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Abstract

It is found that a silicon reach through avalanche photodiode, RAPD, device can
operate under all low light level imaging conditions (overcast, moonless conditions) in
principal provided that the dark current arising from Shockley-Read-Hall, SRH, generation
can be controlled to a level corresponding to 1 sec generation lifetimes. A numerical
simulation of a RAPD device is made using an advanced drift-diffusion/hydrodynamic
simulator. Our calculations indicate that a silicon RAPD having an absorption thickness of ~
50 pm, an exhibiting a gain of ~20, can also provide sufficient signal to overcome the readout
noise of existing, uncooled, silicon CCDs. The collected charge is then stored within the
depletion region of the RAPD and can be readout either into a CCD or an APS array. Again,
if the SRH lifetime is ~1 sec, the RAPD can store the signal charge without serious
degradation for up to 10-30 msec. If the light level is somewhat relaxed, corresponding to a
clear, moonless night, then the RAPD will operate even if the SRH generation lifetimes
cannot be increased beyond ~ Imsec.



1. Introduction

One of the key developments in modern surveillance operations is the capability to
operate under limited visual conditions such as darkness, fog, rain, smoke, etc. Two distinct
modalities have been developed for sensing in the dark. The first method operates by
amplifying the ambient optical and near infrared radiation to produce an image. This
technique is called image intensification and the devices which are used to perform this
function are called image intensifiers. The second method relies on thermal imaging. In this
technique the heat emitted by an object is collected and converted into an image (thermal
contrast 1s converted into visual contrast on a display). Thermal imaging relies on the
collection of far Jonger wavelength radiation than image intensification and can be used
during both day and night.

Thermal imagers provide far better imaging through smoke, fog and rain than do
image intensifiers. This 1s due to the fact that thermal radiation is emitted at much longer
wavelengths. ~ 3- 14 microns, longer typically than the dimensions of smoke, fog or rain
particles within the air, and is consequently not strongly scattered by the particles.
Additionally, thermal imagers can detect objects at far greater distances than image
.intensiﬁers [1]. Subsequently, for long range, full day/night/foul weather applications a
thermal imaging system is superior to an image intensifier. However, image intensification is
of primary importance in piloting, maneuvering, reconnaissance and surveillance where the
operator needs to be able to distinguish between objects with the same temperature signature.
For example, an image intensifier enables a user to discern rocks, tree stumps, wires, holes,

etc. while walking or driving at night.



Image intensifiers amplify the ambient background light. Even though in darkness
with no moon where there is little ambient optical radiation present, there is still near visible,
near infrared radiation. The sources of this radiation are zodaical light and airglow. Zodaical
light originates from solar radiation scattered by residual interplanetary dust within the orbital
plane. Airglow is caused by excitation of atoms and molecules in the upper atmosphere that
are heated by the sun during the day and then release this energy at night. While the
radiation produced by airglow and zodaical light cannot be seen by the unaided eye, this
radiation can be used by image intensifiers as a source of illumination. Typically, airglow and
zodaical radiation provide an illuminance an order of magnitude higher than starlight alone
(2].

The most demanding applications for low light level imaging are typically military in
nature. However, there are emerging commercial applications for all weather imaging. These
include search and rescue, law enforcement, fire fighting, and civilian piloting on the ground,
sea and air. Of particular interest is the usage of image intensification as a nighttime driving
aid owing to the large potential market. For commercial nighttime dnving, the light level of
operation is significantly brighter than that available for military operations, since headlight
illumination is available.

It is thought that an image intensification system can be added to an automobile to
serve as a driving aid. The output from the image intensifier will be shown on a flat panel
display that the driver can glance at occasionally while driving, much like a rearview mirror
is used today. In addition, to image intensified data, the flat panel display might also show

the present location of the vehicle, its course as well as instructions for reaching its



destination. The system will require the capability of fusing information from multiple
sources, i.e., image intensified data, global positioning satellite (GPS) data, stored map data,
etc. Digitization of these data sources is then essential. Subsequently, the image intensifier
system must produce an electronic digital output which can then be redisplayed or fused with
other information prior to being displayed.

To date, the most successful image intensifier platform utilizes tube technology. These
devices are collectively referred to as the GEN III image intensifier tubes. These tubes
consist of three main components, a photocathode, a microchannel plate, MCP,and an output
light phosphor as shown in Figure 1. The tube is of course in high vacuum and requires high
voltage for operation. Photons are incident onto the semitransparent photocathode where they
are converted into electrons. The electrons are then emitted into the vacuum by the
photocathode and are accelerated by an electric field into the MCP channels. The electrons
accelerate to high energies through the MCP channels. During the course of the electrons
flights through the MCP channels, they suffer substantial collisions with the sides resulting in
the production of numerous secondary electrons providing signal gain. Depending upon the
applied voltage, efficiency and size of the MCP, one incident electron can lead to the ultimate
generation of ~1000-3000 descendants [3]. Upon exiting the MCP, the electrons are accelerated
again through vacuum under the influence of another electric field towards a phosphor screen.
After striking the phosphor screen, the electrons are converted back into photons resulting in
a greatly amplified optical image. In most designs, the gap between each component is very
small such that there is little lateral drift of the electrons. Consequently, an image focussed

onto the photocathode is correctly reproduced on the phosphor screen. This arrangement is



called proximity focus. Finally, the output image must be inverted since the input objective
lens produces an upside down image at the tube input. Image inversion is typically obtained
using a fiber-optic invertor [3] known as a twister. Alternative designs utilize electrostatic
inverting electron lenses between the photocathode and the MCP for image inversion [4].
Sketches of the these two design types are shown in Figure 2.

One of the primary difficulties in transfering the GEN III image intensifier tubes to
commercial driving applications is the fact that the tubes produce a photonic output rather
than an electronic one. Consequently, for redisplaying information, a standard GEN III tube is
unsatisfactory.

An electronic output can be obtained by fitting a GEN III tube to a charge coupled
device, CCD. Two of the most promising means of using CCDs for image intensification are
either optically coupling the CCD to the phosphor screen of an existing tube using an
objective or a fiber optic plate, or inserting the CCD in place of the phosphor screen and
directly bombarding it with electrons [5-7]. Usage of CCDs in these modes does not
circumvent the limitations of the tubes in terms of cost, size and weight since these devices
are again vacuum devices which incorporate all or some of the tube components.
Nevertheless, these CCD designs provide an electronic output which can be digitized to
provide data integration.

The CCD can be directly applied to low light level imaging, but this typically
requires cryogenic cooling, slow scan readout rates, and extended integration times [8]. In any
event, direct application of a CCD in low light level imaging requires back illumination,

which necessitates in turn extensive wafer thinning. The main limitation in using CCDs



directly in low light levels is that in their simplest implementation, they do not provide any
front end gain. Subsequently, in order to collect sufficient carriers to overcome readout noise,
etc. the integration time of the CCD must be extended resulting in slower readout rates. In
fact, for very low light levels, insufficient carriers are collected to overcome the noise floor in
a typical room temperature operated CCD. For these reasons, the direct usefulness of the
currently available CCDs is restricted in low light level applications. However, if the readout
noise can be further suppressed or if the incident light signal level is relatively high, gain is
not necessarily required for low light level CCD operation. In this report, we examine the
conditions under which a back illuminated CCD can be used directly in low light level
imaging.

Another approach to directly using CCDs requires their modification to provide front
end gain. By inserting an avalanche photodiode, APD, array on top, a CCD can be effective
in low light level imaging. An APD is a photodiode sufficiently reverse biased such that
carrier multiplication via impact ionization occurs. Incident light is absorbed within the
photodiode and the subsequently photogenerated carriers are multiplied through impact
1onization events. The carrier multiplication provides gain. The multiplied carriers are

. collected within the depletion layer of the APD, and are transfered into the CCD wells for
readout after a suitable integration time. By combining the amplification of the APD array
with the CCD readout, ultra-low light level imaging is possible.

Additionally, an APD can be integrated with an active pixel sensor, APS, device.
APS devices have numerous advantages over CCDs, principally arising from the fact that

charge transfer occurs in an APS device only between two gates rather than completely across



a chip as in CCDs. An APD array can be readily bump bonded to either a CCD or an APS
chip. However, it is possible to integrate an APD within the same chip as APS circuitry,
while it is far more challenging to integrate APDs within the same chip as a CCD.
Il. Need for Gain in Solid State Low Light Level Imaging Applications

In order to assess the gain requirement for low light level imaging, we have performed
some simulations of a simple photodiode structure. From our previous report, it was
determined that gain stretches the light level coverage for CCD operation. In that report,
however, we only performed relatively rough calculations making a number of assumptions
and utilizing simplified analytical models. Here we present.new results based on the
simulation of the effects of illumination of a silicon reach through avalanche photodiode,
(RAPD), device. The silicon RAPD device is somewhat similar to a silicon CCD except it
offers the additional advantage of providing gain if desired. A sketch of the structure is
shown in Figure 3. The device is illuminated from the p+ side. Below the p+ layer is an
intrinsic silicon layer measuring 46.5 um in length, followed by a p layer and finally an n+
layer. Upon biasing, the p layer ultimately becomes fully depleted, and a high electric field is
formed between the n+ and p layers. The field profile then consists of a relatively small field
within the intrinsic layer, followed by a very high field, which if sufficiently biased, can
provide carrier multiplication through impact ionization. The effective collection area is
assumed to be 24 x 24 pmz. The device is initially biased to 60 V and is then open circuited.
The device slowly relaxes back to equilibrium from the action of the illuminated and dark
generation rates within the reverse biased diode.

The simulations are performed using our advanced hydrodynamic simulator,



STEBS2D, but with only the drift-diffusion solver activated. We have found that the drift
diffusion solver adequately models the behavior of standard and large sized photodiodes. For
this reason and the fact that the parameters needed to correctly specify the hydrodynamic
simulator are not accurately known nor accurately extractable at present, we perform all of
the calculations presented here with our drift-diffusion solver. A ~8.3 msec integration time is
chosen for the calculations since this yields a frame rate of about 120 frames/sec which is
recommended for piloting applications.

Different Shockley-Read-Hall (SRH) generation lifetimes were chosen for this study.
The longest SRH generation lifetime chosen was 1 second. A generation lifetime of 1 second
corresponds to the highest quality silicon material available. We made additional calculations
using different SRH lifetimes as discussed below. All of the other parameters used in the
simulations, 1.e., mobilities, diffusivities, etc. were standard and were taken from a
commercial simulation package entitled, PC-1D.

The input light intensity was varied between two different extremes. The low light
level was specified for a moonless, overcast night. The spectrum for the sky under these
conditions 1s shown in Figure 4, and will be referred to as the EVC spectrum (for Electric
Valve Corp. that performed the measurements [8]). At the other extreme, we consider an
illumination of 1 Sun at 1.5 atm [9]. The 1 Sun spectrum is shown in Figure 5. We choose a
very bright illumination to show the device's blooming characteristics.

The total charge stored as a function of illumination time for the reverse biased RAPD
of Figure 3 is shown in Figure 6. Two different conditions are examined, with and without

gain. Notice that in the absence of gain, which is the condition for a back illuminated CCD of



comparable collection width, that only ~ 20 electrons are collected in 8.3 msec. Given that the
mean readout noise for a state-of-the-art CCD at room temperature operation is about 40
electrons, insufficient charge is collected to overcome the readout noise. It should also be
noted that the collection layer width of back illuminated CCDs is significantly thinner than
the collection layer width used here. In most CCDs, since there is very little field away from
the surface, usage of a thicker absorber layer results in substantial lateral diffusion causing in
turn interpixel blooming. Therefore, the actual number of electrons collected in a CCD given
the EVC spectrum will most probably be significantly less than that predicted here using the
RAPD. Subsequently, in order to effectively operate at very low illumination levels, a CCD
would require either a significant reduction in readout noise or front end gain.

We have also determined the amount of charge collected given a gain of ~19. In this
case after an 8.3 msec integration time, the total amount of collected charge is ~375, far
greater than that necessary to overcome the readout noise of a CCD. Therefore, gain enables
ultra-low light leve] detection in solid state imaging.

We further explored the effect of varying the generation lifetime on the amount of
charge collected in the APD. For simplicity, we only consider generation processes from SRH
centers located within the diode and neglect any surface state contribution to the generation
rate. Charge generated from the SRH centers will be multiplied if the device exhibits
multiplicative gain. We have found that for a lifetime of 1 sec, that the dark current is
completely negligible without gain over an integration period of ~10 msec. Therefore, we
investigate the case with gain. The total stored charge as a function of time assuming the

same gain as in Figure 6 and without any input signal is plotted in Figure 7 for various



generation lifetimes. Different amounts of collected charge between the cases with very long
lifetimes and short lifetimes arises from the much higher generation rate in the short lifetime
cases. As the lifetime decreases, the amount of charge generated out of the SRH centers and
later collected within the APD increases substantially. Again consider the condition after ~10
msec. From Figure 7 it can be seen that the total stored charge increases by roughly an order
of magnitude with each order of magnitude decrease in the generation lifetime. The important
finding determined from Figure 7 then is that the multiplied dark current arising solely from
SRH processes at generation lifetimes less than or equal to 10 msec is appreciable. By
comparing the multiplied dark currents shown in Figure 7 to the multiplied signal current
shown 1n Figure 6, it is clear that even at a lifetime of 100msec, the dark current is roughly
comparable to the multiplied EVC spectrum signal. Subsequently, almost perfect silicon
material must be made, with a generation lifetime equal to the best measured performance to
date, invorder to detect the lowest signal level corresponding to an overcast, moonless night.
It should be further noted however, that if the input spectrum is somewhat brighter, for
instance that corresponding to the RCA data [10] which applies for a moonless, clear night,
that the signal is sufficiently large that the dark currents do not limit performance until the
SRH lifetime is severely degraded. We have calculated the response of the RAPD to the RCA
illumination spectrum. It is found that the total collected charge exceeds 30,000 electrons in
10 msec. Examination of Figure 7 shows that the total collected charge due to the SRH
multiplied dark current is significantly less than this amount if the generation lifetime is 1
msec or greater. Therefore, it is expected that a silicon based detector has sufficiently low

dark current to operate under all night viewing conditions provided that the SRH generation
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lifetime is not less than ~1 sec. Provided there exists no cloud cover, a silicon based detector
can operate provided the SRH generation lifetime is not less than I msec.

It is also interesting to examine the recovery time of the RAPD under an illumination
corresponding to the EVC spectrum. The reverse voltage as a function of time is plotted in
Figure 8. Recall that the device is initially reverse biased at t=0. It is then illuminated and
begins to recover back to equilibrium. As can be seen from Figure 8, the reverse recovéry
time is extremely long given the EVC spectrum illumination. Notice that the decay is
essentially linear during the 10 msec simulation time. This is because the amount of charge
collected is extremely small. Subsequently, the voltage decays almost immeasurably.

For comparison, we also examine the behavior of the RAPD under bright illumination,
that corresponding to 1 SUN at 1.5 atm (1.5 atm. is chosen to represent an acute angle of
incidence). The reverse voltage as a function of time is plotted in Figufe 9 for the RAPD at |
SUN illumination. As can be seen from the figure, the voltage decays with two different
timescales. The first decay is extremely rapid, where the voltage drops from over 70 volts to
about 35 volts in ~2 ns as can be seen from the inset of Figure 9. This decay corresponds to
the condition where the initial collected charge is multiplied. Notice that very little
photogenerated charge results in a dramatic change in the voltage. This is due to the fact that
the multiplication process produces a considerable amount of collected charge greatly
lowering the voltage across the device. The second decay is far more gradual and arises from
the collection of unmultiplied charge. As can be seen from the Figure, it takes roughly 1.5 ps
for the device to recover back to equilibrium. Continued illumination results in a forward

biasing of the diode as in a solar cell. It is expected that such behavior will lead to blooming



in the array.

In order to assess the sensitivity of the RAPD to variations in its dimensions, we make
the following calculations. The most important parameter which can be readily altered is the
thickness of the intrinsic region and hence the absorption layer thickness. It should be noted
that the doping concentrations cannot be altered significantly since the device must be
designed such that the p layer is fully depleted. Again an incident illumination corresponding
to the EVC spectrum is assumed. For the RAPD shown in Figure 3, 44% of the incident
photons are collected. If the intrinsic region is widened considerably such that the entire
thickness of the RAPD is 200 pm, then 63% of the incident photons are collected. Though
there is an increase in the percentage of photons collected of almost 43%, it comes at the
possible expense of increased lateral diffusion between pixels. It is important to recognize that
the thicker the absorbing layer becomes, the more likely photogenerated carriers will laterally
diffuse to adjacent pixels, thereby smearing the image. Future calculations will be performed
to quantitatively assess this effect. For now it should be noted that increasing the absorbing
layer thickness does not necessarily improve the performance of the device.

III. Conclusions

From the above calculations, we recognize that a silicon RAPD device can operate
under all low light level imaging conditions in principal provided that the dark current arising
from SRH generation can be controlled to a level corresponding to 1 sec generation lifetimes.
Generation lifetimes of 1 sec have been realized in silicon, but represent the best lifetimes
measured to date. Our calculations indicate that a silicon RAPD having an absorption

thickness of ~ 50 pm, an exhibiting a gain of ~20, can also provide sufficient signal to
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overcome the readout noise of existing, uncooled, silicon CCDs. The collected charge is then
stored within the depletion region of the RAPD and can be readout either into a CCD or an
APS array. Again, if the SRH lifetime is ~1 sec, the RAPD can store the signal charge without

serious degradation for up to 10-30 msec.
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