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Fig. 4. GEOMETRIC DECAY OF OUTPUT

' Equivalent Noise Bandwidth

In order to determine the output signal-to-noise ratio, the

noise transmission properties of the charge-storage filter must be ana-

lyzed. Consider that white shot noise, having spectral density 2(1Ip,
is applied to the input and that (for simplicity) C. may be neglected.
i

The mean square output of the FTI will be [33]

v = 2ql f H(f) |~ df (2.12)
o} P 0

o)

Evaluation of the above, using the FTI frequency response, gives the

result:

(2.13)
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kKT/q. This is shown by the scope photograph, Fig. 14, which shows the

decaying sequence of output voltage pulses when illumination was cut off

Fig. 14. COMPARISON OF HIGH AND LOW LEVEL
TRANSIENT RESPONSE.

from a charge-storage phototransistor. In both traces the sample pulse
was approximately equal to the circuit time constant (r = 1). For the
upper trace, the peak value of the initial pulse was 1 V, and the suc-
ceeding pulses decay with an exponential envelope. The peak value of the
first pulse was 10 mV in the lower trace, and a much-slower-than-
exponential decay of succeeding pulses may be noted. This can be graph-
ically analyzed in a simple manner by use of Egq. (3.10). If the illumi-
nation is removed (and leakage neglected) the peak output voltage at the
beginning of each sample time equals the output voltage at the end of

the previous sample time:

~ >
V [(n+D)T.1 = £ V(nT)) (3.20)
i ‘n i
where
V(nT,) = peak voltage at beginni : B i

y? = peak voltage at beginning of n sample time

¢ ey . th

r. = fractional memory of n pulse
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scope photograph, Fig. 19, depicts the waveform ske

)Y 1 he

inverted). The photodiode was in the dark fc
nated for the lower trace. The properties described above are apparent,

except for the reset feature.

Fig. 19, WAVEFORMS ILLUSTRATING INTEGRATOR
OUTPUT.

It is not necessary to use an operational integrator. If the load
. . r . s . 'S .
resistance is high, so that + 4 the basic circuit of Fig. 2 will
serve, using C., as the integrating capacitor. Equation (2.9) th

i
gives the circuit gain, and Eq. (2.10) defines transient response. Tech-

niques have been worked out that remove the necessity of the reset switch
using this circuit. By proper filtering and timing of the output compar-
ator, the capacitive feedthrough can be circumvented using relatively

simple circuitry.

1% The Charge Pumping Effect

When the integration scheme described above was implemented, a small
net charge, having magnitude of a few percent of the feedthrough charge,
tor by each gate

was observed to bhe de posited on the integrating capaci

pulse., Surprisingly, the polarity observed was the opposite of that ex-
pected from dark current flow. It appeared that each gate S
stimulating injection in the forward-biased direction of the source and
drain junctions, even though they were reverse biased Careful investi-
gation of this phenomenon resulted in the discove 'charge
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a, Zero gate voltage b. VG applied
wf = Fermi potential
ws = surface potential
Fig. 28. ILLUSTRATING SURFACE-STATE MECHANISM.
The current is, using Eq. (4.5),
= fA 4.9
IT f b qNT Aws ( )

Equation (4.9) predicts that, as the gate pulse amplitude changes, the
pumped current should be proportional to surface potential, The calcu-
latedf ideal surface potential corresponding to VG is plotted vs VG
in Fig. 22. This surface potential plot has been normalized to match the
pumped current plot at the inversion point. Quite good match of the two
curves is apparent. The sharp rise of the current plot occurs when the

bands swing through their largest excursion (the depletion region) and

saturation is due to the "pinning" of the surface potential that occurs

after the surface is inverted [17]. Of course, the trap distribution

f
Computed by M. Barron.
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plus those taken for the phototransistor computation above are used to

give

7mos = 5.4
mopt =1.78
= 1.8 x 1012 photons/sec cm2
I| minmos

The best magnification is seen to be greater than unity. The minimum
usable flux density is about an order of magnitude lower than that com-
puted for the phototransistor at its optimum magnification.

Thus an optimum MOS transistor source diode geometry for most favor-
able low-light-level performance was found, for reasons analogous to the
phototransistor treated in the preceding section. Performance is limited
by spatial noise due to variation in dark current and MOS pumped charge
from element to element. The optimum lens magnification was found to be
equal to the cube root of the ratio of the peak-to-peak variation in
pumped charge to the charge liberated by dark current when the photodiode

area and letter area imaged are equal. This ratio, and thus m are

opt’
usually greater than unity. The optimum is fairly broad, being governed
by the same equation giving the curve of Fig. 30. A computation with

representative numbers gave the low-light-level performance edge to the

MOS structure by approximately a factor of 10.

D. Comparison of Bipolar and MOS Switch Circuits

The computations of the previous two sections showed that the op-
timized MOS array is able to operate at about an order of magnitude lower
level of illumination than the optimized phototransistor array. The two
schemes can be compared directly by taking the ratio of Eq. (5.11) to
Eq. (5.17):

3
®
Ilminpt o a C a 1 + 71/3
- > qT P pt (5.18)
I]minmos el i 1 ¢ ’;ﬁi
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where

emitter capacitance

' =C A/C A =
/pt ea e/ pa o photodiode capacitance at m = 1
A
e quST g _ p-p variation in pumped charge
‘mos eITiAo ~ p-p variation in leakage charge at m =1

Substitution of the numbers assumed previously gives a value of 12.4 for
the ratio of Eq. (5.18). This equation, as described in Section B, is
only valid if the phototransistor is not limited by leakage at low levels.
This means that the photodiode voltage developed by the dark leakage dur-

ing the integration time must be much less than O(kT/qQ):

I'T.A
AP o agXt (5.19)
cC A q
pa p
or
& if .,
)
- > 1

Equation (5.19) points out that the coefficient of Eq. (5.18) is much
greater than unity. The gamma factor for the phototransistor is typ-
ically less than the MOS gamma, but not enough to make Eq. (5.18) less
than unity. Thus, when the two schemes are compared, with each using its
optimum magnification, the MOS switch scheme exhibits a lower minimum
usable level of illumination.

It is instructive to consider the MOS and bipolar schemes on the
basis oi a lens magnification constraint. This means that the comparison
is taken with equal photodiode areas, rather than the respective optimum

areas as above. When this is true, Egs. (5.9) and (5.15) give:

@ : o L 5 7
I|minpt q pa pt
- = —5 - (5.20)
. eI'T.
I‘mlnmos i m + )mos
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This relationship is plotted in Fig. 31, using the same parameter
values presumed above. The ratio is seen to be always greater then unity,
and to increase with increasing m. The relative advantage of the MOS

structure is much less at low values of m than at larger magnifications.
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Fig. 31. RATIO OF MINIMUM PHOTOTRANSISTOR TO MINIMUM MOS FLUX
DENSITY VS LENS MAGNIFICATION.

This result is not unreasonable, since the optimum phototransistor magni-
fication (0.6) is less than the optimum MOS magnification (1.75). The
underlying physical explanation comes from the different figures of merit

for the two schemes. Delivered charge [Eq. (5.12)] is most important for
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the MOS switch, whereas ANP [Eq. (5.5)] is the crucial figure of merit

for the phototransistor. Since ANP depends on the ratio of charge to
capacitance rather than magnitude of charge, it can be achieved at much
lower photodiode area. This is why the phototransistor array is nearly as
good as the MOS array as regards low-level performance when photodiode
area (m) is small., When m becomes very small (< 0.25), second-order
effects, such as the emitter shadowing mentioned previously, become im-

portant so the curve in Fig. 31 is not extended into this region.

E. Summary

The MOS and phototransistor structures were considered with regard to
low-light-level capability in the blind reading aid system. Spatial non-
uni formities in the sensing array were shown to be the most significant in
limiting performance. Because of these nonuni formities and optical system
losses, much more ambient light was required for useful operation than was
needed by the ideal circuit of Chapter II. Optimum photodiode areas were
computed for both the phototransistor and MOS cases which gave physically
reasonable values for lens magnification. The MOS approach allowed oper-
ation at about an order of magnitude lower level of incident flux, and
required more than ten times the photodiode area for best performance,

relative to the phototransistor scheme.
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Chapter VI

CONCLUSION

The requirement of an opto-mechanical transducer for a blind reading
aid may be conveniently satisfied using all-solid-state techniques. A
mosaic of junction photodetectors is able to perform the requisite imaging
function. The charge-storage technique is universally employed as the
electrical mode of operation of such scanned image arrays. The low-light
level properties of photodiode charge-storage circuits suitable for array
applications were the subject of this study. The discussion was limited
to bipolar and MOS silicon monolithic technologies. These device tech-
nologies are presently by far the most advanced and thus are, a fortiori,
best suited for fabrication of photodiode arrays.

The properties of the basic photodiode charge-storage circuit were
considered in Chapter II. An ideal switching element was assumed, and
attention was particularly directed toward the noise transmission proper-
ties of the circuit and the relative magnitudes of the various sources of
noise. Because of the lowpass nature of the circuit, the major contam-
inating signals were found to be dec dark current and 1/f noise. The
charge-storage circuit therefore operates within an unfavorable portion
of the frequency spectrum with respect to ultimate noise performance,
since bandpass filtering would remove the low-frequency noise sources so
that only shot noise remained. Nevertheless, the ideal photodiode charge-
storage circuit is difficult to realize in practice because of imperfec-
tions in the switching element.

The analysis was extended to include a nonideal switching element in
Chapters III and IV. Chapter III considers the low-level limitations en-
countered where signal readout is taken through a junction diode, and
Chapter IV deals with the MOS switch case. Chapter V compares the prac-
tical phototransistor and MOS structures described in the two preceding
chapters with regard to the reading aid system application. Monolithic
photodetector arrays are envisioned for this application, although the

analysis is also applicable to arrays of discrete devices,
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The salient results of this work are:

s The phototransistor charge-storage circuit at low light levels
is analyzed using a simple model. The emitter-base diode is shown to
govern the charge readout at low levels, causing very nonlinear circuit
behavior. Sluggish transient response, increased sensitivity of output
to transistor current gain, and nonlinear transfer characteristic are all
demonstrated to upset the phototransistor low-light-level behavior. These
factors are found to degrade performance more severely than junction dark
current. The parameters are all treated quantitatively, with the results
presented in graphical form. Good experimental agreement with the ana-
lytical results is shown.

2. The low-level performance-limiting factors relevant to the
photodiode-MOS structure in the charge-storage mode are identified. They
are shown to be capacitive feedthrough of the gate pulse and an unusual
charge pumping effect. A charge integration technique is proposed in or-
der to eliminate the effect of the feedthrough charge. A first-order
theory is presented to explain the charge pumping phenomenon, and is sup-
ported by experimental data.

3. Phototransistor and MOS arrays are compared with respect to
low-light-level performance for the blind reading aid application, Spa-
tial nonuniformities in the array are found to limit performance most
severely, Variations in current gain among elements is most troublesome
in the phototransistor array, while variations in pumped charge and leak-
age charge limit the MOS array. When the effect of a lens is included,
optimum areas are found for the photosensing elements. Design formulas
for these optima are given. The MOS array is found to provide the best
low-light-level performance of the two schemes, although requiring a

relatively larger photosensing area to do so.

The above results presuppose the availability of photosensing arrays
of junction photodiodes having quite low leakage currents and good ele-
ment-to-element uniformity. These arrays are possible using selected
discrete devices, which is the technique used heretofore in the reading

aid. A monolithic array is much more desirable, and a program has been
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initiated to fabricate such arrays at Stanford University. Their avail-
ability will greatly improve the present reading aid hardware, and in
addition firming up the various assumptions of this work. Other sugges-

tions for further work are:

A systems comparison of bipolar and MOS technology for the
reading aid array is desirable. Although the MOS array appears to prom-
ise better low-light-level performance, it requires more-complicated
processing and scanning circuitry because of the necessity for charge
integration. On the other hand, scan generation is easily accomplished
using MOS technology. This leads to the possibility of integrating the
scanning circuitry on the chip with the photosensing array [8]. Other
systems tradeoffs as well as mosaic fabrication questions could be enu-
merated. The optimum technology (or perhaps a hybrid of the two) to be
used for the reading aid system is thus not at all clear at the present
time.

2. A better understanding of the basic physics of the charge pump-
ing phenomenon described in Chapter IV is clearly of interest. More-
quantitative experimental correlation of surface-state density and pumped
current is needed. The implications of the phenomenon both as a possible
technique for studying the physics of semiconductor surfaces and with re-
spect to its importance in practical (nonphotosensing) circuitry are
worthy of further study.

3. Measurements of the fundamental low-frequency noise properties
of planar photodiodes to back up the analysis in Chapter II are of in-
terest. The magnitude of the 1/f noise component in particular needs
to be determined. Use of charge storage as a noise measurement technique
is an interesting possibility. Determination of the fundamental proper-
ties of the photodiode as a detector of radiation [23] also requires
these noise measurements.

4, The use of the basic charge-storage circuit (Fig. 2a), with no
reverse bias on the photodiode, to achieve a logarithmic response to light
is feasible. This would enable wide dynamic response without the neces-
sity of automatic gain control in the reading aid. The circuit and sys-

tems consequences of this idea warrant further study.
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Commanding Officer

U.S. Army Ballistics Res. Lab
Aberdeen Proving Ground
Aberdeen, Md. 21005

Attn: V. W. Richards

Commandant

U.S. Army Air Defense School

P.0. Box 9390

Ft. Bliss, Texas 79916

Attn: Missile Sciences Div.
C and S Dept.

Commanding General

U.S. Army Missile Command
Redstone Arsenal, Ala. 35809
Technical Library

Commanding General
Frankford Arsenal
Philadelphia, Pa. 19137

Attn: SMUFA-L6000 (Dr. Sidney Ross)

U.S. Army Munitions Command
Picatinney Arsenal

Dover, N.J. 07801

Attn: Tech. Info. Branch

Commanding Officer
Harry Diamond Labs

Conn. Ave. and Van Ness St., N.W.

washington, D.C. 20438
Attn: Dr. Berthold Altman
( AMXDO-TI)

Commanding Officer

U.S. Army Security Agency
Arlington Hall

Arlington, Va. 22212

Commanding Officer

U.S. Army Limited War Lab
Aberdeen Proving Ground
Aberdeen, Md. 21005
Attn: Tech. Director

Commanding Officer
Human Engrg Labs
Aberdeen Proving Ground, Md. 21005

Director

U.S. Army Engineer Geodesy,
Intelligence and Mapping

Research and Dev. Agency

Ft. Belvoir, Va. 22060

Commandant

U.S. Army Command and General
Staff College

Ft. Leavenworth, Kansas 62270

Attn: Secretary

Dr. H. Robl, Deputy Chief Scientist
U.S. Army Research Office (Durham)
Box CM, Duke Station

Durham, N.C. 27706

Commanding Officer

U.S. Army Research Office (Durham)
Box CM, Duke Station

Durham, N.C. 27706

Attn: CRD-AA-IP (Richard 0. Ulsh)

Librarian
U.S. Military Academy
West Point, New York 10996

The Walter Reed Institute of Research
Walter Reed Medical Center
Wash. D.C. 20012

CO,U.S. Army Electronics R & D Activity
White Sands Missile Range, N.M. 88002

CO, U.S. Army Engrg R & D Lab
Ft. Belvoir, Va. 22060
Attn: STINFO Branch

Dr. S. Benedict Levin, Director
Institute for Exploratory Research
U.S. Army Electronics Command

Ft. Monmouth, N.J. OT7703

Director
Institute for Exploratory Research
U.S. Army Electronics Command
Ft. Monmouth, N.J. O7703
Attn: Mr. Robert O. Parker
Executive Secy.
JSTAC( AMSEL-XL-D)
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Commanding General Naval Ordnance Systems Command

U.S. Army Electronics Command ORD 32

Ft. Monmouth, N.J. 07703 Washington, D.C. 20360 (2 cys)
Attn: AMSEL-SC

RD-D Naval Air Systems Command
RD-G ATR 03
RD-GF Washington, D.C. 20360 (2 cys)
RD-MAT
XL-D CO, ONR Branch Office
XL-E Box 39, Navy No. 100 F.P.O.
XL-C New York, N.Y. 09510 (2 cys)
L ONR Branch Office
HL-CT-R 1076 Mission St.
HL-GT-P San Francisco, Calif. .9h193 (2 cys)
HL-CT-1L Attn: Deputy Chief Scientist
HL-CT-0 CO, ONR Branch Office
HL-CT-1 219 So. Dearborn St.
HL-CT-A Chicago, Illinois 60604
NL-D
NL-A CO, ONR Branch Office
NL-P 1030 E. Green St.
NL-R Pasadena, Calif. 91101
NL-S
KL-D CO, ONR Branch Office
KL-E 207 W. 2L4th St.
KL-S New York, N.Y. 10011
KL-T
KL-SM (Dr. L. Wandinger) CO, ONR Branch Office
VL-D 495 Summer St.
WL-D Boston, Mass. 02210
NOTE: 1l cy to each symbol listed

Director, Naval Res. Laboratory
Tech. Info. Officer

Washington, D.C.

Attn: Code 2000 (8 cys)

individually addressed

DEPARTMENT OF THE NAVY

Chief of Naval Research
Washington, D.C. 20360 (3 cys)
Attn: Code 427

Commander
Naval Air Dev. and Material Center
Johnsville, Pa. 18974

Naval Electronics Systems Command
ELEX 03
Falls Church, Va. 22046 (2 eys)

Librarian, USNEL
San Diego, Calif. 95152 (2 cys)

Commanding Officer and Director

Haval Sulp Bystews: fomognd U.S. Naval Underwater Sound Lab

SHIP 031
Washington, D.C. 20360

Librarian
U.S. Navy Post Graduate School
Monterey, Calif. 93940

Naval Ship Systems Command
SHIP 035
Washington, D.C. 20360
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Commander
U.S. Naval Air Missile Test Center
Pt. Mugu, Calif. 93041

Director
U.S. Naval Observatory
Wash. D.C. 20390

Chief of Naval Operations
OP-07
Washington, D.C. 20360 (2 cys)

Director, U.S. Naval Security Group
3801 Nebraska Ave.

Washington, D.C. 20390

Attn: G43

€O, NOL
White Oak, Md. 21502 (5 cys)

CO, NOL
Corona, Calif. 91720

CO, Naval Ordnance Test Station
China Lake, Calif. 93555

CO, Naval Avionics Facility
Indianapolis, Ind. 46206

CO, Naval Training Device Center
Orlando, Fla. 32813

U.S. Naval Weapons Lab
Dahlgren, Va. 22448

Weapons Systems Test Div.
Naval Air Test Center
Patuxtent River, Md. 20670
Attn: Library

Head, Technical Division

U.S. Naval Counter Intelligence
Support Center

Fairmont Bldg.

4420 N. Fairfax Dr.

Arlington, Va. 22203

OTHER GOVERNMENT AGENCIES

Mr. Charles F. Yost

Special Asst. to the Director of Res.

NASA
Washington, D.C. 20546

Dr. H. Harrison, Code RRE
Chief, Electrophysics Br.
NASA

Washington, D.C. 20546

Goddard Space Flight Center - NASA
Greenbelt, Md. 20771
Attn: Library, Doc. Sec. Code 252

NASA Lewis Research Center
21000 Brookpart Rd
Cleveland, Ohio 44135
Attn: Library

National Science Foundation

1800 G Street, N.W.

Wash. D.C. 20550

Attn: Dr. John R. Lehmann
Div. of Engrg.

U.S. Atomic Energy Commission
Div. of Tech. Info. Ext.

P.0. Box 62

Oak Ridge, Tenn. 37831

Los Alamos Scientific Lab
P.0. Box 1663

Los Alamos, N.M. 87544
Attn: Reports Library

NASA Scientific and Tech. Info.
Facility

P.0. Box 338

College Park, Md. 20740

Attn: Acq. Br. (S/AK/DL) (2 cys)

Commandant (E-2)

U.S. Coast Guard Headquarters
Washington, D.C. 20226

Attn: Library, Sta. 5-2

NASA

Electronics Research Center
AT/Library

575 Technology Sq.
Cambridge, Mass. 02139

Federal Aviation Agency
Info. Retrieval Br., HQ-630
800 Independence Ave., S.W.
Washington, D.C. 20553
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