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PREFACE

This report summarizes research done on sensitivity considerations in
photodetector systems. It addresses itself to questions concerning signal-
to-noise ratios in photodetectors and amplifiers and optimum sample optical
densities. It does not address the topic of optimal signal filtration as
a way of increasing sensitivity.

A11 of the results described here have been discussed in a series of
six two-hour group seminars presented during the winter 1578 school quarter.
Some of the topics addressed in the report are the result of questiecns raised
during these seminars. In addition, there was a seminar on the physics of
PIN photodiodes, and a workshop held on the fundamentals of operational
amplifier circuits.

The outcome of this research has helped with the design and implementa-
tion of a new photodetector system for monitoring the optical signature of
light-induced kinetic changes of interest in the microsecond to millisecond
time regime. This system has improved the signal-to-noise ratio of the data
collected considerably over that obtained with the previous system. The
research has also led to an understanding of the optimal optical density to

use in the kinetic experiments.
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0. INTRODUCTION

This report examines the sources of noise in photodetection systems and the
optimization of signal to noise ratios (S/N)1 for various experimental configurations.
Photodetector systems are typically employed in our laboratory for the measure-
ment of transient optical changes in biochemical systems. We focus on photode-
tectors sensitive in the visible and near IR optical regions.

A photodetection system can be represented schematically as shown in

Figure 0.1.
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The detector and the amplifier will individually generate noise and there may

be cooperative effects. The photodetector can be either a photomultiplier tube
or a PIN photodiode. Other types of semiconductor photodetectors exist (such as
PN photodiodes, CdS photocells), but are generally not of interest for our
laboratory due to poor linearity, optical bandwidth and/or transient response
time.

There are three topics I will discuss concerning photodetector noise. The
first is the question of the minimum detectable 1ight level due to intrinsic
detector noise in the dark. The second concerns the noise levels at light in-
tensities well above the level of minimum detectability and the Timiting signal-
to-noise ratios S/N in this case. The last concerns the S/N for the case of
measuring small changes in light levels over a large background level. In this

regard, I also discuss the problem of optimizing the samples' optical density

1T will express the S/N ratio as the ratio of 1ight-induced signal currents to
noise currents, rather than the usual ratio of powers. This is because one

typically measures currents, not powers, in spectroscopic experiments.



for the best S/N. I also discuss noise in operational amplifiers pertinent to
their use as current to voltage converters and their interation with different
detectors. Finally, I will make conclusing remarks on the merit of different
photodetector systems, and give some practical examples.

I. Minimum Optical Detectability

Photomultiplier Tubes.

When a photomultiplier tube is biased by a high voltage supply to its opera-
ting point, there will always be a small anode current in the dark due to thermeonic
emission at the cathode and dynodes. This dark current, IAD’ causes a shot noise

given by

In = ‘\/ZeIADG Av (1.7)

where e is the electronic charge, G is the current amplification of the photo-
multiplier tube, and Av is the bandwidth in Hertz. The standard definition of
minimum detectability specifies a light generated current equal to the shot noise
current. This corresponds to a S/N of 1//2. The optical power required to gen-
erate this current is commonly called the noise effective power (NEP), or the

equivalent noise input (ENI). This value, in units of W//Hz, is given by?

A/ 2elpnG av 2el,n Av
NEP = AD = _AD " (1.2)

1
R (A6 I 46Y) G

20ne expects that the NEP should be independent of gain. Since photodetection
takes place at the cathode, it is actually more fundamental to talk of an effec-

tive cathode dark current, ICD’ where IAD = GICD . One then finds that

2el . Av
NP = L LD
R(2)
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where R (1) is the cathode responsivity? in units of A/W. @R(:) is wavelength
dependent in a way that makes the NEP relatively constant over some range of
wavelengths and fall off very rapidly outside this range. Fig. 1.1 illustrates

QR (») versus a for various photomultiplier tubes.
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Figure 1.1

Typical values for phototubes sensitive at 865 nm (such as the Hamamatsu 955,
636, or 666, or RCA 81034) give NEP's around .8 - 1.2 x 107!° W//HZ' at room
temperature. These devices have active areas of ~ 1 cm2. For example, when
monitoring at 865 nm, this corresponds to ~ 4500 photons/sec into a 1-Hz band-
width. The most sensitive phototubes available are the Varian VPM 167 series,
which have NEP's as Tow as 1 x 1078 W/vHz' at 865 nm and room temperature. These

detectors, however, are extremely costly, $3,000-$6,000, compared with a few

3The cathode responsivity, B (1), is directly related to the cathode quantum
efficiency, Q.E. by

R() = Ai%gzgml x Q.E.

1240 nm is the wavelength at which photons have an energy of 1 eV.



hundred dollars for the previously mentioned photomultiplier tubes. It is very
important to note that the anode dark current in all photomultiplier tubes falls

off exponentially with inverse temPerature until it reaches some minimum valve,

generally a factor of 107°-10"7 below the room temperature valve.**° Thus, one
can gain a factor of ~ 1073 in the NEP by cooling the photomultiplier tube, giv-
ing NEP's as Tow as 1 x 107%! W/vHZ at 865 nm for the Varian photomultiplier

tubes (~ 1 photon/5 minutes in 1 Hz B.W.).

Photodiodes
A photodiode, unbiased and in the dark, exhibits thermal noise due to the
finite resistance of the depletion layer. This noise current, IN’ sometimes

called the junction leakage current, is given by

4KT av (1.3)

where Rp(o)‘is the dynamic resistance of the diode at zero bias. This relation
was confirmed experimentally for the United Detector Technology (UDT) models
6D and 10D photodiodes. For PIN photodiodes, Rp(O) scales with the size of the

photodiode active area, being ~ 15Ma/cm  for the popular UDT "D" series.

“This decrease is due to the drop in thermeonic emission from the cathode. The
thermeonic current is proportional to T2exp{—Ew F /kT} where Ew F is the work
function of the photocathode, typically 1.0 - 1.2 eV for photomultiplier tubes

sensitive in the near I.R. The NEP is thus proportional to exp{-Ew F /2KkT}.

>The Teveling off of the anode dark current as T + 0 may be due to electronic

emission induced by background radiation. However, this effect was not carefully

researched by the author.



The NEP is expressed as:
4KT av
R _(0)

NEP = ——ﬁ-ﬂ- (1.4)

where R (1) is the responsitivity in Amps current/Watts light at zero bias. For
a detector with a 1-cm® active area, a typical value of NEP is 107!2 W/VHZ. The
UDT 20 detectors, with .004 cm? active area, have the lowest available NEP's at
6 x 107%° W/vHZ. The NEP is a strong function of temperature through the tem-
perature dependence of Rp(O). Rp(O) is dominated by the P-I and I-N junction
resistance, which is proportional to exp{Eg/kT}, where Eg is the gap energy.
This relation was tested experimentally for the UDT 10D photodiode. The results
are shown in Figure 1.2, which plots Rp(O) vs. 1/T. Note that the slope of the

line predicts Eg = 1.2 eV, close to the known value of 1.1 eV for silicon. Thus,

the NEP is proportional to exp(—Eg/ZkT), a temperature dependence very similar

to that for the NEP in photomultiplier tubes, since Ew P2 Eg'
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The responsivity of the photodiode is expected to increase at 0.1% per volt
reverse bias.® However, we also increase the total noise due to the addition

of a reverse bYas current shot noise. For this case,7 the NEP becomes

4KT Av o
2el, Av
RO T B
NEP(bias # 0) = &“ T (1.5)
**bias

where IB is the bias current.8 For the UDT 6D diode, I measured an ~ 2.5%

increase in the responsivity with a 22V reverse bias (ID = 23 mA). However,

®From the "Silicon Photodetector Design Manual," UDT Company

"The noise in a diode is due to carrier fluctuations through the depletion layer.

The total current through this layer is given by the Schottky equation,

I = IS(EEV/kT _ ]),

where IS is the reverse bias saturation current, and V is the bias potential.
The first term in this expression is due to minority carriers, the second
majority carriers. Each component is statistically independent of the other
and will yield full shot noise. Thus:

I eV/kT

N 2e Ise + 2e IS

]

2e (IS + IB) + 2e IS

N 4kT
= Tixﬁy' + 2e IB

p

dI

where 1/Rp(0) = AV and IB is the applied bias current. Note that this

V=0
result gives the thermodynamic noise at zero bias. This type of derivation is

similar to one used by Aldert Van Der Ziel in "Proceedings of the IEEE," Vol. 58
No. 8, 1970.

81 ! EI .

>2>

B < IS under reverse bias conditions. Equality holds when gvbias' e



the shot noise is now ~ 7 times the thermal noise, so the NEP has actually
increased by a factor of ~ 2.5. Similar results were found with the UDT 10D
diode. Note also that below ~ 103 Hz, there can be "1/f" noise present due to
the bias current, raising the NEP even more at low frequencies. Such excess
noise was found for the UDT 6D and 10D diodes.® Thus, the lowest NEP for PIN

photodiodes is achieved when the photodiode is operated in the unbiased mode.

Concluding Remarks

In terms of absolute sensitivity, phototubes are clearly preferable.
At room temperature, the typical phototubes are about 3 orders of magnitude
more sensitive than the photodiodes for equal photosensitive areas. This difference
is 2-3 orders of magnitude greater for the better phototubes. Both photodiodes
and photomultiplier tubes show roughly the same improvement of the NEP with
lowered temperature. Photodiode NEP can be improved by using devices with
smaller active areas, there being an ~ 2% order of magnitude improvement in
going from a 1 cm? device to a .004 cm® device. Practical considerations will
dictate whether the 1ight source of interest can be focused down to such a

small area.

If one is trying to detect light signals where the low NEP photodiodes

are adequately sensitive, practical considerations will dictate the choice of
photodiode or photomultiplier tube. The differences in active area is one con-
sideration. In terms of total volume, photodiodes are small compared to photo-
multiplier tubes, as are all semiconductor devices compared to their vacuum tube
antecedents. Photomultiplier tubes require external power supplies capable of
supplying 1,000-2,000 volts D.C. and may require external resistance networks
for biasing the dynode stages. This adds to the cost and complexity of their

use. Photodiodes are about a factor of 10 less in cost than photomultiplier

Mhis point will be discussed in detail in part II.
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tubes (typically $10-$50) and, for Tow-Tight detection, require no bias supply.
Photomultiplier tubes have a built-in current gain typically in the range of
10“-106, while photodiodes supply no such gain and thus must be coupled to
sensitive preamplifiers. As discussed in Section V, this coupling may lead to

decreased S/N.

II. Photodetector S/N When Detecting Above the NEP Limit.

Photomultiplier Tubes.

Photomultiplier tubes will exhibit full shot noise when generating a light-

induced current. The total shot noise is

Iy = V(zeGIAD + 2661, ) AV (2.1)

where IAL is the light-induced anode current with

IAL = P R()) G

where P is the optical power in Watts. The light-induced shot noise contribution
is just a manifestation of photon statistics. At powers greater than the NEP,
IAL >> IAD and the S/N ratio can be approximated as:

I

- ‘VZEGIAL Av

" PR (1))
® Ve (2.2)

Note that the S/N is independent of the current amplification gain, as it must
be, and that it scales as the square root of the cathode responsitivity or quan-
tum efficiency.

The forgoing analysis assumed that there are no additional noise contri-

butions from the photomultiplier tube dynode structure. Thus, Eq. (2.2) strictly
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applies to the S/N at the photomultiplier tube cathode. Because of the finite
gain of each dynode stage, fluctuations are added to the electron current as it
is amplified. To calculate this effect, we note that if n electrons are inci-
dent on a dynode stage with gain g, the number of emitted electrons is gn + v/gn.
The next dynode stage, also with gain g, will emit g%n = g /gn' * /65n + g@ﬁq1

or g2n + /fagn;—EESBj. After K dynode stages, each of gain g (this assumes a

uniform dynode chain), there will be

1 -K
gKn + /(QZK + ...+ gK)n or gKn + gK d EégT—-n electrons.

The random term is commonly called the partition noise. Thus, the signal-to-

noise is degraded by a factor «/_ﬂ:%i.. g is typically between 4 and 7 and if

a few dynode stages are employed we can drop the g'K term. Thus

s g-1 , [P&R(x)"
ﬁ'PMT gV 2eny ' (2.3)

Anode

For example, for g = 5, the S/N decreases by 11% between the cathode and the
anode. The form of the partition noise shows that, in cases where the overall
gain of a photomultiplier tube is to be lowered, it is best to reduce the number
of dynode stages employed, keeping the gain per stage constant, rather than
reduce the gain at each stage.

Another source of noise is due to fluctuations in the photomultiplier high
voltage supply, which will cause fluctuations in the photomultiplier tube cur-
rent gain and hence the output current. The light-induced anode current is

related to the light-induced cathode current, ICL’ by

- n

Ipp = 6Glg = 9 Ig

where n is the number of dynode stages. g is related to the dynode voltage v
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[where v = V/(n+1), V the voltage drop across the entire tube] by
g = ka

where k is a constant and 8 is determined by the material and structure of the

dynode and usually has a value of 0.7 ~ 0.8.10 Thus

I,, = kvP"1

AL CL

and

81
AL 5V _ 5V
— 8n v gn v (2.4)

IaL

where ¢ represents a variation. This constitutes an effective noise current of

I = gn 1

sV
n ALY (2.5)

6V will contain components due to 60 Hz ripple (typical &V = .3 - 3 x 10”2 V)
fluctuation is line voltages (typical sV =1 - 2 x 10> V times percent change
in Tine voltage =2 107" times change in line voltage), long term drift (typical
6V = 10" V 2 100 mV over 8 hours), temperature variations (sV =5 x 10°° V/°c
~ 50 mV/°C) and poor or loose connections. Note that this noise is fairly
colored. To estimate the stability one needs in a high voltage power supply,
In in Eq. (2.5) should be compared with the shot noise from the photomultiplier
tube under typical experimental conditions.

Intrinsic "1/f" noise is not considered a problem in properly used photo-

1 This topic was not investigated experimentally, except for

multiplier tubes.®
a qualitative measurement of excess noise in the Hammamatsu R955 photomultiplier

tubes. At frequencies down to 1 Hz, no excess noise was noted.

10Hammamatsu Photomultiplier Tube Catalog, page 5, February 1979.

1Conversation with RCA technical service department.
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Other noise sources associated with but not intrinsic to photomultiplier
tubes are microphonic noise and noise, possibly 1/f, due to loose, dirty, or
damp connections in the photomultiplier bias circuit. Leakage currents due to
dampness or poor photomultiplier tube base construction can be a particular
problem. Some photomultiplier tubes, such as the Varian VPM-164 series, have

built-in bias circuits and vacuum sealed.

Photodiodes
A photodiode will exhibit, at the minimum, full shot noise due to the

Tight-induced current. When operated in the unbiased mode, the S/N is

I
- L , (2.6)

V[% e |
P

where IL =R ()P. R(r) is the diode responsitivity. At light levels greater

=Zjn

than the NEP, this becomes

- PR(1)

2epv

S

N = (2.7)
P>>NEP

which is identical with the case for the S/N at the photomultiplier tube cathode.
Typical ®.(2)'s for photodiodes are 4 to 7 times larger than those for photo-
multiplier tubes over their sensitive regions, so we expect, on the basis of
shot noise, a gain in S/N.

A1l semiconductor devices are believed to possess excess noise that varies
roughly as 1/f. For silicon photodetectors, excess noise currents, IEX’ of the

form

1.2
2 _ L .
IEX ;;— with vy near 1
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have been reported.!? To confirm and quantify this excess noise in three avail-
able photodiodes, as a function of light intensity and frequency. The experimental

setup for this experiment is shown in Figure 2.1.
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Figure 2.1

The measured noise consists of both diode noise and amplifier noise.
Section IV covers the topic of noise in operational amplifier circuits in

detail. The amplifier output consists of a Tight-induced voltage

Vo= 1, I = Z ’R() P (2.8)

12yan Der Zijel.
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and a noise voltage

— e — S e —— ey

kT, _4kT

2 .2
Rf Rp(o) + 2eIL> Av + !Zfl IEX

n (2.9)

e+ |Zf|2(/1n +

Z

where e, is the op-amp voltage noise per /HZ) i~ 1is the op-amp current noise
per vHZ, Zf is the op-amp feedback impedance and Zd the diode impedance. The

photodiode is modeled as in Figure 2.2.

/J d
o OO D e @t

— TAY
I, ety | Lex \/‘%

Figure 2.2

Rs’ the diode series resistance is always orders of magnitude smaller than RP
and can be neglected. Then

;. e

d 1+ 9w RPCP

For purposes of calculation we include cable capacity between the photodiode and
the amplifier in Cp. The amplifier noise parameters were determined separately,
as described in Section IV. Noise measurements were made with two different
sets of equipment. For measurements on the UDT 10D photodiode, the signal was
fed into a PAR HR-8 lock-in detector, employing a PAR Type D low noise preampli-

fier. The lock-in detector time constant was set to 100 msec and the input
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bandpass filters set to 6 db/octave, providing a bandwidth of ~ 1 Hz. The
output from the lock-in detector was fed into a true RMS voltmeter of local
design, employing an Analog Device 440K True RMS to DC converter. The true
RMS voltmeter output was averaged for 200 seconds. The system was calibrated
by measuring the Johnson noise from a 1 Mo carbon film resistor. The system
baseline was found by shortening the input to the lock-in detector preamplifier.
Measurements on the HP 5082-4203 and UDT 6D photodiodes employed a General Radio
Corporation model 1900 Wave Analyzer with a PAR model 113 preamplifier. The PAR
was used in the AC-coupled mode with a bandwidth of .03 Hz to 300 KHz. The wave
analyzer was set to a 10 Hz bandwidth and a 10V input saturation level. This
system was also calibrated against the Johnson noise of a 1 Mo resistor. The
output of the wave analyzer was averaged for 200 seconds.

In 211 cases the photodicdes were illuminated with monochromatic 1light at
865 nim.

The excess noise was calculated by inverting Eq. (2.8) to solve for IEX'
T will give the results for the three photodiodes tested separately and compare

the measurements at the end.

HP 5092-4203 Photodiode

This photodiode has an active area of 2 X 107% em?, a maximum responsivity
G{r = 770 nm) = .5A/W and aG{r = 665) = .3 A/M. The measured Rp(O) is 9 Go
-1y

giving a caleulated NEP of 4 x 107°° W/VHZ' versus a specified NEP of 5 x 10

W/vHz.  The unbiased junction capacitance is ~ 3 pF.
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Figures 2.3 and 2.4 are plots of excess photodiode noise current (IEX)
versus 1ight induced current (IL) at 100 Hz and 300 Hz, respectively. The
circles are data points and the x's show the shot noise level at various light
intensities <Tor comparison purposes. At both frequencies we find that IEX varies
linearly witr IL. Figures 2.5 and 2.6 are plots of IEX versus frequency at
optical powe~s of 2.5 x 10'7 Wand 8 x 107/ W, respectively. In both cases,
IEX falls of ™ es 1/1’1_2 between ~ 100 and 1000 Hz, and flattens off below ~ 100 Hz.
Importantly, {EX falls to the shot noise level at ~ 1000 Hz for both optical powers.
The dotted 1<res in Figures 2.5 and 2.6 represent noise data taken as a continuous
function of “requency with the Federal Scientific 10A Spectrum Analyzer. The
magnitudes dc not scale due to a systematic error, but the overall shape of the

curve agrees with the previous data, and thus the curves are presented for illus-

trative purpcsses.
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UDT 6D Photodiode

This photodiode has an active area of .203 cm? and maximum responsivity
R(x = 850 nm) = .4 A/W. The measured Rp(O) is 90 M, giving a calculated NEP
of 4 x 1073 W//AZ versus a specified NEP of 8 x 10713 W//HZ. The unbiased
Junction capacitance is ~ 120 pF. The UDT 6D photodiodes received from the
manufacturer exhibited a drifting bias current, and this may reflect itself
in the ﬁoise properties of these diodes.

Figure 2.7 is a plot of IEX vVersus IL at a frequency of 100 Hz. As before,
note that IEX is linearly proportional to IEX’ Figures 2.8, 2.9, and 2.10 are
plots of IEX versus frequency for optical powers of 2.5 x 1077 W, 8 x 1077 W,
and 2 x 1078 W, respectively. The excess current noise rolls off as 1/1‘8'1 with

frequency and, unlike the case of the HP5082-4203 and UDT 10D photodiodes, does
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not flatten off at low frequencies. The excess current noise falls below the shot

noise level at ~ 400 Hz.
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UDT 10D Photodiode

This photodiode has an active area of 1.00 cm® and a maximum responsivity
®(r = 850 nm) = .4 A/W. The measured Rﬁ(O) is 15 Ma, giving a calculated NEP of
8 x 10713 W//HZ versus a specified value of 10~1% W//AZ. The unbiased junction
capacitance is ~ 650 pF.

Figures 2.11 and 2.12 are plots of IEX versus IL at 10 Hz and 100 Hz, res-
pectively. Again, we see that IEX is linearly proportional to IL. Measurements
of IEX versus IL were attempted at 1000 Hz. However, the excess noise level was

too small to determine with any accuracy, except at IL =3 x 10 A



20

=41
104 R 2 £ o s it e . e e S RAN 10 e e ==
= e e e e ey D Eilev i feezitacy =
goe T CERC TR S 0 2 I O R R T IEEMY R s T M R e - -
i : DT, ED phatecticde S VDT 6Dl pheto oliodz :
- - B . o -, 2t Paye MY el iy -t &
i Ty 3y A (rFe ) Tl B A T T A ‘
BT AR, R -
= . P siiganidk B s B 1 L : S B g
: }-£4 _T._._A.?.v% eped -1 EREN N BN I R I e N
M ] REE
1= R

: [ . b
- o f————] 13\, ..

to*

fle,uazy[y,) frr,w-r/ (He)

Figure 2.9 Figure 2.10

(P =8 x 10~ W), where I found Ipy ® 3 x 107 A ina 1 Hz bandwidth. Figure
2.13 is a plot of IEX versus frequency for an optical power of 8 x 1077 W

(IL =3x107 A). Though there are only three data points, we again see a
leveling off of IEX at low frequencies and a fall to the shot noise level at

1 KHz. The Tow frequency leveling off of the noise was confirmed qualitatively
using the Federal Scientific UQ-10 Spectrum Analyzer.

We see that for the photodiodes tested, the excess noise is given by
2 2
I = 1 a(f) (2.10)

where the function «(f) monotonically decreases with frequency in a nonsimple
way. Above ~ 1000 Hz, the excess noise is below the shot noise level, allowing

us to neglect it for photodetector systems designed to operate above this fre-
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quency. Note that the excess noise increases as the diode surface area decreases.
The form of Eq. (2.10) shows that in the limit of high optical power, IN = Jo(f) IL

and
S/N ~ ——— = constant.

Concluding Remarks

In comparing photomultiplier tubes and photodiodes, we have to weigh two
competing factors. The responsivities of photodiodes are in general greater
than those fo;.photomu]tip]ier tubes. Since S/N ~ YR(1), this fact favors
photodiodes. Photodiodes, however, suffer from excess noise at frequencies
below ~ 1000 Hz, while photomultiplier tubes are free from this problem. The
exact choice of device will depend on the frequency range and light intensity
of interest and the weighing of these two factors. As a possible aid in cir-
cumventing the problem of excess low frequency diode noise when measuring a
slowly varying signal (< 100 Hz), one could employ phase-sensitive detection.
For example, the Tight beam eventually reaching the photodetector is chopped
at 1000 Hz, and the output of the photodetector is passed through a lock-in
amplifier set at the ﬁame frequency. The signal is now centered around 1000 Hz,
away from the excess noise at the diode. This method, well known and commonly
employed in scanning spectrophotometers, also diminished noise problems from

microphonics, 60 Hz pick up, etc.



23

ITI. Photodetector S/N When Detecting Changes in Optical Signals and The

Question of Optimal Sample Absorbance.

For many spectroscopic studies, we are interested in measuring a change

in optical power, &P, over the background valve P, rather than an absolute

power. In particular, this is the case for time resolved flash photolysis

experiments. When the change in optical power, §P, reaching the detector is

due to a change in absorbance, 8A, of a sample, it is useful to express the S/N

of the detector in terms of Po’ the optical power incident on the sample, A

the initial optical density of the sample, and &A.

variables is illustrated in Figure 3.1.

0’

The relation among these

Incident light Sample Detector
Initial PO P
system PR D ;
Ao
After change P0 P+ &P - I, + GIL
in sample
absorbance TN : ~ e b
(i.e., due to
actinic flash)
Ao - 8A Figure 3.1
The exact relations between Po’ Ao’ A, P, and &P are
-2.3 A
- )
P = P0 e
SP e-2.3 SA _ 1 (3.1)

The factor 2.3 is the usual conversion from base 10 to base e.

rent, GIL, coming from the detector is

The signal cur-
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i

81, R.sP

-2.3 Ao

"= R, e (e*3 8A ) . (3.2)

The noise in the photodetector system can be expressed most generally as
the incoherent sum of three terms. The first,ISH,is the photodetector shot

noise expressed as

—t
f

L
su = 421+ e1) v

-2.3(A -sA) '
" x/ée GlPo e Ao AV . (3.3)

The second represents the excess low frequency express current noise found

in photodiodes, IEX’ which is proportional to IL and falls off monotonically

with increasing frequency. For our considerations, we write this noise as:

IEX a(f) IL

-2.3(A_-5A
a QP e (g-eA) . (3.4)

i

The third term, IIN’ is the incoherent sum of all noise sources independent
of the signal. This includes the dark noise of the detector and noise intro-
duced into the detection process by amplifiers. Thus, the total noise current,

IN’ is expressed as:

}
-2.3(A_-3A) -2.3(A_-8A) 2
Iy =+/2e RP e ° wt (e@p)? Q ) wap?. (3.5)

Distinctly colored noise, such as power line (60 Hz) pick up or microphonics



is not considered, though it could easily be incorporated into Eq. (3.5) and

would affect the 6S/N only in a specific time region. The §S/N is:

ss oI
N~ IN
i -2.3A_ 7/
®p_ . 0 (2.3 6A _ )
v = \Zem B

-

_ » _ 1
-2.3(A-5hA) <aapo>2 <—2.3(A0-6A)>2 ,

+ \ - e + (I../1.. )

\/e Tsh, IN'"SH

where ISH 2= 2 OlP0 Av, the shot noise current when P = P0 (i.e., A = 0).
0

Optimal Sample Absorbance

In flash photolysis experiments, the optical density of the sample de-

creases in response to an actinic flash.

Clearly this decrease, A, can be

no larger than Ao' In general, we can write sA = )NAO, where ) is a time

Aa‘

(- v)do - - --

Mﬂnrfarmg Wl'(/’:y'//t

CB vy N

Figure 3.2a

Figure 3.2b
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dependent constant and V) < 1.'% This relation is illustrated in Figures 3.2a and

3.2b.

We can now find the value of Ao’ as a function of )0, that maximizes the

8S/N. After some work we find the optimal Ao is given by solving the equation:

2.3V A 2.3 A, [ -2.3
(1411)-(1-) e D r2llg/lg ) e O [e T “'m]

uﬁPo -2.3(1-W) Ao
+ 2 I V) e =0 . (3.7)
SHo

This equation has no closed solution for A0 in terms of arbitrary ), «, and
(IEX/ISHO)’ but the 1imiting cases of one of Iy, Igys Ipy dominating the current

noise give closed solutions and are of particular interest.

CASE 1. I I

=~ 0.

EX’ "IN

This is the case of shot noise lTimited noise, particularly relevant when

photomultiplier tubes are used. We find the optimal A0 to be given by

+0

A = ._]__ ]oglo m

o ) (3.8)

Figure 3.3 is a plot of the optimal Ao vs. V) . It is useful to note that in the
1imit of small changes (V) << 1), the optimal A0 is given by

2
A = 7303 * o)

0.868 ...

13For example, if the optical density exponentially recovers in time,
W = IOO e't/T, where ), determines the amount of bleaching at t = 0 and 1 is

the recovery time constant.
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When the optimum sample Ao is chosen, the &5/N becomes:

§§— i ’wo 2)/] (]_m)]-y] ]/2)’)
N 2eAv (-H_y])]'l'y)

Ao=opt1mum Ao

x4

(3.9)

This is plotted as a function of ) in Figure 3.4. The following limiting cases

are of interest:

55 ®ep

-N_ w=~l . ZEA\)
A0=0pt1ma1 A0(=w)

6 _ QP "
N m <<] ZEA\)
A0=0ptima1 A0(=.868)
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The sensitivity of the 8S/N to A0 is of interest, as it tells us how far
away from the optimal Ao we can work without substantial loss in §S/N. This
may be particularly important if only limited amounts of a sample can be obtained,
or, if the actinic 1light cannot adequately penetrate the sample, preventing com-
plete optical bleaching. .FigureiLS is a plot of §S/N vs. A  for various )).
We are clearly more sensitive to loss in &8S/N for Ao's below the dptima] Ao than

for those above.



29

.7 L A — T H = H ™ T T .

m—tem o= e o
P _—

Figure 3.5

RS T T g 1o e -
T - . .
: T e 1 . !
: A -~ ~
== ST TS ;
- Tt~ H i STt { -
. - "“. - - s\‘.:), 6.—..—.-.—:;
. L B B ~e
L : ~l i N~
T e e e : P H — >
R P A S : :
. it : IR 2L W ]
! H H H TN~ H : = Svem L [
- H $reeen o ? Neem Ll : B ~
H H : ~ s i )
= : RV
: : S
5o : ; 4
H : : H
rs 2 o~ Vs 2 .0 IS IA Ly X3 3 4 .0 2.2 2.4
L4

CASE 2., ISH’ Igy = 0.

This is the case where detection is limited by non-shot noise sources,

such as photodetector-dark current or amplifier noise.

Ao is given by:

A = l

1
Tog T °
loptimal V) 101-9

We find that the optimal

(3.10)

Figure 3.6 is a plot of the optimal A0 vs. V). In the limit of small absorbance

changes (W <<), the optimum A, is given by

x>
u

1/2.3 + 0(W))

" =0.434...
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When the optimum sample A0 is chosen, the &S/N becomes:

&P 1/
. =/__I ° [(]-V))]'V‘J a (3.11)
Ao=0pt1mum A0 EX

This is plotted as a function of 7)) in Figure 3.7. For the limiting cases of

W)=1 and Y)<<1, we have

85

s . [%%

N = Iin
A0=0pt1ma1 Ao(=w)

85 . %% 9

Nl <a I
Ao=0pt1ma1 A0(=.434)
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Figure 3.8 is a plot of &S/N vs. Ao for various )} in order to demonstrate

the sensitivity of 8S/N to nonoptimal Ao‘

Figure 3.8
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CASE 3, ISH, IIN = 0.

This case is applicable to photodetection with PIN photodiodes where the
total noise is limited by the low-frequency excess noise of the photodiode.
Because both the signal and the noise are proportional to P, the &6S/N depends
only on the change in sample absorbance, not the initial absorbance. Specifi-
cally,

- ] - o-2-3 6A

N a(f) . (3.12)

The optimum Ao is clearly independent of )) and given by A0 + o, Yo" can be
interpreted as A0 >> 1/2.3V). Unlike the previous two cases, this requires the
largest A, when V) is very small. For example, we need A, >> 20 for n=,

AO >> .5 for V) = .85 and A0 >> .4 for V)=1.

Figure 3.9is a plot of &S/N versus Ao for various ).

Figure 3.9
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Remarks on Photodetectors

The conclusions as whether to use a photomultiplier tube on a photodiode
are in part very similar to those reached in the previous section. If events
change slowly in time (< 100 Hz), we have to balance the increased responsivity
of the diode against its low-frequency excess noise characteristics. Again,
the use of phase sensitive detection may be of use in getting out of the low-
frequency region. It must be noted that optimal sample Ao's are much greater
for the excess noise limited case than the shot noise limited case. Practically,
this means that working in the shot noise 1limit requires less sample material.

At high speeds (> 1000 Hz), both photomultiplier tubes and photodiodes are
shot noise limited. On that basis, photodiodes should be preferable due to their
higher responsivity. We will see, however, in Section IV that this advantage
may be removed due to noise amplified by the photodiodes junction capacitance,
in the current-to-voltage amplifiers that must follow the photodiode. As will be
discussed in more detail later, it appears that photomultiplier tubes are more
practically suited for measuring time varying signals on a constant background.

As an illustration of calculating the &S/N in a flash photolysis experiment
employing a photomultiplier tube, Eq. (3.6) in the shot noise 1limit (IIN = Ipy = 0)
was applied to a laboratory situation. Including the partition noise prefactor,

we have, after rearrangement

P B R 519

-2.3 A0
where P = P0 e .

As a sample, we used reaction centers from Rhodopseudomonas sphaeroides R-26

with A0(805 nm) = 0.34 and 1% = .9. The monitoring beam was set at A = 865 nm
and Po = 22 nW. The photomultiplier tube was a Hammamatsu R955 with (R_= .0051 A/W
and G = 5. From Eq. (3.13) we calculate 8S/N = 12. Figure 3.10 shows the actual
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From the data we find

response on the system in response to an actinic flash.

8S/N 2212, The excellent agreement with theory should not be taken too seriously,

but the ability to predict 6S/N is well illustrated.
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IV Noise in Operational Amplifiers

Photomultipliers have built-in amplifiers, the dynode structure, and the
effect of the dynodes on the S/N has already been discussed. Still, for suf-
ficiently small anode currents, the external amplifier may affect the S/N.
Photodiodes must always be used with an external amplifier and in many important
cases the S/N of the photodiode photodetector system is limited by the amplifier.
As operational amplifiers are well suited for use in photodetector systems, we
will explore their noise characteristics in detail.

I will ﬁbde] the real operational amplifier (op-amp) as an ideal operational

e 14 o . . .
amplifier”” with voltage noise sources, S and current noise sources, 1,5 rep-

resented phenomenologically as input supplies. See Figure 4.1

r\\
~
~
| ~
™~
) ~
C Pt?\\\\\\\\\\\\
7; . T lenl > v
® ) ~
\&/mn ) N _L
En e =
P
~
7~ .
|~ . Figure 4.1

The voltage (current) noise source has units of Volts (Amps) per vHzZ.

14This assumes an infinite input impedance, Zi’ zero output impedance, Zo’ and
an infinite open loop gain, A(w), at all frequencies. In practical terms, the
first condition requires that Zi (typically 108 to 10'°q for some FET op-amps)
is much greater than the chosen feedback impedance. The second condition requires
that Z0 be much smaller than the impedance of the device following the op-amp,
or equivalently, that very little output current is drawn (typically <5 mA)..
The third condition demands that we work at a bandwidth below the op-amp unity

gain bandwidth, the frequency at which A(w) = 1 (as high as 70 MHz for some amplifiers).
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The values of in’ the op-amp current noise, and € the op-amp voltage

noise can easily be measured as a function of frequency.

specified by manufacturers.

They are also usually

To measure them, I connected feedback impedance,

Lg, with both variable feedback resistance, Rf, and capacitance, Cf, between

the (-) input terminal and the output terminal of the op-amp.

feedback impedance will contribute Johnston noise.

Note that the

The output of the op-amp

is connected to the noise measuring setup consisting of a lock-in detector

followed by a-true RMS voltmeter, described earlier.

setup, including noise sources, is shown in Figure 4.2.

ﬁ?@_’}av
©
R
AN/
. IC_F

Recorde~ .

Trve ImMES
Yoltmetle~

]

L

—_

PAR HR-Q.
Lock=1n-
D.Cf(efiér

PAR Pre -A'-P

Norse Me fer

l

The circuit for this

Figure 4.2

The output voltage, EN’ from the feedback op-amp is due purely to its noise

sources, and is given by:

2 f. 2
szt <In + R—f——/jl Av

—
4kT

(4.1)
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where ]Zfl = Rf/vﬁ + (me ijy‘,ls Av is the bandwidth, chosen as 1 Hz for

all measurements. Cf has a Tower limit of a few picofarads due to stray capaci-
tances in connecting leads, etc. For the op-amp mount used, the stray capacitance
was measured to be 6.7 pF. For Rf < 30 Ko, the op-amps tested tended to oscillate
at a few MHz, requiring larger (12-30 pF) Cf's. In general, it was best to choose
~e VA

Cf such that |Zf| = Rf. From Eq. (4.1) we see that for small R.. E

f> N
and that for large Rf, EN RﬁRfin /AV . Thus, a fit of experimental data of EN
versus Rf wi]] yield the values of e, and in. This is shown for the AD146C
op-amp at 100 Hz in Figure 4.3 The dots are measured data points and the dotted
line the fit to Eq. (4.1) with e = 110 nV//Az' and i, =42 fA//HZ. This measure-

ment procedure was undertaken at a number of points in the frequency range 10-10"

Hz for both the AD147C and AD528J amplifiers. Both of these are high input

15Expression (4.1), as well as future expressions giving the noise or S/N for a

system, contain w implicitly and must be properly evaluated for the bandwidth of

2

o over the

interest. Essentially, for a bandwidth Ay = V, - Vv, We integrate e

bandwidth to find the total noise voltage. To illustrate, we have

R

2799 -
foor Re2 1,2 + 4kT R d
E - ie 2 + n _(1)-
Nz ) j K 1+ (0 RoC)%2 | 2
input=e . il it
Total ™1

2n Rf Cf

For v; < v, << %anRf, this reduces to the simple case:

. . ' T
= 2 s 2 2
Ey |z %/(én +1.2 ReZ + 4KT R.) av
input=w
Total

In expressions where the noise voltage is a rather complicated or messy function

of w, such as 4.2, it is often easier to do the integration numerically.

Re2 i 2 + 8KT R, [ ) L 1
" = en2 Av + Ltan (21rv2Rfo)-tan (ZTT\JIRfo)J

-



TABLE 4.1

AD147C (FET) AD528J% (FET)
Z; = 1012 BW = 10 MHz z]. = 10129 BW = 10 MHz
Freguencx e'n 1-n €n 1.n
10 Hz 190 nV/vHz fA//Hz 180 nV//Hz 40 fA/vHz
30 []] ]30 L]} [1] - -
100 " 110 42 " 160 " 27 "
300 " 68 " " - -
1 KHz 40 " " 160 n 15 .
3 n 33 [1] " - _
10 " ~5 " " 160 " ~ 400 '

IManufacturer specifies € (.01 Hz to 1 Hz, p-p) = 3 uV

n
en (5 Hz to 50 KHz, r.m.s.) = 12 uV
i (.01 to 1 Hz, p-p) = 0.1 pA

Manufacturer specifies e (.1 Hz to 10 Hz, p-p) = 5V
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impedance, high speed (> 1 MHz) FET op-amps.
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Figure 4.3

The results are shown in Table 4.1.

The rise in noise levels near 10 Hz is probably due to "1/f" noise contributions.

The manufacturer's typical noise level ratings were incomplete for both amplifiers.

However, the measured values comply with the Timited data given.
listing of medium to high speed,

photodetector systems.

Table 4.2 is a
low noise op-amps possibly suitable for use in

It does not include information on phase variation versus

frequency, input offset currents and long-term offset current drift, which may

be of relevance.

input buffer to an op-amp to construct an extremely low noise amplifier.

pical designs give e, =

Further, it is possible to use a low noise dual JFET as an

Ty-

6 nV//Hz at 10 Hz and an integrated noise voltage of

190 nV and an integrated current noise of 62 fA over the range 1 Hz to 1 KHz. The

16"Designing Junction FET Input Op-Amps', Siliconix Incorporated, Application

Note AN74-3.
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unity gain - open loop bandwidth is limited to ~ 800 KHz by the JFET input capa-

citance.

Slow rates will be quite small (typically < 1 V/usec) making these

amplifiers suitable only for small signals.

Equation (4.1) also describes how the noise output varies with frequency

due to the feedback impedance.

Consider a bandwidth where e_ and in

n

mately constant (f > 10 Hz) and take Rf large for convenience.

are approxi-

At low frequency

the noise is current limited (i.e., EN tinin Vav'). As the frequency increases

towards 2

noise limited (i.e., Ey = e, /av' ) plateau.
AD147C op-

small,

m/ReCe

amp.

off for f > 21r/RfCf

~ 1-3 pF, stray input capacitance.
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the noise falls off as 1/w until the output reaches a voltage
This is shown in Figure 4.4 for the
The rise in measured noise at the highest frequency is due to a

Of course, the signal will also fall

Figure 4.4
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TABLE 4.2
AD507 | AD509 & P16
Z, = 10%; BN = 35 MHz' f Z1 1089, BW = 20 MHzl"Z = 10120; BU = 8 MHz

— SR . oo st L- i o s - e e oot e

i
Fr?ggincy e (nv//HZ) i (fA//HZ) e (nV//ﬁ?) i (fA//ﬁﬁ) e (nV//ﬁ27 i (fA//HZ)
100 - - - - - -

10! 100 - 100 - 50 -
102 30 - 30 - 20 _ 10
103 19 - 19 - 15 10
10t - - - - 15 -
105 12 - | 12 - - -
LF356 LF355 uA739
21 = 1029; = 4.5 MHz Z1 = 1012q; BW = 2.5 MHz Z 1059, BW = 1 MHz

— e PR s m e < mam e b e - e s

Fr?ggincy e (nV//ﬁﬂ) i (fA//Hﬂ) e (nV//ﬁE) 1n(fA//H?) . (nv//ﬁf) 1n(fA//ﬁ2)
100 - - - - - -

'I

10! 60 - 90 - 8 3200
102 15 10 25 10 6 ' 1300
103 12 10 25 10 5 630
10" 12 - 25 - | 5 320
10° 12 - 25 - 5 320
opPo7 AD52 AD515
L. = 1089' BW = 600 KHz Z ]0129, BW = 500 KHz Z 10159, BW = 350 KHz

Frﬁggi"Cy e (nv//"“) i (fA//"") en(nV//ﬁ?) i (fA/JﬁE) e (nV//ﬁ“) i (fA//AZ)

oo oo fa R ]
10! 10.3 320 25 2.5 75

102 10.0 140 20 3.5 55 100fA

103 9.6 120 13 6 50 10 Hz to 10 KHz
104 - - - - - ,

105 - - - - _—_ -

{

1These op-amps require external compensation to be used as current to voTtage con-
verters, and this will lower the effective BW to 10-12 MHz.
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I will now consider the effect of input jmpedance on the op-amps noise

output. The circuit for the case of a parallel R-C input impedance, corres-

ponding to an unbiased photodetector in the dark, is shown in Figure 4.5. The

op-amp noise output voltage becomes

B} R
Zgi? 2 / 4kT 4kT
= —_ 2 f3 2 LN LA
Ex /[1 t 3 e," * |Zf| \\1n + Re + Av (4.2)

R;

where -~

1+(wR C )2 +<—> T+ (wR C, Y{(wR Cf) } {( )w(R .C. Rfcf)z}
1+—-1

T+(wRcCr)?

Equation (4.2) shows that for finite input impedance, the input voltage

noise of the op-amp is amplified. The dependence of e_ on Ri is illustrated in

Figure 4.6 for the AD147C op-amp, where w, Ci’ and Cf were chosen to insure

@ /l“,—TA\?

- Ry
VY

Jie

x(i) . ji::::::>L o—>

Figure 4.5
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|1+ Zf/ZiI o [1 4 Rf/Ri]. Equation (4.2) also illustrates that for finite
input capacitance, the amplifier output noise will increase with frequency.

When using an op-amp with a photodetector the conditions meCf << 1 and Rf << Ri
usually hold. For this case, Eq. (4.2) simplifies to

C C\2
f 2 _f L

This illustrates the need to keep the detector capacitance small when working at

R

high frequencies. We will illustrate this point for photodiode detector systems

in the next section.
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It is worth examining the S/N of an op-amp for various common configurations
in the 1imit of negligible input source noise. This will improve our intuition
for S/N calculations and is useful for setting upper limits the S/N attainable

with op-amp containing circuits.

Case 1

Current to voltage converter:

Zf I

i Le1? 2 at . oaT\ |
2 2 s 2 Kt Jhi
[1 gl Gt |Z¢] (‘n YR YR, )] Av

where Ii is the 1input current. We see that the S/N increases as Z

S/N = (4.3)

<> oo,

f
For a common situation, Zi >> Zes the S/N increases roughly linear with Zf,

the conversion gain, from a voltage noise limited value of

Z.I, _
S/Nl ~ Tl I << e /i,
'Z1.>>Zf en/KF

to a current noise limited value of

I.
S/N ~ L I, >> e /i
Zi>>Zf in/Z;1 f n'n

which is independent of Zf. For this situation, it is clearly best to keep

Zf >> en/in if bandwidth considerations allow so.

Case 2
Inverting voltage amplifier

2./2.1 V.
S/N = 257551 Vi (4.4)

Lei2 o
e 240212 (5 2 + 5T, &T
[1 +Z_1.1 e 2+ |7 <1n +Rf +R1‘ JA\)
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where Vi is the  input voltage. We see that the S/N increases as Le+ = or

Z; > 0. In the 1imit of low-voltage gain, IZf/21| << 1, the S/N is voltage

noise limited to

In the high voltage gain, IZf/ZiI >> 1, the S/N increases until the limited

vy

2 4 1712 (5 2 4 4KT .
([ v G+ ) ] o

In this 1limit, the S/N is maximized

S/IN ~

which is independent of the voltage gain.

for Zi << en/1n.

Case 3
Noninverting voltage amplifier

[V + Z /.| V;
il . (4.5)

=

S/N = .
t,.,2 \
_f 2 41712 { 5 2 4 KT 4kT

Ha * Zi’ Gt szl <‘1n * Rf * Ri Av

M

In the Timit of unity voltage gain, |Zf/Zi| << 1, the S/N is:

Vi

~
S/IN & =

/ 4KkT
2 : 2 aJh7
‘l/,}nz + |Zf| \]n + Rf Av

In this 1imit, the S/N is maximized for Zf << en/in. In the limit of high

voltage gain, IZf/ZiI >> 1, the S/N is:
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V.
S/N L

. T\
/et il (i R

In this 1imit, the S/N is maximized for Zi << en/in. Note that in both limits

the S/N is independent of the voltage gain, and will in fact have the same

voltage noise limiting value of

S/N =
e VAv

n

.if Z.is Zf << en/in and Zi, Zf >> 4kT-

V. Photodetector System Design

We have discussed separately the noise and S/N of photomultiplier tubes,
photodiodes and operational amplifiers. The complete photodetector system
requires a photodetector followed by an amplifier. The noise of these two
devices will, at the minimum, add as the square rcot of the sum of the squares
while the finite impedance of the devices will lead to amplification of the
op-amp voltage noise, decreasing the overall S/N. The photodetector impedance

is essentially capacitive and will be discussed purely in that regard.

Photodetector Capacitance and Noise.

In Section IV we discussed the effect of finite input impedance on the
noise output of op-amps. From Eq. (4.2), we see that we have a noise contri-

bution to the op-amp output voltage, after reasonable simplification, given by

2 2 Cf 2 Cf 3 y 2
EN ~ T+ 1+ —C':l— (waCi) + : (waC.i) :, en Av .
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For the special but often useful case of Cf << Ci’ the total noise voltage is:
Ey & [(constant)? + (uRcC.e )21 av . (5.1)

This particular case is easy to test experimentally, as we expect the op-amp
noise voltage to increase linearly with frequency after a certain plateau region.
Such a test was done using a photodetector system consisting of a UDT 10-D photo-
diode and a AD147C op-amp in conjunction with a Federal Scientific UQ-10 Spectrum
Analyzer. Thé.results, plotted as noise voltage versus frequency, are shown in
Figure 5.1. Three different curves are present representing different values of
photodiode capacitance. The photodiode capacitance is adjustable by the appli-
cation of a reverse bias potential to the photodiode, a topic I will discuss
later. From the data, we can work backward using Eq. (5.1) and calculate the
values of Ci (the photodiode junction capacitance) for the different reverse bias
levels. The capacitance values (given in Figure 5.1) are slightly higher than
the typical values specified by the manufacturer. An attempt to measure the
capacitance of the photodiode directly with a grid dip meter met with failure.

However, the problems associated with photodetector capacitance are well illustrated.
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Photomultiplier Tube Systems

Because of their built-in current amplifiers, the noise current at the
photomultiplier tube cathode may be sufficiently greater than noise currents
associated with the op-amp following the tube. Thus in many practical cases,
the op-amp will not affect the S/N of the photodetector system. Additionally,
photomultiplier tube capacitance (anode to ground) is typically ~ 4 pF, so we
are usually free of increased noise due to finite input impedance. For measur-
ing absolute light levels, the S/N of a photodetector system using a photomulti-

plier tube is

-1 Iy 1
/N =‘\/g 1 f “AL
g

[ U, SR

Z
/\/Hl +——-l e, 2 4+ |Z |2 (ZeGIAL i 2 4 ﬁkT %ﬂ):’ Av (5.2)
f i

The term 2eGI, is the photomultiplier tube shot noise. When the term |Zf|2 2eGIy Av
dominates in the denominator, we say the system is shot noise, hence photon

statistics, limited. For flash photolysis experiments

Le olpy
2 ot skl
1+——-| e2+|Z |2 [ZeG(I 81y ) + i +—+—J Av
\/{ aLtelag Re 'R,
or

-2.3 A0 -2.3(]-10)A0

= 1 GRP e (e -1)
g i
7..2 , -2.3(1-MA \
f 2 2 2 0, .2, 4kT , 4kT
[]] + 'z'—‘l en + |Zf| (2@(; (RPO e + 1n + Rf + R] / Av
i
(5.3)

Of interest is the maximum §S/N, obtained when the system is shot noise limited and

) is optimized. Using Egs. (3.8) and (5.3), we find
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1-n 11720
/ 4/ (1-0)
2eAv0 2V LHM)H)))} (5.4)

Photocathode spectral response varies greatly for different photocathode sur-

W
max

faces, but there are many photomultipiier tubes with fairly flat response from
200 nm to 600 nm (variation is within a factor of ~ 2), peaking near 300 nm with
quantum efficiencies of ~ 25%, corresponding to responsivities of ~ 0.070 A/W.
There are a few photomultiplier tubes whose usable spectral response extends
into the near IR.

For illustration, I will examine the 8S/N in a photodetection system
measuring the monitoring beam in a flash photolysis experiment immediately after
the actinic flash. I will choose ) = 0.9 (the case for reaction centers),

A (monitoring) = 856 nm, P0 = 100 nW, and Av = 1 MHz. For these parameters,
the ideal photodetection system, i.e., one whose photomultiplier tube has a
Q.E. = 100% (R.(» = 865 nm), g >> 1 and is operating in the shot noise
limited regime with A0 (» = 865 nm) optimized (A0 = 1.4) gives a §S/N of 265.
I will now examine &8S/N for specific photomultiplier tubes.

The Hammamatsu R955 photomultiplier tube has a BR(x = 865 nm) = 0.0051 A/W,
nine dynode stages with g = 6.0 at v = 100 Volts and a maximum anode current of
107" A. With all nine dynodes operating the total gain, G, is 1.0 x 107, Im-
mediately after bleaching of the sample the power incident on the photomultiplier

tube is P = 100 n¥ x 10”(1--9)1-42

= 72 nW, corresponding to I = 3.7 x 10717 A
In order not to exceed the maximum allowable anode current, seven dynode stages

should be used with v = 100 Volts to give G = 2.8 x 10°. Then I,, = 1.0 x 107" A

AL
immediately after the actinic flash (IAL = 5.4 x 10”7 A before the flash and
61y = 1.0 x 107" A). A suitable amplifier to use for this bandwidth is the OP-16.17
Cf = 5pF from stray capacitance, Rf = 10" @ to insure maximum conversion gain

within the chosen bandwidth, Ci = 4pF for this tube, and Ri is essentially infinite.

Y7Manufactured by the Precision Monolithics Corporation.
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Using Eq. (5.3), integrating the noise over frequency, we find §S/N = 31. This
js the shot noise 1limited result as checked by comparing terms in the denominator
of Eq. (5.3).

The Hammamatsu R666S photomultiplier tube has a (R(x» = 865 nm) = 0.0167 A/W,
nine dynode stages with g = 4.7 at v = 100 Volts and a maximum anode current of

107°

A. With all nine dynodes operating, G = 1.2 x 108. Immediately after
bleaching of the sample, ICL = 1.2 x 10'9 A. In order not to exceed the maximum
allowable anode current, six dynode stages should be used with v = 94 Volts
(g = 4.50) to give G = 8.3 x 10°. Then Iy =1.0x 107> A immediately after the
actinic flash. Using the OP-16 amplifier, as in the previous example, Eq. (5.3)
predicts 6S/N = 54. Again, this is the shot noise limited value.

The RCA C31034 is the most sensitive photomultiplier tube available with
an essentially flat spectral response from 280 nm to 860 nm. It has a R(r» = 855 nm)
= .110 A/W, 11 dynode stages with g = 3.4 at v = 125 Volts and a maximum anode
current of 1077 A. It is recommended that the tube be used at reduced tempera-
tures. Clearly this photomultiplier tube is best suited for low-light (P < 10°° W)
detection. Immediately after bleaching of fhe sample, ICL =7.9x 1072 A. In
order not to exceed the maximum allowable anode current, two dynode stages should
be used with v = 135 Volts (g = 3.6) to give G = 13. Then I, = 1.0 x 1077 A
immediately after the actinic flash. In conjunction with the OP-16 amplifier,
Eq. (5.3) predicts 8S/N = 41. This is about three times lower than the shot
noise limited value of 6S/N = 132. Due to the small anode current, the photo-
detector system noise is now limited by Johnson noise in the op-amp feedback
resistor and the e, of the OP-16. This photomultiplier tube can be used in a shot
noise limited photosystem when IAL¢5 10'7 A for e < 5 nV//HZ, obtainable with
a low noise FET front ended op-amp, and Rf 2 10° @. These changes will limit the
bandwidth of the system to ~ 10° Hz.

If one chooses to use the previously described photodetection system for

msec rather than psec time resolution, a bandwidth of 1 KHz will allow all three
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photomultiplier tube detection systems to operate in the shot noise limited region.
8S/N will then be 980, 1700, and 4200 for the R955, R666S, and C31034 photomul-

tiplier tube photodetection systems, respectively.

Photodiode Systems

Photodiodes do not contain any internal amplification and their use with
op-amps will in general degrade the photosystem S/N. In addition, photodiode
junction capacitance is high, ~ 500 pF/{cm? detection area), so there may
be enhancement of noise at high frequencies. To alleviate this last problem,
the junction capacitance can be decreased by applying a reverse bias potential
to the photodiode. This bias has the effect of increasing the width of the
depletion region in the photodiode, therefore, decreasing the junction capaci-
tance. The relationship between this capacitance and bias potential is given bylé

C
1/2
(1-v/v,)

where Cp0 is the photodiode junction capacitance at zero bias and Vo is a constant
dependent on the properties of the photodiode. The application of a reverse bias
potential contributes an additional shot noise component due to the reverse bias
current IB. For measuring absolute 1light levels, the S/N for a photodiode detec-

tor system is:

_ Le )

=|n
1

e ? + IZfI2 (ZelL + 2l + 12+ - 4kT 4kT >_' b+ Ty

..(5.5)

18"Heterojunctions and Metal-Semiconductor Junction" - Milnes and Feucht, Chapter 2.
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For flash photolysis experiments

55 Z; 81,
|
Lo2 :
_f 2 2 . 2 akT 4kT j 2
1+ 7 en + |Zf| |:26(IL+GIL)+ZEIB+'In + V + WJ‘]A\) + IEX
or

- -2.3A 2.3 A
Zfﬁp 0 (e o _

1)

oe

Zg)2 -2.3(1-M)A, ,
’1 + 7;’ en2 +]Z¢)2 (%e ﬁkPo e t 2elp + i

4kT 4kT 2
.+V+ —(—Hp 0)} A\)+IEX

(5.6)

In Eq. (5.6), Ipy must be evaluated at I, + 81, . The decision as to when to
apply a reverse bias depends simply upon whether or not the S/N or &S/N is in-
creased or decreased, which must come from direct evaluation of Eq. (5.5) or
Eq. (5.6) under the two conditions. As a general and obvious rule of thumb,
when constructing a photodetection system to work at high frequencies, reverse
bias is preferable, when working at low frequencies, it may only add noise to
the system. Using as an example the flash photolysis experiment described in
conjunction with photomultiplier tube detection systems, I will consider two
examples. ‘

For a bandwidth of 1 MHz, the op-amp (OP-16) input voltage noise, e, and
the Johnson noise of the feedback resistor (Rf = 10 K@) will dominate if IL’

IB << 5x 107 A, I will neglect IEX under the assumption that data is collected
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for a few msec at most, giving a low frequency cutoff of ~ 1 KHz. Most photo-
diodes of interest have (x» = 865 ) = .4 and Rd(O) sufficiently large as to be
taken as infinite is S/N calculations. With these parameters, Table 5.1 was

constructed using Eq. (5.6) to illustrate the effect of Cp on the &8S/N.

% _8S/N_

0 15

5 pF 14

10 pF 13 Table 5.1
" 20 pF 10

50 pF 5.4

The lowest capacitance photodiode available is the UDT-020A with C_ = 1.9 pF at

P

Vpias = -50 Volts. This diode has (R(x = 865 mm) = .4, Ry = 10'" @, Ip =

7.5x 10" A and a photosensitive area of .002 cm2. The §S/N is calculated to

be 14.5. In practice, the op-amp input capacitance, Ci’ may be greater than Cp

by a few pF due to finite lead length. Also, the photosensitive area is extremely
small. A more reasonable choice of photodiodes for a laboratory detection system

is the UDT-5D. This diode has Cp = 6 pF at Vbias = -50 Volts, R(x = 865 nm) = .4,

R, 210% g, I, =2 x 10°® A and a photosensitive area of .050 cm?. The §S/N is

d B
calculated to be 13.2.

For a bandwidth of 1 KHz, photodiode junction capacitance is no longer as
important. Also, the lower bandwidth will allow a larger Rf (Rf =10 M). 1
will choose as a photodiode the UDT-6D, whose excess noise characteristics have
been discussed in Section II. This photodiode has Cp = 120 pF at Vbias = 0,

Rd =9 x 107 Q, (R(» = 865 nm) = .4 and a photosensitive area of .203 cm . The
4/

total excess noise is found by integrated IEX =5x 107" IL/f > from f = 1 to

f = 1000 Hz (this assumes a 1 sec data collection period), where the form of IEX
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was taken from Figure 2.8. We find 8S/N = 115, essentially limited by the excess

noise. Op-amp noise sources will only dominate after a 10%-10° reduction in

optical power. Photodetector systems using photodiodes whose excess noise flat-

tens out at low frequencies will have a somewhat better &S/N.

Concluding Remarks

It has been shown that photomultiplier tubes are superior to photodiodes
for use in photodetection systems measuring the monitering beam in flash pho-
tolysis. This~holds for both high (MHz) and low (KHz) frequency systems.
Photodiodes should only be-considered with the 8S/N is sufficiently high that
the extra cost and space of a photomultiplier tube makes the photodiode ac--
ceptable. The &S/N of a photomultiplier tube detection system can be improved
by increasing the monitoring beam intensity so that (IAL + GIAL) is greater than
the maximum allowed value for short periods of time. Only the average of IAL
over some time limit, usually 30 sec, must be below a maximum value. RCA reports
that it has pulsed photomultiplier tubes to 1000 times their average maximum IAL
without damage. As Po is increased to increase the 6S/N, the sample may begin
to bleach due to the monitoring beam intensity. Since the amount of bleaching
is proportional to the time the monitoring beam is on, one can turn the monitor-
ing beam on just before the actinic flash to reduce this artifact from the
measuring process. This technique is known as pulsing the monitoring beam, and

applies to photodiode as well as photomultiplier tube photodetection systems.
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List.of Major Symbols Used

Optical absorbance of sample

Feedback capacitance

Input capacitance

Photodiode junction (parallel) capacitance
Electronic charge

Op-amp input noise voltage per root hertz
_Output noise voltage

Band gap energy of PIN photodiode

Work function of photomultiplier tube cathode surface
Circular frequency

Current gain of individual dynode stage in photomultiplier tube
Total current gain of photomultiplier tube

Op-amp input noise current per root hertz

Anode dark current in photomultiplier tubes
Light-induced anode current in photomultiplier tubes
Photodiode bias current

Cathode dark current in photomultiplier tubes
Light-induced cathode current in photomultiplier tubes
Excess noise current

Input current

Component of current noise independent of IL
Light-induced current in photodiodes

Noise current

Photodiode reverse bias saturation current

Photodetector shot noise

Boltzmann's constant

Power incident or photodetector
(Continued next page)



Power incident on sample

Photodetector quantum efficienty

Feedback resistance

Input resistance

Photodiode junction (parallel) resistance

Photodiode series resistance

Photodetector responsivity
~Signal-to-noise ratio for measuring absolute 1light levels
Signal-to-noise ratio for measbring chaﬁges in a light level
Temperature

Voltage drop across photomultiplier tube dynode stage
Voltage drop across photomultiplier tube (high voltage supply)
Light-induced voltage

Input voltage

Photodiode impedance

Feedback impedance

Input impedance

Photodiode junction (parallel) impedance

Photodiode excess noise frequency distribution function
Variation, or change, in x

Fractional optical bleaching of sample

Wavelength

Circular frequency

Radian frequency
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