings not protected from the
atmosphere after deposition will quickly tarnish due to oxidation. Silver is an
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excellent material for these films provided an overcoating is used for protect
from corrosion. A multi-layer Ar coating with the Ag film between layers is
ideal for this purpose if the coatings could be deposited with sufficient insulating
properties. When deposited on the glass mounting substrate the .::ement keeps
the silver from oxidizing. The entire system is passivated from environmental
effects by the substrate and cement and should therefore remain very stable
over time. My experiments have determined that 20A thick, vacuum deposited
metallic films of silver do in fact have high transmission and are electrically
conductive, as shown in Figure 4.3. Thinner layers are not fully conductive,
since the films grow from nucleation centers on the substrate surface and these
would not yet be fully contacted to each other.

Metal Oxide Coatings
Due to the low optical transparency of most of the thin metal films,
I have investigated TCC films made from more transparent materials such as
metal oxides. These films, such as tin oxide and indium tin oxide (ITO) are
optically transparent over most of the spectrum of interest for astronomical
CCD observations. They are electrical conductive, but can cannot be applied
directly to the CCD surface. High transmission can only be obtained with
these films by heating the substrate they are to deposited on to more than
400°C, which would damage the CCD. However, using a backside glass support substrate to maintain surface flatness after thinning does allow for metal
oxide film deposition. When bump bonding is developed such that a backside
substrate is no longer used, metal oxide films could not be used.
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Figure 4.2. The transmission through several thin metallic films. All films are 20A thick
except for one sA Pt film shown for comparision. The flash gate (Schottky barrier) method
of charging uses II. S - lOA Pt film. It is interesting to note that the conductive 20A Ag
film has higher transmission than the dash gate. The actual transmission of these films on
the CCD backside will be II. few percent higher due to refractive index matching to the
backside insulator and overcoating.
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The metal oxide thin film coating I have experimented with is indium
tin oxide (ITO). This material has been used extensively in the past for heaters
on glass windows and a vast amount of literature is available on its properties
and application techniques. I have experimented with thermal evaporation of
ITO onto glass. Sufficient conductivity can be obtained in films ~ 300A thick
(Vossen 1977, Mizuhashi 1980). Figure 4.3 shows a comparison of a 20A thick
Ag film and a 4501 thick ITO film which I deposited on quartz microscope
slides. The ITO coating has excellent tranmission in the visible and is extremely durable. The high UV absorption, however, makes it less desirable for
use as a TCC since the goal is to obtain high blue and UV quantum efficiency.
Thinner ITO coatings will be pursued in the future to take advantage of ITO's
other excellent characteristics.

Discussion

The major difficulty with charging CCD's is that there is a great deal
of variability among devices. Janesick's work with a large number of sensors
has shown that one factor which heavily influences the ability to charge a
CCD is the amount of heavily doped p+ silicon left on the backside after
thinning. The distribution of this p+ silicon is usually non-uniform across the
chip's surface and causes non-uniform response to backside charging, due to its
different conductivity. In addition, the higher doping of the p+ material means
the minority carrier lifetime is shorter than in the p material, so photogenerated electrons have a higher probability of recombining before being detected.
All charging techniques therefore require precise thinning which can remove all
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Figure 4.3 The mellSured transmission of two thin, conductive, thermally evaporated coat·
ings. The ITO and Ag films are 450A and 20A thick, respectively. The Ag shows superior
uv transmission, and is an excellent material for CCD TCC charging. The ITO film hIlS
better visible and near-ffi transmission but is unacceptable in the UV. It is possible to
deposit thinner ITO films which should have better UV transmission, but these have not
yet been successfully made at our vacuum facility. As discussed in the text, the ITO film
must be deposited on a hot substrate, and therefore cannot be applied directly to a CCD
backside.

93
p+ silicon from the CCD backside. Conductive coating charging relaxes this
constraint somewhat when a high enough backside charge can be applied to
reduce the p+ material effects. The chem/mech thinning method affords the
control necessary to meet this thinning requirement as long as the p+ diffusion
tI;

region does not extend too close to the CCD frontside. In general this diffusion
region is limited to within 2J.tm of the epitaxial interface. As CCD's are built
with thicker epitaxial layers, it will be much easier to remove all p+ material
from the CCD backside and charging will allow even more uniform quantum
efficiency to be obtained. The ideal astronomical CCD imager requires a thick
epitaxial layer, uniform thinning which removes all substrate Si, and AR coatings combined with a metal flash gate or TTC to increase quantum efficiency.
Over this system a passivation material can help to reduce environmentally
induced QE instabilities if the AR coating is not sufficient for this purpose.
Such a device offers QE in excess of 80% from the atmospheric cutoff to well
into the near IR. When combined with a stable mounting package such as a
backside transparent support or frontside bump bonding substrate, many of the
current observational problems of astronomical CCDs will be eliminated. The
remaining difficulty is the manufacture of CCDs with high quality electronic
properties. Although this is certainly a difficult problem, a number of such
devices have already been produced and more will certainly be available in the
future.
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CHAPTER 5

CCD MOSAICS

With the development of the optimzation techniques presented in the
previous chapters, and the availability of commercially produced CCDs to which
they can be applied, the major drawback of CCDs as astronomical detectors
is their small physical size. While large photographic plates for telescopes are
well over 1500 cm2 , the largest CCD's in current use are only 1 cm2 • Even the
Tektronix 2048x2048 pixel CCD which has been expected to be commercially
available during the last few years is only 31 cm2 • A typical Ritchey-Cretian
telescope's focal plane is well over 500 cm2 , and the eight and ten meter class
telescopes of the next decade will have even larger focal planes (Angel 1984,
Hill 1987). It is clear that some form of efficient large area CCD detector or
detector system must be developed for optimal use of large telescopes.
There are several possible methods of using CCDs in large area light
detection systems. These include producing large individual devices, building a
focal plane mosaic of many smaller devices butted closely together, or optically
constructing a mosaic using fiber optics or beam splitters. In this chapter I
present a focal plane mosaic design using current generation CCDs which are
butted together on a single support. The optimization techniques described in
the previous chapters are intrinsically a part of this mosaic development, and in
fact developing a CCD mosaic was the initial driving force for this dissertation.
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Since eeDs of the quality required for astronomical observations have not been
available for the contruction of a mosaic, work has been focused on individual
devices. When single high quality CCDs have been fully characterized and
successfully used for astronomical observations after chem/mech thinning, AR
coating, and backside charging, mosaic construction will be appropriate. Before
describing the details of my design for a focal plane mosaic, I will discuss
some aspects of other large area detector systems which might be used for
astronomical observations.

Large Area Detector Systems

Single Detectors
The most obvious method of obtaining a large detecting area is to use
large area, individual detectors. The largest solid state detectors yet produced
are the Tektronix 2048x2048 pixel (5.13x5.13 cm) CCDs (Blouke et al. 1987).
While these devices represent a major advance in solid state detector area,
their commercial release has been delayed by several years due to problems
associated with charge transfer traps (Blouke et al. 1988). These traps exist
in devices from other manufacturers as well, but have been very severe in the
Tektronix devices. This is not necessarily due to their large size since smaller
512x512 pixel Tektronix devices exhibit the same problems. The very large
physical area does, however, strongly influence the yield of acceptable devices
since there is a higher probability that a fatal manufacturing defect will occur
in a larger detector. The raw silicon crystal itself must be of extremely high
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purity to allow an adaquate manufacturing yield. These difficulties and the very
large expense required to solve them have made the production of large area
single CCDs a difficult task. The successful development of such devices rests
almost entirely with the manufacturers unless astr.onomers and other scientists
can commit very large funds towards such projects.
The operational aspect of individual large area detectors is less suitable
for astronomical use than a mosaic of smaller devices for two fundamental
reasons. First, single devices take a very long time to read out the entire
image, especially considering that the low noise requirement of astronomical
observations requires long signal integration times. The large Tektronix CCDs
now takes several minutes to read (Monet 1987). A separate but associated
problem is the charge transfer inefficiency of shifting charge through a very large
number of pixels. Even with a charge transfer efficiency (CTE) of 0.99995
per phase, 46% of the charge in the pixel furthest from the amplifier in a
2048x2048 CCD is lost. Both of these problems may be lessened by using
multiple amplifiers on a single device, although the complexity of the controller
electronics for such a device would be nearly identical to a mosaic controller.

Optically Multiplexed Detectors
Rather than rely on single large area detectors, several groups have
taken advantage of large focal planes by simulating large detectors using a
multiplexing technique which splits the focal plane into smaller regions. This
multiplexing can be done with a boule of coherently bundled fiber optics
(Gorham et al. 1982, Hobbs et al. 1983, Williams and Weistrop 1983) or
an optical beam splitter (Lockhart 1982, Gunn et al. 1987). These methods
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have met with considerable success, but do not allow for expansion to the
focal plane dimensions required of future large telescopes. For this reason, I
have chosen to develop methods to produce CCDs mosaics directly in the focal
plane, requiring no intenrening optics.

Focal Plane Mosaics

A focal plane mosaic of very high quality, astronomical grade CCDs
can be constructed using the optimzation techniques presented in the previous
chapters of this dissertation. The CCDs themselves can be purchased from
whichever CCD manufacture is currently producing the devices with the best
electrical properties such as low noise, dark current, and good CTE. At the
time of this writing this would probably be Thompson-CSF devices, although
Ford, Reticon, and Tektronix may be selling competitive detectors soon. Before discussing how the optimization techniques specifically relate to mosaic
construction, I will briefly discuss a type of CCD which would make mosaics
more attractive to many observers - the buttable CCD.

Buttable CCDs
A buttable CCD is constructed for use in mosaics by locating all wire
bonding pads on one or two edges of the device and allowing the active
imaging area to extend as close as possible to the other edges. In this way
it is possible to obtain gaps between two devices in a mosaic as small as ten
pixels (typically less than 300J.Lm). Buttable devices have been used for many
years for military applications (Ibrahim et al. 1978, Burke et al. 1980), and
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have recently been developed for scientific applications by Thompson-CSF. I
have not based my CCD mosaic designs

OIr

buttable devices simply because the

development of any new CCD has traditionally been a very long, expensive,
and difficult task. If buttable CCDs of sufficient quality are available when
devices for a mosaic are to be purchased, they can be used advantageously
to achieve smaller image gaps. The same basic mosaic construction methods
will apply. It is worth noting that butt able devices requires thinning over
their entire surface since the pixels extend nearly to the device edges. The
chemical/mechanical thinning method presented in Chapter 2 is well suited to
thin in this manner, but traditional acid etching usually thins the detector's
central region only to avoid etching device edges.

Mosaic Mounting
There are two feasible methods of mounting CCDs for operation in
a back illuminated focal plane mosaic. The devices can be mounted with
their back surface bonded to a transparent substrate, or they can be bump
bonded to a silicon substrate on their front side. The bump bonding technique
is the most feasible method of making very large area mosaics (more than
about four devices) and will be the main subject of discussion here. The
transparent substrate method, however, is considerably simpler and requires
no untried technology such as bump bonding of CCDs. It can be used for
small mosaics and will most likely be used for the first mosaics to be built,
including the spectroscopic mosaic design presented in a later section. I will
therefore discuss, as appropriate, differences in mosaic construction for these
two mounting schemes.
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A mosaic of thinned CCDs can be made by using the bump bonding
technique in which each device is bonded to a single silicon substrate. Silicon substrates are now routinely produced up to six inches in diameter (for
large integrated circuit wafers), on which over 100 conventional CCDs could be
mounted. It is advantagous, however, to use smaller substrates when constructing large mosaics to minimize device loss if a substrate breaks or otherwise
fails. From my experience with packaging (and unpackaging) CCDs, it is not
possible to routinely remove a working CCD from a package after it has been
mounted and bonded. The economic advantage of a mosaic in terms of device
failure should not be overlooked. A single large area CCD may cost many tens
of thousands of dollars. If it breaks, or its amplifier is destroyed due to static
electricity or other mishap, then the entire device is lost. If a single device in
a mosaic is destroyed, the other detectors can be operated with only a loss
in spatial coverage. However, in a mosaic the substrate to which the devices
are bonded may fail, possibly resulting in the destruction of all devices on
that substrate. For this reason, there is a maximum number of devices which
should safely be mounted on a single substrate. The first generation mosaics
will be three or four devices - easily mounted on a single silicon substrate.
It is also possible to mount CCDs with their back surface against a

large glass or sapphire substrate. I have successfully used this technique with
individual devices (see Chapter 2) and its extension to multiple devices is
certainly straightforward. Each CCD is thinned on a thinning support, the
backside is treated with a flash oxide, AR coating, and charging material,
and then is transferred to the common transparent mounting substrate of the
mosaic. The major difficulty with this technique is the possibility of breaking or
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warping the thin silicon during transfer. A small mosaic can be built using this
technique as soon as controller electronics and sufficiently high quality devices
are available. As previously mentioned, I do not believe this is a realistic
approach for large scale mosaics due mainly to the electrical interconnection
problems.

Electrical Conn.ections
Mounting CCDs butted together does not readily allow for conventional
wire bonding as with a single device in single package. Without the use of
bump bonding, wire bonds must be made from each bonding pad on each
CCD to a bonding area on a interconnection printed circuit board. This is
impractical for a large number of devices due to the complexity of the required bonding. Bump bonding allows all electrical connections to be made
using photoresist processes on the silicon substrate, a technique well suited for
this task. Figure 5.1 shows a schematic representation of a three CCD linear
mosaic which could be produced on a transparent substrate using conventional
wire bonding. Even for this small number of devices the mounting/bonding
can be seen to be rather cumbersome, although certainly feasible. Larger mosaics should certainly take advantage of semiconductor industry advances in
packaging such as bump bonding.
After the CCDs are bump bonded to a substrate, electrical contact
must be made from the many substrate connections (> 100 for even a small
mosaic) to connectors leading to the controller electronics. With bump bonded
substrates these connections can be made simply using conventional wire bondings from bonding pads on the periphery of the silicon substrate to a printed

101

open for
wire bonds
pc traces

o
CC02

CCO!

o

.

pc board

CC03

.............
_--------

o
mount to
glass substrate

board

substrate

Figure 6.1. A schematic representation of a three CCD mosaic mounted on a transparent
8Upport. Wire bonds are made through slots in a PC board (or other support) to each
device bonding pad. See text for details. This is an example of e. simple mosaic for use
with the MMT Blue Channel Spectrograph.
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circuit board with matching pads and electrical traces leading to connector
sockets. This step is necessary since wire connectors cannot be used directly
on a silicon substrate. Figure 5.2 shows a schematic representaion of such a
bump bonded mosaic incorporating these ideas. The technology to implement
all these aspects of mosaic packaging exist today and are in routine use by
the semiconductor industry. Only the actual bump bonding of CCDs has not
been demonstrated-, but is expected to present little problem since many other
devices have been bonded in the same manner as required for these mosaics.
If a transparent substrate is used instead of bump bonding for a small

scale mosaic, wire bonding would be used directly to a printed circuit board as
discusssed above. The wire connections to the controller electronics would then
be made directly to this board, and no intermediate steps are necessary. The
difference in the PC boards would be that the wire bonding pads must match
the CCDs' bonding pads rather than arranged in a more convenient pattern
around the periphery of the board. Actual wire bonding would be much more
difficult and a special bonding machine may be necessary to reach through the
PC board to make the connection to each CCD, as in Figure 5.1.

Cooling
Each CCD in a mosaic must be operated at cryogenic temperatures
(:::::: -120°C) to reduce dark current to acceptable levels (several electrons per
pixel per hour). The entire mosaic substrate must therefore be cooled using
liquid nitrogen. For a bump bonded substrate this is accomplished using a cold
finger in contact with an LN2 reservoir and the substrate backside (opposite
to where the devices have been bonded). Temperature stability can be main-
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Figure &.2.· A schema.tic representation of a. four CCD bump bonded mosaic. The backside
of the CCDs is shown, with the d"",hed linea indicating the borden of the active and
nonactive detector area. Only some of the traces from bump bonding pads to wire bonding
pads are shown for clearity. The wire bonding pads and tracea are aluminum, deposited
using IItandard photoresist techniques.
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tained by a copper block also in contact with the substrate backside to which
a controlled heater element is attached. The major difficulty is minimizing the
heat loss of the large area substrate, especially considering the large radiative
loss through the dewar window. This window must, of course, be much larger
than conventional windows to illuminate all devices in the mosaic. This additional heat loss will decreased the hold time of the dewar, which can be offset
by using a larger LN2 reservoir. The entire dewar will be fairly large to allow
for the mosaic and any preamplifiers required (one for each CCD), and so a
larger reservoir should present no problem.

Physical Device Registration
Critical registration or alignment of each CCD in the mosaic is not
a major problem because of the observing techniques which will be used to
operate the mosaic. With all observations, the final image must undergo a
considerable amount of post data processing steps, such as flat field calibration,
bias level correction, and, usually, multiple exp'Jsure summation. When these
steps are carried out, it is a simple matter to register all subimages onto a single
final image plane which has a constant spatial scale. Multiple exposure of the
same field always undergo this transformation even when single devices are used.
The alignment of each device is not critical since any spatial information derived
will be based on pixel location in each subimage and the absolute offset of each
device with respect to the others. The relative position of each device in the
mosaic with respect to all others must be known for each exposure. Hopefully
this will not change throughout the night, but one additional calibration step
not currently taken with single detectors must be introduced. The calibration
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procedure for determining individual detector positions independent of any
flexure or thermal effects could consist of an exposure of an artificial grid of
point sources taken in the same manner as conventional flat field calibrations.
The mechanism to make such expoures must be included in any mosaic design.

Mosaic Observing Methods

The use of mosaics for spectroscopic observations does not allow a
large variablity in design and will be discussed with a detailed design for a
specfic spectrograph camera in a later section. There are several techniques,
however, which can be used for direct imaging with a CCD mosaic, each well
suited for different goals. If exposures of known fields are to be made in
which image seams are acceptable if suitably placed, single exposures can be
made for each field. The resultant image will contain gaps between the images
from each CCD. These gaps will be small (less than R:: 20 pixels) if buttable
eeDs are used, or larger (R:: 100 pixels) with non-buttable devices. A spatially
continuous image cannot be produced from such an observation. For many
purposes this is acceptable, as in photometry of a large number of objects.
However, if an image of an entire region of sky is desired, then multiple
exposures are necessary to "fill in the gaps". With such multiple exposures,
a final seamless image can be created by shifting the center of observation of
each exposure. Combining the sub images will be done as a post observation
image data reduction step. It should be noted that the signal-to-noise ratio in
the final image will vary across the image depending on the exposure time each
pixel in the final image received. Two exposures of half the total integration

---------------------------------------------------------------------------
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time desired are necessary at a minimum, with the SNR of those regions
observed only once reduced by aproximately

v'2 for

low readout noise devices

and sufficiently long exposures. Signal-to-noise will be more uniform if many
exposures are taken, each image shifted slighty from the others, although a
penalty will be paid for read noise and increased data storage requirements.
Many exposures will also reduce problems associated with flat field calibration
since each part of the sky will be observed by different pixels in the mosaic

(e.g. Tyson 1986).
Another approach to direct imaging with a CCD mosaic takes advantage
of the drift scan or time-delay and integrate (TDI) observing method. With
drift scanning, the CCD is clocked in the vertical direction at the same rate
as the sky is drifted across the detector. Scanning across the sky can be
accomplished by shifting the detector or, more easily, by allowing the telescope
to track at a Ilon-siderial rate or by not moving the telescope at all. This
method has been used successfully with single devices (Mackay 1982) and is
now routinely used in the CCD/Transit Instrument (CTI) at Steward. CTI
uses two RCA CCDs mounted in a single dewar in two conventional packages
(McGraw et al. 1986). One advantage of drift scanning a CCD mosaic is that
seamless images can be produced using a linear arrangement of devices. This
is accomplished by staggering the CCDs such that the imaging area of each
device overlaps the imaging area of its nearest neighbors, as shown in Figure
5.3. The final image will have the dimension of the number of pixels in the
mosaic perpendicular to the drift direction by an arbitrary length determined
by the exposure time in the drift direction. Integration time for each pixel in
the final image is determined by the time taken to drift an element of sky across
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a single detector in the mosaic. This can be varied by the tracking rate of
the telescope (which requires varying the clocking rate of the CCDs). Because
the CCDs would be physically staggered in their mounting, the exposure time
across the image will not be constant near the "bottom" edge of the final
image. This part of the image will not yet have traversed the entire width of
each CCD when the exposure is terminated. The fraction of the final image
with this non-uniform integration time will decrease with increased exposure
time.
The drift scan technique also offers the advantage of improved fiat field
uniformity since each element of sky is observed by all pixels in one column of
the CCD. This essential averages the response of each column. Only column
to column average uniformity responses must be calibrated, and by using the
techniques presented in the previous chapters these variations will be very
small.

CCD Selection for Mosaic Detectors
The selection of CCDs for single detector cameras is usually not difficult when sufficient quality devices are available. This problem requires careful
consideration for mosaics, however, because of the mounting method used. Individual devices will be bump bonded to a silicon substrate (or mounted on
glass), and then thinned using the chem/mech process. Once bonded, they
cannot be replaced if they are found to be defective. Bump bonding can only
be done once in any device location in the mosaic due to the processing requirements for producing the substrate bumping pads. Only devices known to
be of acceptable quality should therefore be initally bonded. These devices

108

Bonding pads to PC board
substrate

ri

Ii

L.J

L.J

Ii

ri

Bump bonded
CCDs

L.J

Figure 6.S. A schematic representation of a four CCD bump bonded mOllaic for drift-scan
observations. See figUi"e 6.2 for other details.
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must be initially tested at cryogenic temperature since many eeDs operate at
room temperature but not when cooled. Currently, the only way to test eeDs
when cooled is to operate them in a dewar after full packaging. Wafer probing stations used by CeD manufacturers are now capable of testing at room

.

temperatures only. It is therefore necessary to build a cryogenic test station
to test the eeDs to be used in the mosaic. This facility must cool individual
devices and test their electrical properties such as read noise, linearity, and
charge transfer efficiency. The eeDs would be tested in the front illuminated
mode since they would not yet be thinned. Quantum efficiency measurements
are not needed as QE will depend entirely on the device thickness and backside properties after thinning. The eeDs must be removed from the facilty
after testing and bump bonded to the mosaic substrate. The test mounting
is therefore temporary and must not destroy the bonding pads or damage the
silicon when the CCD is removed. To my knowledge, this capability does not
currently exist and must be designed and built before constructing a mosaic.
It should be possible to build such· a test facility using conventional dewars
and wire bonds which can be pulled up without damaging the bonding pads.
Another possibility is to use probes to contact the CCD bonding pads as in
wafer probe stations. This method will cause less damage to the CCD and can
be easily implemented to test many devices. The disadvantage is the increased
complexity of the test dewar. For small scale mosaics, testing in conventional
dewars with wire bonding into temporary (non-expoxied) packages will be feasible.
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Mosaic Controller Requirements

Although the successful operation of a CCD mosaic depends strongly
on the design and implementation of the controller electronics used for its
operation, this aspect is beyond the scope of this dissertation. I will discuss,
however, some of the important requirements which any mosaic controller must
meet. The implementation of these requirements can best be met by careful
design using the rapidly advancing electronic technology available at the time
of the controller construction.
The single most important aspect of controller design which has direct
observational influence is the parallel readout of each CCD in the mosaic. If all
devices were to be read out in a serial fashion, the observing time lost during
readout would be prohibitively large. A single 512x512 pixel device now takes
about 20 seconds, at a pixel rate of 20k pixels/sec. A mosaic of ten such
devices would take over 3 minutes, a substantial wait for the observer and a
significant loss of observing time, especially with short exposures. With only
a few devices this lost time is less important, although such mosaics should
also act as prototypes for future large area mosaics and therefore implement
as many similar features as are practical. Current high speed computers and
DMA controllers now make parallel readout a practical approach. A mosaic
operated in the drift scan mode will not pay a penalty for lost observing time
with serial operation as long as all CCDs can be read in the time required for
a single vertical clocking.
Although parallel readout is important for a mosaic, each device will
require different operating parameters for optimal operation. As an example,
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the gate and amplifier voltages will be different for each device, even though
the clock waveforms may be the same. One simple way of implementing this
is to use common clock waveforms, but with separate clock drivers for each
device. Only a single timing generator is required for the entire mosaic, with
separate clock driver and video processor cards for each CCD. A multiplexing
scheme could be derived to allow more than one CCD to use the same analogto-digital converter, depending on its speed and the number of CCDs in the
mosaic. This general scheme can be expanded by operating large CCD mosaics
as groups of smaller mosaics, each multiplexed and operated in parallel.
When large numbers of CCDs are to be used in mosaics, automated
characterization of their operating parameters becomes important. Computer
controlled clock voltages for each CCD, implemented with digital-to-analog
converters, is an excellent method of accomplishing this goal. Not only can a
computer program be used to find the optimal settings for each CCD, but more
compex forms of clocking are easily achieved such as ramping and separate
voltages for integrating, readout, and flushing. A prdotype controller using
many of these design features has been designed by Leach at Steward and is
currently under construction.

Data Storage and Analysis Requirements
The storage and analysis of data obtained with a large area CCD mosaic must be a serious consideration of any mosaic design. A ten CCD mosaic,
quite small compared to what is needed to populate an eight meter telescope
focal plane, can produce hundreds of megabytes of observational and calibration data each night. It is important to reduce this vast quantity of data to
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more reasonable values as soon as possible, and certainly before leaving the
observatory. It is a necessity, therefore, to have near real-time data reduction
capabilities which can at a minimum make the required instrumental corrections such as flat field and bias calibration. Construction of single, seamless
images when appropriate should also be done at the observatory site since
all required data is available and easily automated. With this technique, the
observer need only keep instrumentally corrected images on permanent storage
medium. Storage media of higher density than the 2400 foot 6250 bpi tape
reels would certainly be desired. Fortunately, the market for large capacity
digital storage media is rapidly advancing and devices such as optical disks
will probably be available when required for large mosaics.
The actual analysis of the large amounts of data obtained with a CCD
mosaic will also present a problem to the observer. Faster computers will
significantly speed up such work, but changes in analysis techniques may also
be required. Automatic search and classification alogithms may be necessary
to sift through the raw data. Such techniques are discussed in connection with
the CTI data analysis (Cawson et al. 1986) and much about the operation
and reduction of large quantities of data can be learned from the continual
data stream obtained with this instrument.

A Spectrographic Mosaic for the MMT Spectrograph

An application of a small scale CCD mosaic to demonstrate the techniques discussed here as well as provide very high quality astronomical data
is a new detector for the Multiple Mirror Telescope (MMT) Blue Channel
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Spectrograph. This instrument currently uses a dual intensified Reticon photodiode array, with 1024 pixels per channel. The high QE of a thinned, backside
charged CCD, especially after AR coating, makes a solid state upgrade very
attractive. The difficulty is with large format of the optical system, which is
designed for a 40mm image tube. For this reason a CCD mosaic is an excellent
canidate as the upgraded detector.
The. blue channel has been designed for use with a two-dimensional
detector since its inception. An echellette mode is available by placing a 45degree prism in the beam after dispersion from an echellete grating. This mode
has so far only been used with single order blocking filters, a very inefficient
observing technique. Short-slit (12 arc sec) spectroscopy is also possible in the
cross dispersed mode to obtain spatial resolution with the high spectral resolution of the echellette mode (30 km/sec). Long-slit (2 arc min) spectroscopy
can also be achieved with a two-dimensional detector. At the present time, no
spatially resolved spectroscopy is possible at the MMT with any instrument.
An efficient long-slit mode would therefore be one of the primary goals of the
the mosaic detector package.

Detector Considerations
The fast beam of the blue channel Schmidt camera (f/1.6) requires
a detector which is very flat. Acid thinned CCDs such as the TI devices
are therefore unsuitable as detectors due to their warped imaging surface.
The devices produced with chem/mech thinning, however, are flat to ±0.5j.Lm
and are very suitable for this application. The optics of the blue channel
were optimized for the wavelength range of 3200A to 5500A. Tests have been
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run which show excellent performance out to the near IR. The wide spatial
coverage of CCDs is therefore very advantagous. AR coated thinned CCDs
will show greatly reduced fringing in the red, and the stable mounting against
a transparent substrate will allow residual fringes to be removed during data
reduction.
There are three drawbacks of a CCD mosaic detector when compared
to the intensified photon counting system presently used. First, the photon
counter has essential no read noise while quality CeDs have a read noise of
about 5 electrons. The higher QE of the CCDs (and lower dark current of
modern devices) will make up for this effect in most observations. Second,
the photon counting system is able to centroid events to less than a physical
pixel and thus has higher spatial resolution than a CCD. A 1 arc sec slit is
imaged to about 50J.Lm FWHM at the detector image plane without the image
stacker, and with it to about 35J.tm. The Reticon arrays have 4096 effective
pixels, each 6J.tm wide. The FWHM of one resolution element is therefore
co'nsiderably oversampled. An unintesified CCD cannot be centroided, and has
approximatly 500 pixels per device. The 40mm format of the camera requires
three CCDs (each about 12mm in physical size), yielding only 1500 pixels.
Depending on the CCD used, each pixel is approximately

.~5J.Lm

wide, so a

resolution element FWHM is 2 pixels. This is a good match when used with
a normal slit or aperture, but undersamples when used with the image stacker.
In the following discussion a specific CCD must be choosen in order to

estimate the performance of a blue channel mosaic. While the exact spectral
coverage and resolution will depend on which CCD is choosen, I will assume the
use of EEV 535x385 22J.tm pixel devices since they have already been thinned
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successfully. Other devices from Thompson, Ford, Reticon, or Tektronix may
be the more logical choices depending on their availability and electrical characteristics. Only the details of the design will be changed by using different
CCDs, the general performance and overall concepts remain the same. If buttable CCDs are available, and can be thinned and optimzed for blue QE, more
significant performance changes (for the better) can be expected. The total
length of three EEV sensors mounted as close as possible is approximately
39J,.tm, almost exactly the length of the Reticon arrays.

The physical format of a three CCD mosaic for the blue channel will
affect the observing modes in which the spectrograph is used. At the present
time, the most common mode uses dual apertures to obtain simultaneous
object and sky spectra from 3200Ato 7400A, with some order overlap redward
of 64Q!lA. The resolution in this mode is about 1A. The echellette grating is
also used with order blocking filters to detect one order at a time, yielding a
resolution of 0.5A. Neither long-slit or cross-dispersed spectroscopy are possible
with the present 1-D detectors. Using a three CCD mosaic, these same modes
will be available as well as long-slit and cross dispersed spectroscopy.
Long-slit spectroscopy using the present 832 l/mm grating in second order will give a spectral coverage of 932A at 23.9A/mm. The two gaps between
the CCDs are each 90 pixels wide (2 mm) and amount to a loss of about 4sA.
The 400 l/mm grating used in 2nd order gives 1940A coverage at 49.7A/mm,
with gaps of 99A. These gaps amount to only 5% of the spectra, which seems
quite acceptable. Long-slit spectroscopy is therefore very feasible with a three
device mosaic.
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The dual aperture mode is also possible with the mosaic detector,
with about the same performance as for the long-slit spectroscopy above. The
advantage comes with the use of the image stacker, which allows 2.5" apertures
to give slightly better resolution than 1" apertures through the use of small
optics. The CCD controller used must be capable of binning the six spectra
produced into single pixels to avoid excessive read noise penalty. This should
present no problem with modern programmable controllers.
Cross dispersed spectroscopy with the mosaic must be done using a short
slit to obtain sky spectra due to the limited width of the CCDs. In order to
fully separate the spectra of two apertures, a detector width of about 17mm
is required. The EEV CCDs are only S.4mm wide. Simultaneous exposures of
object and sky can be obtained using a short slit, with a maximum allowable
length of 12 arc seconds. This is certainly a feasible observing method and
allows 0.5A resolution and wide spectra coverage. Some reduction in spectral
coverage over what would be possible with a larger format detector must be
expected depending on how the orders can be aligned on the CCD. Cross
dispersed echellette mode is, however, a very powerful observing technique
which can benefit substantially with the use of a CCD mosaic. The wide
spectral sensitivity of the CCD is especially well suited for this mode.
Serveral other modifications must be made to the blue channel spectrograph ;n order to take advantage of a CCD mosaic. These include a new
folding flat in the Schmidt camera to allow for the large detector area and
possibly modification of the cross dispered prism mount to allow easy change
to and from cross dispersed

~node.

Adequate computer support is needed to

reduce the large amount of data to be generated, and a sophisticated CCD
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controller must be built to operate the three CCDs. The MMT Blue Channel
Spectrograph CCD mosaic will allow not only a first opportunity to problems
such as these, but can provide a great improvement in the quality of data
obtained with one of the world's largest telescopes on a relatively short time
scale.
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APPENDIX A
CHEMICAL/MECHANICAL THINNING TECHNIQUE

This appendix explains the chemical/mechanical technique used to thin
a silicon CCD from its diced thickness (:::::: 600/Lm) to 20/Lm or less, depending
on the device type.

1. Preparation for lapping
A. Ready device and outriggers
1. Cut two silicon sample pieces ("outriggers") exactly the

same size as the device. These pieces should be diamond sawed, not scribed to avoid edge breaking and lap
contamination.
2. Clean outriggers and device in TCE or acetone by soaking them for a few minutes and then wiping with cotton
tipped applicators.
3. Cut and clean three l"xl" microscope slide pieces to be
used for an intermediate mount between the silicon and
glass disk.
B. Mount silicon on support substrate (glass disk)
1. Clean disk in TCE and heat on hot plate to slightly

hotter than mounting wax melting point.
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2. Apply wax in pools where silicon is to be mounted.
Mounting locations should be halfway between center and
disk edge. Use a jig for accurate alignment.
3. Place microscope slide pieces in positions in the wax.
With a cotton tipped applicator, gently press pieces to
glass to remove air bubbles from wax underneath.
4. Place silicon in proper positions (device fronts ide down)
in the wax. With a cotton tipped applicator, gently press
pieces to glass to remove air bubbles from wax underneath.
5. Remove disk from hotplate. Place thin polyurathane
sheet over silicon and place five pounds of flat weight
on it. Allow wax to fully set.
C. Clean support substrate
1. Remove weights and peel back polyurathane sheet ..

2. With cotton tipped applicators and TCE, remove all
traces of wax on glass disk. Especially look at the edges
of the silicon pieces. Any wax will gum up the polishing operation and thinning will not work. Some wax is
allowable during lapping, if removed before polishing begins.
D. Measure silicon height
1. Clean the top of all silicon pieces with a cotton tipped

applicator and TCE.
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2. Using the dial indicator measure and record the glass
disk height. If it is not flat look for contaminates on
bottom side.
3. Measure and record the height of all silicon pieces in
center and at four corners. If pieces are not flat to ±lJLm
repeat step B above.
II. Lap silicon
A. Initial thickness to 200JLm, thinning rate

~

10JLm per minute

1. Place a conditioning ring on lapping wheel of Lapmaster

12 at a station away from where silicon will be lapped.
2. Place glass disk (silicon side down) on cast iron lapping
wheel. Place 1200g of a single centered weight on disk.
Place retaining/conditioning ring around disk and weight.
3. Apply 12JLm aluminum oxide (AI 2 0 3 ) slurry to wheel and
lap five minutes. Be sure silicon is rotaing at all times.
4. Remove disk from wheel, wash slurry and silicon particles
off in running water, blow dry. Clean conditioning rings
and weights to remove silicon particles.
5. Measure silicon thickness. If outriggers (or device) do
not show a tilt is being introduced, determine thinning
rate and repeat steps 2-5 (stop at 150JLm). If a tilt is
found, continue to step 6.
6. Determine which outrigger is thinning slowest. Lay disk
back on lap remembering where thickest outrigger is.
Load disk off-center so more pressure is applied to thick-
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ness outrigger. This will increase the thinning rate on
one side to correct for tilt. Continue to step 2.

B.

to 75JLm

200JLm

1. Repeat steps in section A above except use 3JLm alu-

minum oxide slurry instead of 12JLm. Stop when silicon
is at 75JLm. Conditioning ring on unused lapping station
is not necessary and may even hinder slurry flow.
2. Clean and dry all Lapmaster parts including weights con-

ditioning rings.

III. Mechanical Polish
A. Clean all surfaces of silicon and glass to remove any trace of
A1 2 0 3 •
B. Using a fairly soft polishing cloth with O.3JL!n A1 2 0 3 polishing
compound, polish silicon for

~

10 minutes to obtain a spec-

ular shine. This improves the chem/mech polishing on some
devices.
IV. Chemical/mechanical Polish
A. Prepare silicon
1. As above, clean every trace of wax, slurry, and sil-

icon particles from the disk surface and silicon pieces
(especially around edges).
B. Prepare polishing lap
1. Mount an unused polishing cloth (PELLON pad) to a

flat lapping wheel. Use this wheel only for polishing,
never for lapping with slurry.
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2. Wash polishing cloth with a stream of water to make
sure no particles are embedded in it.
C. Polish. silicon
1. Squirt polishing solution in a pool on polishing cloth

where disk will be placed. Place disk in pool, silicon
side down.
2. Place retaining ring around disk and weight. Note:
NEVER use a conditioning ring on the polishing cloth.
3. Turn on polishing machine. Keep polishing solution flowing about ten (10) cc/minute. Never let the cloth dry
out.
4. Put 1200g of a single weight on disk. Polish for 20 minutes. Thinning rate is

~

1/lm/minute.

5. One minute before polishing cycle has ended, stop polishing solution flow and begin flooding cloth with water.
This is absolutly necessary to obtain a high quality surface. Continue until polishing machine stops.
6. Remove retaining ring, wbight, and disk. Wash all these
in running water. Allow disk to try for measurement.
7. Flood polishing cloth again with water to make sure to
particles are left on it.
8. Measure height of silicon pieces. Determine thinning
rate. Tilt correction may not be possible at this stage.
Repeat steps 1- 8 until desired thickness in achieved.
On the inintiation of every polishing cycle, look carefully
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for any particles (especially wax around silicon edges)
and remove them with cotton tipped applicators.
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