














Figure 12. Reduction in etaloning provided by eXcelon back-illuminated deep-

depletion CCDs (top) compared to standard back-illuminated deep-depletion CCDs.

Ways to further improve sensitivity

While sensor technology is an important determiner
of camera system sensitivity and signal-to-noise ratio
in a given experiment, factors such as optical window
throughput are also important.

To maximize light throughput, Princeton Instruments

uses a highly advanced single-window vacuum design
(see Figure 13). This means the vacuum window is the

only optical surface encountered by incident photons
before they reach the CCD or EMCCD detection surface.
Although the design is the best available, each uncoated
optical surface of the vacuum window can still have

3 to 4% transmission loss, or a total loss of 6 to 8%. For
light-starved imaging applications, this loss can result in

a significant reduction of signal-to-noise ratio. Moreover,
any light reflected inside the system can lead to glare and
fringing, especially when used with coherent illumination.
The solution is to apply anti-reflective (AR) coatings on the
window in the optical path, which reduces total losses to
below 1% and sometimes even to less than 0.5%. For
applications utilizing extremely coherent light sources, a
wedge window may also be required to eliminate glare
and fringing.

Princeton Instruments cameras are designed with a
single window made of high-grade fused silica/quartz/
MgFl, that acts as a vacuum viewport. Any shipping-
protection windows on the CCD or EMCCD are removed
prior to installing it in the vacuum chamber. The vacuum

Figure 13. A single vacuum window with optimized anti-reflective coating ensures
maximum light throughput. Furthermore, a brazed metal-to-glass interface provides
long-term vacuum seal integrity, as opposed to the degradation associated with
traditional epoxy.

window, which is brazed (a high-temperature fusion
process at the molecular level) to the vacuum chamber,
can be customized with single- or multi-layer AR coatings
to match the wavelength of interest (see Figure 14).

It should be noted that AR coatings typically provide

the best performance when they are tuned for a

narrow wavelength range. Since they may have poorer
transmission outside their optimum wavelength range, care
must be taken before choosing an AR coating.
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Figure 14. Princeton Instruments offers a choice of multi-layer VIS-AR, UV-AR,
NIR-AR, and BB-AR coating options on the vacuum window. For broadband
applications, a choice of MgFl, or broadband AR coatings is available.




Conclusions

Developed jointly by Princeton Instruments and e2v, new
eXcelon back-illuminated sensor technology provides

higher sensitivity (over a broad wavelength range) as well
as lower etaloning than standard back-illuminated sensor
technology. For most applications in which standard thinned
back-illuminated sensors are commonly utilized, eXcelon now
offers researchers superior performance (see Figure 15).

For applications that require extremely high sensitivity
and the lowest etaloning in the NIR, new eXcelon back-
illuminated deep-depletion sensors are the best choice.

However, to keep dark noise at a minimum, these detectors
must be cooled. For spectroscopy applications such as
Raman, either deep thermoelectric cooling or liquid
nitrogen cooling is recommended.

Front-illuminated sensors, meanwhile, remain a highly
cost-effective option, as long as substantially lower QE is
acceptable to the user.
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Figure 15. Summary of technologies and applications.

BR_e {celon
Back-illuminated

deep-depletion
eXcelon CCDs

B_e {elon

Back-illuminated
eXcelon CCDs

Camera
Choice

B_e fcelon

Back-illuminated
eXcelon EMCCDs




Appendix A: Etaloning in the NIR

Standard thinned back-illuminated CCDs are

solid-state imaging devices that have been etched to

10 to 15 Pm thickness in order to collect light through the
back surface. As a result of this modification, no light

is lost via absorption and reflection by the polysilicon
gate structure; these CCDs have more than twice the QE
of their front-illuminated counterparts. An unfortunate
side effect of this process is that the devices become
semi-transparent in the NIR. Reflections between the
parallel front and back surfaces of these CCDs cause
them to act as partial etalons. This etalon-like behavior
leads to unwanted fringes of constructive and destructive
interference, which artificially modulate a spectrum. The
extent of modulation can be significant (more than 20%)
and the spectral spacing of fringes (typically 5 nm) is
close enough to make them troublesome for almost all
NIR spectroscopy.

An etalon is a thin, flat transparent optical element with
two highly reflective surfaces that form a resonant optical
cavity. Only wavelengths that fit an exact integer number
of times between the surfaces can be sustained in this
cavity. Because of this property, etalons can be used as
comb filters, passing just a series of uniformly spaced
wavelengths. In an imperfect etalon, the reflectance of
the surfaces becomes less than 100% and the spectral
characteristics soften from a spiky comb to a smooth set
of fringes. Absorption between the surfaces also worsens
the quality of the resonant cavity, which is measured by
cavity finesse (see Figures A-1, A-2, and A-3).

Thus, the three factors that determine the shape and
character of an etalon are d, the distance between the
two surfaces; A, the wavelength of the light; and Q, the
finesse of the cavity, as shown in the following equation
(where I 'is intensity):
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(Equation adapted from B. Saleh and M. Teich, Fundamentals of Photonics,
John Wiley & Sons, New York, 1991)
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Figure A-1. Example of spectral etaloning showing the variation in intensity
(vertical axis) with wavelength.
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Figure A-2. Example of spatial etaloning showing the variation in intensity
(vertical axis) with thickness.
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Figure A-3. Example of etaloning showing the effects of finesse (Q)
on the quality of the etalon.




At NIR wavelengths, the silicon of which CCDs are made
becomes increasingly transparent, causing the QE to decline
in the red. The back surface, where light enters a CCD in the
back-illuminated configuration, is typically AR coated. These
coatings are not perfect, however, and their effectiveness
varies by wavelength. Most CCD back-surface AR coatings
are not optimized for the NIR.

For example, the reflection from the back surface of a CCD
that is optimized for ultraviolet (UV) response is worse in the
NIR than that from a CCD whose AR coating is optimized for
longer wavelengths.

Once light has passed through the body of a CCD and is
about to reach the polysilicon electrodes, it encounters a
sandwich of layers that generally includes silicon dioxide
(refractive index 1.5). This sizeable discontinuity from the
refractive index of silicon (which is 4) produces a large
reflection back into the CCD. At wavelengths where silicon is
transparent enough that light can traverse the thickness of
the CCD several times, light bounces back and forth between
the two surfaces. This increases the effective path length in
the silicon (enhancing the QE) and also sets up a standing
wave pattern. Amplitude is lost at both reflective surfaces and
by absorption in the body of the silicon. However, at longer
wavelengths, sufficient amplitude survives to cause significant
constructive or destructive interference.

While silicon is usually thought of as opaque, it must be
remembered that a standard back-illuminated CCD is
typically only 10 to 15 Pm thick (less than a thousandth of
an inch). A layer this thin can transmit a significant fraction
of NIR light. For example, a back-illuminated CCD that

is 15 Um thick (mechanically) would have the effective
optical thickness of about 60 Um (since the refractive
index of silicon in this wavelength range is 4). Thus, the
roundtrip optical path length between the surfaces is
approximately 120 Um. At 750 nm, this would be 160
wavelengths. Therefore, there would be constructive
interference at 750 nm. This pattern of interference would
continue to repeat with intervals of about 5 nm.

In addition to the spectral source of etaloning, in a thinned

CCD there can also be spatial etaloning. The spatial pattern
arises from the incidence of monochromatic light on an etalon
whose thickness is not perfectly constant. A small variation in

thickness can change the local properties from constructive
to destructive interference. The change required is only

a half-wavelength in the roundtrip path length. Since the
index of silicon is 4, the change in CCD mechanical thickness
required to produce this optical effect is only about 1/16
of a wavelength, or 0.05 Um at a wavelength of 800 nm.
This effect can actually be used to visualize how uniform

the thickness of a CCD is. If a CCD had perfectly uniform
thickness, the modulation due to spatial etaloning at a given
wavelength would disappear. All pixels would have the same
degree of constructive or destructive interference at a given
wavelength.

In most imaging applications with standard thinned back-
illuminated CCDs, spatial etaloning is not evident because the
applications are at shorter wavelengths, where the silicon
absorption damps out the etalon effect. In addition, many
applications use light that is spectrally broad enough to span
(and average out) several etalon-fringe cycles. The latter
requires only a spectral bandwidth of a few nanometers. In
a spectrometer, by comparison, the light on any one column
of pixels is very narrow spectrally, typically less than 0.1 nm.
Thus, this spectral bandwidth is much less than the period of
etalon cycles (~5 nm). As a result, spatial etaloning is quite
evident when viewing an image of a uniform spectrum

(e.g., tungsten bulb) in the NIR (see Figure A-4).
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Figure A-4. Image from a back-illuminated CCD camera showing combined
spectroscopic and spatial etaloning.

Spectroscopic etaloning is related to, but different from,
spatial etaloning. It derives from the fact that in a
spectrometer the wavelength of light varies across the CCD.
Thus, even if a back-illuminated CCD was available with
absolutely uniform thickness, it would still show fringes due

to this etalon effect. The fringes in this case are due to the
variation of the wavelength, not the thickness. As a result,
when a spectrum is dispersed across a back-illuminated CCD,
the characteristic comb pattern will be superimposed on the
normal response.




Appendix B: Effect of cooling on QE

In addition to the sensor technology type and factors such as optical window throughput, cooling the detector has an
effect on QE. Typically, cooling decreases long-wavelength coverage due to a change in electron mobility and effective
path lengths. Figure B-1 presents a theoretical estimate of QE as various sensors are cooled.
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Figure B-1. QE for various types of back-illuminated CCDs at +25°C, -70°C,
and -100°C. Dotted lines on the left represent QE in UV region with optional
UV-enhancement coating.
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