
Fourteen-decade photocurrent measurements with large-area
silicon photodiodes at room temperature
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Recent improvements in commercial silicon photodiodes and operational amplifiers permit electrical noise to
be reduced to an equivalent of 0.1 fA of photocurrent when a measurement time of 400 s is used. This is
equivalent to a photocurrent resulting from fewer than 800 photons/s, and it implies a dynamic range of 14
orders of magnitude for a detector circuit. We explain the circuit theory, paying particular attention to the
measurement bandwidth, the causes of noise and drift, and the proper selection of circuit components. These
optical radiation detectors complement the primary radiometric standards. These detectors may replace
photomultiplier tubes that have been used traditionally and or that were too costly to be used.
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1. Introduction

The improvements in commercial silicon photodiodes
and operational amplifiers over the past several years
permit a corresponding increase in the performance of
optical radiation measurements. Important electrical
properties of photodiodes and operational amplifiers
that affect high-sensitivity applications have been re-
ported in the literature.' A limiting factor is the 1/f
noise of the operational amplifier, which is chosen to be
an electrometer-grade device characterized by a high
input impedance and a low input bias current. Anoth-
er limiting factor is the shunt resistance of the photodi-
ode. This is the effective resistance that connects in
parallel to the photocurrent source and is the slope of
the diode's I-V curve at the operating point. For the
study in Ref. 1 photodiodes were not available with
shunt resistances >1.4 GO. More recently, the shunt
resistances of the best silicon photodiodes have in-
creased by an order of magnitude. Further, opera-
tional amplifiers have become available with an order
of magnitude less input noise. These developments
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range, noise, optical detection, photodiode, photonics, radiometry,

have made it necessary to reanalyze the behavior of
these devices in a complete measurement circuit. Our
goals in this study were to get optimum performance
and to extend the application of these detectors to
situations in which greater sensitivity would be re-
quired.

There is a growing market for such solid-state detec-
tors. One photodiode manufacturer offers an inte-
grated silicon-photodiode and monolithic-operation-
al-amplifier package with a specification of 5-fW noise
equivalent power (NEP) in the band of dc to 1 Hz at
750-nm peak response.2 The manufacturer uses a
small-surface-area (6.7 mm2) photodiode and a fixed-
gain amplifier of 1010 V/A. The product literature
compares this device with a photomultiplier tube
(R374 with an S-20 photocathode), as its NEP is less
than the photomultiplier for wavelengths longer than
760 nm.

An intended application of this product is in optical
communication, where greater detector sensitivity
permits longer ranges. However, there are a large
number of other applications in which silicon detectors
could replace large and expensive photomultiplier
tubes or inspire new, better, or less-expensive prod-
ucts. There is an increasing demand for high-sensitiv-
ity radiant-power measurements in such diverse fields
as chemiluminescence and bioluminescence, radiome-
try, photometry, pyrometry, materials science (optical
density and surface-scatter measurements), astrono-
my (Earth- and space-based stellar radiometry), and
night vision. Silicon photodiodes offer the additional
advantages of higher stability, greater reliability, lin-
earity over a greater dynamic range,3 and simpler oper-
ation.
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The field of stellar radiometry illustrates an applica-
tion for which high stability is as important as high
sensitivity. Searching for planets around stars de-
pends on the observance of small decreases in starlight
(0.01% for terrestrial-sized planets) produced by the
transit of a planet across a stellar disk.4 5 To measure
a 10-4 change requires a signal-to-noise ratio of 105 or
better and a correspondingly high stability.

The goals of high sensitivity, wide dynamic range,
stability, and linearity complement the silicon photo-
diode detectors that are used as self-calibrated, prima-
ry standards.6 These photodiodes are inversion-layer
silicon devices, which have a limited range of linear
operation.7 8 When they are combined in a light-trap
arrangement to eliminate reflectance losses,9 the range
of operation for highest accuracy is further limited to
less than a decade. The appropriate radiant power
level used in realizing primary standards is a few
tenths of a milliwatt, which typically requires a laser
light source. However most applications that use tra-
ditional light sources and monochromators involve
much lower radiant power levels. The silicon photodi-
ode detectors discussed in this paper could act as
transfer standards and improve the overall dynamic
range of silicon-based radiometric standardization.

II. Circuit Theory

Consider the basic circuit of Fig. 1(a). The photodi-
ode operates without a bias voltage, in the so-called
short-circuit arrangement.1 0 The output voltage
(Vout) of the amplifier is proportional to the photocur-
rent from the diode, as determined by the feedback
transimpedance Rf. From the viewpoint of the photo-
diode, the amplifier and the feedback resistor appear
as an impedance of Rf/A across its terminals, where A is
the open-loop gain of the amplifier. As A is of the
order of 106, the short-circuit impedance across the
photodiode is very small compared with typical values
of the photodiode's shunt resistance, Rsh, even when Rf
is of the order of 101 .

Figure 1(b) emphasizes the aspects of this circuit
that contribute to the measurement noise. The ampli-
fier contains two noise sources. The first is VVN, input
voltage noise, which manifests itself as an effective
voltage fluctuation at the input terminal of the ampli-
fier. VVN is the principal source of 1/f noise. That is,
it has equal power in each decade of the measurement
passband. The other is IIN, input current noise, which
is caused by the fluctuation of the input bias current of
the amplifier. IIN is a white noise, with a power pro-
portional to the bandwidth.

Although ideal operational amplifiers are usually
modeled as having a high, if not infinite, input imped-
ance (and nothing more), real ones are the source of a
small amount of current at the input pins. This input
bias current is of the order of 10-12-10-13 A in good
devices and may occur with either polarity on a piece-
by-piece basis. IIN is caused by the shot noise of the
charge carriers of the input bias current. Current shot
noise has the well-known rms value of 2eIAf, where e
is the charge of the electron and Af is the frequency

(a)

Fig. 1. Model circuit (a) components and (b) noise sources.

bandwidth of the measurement. In a typical opera-
tional amplifier with differential inputs, the current
fluctuations would be larger. We approximate IIN as
(4eIBi.Aft)1/2.11

The effect of IIN depends on the amplifier's source
impedance. In our case, the source resistance, Rs is
the parallel combination of Rsh and Rf [Rso = Rsh X Rf/
(Rsh + Rf)]. The input current noise is reflected as an
input voltage on the amplifier of IINR5 O.

In manufacturers' specifications the claim "low noi-
se" usually refers to VVN. "Low input bias current"
implies low IIN. Choosing which attribute is the most
important for a particular application depends on R,o
the bandwidth of the measurement, and the tempera-
ture stability of the measuring circuit. This theme is a
major purpose of this paper.

Figure 1(b) also illustrates two other noise sources of
concern. One is the voltage that is due to resistor
noise, VRN, which is also known as Johnson noise or
thermal noise. This noise is an inevitable conse-
quence of charge carriers in resistors. Its rms value is
(4kTRoAf)"/2, where k is Boltzmann's constant and T
is the absolute temperature.12 Like IIN, VRN is a white
noise.

The last noise that we consider, RXN, is often called
excess noise, and it is due to resistance fluctuations. It
is excess in the sense that resistors can be noisier than
the Johnson noise formula predicts. This noise used
to be called current noise because it requires a current
through the resistors to detect it. However, the cur-
rent does not produce the noise, and the association
was misleading.'3 Good, low-noise component resis-
tors may be obtained for Rf. For us the excess noise is
due to the fluctuation of Rsh of the photodiode.

Excess noise includes the generation-recombination
noise of semiconductors, which corresponds to fluctua-
tions in the number of charge carriers.14 This can be a
white noise also. However the various factors that
determine the I-V relationship of a diode15 include the
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mobility of the carriers as well as their number. Fl
tuations of these other factors may cause 1/f noise.

When we fail to include excess noise in our circ
model it does not mean that this noise is insignific,
or unimportant but only that it is unpredictable wi
out a deeper knowledge of the inner workings of 
photodiode. It may also vary because of environn
tal conditions, such as exposure of the photodiode
humid air.'7 Nevertheless, the circuit's response
photocurrent does not depend on Rh, nor then
fluctuations in R~h. These fluctuations matter in t]
they impose a noise voltage on the amplifier because
the amplifier's Bias.

Each of the four noise sources produces an indep
dent, randomly varying voltage. Therefore the r
value of the total input noise voltage as seen by I
amplifier, VIN, is the quadrature sum of the f
noises:

VIN2
= VVN' + 4eIeiasR.o2Af + 4kTR..Af + (iasRXN) 2 .

What limits the sensitivity of the photocurrent mi
surement is not the input noise on the amplifier I
rather the output noise after amplification. As can
seen from Fig. 1, the closed-loop voltage gain of t
system AV is (Rf + Rh)/Rsh. The measured, to
output noise voltage VON equals AVVIN-

This explains the critical importance of the photo
ode shunt resistance in determining the ultimate sen
tivity of the measuring circuit. To enable us to mi
sure weak photocurrents, Rf must be made lari
However, when Rf > Rsh, increasing Rf increases
significantly as well, implying an amplification of t
noise along with the amplification of the signal. La
er values of Rsh permit larger values of Rf to increi
amplification of the signal without undue noise.

Ill. Measuring Voltage Noise

Before selecting a type of operational amplifier to
used for high-sensitivity applications, we indepE
dently measured the voltage noise of various can
dates. Although bias current is often specified by t
manufacturer, voltage noise, particularly at low f
quencies, is a more subtle attribute. In this conte
the noise is manifested as the scatter of repeated mi
surements of the amplifier's output offset voltage.

Output offset voltage is the nominal output value
the amplifier when no signal is applied and when t
source resistance is low (so that input bias curry
effects are negligible). Like output voltage noise, ii
usually proportional to AV. The input offset voltag(
the measured output offset voltage as reduced by t
factor, and we take it to be an intrinsic amplifier ch.
acteristic. For this purpose, adjustment need not
made to reduce it.

Figure 2 shows the circuit used for these measui
ments as well as others that are discussed below. T
circuit was enclosed in a lighttight and electrica
shielded package. The amplifiers were installed i]
socket for ease of substitution. Component resist
were sometimes substituted for the photodiode to rE
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Fig. 2. Circuit details.

licate different source resistances. Both Rf and M
were selected with switches. Here, M is a multiplier,
an extra gain that could be introduced by reducing the
feedback voltage through a resistive divider. This
feature is appropriate only when Rf is well above the 1-
kQ output impedance of the divider.

[Whereas M may be used for amplifying the output
from the detector, measurements showed that it does
not improve the signal-to-noise ratio. Note that,
while the signal gain is M X Rf, the noise gain Av is M X
(Rf + Rsh)/Rsh. On the other hand, because the output
of the amplifier remains bounded by the supply volt-
age, the dynamic range of the circuit is reduced when
M> 1. Therefore the multiplication switch should be
eliminated in most circumstances.]

The output of the circuit was connected directly to a
microcomputer-controlled digital voltmeter (DVM).
This multislope-type DVM integrated the output volt-
age for a selectable time period, a count of the power
line cycles. To produce longer integration times than
the DVM normally allowed, an external microcomput-
er averaged a sequence of repeated measurements.

Table I compares multiple samples of three types of
operational amplifier from the Burr Brown product
line. All are designed to be electrometer-type amplifi-
ers, with a low input bias current. The OPA128LM
and OPA104CM amplifiers are categorized as ultralow
bias current devices. They are specified as having a
bias current below 75 fA, the lowest of the product line.
The OPA111BM amplifier has a higher bias current
(specified as 1 pA, maximum) but is described as hav-
ing lower noise. Nevertheless the manufacturer pro-
vides no specifications about noise below 0.1 Hz. Both
the OPA128LM and the OPA111BM are newer gener-
ation products.

To measure the offset voltage and voltage noise of
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Table I. Statistics of Amplifier Output Measurements Showing the Mean
(the Offset Voltage) and the Standard Deviation (the Voltage Noise)8

OPA104CM OPA128LM OPA111BM
Sample Mean Std Dev Mean Std Dev Mean Std Dev

1 -23.84 7.94 -146.68 0.24 144.83 0.21
2 -36.81 9.10 67.24 0.53 -30.57 0.09
3 39.07 3.05 -111.02 0.55 -21.65 0.05
4 -79.14 8.27 158.66 1.30 -5.52 0.11
5 -107.05 6.71 30.19 0.42 - -

Values are quoted in millivolts, and the system gain Av was 1000.

these candidate operational amplifiers, a 1-kQ resistor
was substituted for the photodiode to make the cur-
rent and resistor noises negligibly small. Rf was set to
1 Mg, and M = 1 was used for an overall gain AV of 103.

The DVM was set to integrate for 100 power line
cycles (10 cycles repeated 10 times and digitally aver-
aged within the DVM). This integration time of 1.67 s
would correspond to a measurement bandwidth for
white noise of 0.3 Hz. One hundred of these readings
were externally averaged, resulting in a single mea-
surement of the output offset voltage. The measure-
ment bandwidth for white noise in the latter case
would be 1.25 mHz. The reason is explained in Ap-
pendix A.

The offset voltage was measured a nominal 10 times
for each amplifier in this fashion, and the statistics of
these 10 measurements are reported in Table I. The
columns labeled Mean contain the results of final aver-
aging of the 10 values. The columns labeled Std Dev
contain the standard deviations of the 10 intermediate
averages. The standard deviations of all 1000 individ-
ual readings were similar, showing that this noise was
not much affected by the longer integration.

This behavior is indicative of 1/f noise. A measure-
ment passband depends on two characteristic times.
The integration time of the individual data points
determines the high-frequency rolloff, since the high-
er-frequency components are averaged out. Similarly
the time spent making the repeated measurements
determines the low-frequency rolloff, because lower-
frequency components will not be noticed. That is,
noise frequencies that act too slowly will not cause a
scatter in the data during the time that one watches for
it. Both rolloff frequencies are inversely proportional
to their characteristic times in roughly the same way.
For P quickly repeated measurements, the lower roll-
off frequency is -1/P of the higher.

For white noise with a large P the measurement
bandwidth is essentially determined by the upper roll-
off frequency, as the difference between the lower roll-
off and 0 Hz (i.e., dc) is small. Usually the lower rolloff
frequency is ignored, and the noise is predicted by the
integration time only. In contrast, 1/f noise is more
sensitive to the lower rolloff frequency. The rms volt-
age fluctuation owing to 1/f noise goes as [log(fhigh/
fio)]1/2, the radicand being the number of decades in
the noise passband. This equals [log(P)]/ 2 , a slowly
varying function of P. Whereas data scatter caused by

white noise depends mostly on the integration time,
data scatter caused by 1/f noise depends mostly on the
number of (equally timed) data points, independent of
their integration time.

Here, if the noise were truly a 1/f noise we would
expect the standard deviation of the 1000 individual
readings to be roughly 73 times larger than that of the
10 intermediate averages. If it were a white noise
instead, the standard deviation of the 10 intermediate
averages would have been roughly 4 times smaller,
following the ratio of the bandwidths. Our data for
the various amplifiers showed that the noise decreased
by less than a factor of 2. Therefore, for simplicity in
the remainder of this paper, input voltage noise will be
treated as a constant, a characteristic of an amplifier,
and independent of integration time. This relies on
the slowly varying nature of [log(P)] 112 and says that
the data in Table I (P = 10) should be similar to the
results obtained when 10 < P < 30.

The data in Table I show that the OPA128LM am-
plifier has an order of magnitude less voltage noise
than does the OPA104CM, the earlier generation am-
plifier having a consistently low noise level, used in our
previous research.' However, on average the
OPA128LMs' have approximately five times the volt-
age noise of the OPA111BM's.

Table I also shows noise variation among individual
samples of OPA128LM amplifiers within a factor of 2
of the mean. This compares favorably with variations
in other makes and models of operational amplifiers
which, in our experience, can have noise levels that
vary among samples by an order of magnitude. For
most purposes this variation would not be significant,
and individual selection of these amplifiers for low VVN
would not be necessary.

Also, please note that in product literature noise
voltage is often reported peak to peak, not rms. As a
rule of thumb, for 1000 measurements the peak-to-
peak value will be -6.6 times larger than the rms one.'8

IV. Temperature Dependence and Drift

It is not enough to develop new photodiodes with
greater Rsh to achieve greater measurement sensitivity.
Rsh and Rf affect the noise level in Eq. (1) through their
combination, Rso. The current noise term is quadratic
in R5 0, and the resistor noise term depends on it linear-
ly. As current noise becomes the dominant noise when
Rso is large, care must be taken to use an amplifier with
a sufficiently low 'Bias. Fortunately this is an easy
criterion to meet. However, the bias current poses a
greater problem because it changes with temperature.
This is an aspect of the problem called drift.

In addition to random fluctuations (noise), there are
also changes in the amplifier output that appear on
inspection to be distinctively slower and often of larger
magnitude. We interpret these changes as being
caused by such things as the aging of the electronic
components and their temperature dependence. We
will elaborate on the latter effect for purposes of illus-
tration and because it is the easiest source of drift to
control. Drift is particularly bothersome in this re-
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search because it may be confused with the low-fre-
quency noise that we seek to compare.

As an example the manufacturer specifies that the
OPA128LM amplifier has a typical input offset voltage
Vo of ±140 AV (500 AV, maximum) and an input
offset voltage drift VD of ±5 ,V/ 0C. Its typical input
bias current Bias is +40 fA (at 250 C), and it grows
geometrically at a rate ID of 6.7%/0 C. (In light of the
above discussion about input bias current noise, since
the noise goes as the square root of the bias current the
noise grows geometrically 3.3%/0 C.) In addition, we
previously determined' the decrease of the photodiode
shunt resistance with increasing temperature to be
-11%/°C, which we call RSD. A nominal Rsh is 5 GO.
In the worst case, Rf is 100 GO, with a negligible tem-
perature dependence of <500 parts in 106/0 C. These
values lead to an Av of 21, which increases 10o/0 C, and
an R5 O of 4.8 GO, which decreases 11%/0 C.

Referring again to Fig. 1, we see the effect of Vo and
'Bias on the output voltage,

Voffset = -Av(Vo + IfiasRso) (2)

For small temperature changes AT with these typical
component values, AVOffSet/AT = 0.7 mV/°C for the
worst case alignment of the signs of VD, V0, and IBias-
In our experience, the value is closer to 1.2 mV/°C, still
well within specification limits.

It will simplify matters to cast the temperature ef-
fects in terms of a photocurrent change, AlOffset, that
would yield an equivalent change in the magnitude of
the output voltage. Because the photocurrent gain is
Rf, lOffset = Voffset/Rf and

'offset = Vo/Rso + IBias (3)

AlOffset = (VD/Rso + VORSD/RSO + IDIBias)AT. (4)

AT refers to the small temperature changes that occur
during the course of a sequence of measurements.

Similarly noise may be expressed as the photocur-
rent that would give an equivalent deviation to the
output voltage, on average:

INoise = VON/Rf = VIN/Rso (5)

Of course, the detector-amplifier combination can-
not effectively distinguish actual photocurrents small-
er than these values. An appropriate design goal of
the circuit is to equalize the effects of noise and drift,
choosing an amplifier type that balances both prob-
lems for reasonable integration times and temperature
control.

V. Amplifier-Type Selection

Figure 3 predicts the performance of OPA111BM and
OPA128LM amplifiers in this circuit. Drift and noise
are computed by using Eqs. (4) and (5), respectively,
and are shown as a function of source resistance Rso.
The data for the typical amplifier characteristics are
taken from the manufacturer's catalog, with the excep-
tion of VVN, for which we use the average of the values
in Table I. In the upper part of Fig. 3, ATis 0.10C, and
Af is 300 mHz. Both are easy to realize in an actual
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Fig. 3. Balancing noise and drift. The noise (solid curves) and
thermal drift (dotted curves) are expressed in terms of the photocur-
rent that would cause an equal change in amplifier output. The two
figures at the left show the expected performance of the OPA 1BM
amplifier; those on the right show the performance of the
OPA128LM amplifier. The two top figures show easy specifications
for integration time and temperature stability; the bottom two show
tight specifications.

measurement. In the lower part of Fig. 3, AT is
0.020C, and Af is 1.25 mHz.

Figure 3 shows that when R > 1 GU the most severe
limit on sensitivity would be the drift caused by the
temperature fluctuations of an OPA11BM amplifier.
That is, the drift of the OPA111BM is much larger
than both the noise and the drift of the OPA128LM.
The last term of Eq. (4) is the culprit. For high-
sensitivity investigations (when R5 0 must be large), it is
generally better to choose an amplifier with low-input
bias current (hence low bias current drift) than one
with low voltage noise. However when Rso < 300 Mg,
the lower input offset voltage of the OPA111BM would
provide the advantage. (Indeed in this situation it
might be worthwhile to trim the amplifier to reduce
Vo.)

There is an additional aspect to the combinations of
Af and AT shown in Fig. 3. Photodiodes specially
selected for high shunt resistance are available in the
range of 1-50 GO. In this range of source resistance,
the noise and the drift that would result from the use of
an OPA128LM amplifier are roughly equal. At the
upper right of the figure, both Af and AT constrain the
sensitivity of the detector electronics to -1 fA. A
sensitivity of 0.1 fA requires reducing both Af and AT
in tandem, as shown at the lower right, as well as a
larger Rsh.

For the remainder of this paper we discuss results
obtained while using OPA128LM amplifiers. The use
of these amplifiers is consistent with the possibility of
having excess detector noise, which would also be pro-
portional to the input bias current.

VI. Noise Characteristics of the Operational Amplifiers

Figure 4 shows noise measurements similar to those
described in Section III made on OPA128LM amplifi-
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Fig. 4. Noise measurements of OPA128LM amplifiers with differ-
ent source resistances. The hatched areas at the left show the range
of the characteristic input voltage noises of the amplifier types
reported in Table I. The dashed line guides the eye toward the
voltage noise level of these particular amplifiers. This level of
minimum noise cannot be much reduced bylonger integration. The
solid lines are the Johnson noise of the source resistances for our two
integration times (300 mHz in open symbols and 1.25 mHz in filled
symbols).

ers with various combinations of Rh and Rf (both
component resistors) at room temperature in a ther-
mally insulated (but not regulated) box. This test
determines whether the electrical noise from the elec-
tronics assembly is consistent with the predictions of
the previous sections. The square data points were
taken with one copy of the circuit, and the circular data
points with another. The format parallels Eq. (1).

The DVM took 100 readings with integration times
of 1.67 s. For each collection of 100 readings, the
voltmeter reported their mean (measured in a band-
width of 1.25 mHz) and their standard deviation (rep-
resenting the noise in a bandwidth of 300 mHz). This
cycle was repeated at least 40 times; sometimes the
apparatus was run overnight and repeated the cycle
,140 times.

The open points in Fig. 4 represent the total input
noise [Eq. (1)] in a 300-mHz bandwidth. As before,
the input noise is the measured (output) noise divided
by Av. The output noise is taken to be the average of
the standard deviation reports from the voltmeter
(each covering 100 individual readings). The single
standard deviation of all the individual readings is not
used in order to reduce the effect of long-term drift.

The filled points in Fig. 4 indicate the scatter of the
means computed by the voltmeter. These points rep-
resent the total input noise in a bandwidth of 1.25
mHz. Nominally 30 consecutive readings were con-
sidered a group. However temperature-induced drift
over the span of 30 measurements was a significant
problem at large values of Ro. To reduce the effect of
drift on the reported values, a least-squares fit was
made to a line through the 30 consecutive values, and
the implied time-dependent background was subtract-
ed from the raw data. In effect, the noise below 1.25

mHz is taken to be the rms value of the residuals after
the fit. The results of multiple sets of equal size were
averaged when enough data were available.

The fitting procedure had the side effect of raising
the low-frequency rolloff that affects the magnitude of
1/f noise. It also narrowed the meaning of AT in Eq.
(4) to those temperature fluctuations that occurred on
the time scale of a few measurements but not so slowly
that they could be accounted for by background sub-
traction.

The resistor noise, as calculated at 300 K, is shown in
Fig. 4 for the two bandwidths of interest. The ranges
of voltage noises, as reported in Table I, are shown as
shaded blocks at the left of the figure. This should be
taken as a rough guide to the reproducibility of this
experiment when other amplifiers of the same types
are used. In our case, the two amplifiers used have
very similar VVN values. The dashed line represents
an input voltage noise of 0.68 ,V. As expected for a
bias current of only 75 fA, there is no evidence of
current noise (noise proportional to R5 o) in this range
of RO. The voltage noise (1/f noise independent of
RO) was remarkably consistent between the two band-
widths despite the different number of samples used
and the differences in the way the data were treated.

The results show that the construction and the pack-
aging of the complete amplifier circuits have not creat-
ed an electrical noise much beyond that expected. At
the longer integration time, the slight additional noise
may be due either to temperature fluctuations
>0.020 C or to excess noise in the component resistors.

Finally note that in the viewpoint of Fig. 4 at a source
resistance of 12 GO, the effects of voltage noise and
resistor noise are equal in a measurement bandwidth
of 1.25 mHz. The sensitivity of the circuit could not be
readily improved there by simply integrating longer
(which reduces resistor noise). Indeed, the shunt re-
sistance of each photodiode implies an integration
time that need not be exceeded.

VII. Photodiode Noise

In this section we discuss noise measurements made
when Hamamatsu photodiodes were used in the cir-
cuit. These diodes were specially manufactured and
then selected for the highest shunt resistances that
Hamamatsu could offer. The maximum Rsh requires
the highest fabrication skill of the photodiode vendor
and is limited by the number of crystal defects in the
starting material. The type S1226-8BQ photodiode is
a PNN+ device; types S2386-8K and S2956-8BQ are
made by P on N planar diffusion.

High-sensitivity applications suggest the use of
large-area photodiodes to intercept more optical radia-
tion. However with increasing area the shunt resis-
tance is reduced, and the junction capacitance in-
creases. To the extent that Rh is due to leakage
around the junction, Rh will scale inversely by the
square root of the diode's active area. To the extent
that Rsh is an effect of the P-N junction itself, Rsh will
scale inversely with the active area. The diodes used
in this work all had active areas of 1/3 cm2.
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Table II. Noise and Drift of Complete Detector-Amplifier Packages Cast In Terms of the Photocurrent that
Would Cause the Same Change In Output

Limit Sensitivity (fA)
Photodiode Af = 300 A = 1.25

Type R~h (GO) Cj (nF) Circuit Copy mHz mHz

S1226-8BQ 6.5 1.3 A 0.66 + 0.05 0.20 0.07
S2956-8BQ 50 4 A 1.0 + 1.2 0.16 + 0.05
S1226-8BQ 8 1.3 B 0.61 + 0.05 0.101 + 0.021
S1226-8BQ 6.5 1.3 B 0.61 + 0.05 0.102 + 0.015
S2386-8K 20 3.2 B 0.83 + 0.35 0.095 + 0.020

We independently estimated the Rh values of the
photodiodes using a Hewlett-Packard 4145A semicon-
ductor parameter analyzer to measure and display
their I-V curves. Depending on the photodiode type,
the highest shunt resistances available were in the
range of 5-50 GO. These measurements have a toler-
ance of -20% because the 4145A is not designed for
such small currents. Additionally, these measure-
ments are somewhat subjective, resulting from eyeball
fits of the data with a visual guide provided on the
screen of the analyzer.

When an actual photodiode is used in the circuit, the
shunt impedance consists of the shunt resistance and a
parallel junction capacitance. Because the shunt im-
pedance is reduced at high frequencies, increased am-
plification of high-frequency noise will result. This
can be compensated by adding parallel capacitance to
the feedback resistor. We note the typical junction
capacitance Cj of the various diodes. These data come
from the manufacturer's catalog.

To determine the noise inherent in five different
photodiodes, we used the procedure discussed in Sec-
tion VI. The data are shown in Table II. Two differ-
ent copies of the circuit were used. The B copy had a
temperature monitor, which showed that the tempera-
ture was stable within 0.010C during a 400-s measure-
ment cycle. The reported uncertainties are due to the
reproducibility of the measurements. They are the
statistical standard deviation (1 a) of >100 repeated
measurements (consisting of 100 samples each) with
300-mHz bandwidth and 3 repeated measurements
(consisting of 30 samples each) with 1.25-mHz band-
width.

Note that the noise in Af = 300 mHz increases with
increasing Rsh contrary to the expected trend. The
scatter of the measurements increases as well. This is
explained in part by noting that the RC time constants,
which are of the order of 10-200 s, are much larger than
the integration time of 1.6 s. The shunt impedance is
reduced for noise frequencies within the detection
bandpass, giving them extra amplification. With
longer integration, the effect of junction capacitance is
reduced.

The data show that noise-equivalent photocurrents
of 0.1 fA have been achieved. This implies a dynamic
range of 14 orders of magnitude for these devices since
Hamamatsu specifies a saturation current of -10 mA.
(In practice, the OPA128LM amplifier can drive only 5
mA; a second-stage amplifier would be required for the
full dynamic range.)

Vil. Practical Considerations

In practice, the effect of long-term drift is mitigated by
background subtraction. Each measurement should
consist of a cycle containing intervals when the detec-
tor is exposed and when it is blocked. These periods of
integration are separated by settling times, during
which the output from the amplifier is ignored. When
using the highest feedback resistor, 100 GO, we found
that 2 min of settling was required for equilibrium to
be reached. (This was considerably slower than the
settling time for the 10-GO resistor, which was <1 s.)

In our experience, the maximum Rf that was suitable
for the OPA128LM was 100 GO. For larger Rf the
amplifier became noticeably nonlinear.

A fixed Rf of 100 GO gives the circuit a dynamic
range of -6 orders of magnitude. Note that 0.1 fA of
photocurrent corresponds to an output voltage of 10
gV, whereas the maximum output voltage is -10 V,
determined by the power supply. For field work, volt-
meters with resolutions of 0.1 mV are readily available.
With these, the minimum detectable photocurrent
would be 1.0 fA, and the dynamic range would be one
decade less. Rf values <100 GO might be appropriate
depending on the brightness of the source.

It is customary to discuss noise in terms of the NEP
incident upon a detector. Typical silicon photodiodes
have a peak response of 0.4-0.6 A/incident W at ap-
proximately X = 720 nm. Here the NEP correspond-
ing to 0.1 fA would be -6 fW Hz-1/2 (reflecting the 1-
mHz bandwidth). 0.1 fA also corresponds to 780
photons/s for a diode with a typical external quantum
efficiency of 80%.

IX. Conclusion

For high-sensitivity applications, large-area (1/3 to 1
cm2) silicon photodiodes with high shunt resistance
(>2 G) and little excess noise are the detectors of
choice. They are best used in combination with an
amplifier having the smallest possible input bias cur-
rent because the high shunt resistance mitigates the
input voltage noise. With the high-quality compo-
nents now available, electrical noise can be reduced to
an equivalent of 0.1 fA of photocurrent by using an
integrated measurement time of 400 s. This is equiva-
lent to a photocurrent caused by <800 photons/s, and
it implies a dynamic range of 14 orders of magnitude
for a detector circuit.

We have successfully built such a detector-amplifier
package. While its NEP is comparable with that of
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commercial offerings, the photodiode in our design
five times the active area.

Research continues at the National Institut
Standards and Technology to establish better the o
cal properties, such as their linearity over the w]
dynamic range, of these detector circuits. Our go
to package the circuits in a simple and practical n
ner and to calibrate them optically for distribut
We believe that these detector-based transfer si
dards will serve the needs of the radiometric commi
ty for traceability to the National Institute of Si
dards and Technology's primary standards, wi
serve a more limited dynamic range. In addition,
spectral response of the detector may be customize
the addition of a colored filter for special applicati
such as in photometry.

Beyond their application in standards research,
improved performance of the detectors now poss
should find them application in many areas of c
mercial interest. Of particular note is the ban
near-infrared wavelengths between 700 and 1000
where photomultiplier tubes are generally less
cient and require noisy photocathodes. However
relative simplicity and lower cost of high-sensitii
silicon photodiode detectors might make them n
appropriate than photomultiplier tubes, even for,
ble light, in many circumstances. We hope tha
photodiode manufacturers become more aware of
significance of a high shunt resistance, devices fea
ing this characteristic will become more widely as
able.

Appendix A: Determining the Measurement Bandwid

The magnitude of the white noise discussed in Sec
II was dependent on the bandwidth of the meas
ment. Although it is commonly known that the bi
width Af is inversely proportional to the integra
time r of a system, the value of the proportion
constant is the source of perpetual confusion.

Consider a signal, which need not be noisy, whic
shall call f(t). In our case, this signal is the oul
voltage of our amplifier circuit. By integration of
signal we mean a transformation to another sig
f'(t), which could be, for example, either of the fol
ing:

f'(t)= IJ )dt (Case I),

f'(t) =1 exp[ (t )]f(t')dt' (Case II).

In each of these cases the integration, expressed
convolution integral, is an averaging with a partic
weighting function. The first case is pure integra
over a finite time interval. It is the continuous an
to the practice of digitally averaging a certain nun
of the most recent points. The second case is that
simple, single-pole filter.

Consider now the effect of these time-domain fi
upon a signal f(t) = eiwt. After integration

f'(t) e ) e-iwt (Case I),

f (t) = ( -'icr) ei. (Case II). (A4)

The expressions in parentheses correspond to attenua-
tions in the frequency domain due to the filters [Eqs.
(Al) and (A2)] in the time domain. Note that they
approach 1 for small w and that their magnitudes ap-
proach 0 for large w. They are perhaps best recognized
as the Fourier transformations of the weighting func-
tions.

For a signal f(t) that contains white noise, there is
equal noise power in all intervals of w and in both
quadrature phases. Therefore the attenuation in Eq.
(A3) or (A4) would have the same effect on white-noise
power as an equivalent frequency-domain attenuator
that is 1 over an interval Aw and 0 elsewhere, where Awo
is the integral of the squared magnitude of the (volt-
age) attenuation over all frequencies:

r= 2[1-cos(wr)] dw = - (Case I),
fo (Wr)2 T

AW= f 1 d = 2, (Case II),
Jo 1+ (w) 2 2,r

(A)

(A6)

As w = 2irf, Af = 1/(2T) in Case I, and Af = 1/(4r) in
Case II. That is, the value of the proportionality con-
stant depends on the details of what makes up the
integration time, r. Here the two different results
reflect the fact that it takes more high frequencies to
represent an abrupt function of time than a gradual
one.

There are, of course, many other low-pass filters that
commercial dc voltmeters might use. One does not
know a priori what the proportionality should be be-
tween Af and 1/r.

In this research we used Hewlett-Packard Models
3456A and 3457A voltmeters. Their analog-to-digital
converters use variations of the well-known dual-slope
technique. However for long integration times,
successive samples made with shorter integration
times are digitally averaged. The upramp portion of a
single analog-to-digital cycle consists of the integra-
tion described in Eq. (Al), with T = 0.167 s (10 power
line cycles). These are repeated N times, T = 0.4 s
apart (for the 3457A; 0.34 s for the 3456A).

The bandwidth of this class of instrument is

(Al) A = ( 2[l - cos(wr)] [l-cos(NcT)l d.d
Jo (Wr)2 J IN2[l - cos(wT)] J

(A7)

This follows directly from the choice of a weighting
function [as in Eqs. (Al) and (A2)] that is a sequence of
N square pulses each with amplitude 1/N. Equation
(Al) is the special case with N = 1, and the first factor
in the integrand of Eq. (A7) parallels the integrand in
Eq. (A5). Using the well-known property of Fourier
transforms that the transform of a convolution is the
product of the transforms of its constituents, we recog-
nize the second factor in Eq. (A7) as the squared mag-
nitude of the transform of a sequence of N delta func-
tions (impulses).

We have confirmed the behavior of this expression
by numerical integration. In the low-N limit (N < 30
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for these T and T), Af 1/(2N-). In the high-N limit
(N > 1000 for these r and n), Af - 1/(2NYf.

In this paper a bandwidth of 0.3 Hz refers to a panel
setting on an HP 3457A of 100 power line cycles (1.67 s)
of integration time. Internally the HP 3457A imple-
ments this as r = 0.167 and N = 10. A bandwidth of
1.25 mHz refers to panel settings of 100 power line
cycles repeated 100 times. While the integration time
is 166.7 s, as N = 1000 in this case, the elapsed time of
400 s determines the bandwidth.

Incidentally, nothing in the preceding analysis is
connected with the problem of detecting low noise
frequencies. When trying to measure the noise by
determining the scatter (standard deviation) of many
samples, noise at low frequencies is not resolvable from
the signal (the mean). Just as r provided a character-
istic time that determined the upper bound of the
passband, the total time T spent making measure-
ments provides the characteristic time for the lower
bound. The actual bandwidth when we are trying to
measure white noise is (1 - Cr/T)Af, where C is a
constant of order unity (and which depends on the
details of the measurements). Nevertheless Af is still
the bandwidth that reflects the statistical uncertainty
in a real signal that is due to the noise.
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