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1. Introduction

In many applications, the signal of optical radiation current measuring operational amplifiers with low input
varies rapidly. Also, the optical radiation can be modu- bias currents. Such devices are the ultra low bias current
lated or chopped. In these applications, the frequency Field Effect Transistor (FET) or the dielectrically iso-
dependent signal and noise gains of a photocurrent me-lated FET operational amplifiers. The high source resis-
ter are to be optimized. In order to maximize the perfor- tance produces high thermal (Johnson) voltage noise,
mance of the current meters for different photodiodes, and the FET input stage of the operational amplifier has
their frequency dependent current-to-voltage (tran- a large 1f voltage noise. These dominant voltage noise
simpedance) and voltage gains will be determined and sources were equalized when a measurement time of
the control loop gain and bandwidth will be optimized 400 s was used. Drifts and noise were equalized by
for the signal frequencies at all signal-gain ranges. regulating the device temperature [4] with an instability

The dc and low-frequency characteristics of low-pho- smaller than +- 0.02°C. The photodiodes were se-
tocurrent measuring circuits of large area silicon photo- lected for a shunt resistance close to 1Q @& order to
diodes were analyzed earlier [1,2,3]. It was shown that keep the voltage amplification close to unity. The equiv-
for high sensitivity photocurrent measurements, high alent photocurrent of the equalized noise and drift was
feedback resistors and high shunt resistance photodiode®.1 fA with an electrical bandwidth of 1.25 mHz. This
are required. The high source resistance (parallel combi-implies a dynamic range of 14 orders of magnitude
nation of the feedback and shunt resistances) requires(10*) for a silicon photodiode current meter. The time
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constants (shunt resistance times junction capacitance)higher accuracy than ac signal measurements. This idea
of the tested silicon photodiodes varied between 10 s was successfully utilized in mode-locked laser measure-
and 200 s. When the bandwidth was increased to 300ments using two different kinds of large area silicon
mHz, the output noise of the photocurrent-measuring photodiodes [7]. The laser pulse width was 5 ps, the
circuit increased significantly. The sensitivity decrease repetition rate was 100 MHz, and the averaged (dc)
for the large-time-constant photodiodes was about a fac- photocurrent was measured. The responses of the
tor of 10. This was an indication of a frequency depen- photodiodes were equal for both pulsed and cw laser
dent noise boosting effect in the noise amplification of measurements.
the current meter. The type of the load resistor or preamplifier con-
The optical radiation first is converted into an electri- nected to the terminals of the photodiode plays an im-
cal signal by the photodiode itself; then, the electrical portant role in the response time of the overall optical
signal of the photodiode is measured. In radiometric radiation measurement. If the photodiode current is con-
applications, current measuring preamplifiers are con- verted into a voltage through a single load resistor the
nected to the photodiode. The internal speed of the dominating time constant will be the product of the
photodiode depends on the time needed to convert thephotodiode capacitance and the load resistance. In order
accumulated charge into current. The photodiode inter- to measure the short circuit current, which is propor-
nal conversion time is determined by the diffusion time tional to the detected optical power, the load resistor has
of carriers generated outside the depletion layer and theto be much smaller than the photodiode resistance. In-
carrier transit time in the depletion layer [5]. The maxi- stead of a small load resistor, a current-to-voltage con-
mum frequency at which modern silicon photodiodes verting analog control loop can be used as a preamplifier
will produce current is somewhere in the 2 GHz range [8]. A current meter like this has a low input impedance
[6], depending on the area of the detector and the type and a high current-to-voltage gain. However, the magni-
of silicon material used. It is important to keep the tude of the complex input impedance varies with fre-
internal capacitance of the photodiode low because this quency. This impedance is connected in parallel with the
capacitance will produce an additional time constant in photodiode junction capacitance. The transformation of
conjunction with the load resistance. This time constant the feedback impedance to the input of the current meter
7 works like a low-pass filter for the current of the and the frequency dependent diode current-to-voltage
photodiode. The junction capacitance is proportional to response will be determined below.
the active area and inversely proportional to the square The advantage of ac sighal measurements is that the
or cube root of the width of the depletion layer. The measuring circuit can be made selective for the signal
depletion layer width is proportional to the product of frequency. This way a narrow measurement bandwidth
the resistivity of the material and the reverse voltage [5] can be chosen close to the elbow of the preamplifier's
(if it is applied to the diode). The silicon bulk resistivity  1/f noise range where theflioise is small.

can be specified from © cm to 100002 cm [6]. The The shunt resistance and the junction capacitance of
higher the resistivity, the lower the junction capacitance different large area Si photodiodes can change signifi-
of the photodiode. cantly. It is important to understand the effect of the

Most frequently, the photodiode rise time is reported photodiode impedance on the optical radiation measur-
instead of its 3 dB response roll-off frequency. The rise ing analog control loop when high sensitivity and fast
time is the time required for the output signal of the operations are expected. The analog control loop will
photodiode to change from 10 % to 90 %. For different produce a high accuracy current-to-voltage conversion
types of large area silicon photodiodes the rise time is only if the loop gain and bandwidth are high enough at
between 1us and 7us when a 1 K load resistor and  the signal frequencies. Also, the current measuring
zero biasing voltage are applied [5]. An average junction analog control loop, coupled to the output of the photo-
capacitance for large area silicon photodiodes is about diode, is the first stage of the measuring circuit. The first
1 nF. This gives a = 1 us time constant with the 1(k stage dominates the signal-to-noise ratio for the output
load resistor at test. This is equivalent to a 3 dB signal of the measuring circuit. It is important to keep the first
response roll-off frequency of 160 kHz. Caution is nec- stage amplification for the dominant voltage noise low
essary when the modulation frequency of the measuredwithin the electrical bandwidth of the measurement.
optical radiation is close to or higher than the 3 dB The electronic circuits in the second stage, such as a
frequency. At those high frequencies the modulated op- lock-in amplifier or a digital voltmeter, cannot restore
tical signal can be damped because of the amplitude the established signal-to-noise ratio caused by the lack
roll-off, resulting in a changing ac photocurrent re- of optimization in the first stage.
sponse versus frequency. In these cases, ac to dc pho- In the present work, the previously described dc and
tocurrent conversions, realized by low pass filters, give low frequency analysis of large area and wide dynamic
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range Si photodiode current meters is extended to higher
signal frequencies. The purpose of this paper is to show

how to maximize the performance of photocurrent me-
ters for different photodiodes at different signal frequen-
cies.

2. Photodiode Current Measuring Circuit

In order to achieve linear operation in a wide dynamic
signal range, the short-circuit current of the photodiode
has to be measured. The simplified scheme of widely
used short-circuit current meters is shown in Fig. 1.

Fig. 1. Simplified circuit diagram of a photocurrent meter. The

dashed line represents the photodiode P, and R and C are the feedback

components of the operational amplifier OA.

The photocurrents of the photodiode P is measured
by a current-to-voltage converter. The current-to-voltage
conversion is realized by an operational amplifier OA. P
has a shunt resistané® and a junction capacitancg
which together produce the photodiode impedafcé
is converted into a voltag®/ through the feedback
impedance of the OA. The feedback impedaAdgthe
parallel connection of the feedback resis®mand its
parallel capacitanc€. The OA input voltagd/, is small
because of the large OA open loop gah, As the
maximum ofV is 10 V, andA is about 168, V, is equal
or smaller than 1QwV. This very small voltage drop on
P produces a small load resistariRefor the photodi-
odé:

>0

R

Determination ofR is only sufficient for dc or low
frequencies. It is the input impedangeof the current
meter that determines the time constaaft the photodi-
ode short-circuit current measurement at higher fre-
guencies:
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The rewritten (popular) form of Eq. (1) shows that the
input impedance of the current meter can be calculated
as the parallel connection of the down-transformed
feedback resistor and the up-transformed feedback ca-
pacitor of the OA:

@)= () Gpe) ™

C; will be increased significantly by the parallel con-
nected, up-transformed feedback capaci®C. If
R/A << Rs, the measurement time constant is

_(G+ACR
T—= T . (2)
As an exampleAC = 2 uF if C = 2 pF andA = 1C°. For
R=1C Q, the input resistance will b& = 10° Q.
AC >> G, for C; = 1 nF; thereforer= RC=2 ms.Z and
the impedance of the photodiodg create a feedback
network from the OA output to the OA input. The
voltage attenuation of the feedback networlgis

For accurate dc and/or ac photocurrent measure-
ments, the photodiodes have to be selected for shunt
resistance and junction capacitance; and the other pas-
sive components of the feedback network are to be cal-
culated. Thereafter, an OA has to be selected which
satisfies the noise, drift, input current, and speed (band-
width) requirements.

2.1 Drift and Noise Amplification

The OA input voltage-noise, which is the principal
source of i noise, and input offset-voltage with its drift
[1,2,3], are amplified to the OA output by the closed
loop voltage gainAy of the photocurrent measuring
analog control loop [9,10]:

A 1 1

ASTiGTgI+G T

®3)

where the loop gain i& = AB. According to Eqg. (3), if
G >> 1, the feedback network determin&ss The feed-
back attenuation is:

1

_1_ Z
B~AV_

Zy+Z'

(4)

where Zy) '=(R)*+jwC and Z'=R*'+jwC.
Therefore,
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Rs(1 +jwRC)
owRC) +R(1 +jwRLC)

B=RAT+]

- Rs(1 +jwRC)
"Re+R+jwo(RRC+RRC)"

With

__Rs
P R+R’

the feedback attenuation can be written as:
1+jwRC

RRC+RRG"
R+Rs

B=PBo %)

l+jw

The dc (or very low frequency) voltage amplification of
the photocurrent measuring circuit is the reciprocal of

Bo:

R

Rs’

_Rs+R_

Re LY

Avo

(6)

1 +j(1) Rs C

Av(l) =Avw 1 +ijC .

(10)

In this case, the differentiating time constant in the nu-
merator is determined exclusively by the impedance of
the photodiode. IRs >> R, then

1+jwRG
@=p, ZHIORY
A=A 1+jwRC * (11)
In Eq. (3),
A-Ao—1 (12)
T tjen’

wherer; is the integrating time constant of the OA, is
the dc open loop gain of the OA.

2.2 Frequency Dependent Signal Response

The frequency dependent current-to-voltage response
of the photocurrent measuring circuit can be calculated
as well. With the Norton to Thevenin source conversion
formula [11] the photocurrert can be converted into

The frequency dependent closed loop voltage gain canV;:

be written as the reciprocal @ in Eq. (5):

1+i,RRC+RRG
a-RrR YRR )
YT Rs 1+jwRC '

where the integrating time constantriss RC. The dif-
ferentiating time constant is

RRC+RRC_ R
e 1 (LI M)

2= R+Rs  R+R

7, is calculated from the product of two factors. One

factor is the resultant resistance of the parallel connected

R andRs. The other factor is the sum & andC; [10].

For fast operationC has to be small. Howeveg has
a minimum value of 1 pF to 2 pF, because of the stray
capacitance parallel ®. For all large area photodiodes,
C; >> C when the externaC is not connected parallel to
R. In this case, the frequency dependent voltage amplifi-
cation of the measuring circuit can be written as:

C)

If R>> Rs the voltage amplification is:
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(13)

As a next stepy, is amplified by the OA. The voltage
amplification here [9] is equal to the ratio @fto Z;:

V_R 1+joRsG
V|_RS 1+ijC ' (14)
When Eq. (13) is substituted into Eq. (14) the photocur-
rent-to-voltage conversion [13,1A] which is frequently
called the transimpedance gain, can be written as:

\'

1

A= =Ritjere:

== (15)

lp
Equation (15) shows that the dc signal gain (or re-
sponse), which is the ratio of the output voltageo the
input photocurrent; is equal toR. The frequency de-
pendent signal response is determined by the integrating
time constantr; = RC, of the feedback impedance. This
time constant and the OA input-impedance-determined
time constantr, in Eq. (2), are the same:=r, = RC.
Equation (15) also describes the gain for the input cur-
rent noise of the circuit. Because Eq. (15) does not show
the frequency dependent contribution of the OA to the
signal response, the equation works only 7if< 7;.
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Otherwise, the OA frequency dependent response canstray capacitance waS =2 pF. The 3 dB open-loop

give an unwanted limitation for the signal response.
Similarly to Eq. (3),

1

Ri+ct

%: (16)

The current-to-voltage conversioR, which is the sig-
nal gain, will be accurate only iG >> 1 at the signal
frequency. This is a very important design requirement
for the analog control loop.

3. Response Functions of Silicon
Photodiode Current Meters

roll-off frequency of the OPA128LM operational ampli-
fier used isf; = 3 Hz. This OA was chosen for low input
current (40 fA) and a peak-to-peak current noise of 2.3
fA. This selection was necessary to keep the effect of the
OA input current small on the very high source resis-
tance (parallel connectéd andRs). The dc open-loop
gain of the operational amplifier is 110 dB.

A time constant ofr, = RC=0.2 s gives a signal
roll-off frequency off, =0.8 Hz. Fromr, =8 s, the
roll-on frequency i, = 0.02 Hz. The roll-off and roll-
on slopes are- 20 dB per decade and 20 dB per decade,
respectivelyA,, = 16.4 from Eq. (6). In Fig. 2, lod\,
versus log frequency is shown, together with the fre-
quency dependent open loop gain of OA. The figure
shows that the voltage amplification increases by 1.5

Gain versus frequency curves adequately describe thedecade when the frequency increases from 0.02 Hz to

dynamic characteristics of analog control loops. Most 0.8 Hz. The photocurrent measuring electrical band-
frequently the responsivity (gain) products of the indi- width can be limited by a low-pass filter or integrating

vidual components of the open loop are shown on a log DVM connected to the output of the photocurrent meter.
amplitude scale versus log frequency. These characteris-If this out-of-loop limiting bandwidth is smaller than

tics can be constructed quickly and fairly accurately by 0.02 Hz, the noise boosting effect of the photocurrent
approximating the curves by piecewise linear regions. measuring circuit will be rejected. In this case, the mea-
The construction rules are easy. E.g., a constant in thesurement will be slow. However, when the measurement

gain equation gives a horizontal line. Jj&7 in the
denominator gives a roll-off. Roll-off points are also
called “poles”. The slope of the roll-off is- 20 dB per
decade. 1 fwr in the numerator, gives a roll-on. A
roll-on point is also called “zero”. The slope of the

roll-on is 20 dB per decade. The interconnected straight-
line characteristics realized this way are called idealized

Bode plots [12].

3.1 \oltage Gain Plot of a Si Photodiode Current
Meter

The frequency dependent voltage amplification of a
photodiode short circuit current meter is described by
Eq. (7). The shape of this function will be illustrated
first on the widely used silicon photodiode, Hamamatsu
Model S1226-8B@ This photodiode has an active area
of 1/3 cnt. The photodiode was purchased with a se-
lectedRs= 6.5 (X). The junction capacitance is typi-
cally C; = 1.3 nF. This photodiode was tested earlier [3]
and a noise floor of 0.1 fA was measured with an elec-
trical bandwidth of 1.25 mHz. When the bandwidth was
increased to 0.3 Hz, the noise floor increased to 0.6 fA.
The feedback resistor wés= 10 ) and the estimated

! Certain commercial equipment, instruments, or materials are identi-
fied in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of
Standards and Techlogy, nor does it imply that the materials or

equipment identified are necessarily the best available for the purpose.
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bandwidth is 0.3 Hz, as before [3], or larger, the OA
input voltage noise components will be amplified in the
0.02 Hz to 0.8 Hz frequency range.
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Fig. 2. Closed-loop voltage gain (solid lines) of a Hamamatsu S1226-
8BQ silicon photodiode current meteRs= 6.5 (2, C;=1.3 nF,

R= 10" Q, andC = 2 pF. The dashed line shows the open loop gain
of the OPA 128LM operational amplifier without any feedback.

The shape of the area between the OA open loop gain
curve and thé\, voltage amplification curve gives infor-
mation about the dynamic characteristics of the pho-
tocurrent measuring analog control loop. The informa-
tion about the loop performance can be made more clear
and more understandable if this area is illustrated by the
Bode plot of the loop gain.
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3.2 Loop Gain Plot of a Si Photodiode Current The overall electrical bandwidth of photocurrent
Meter measurements greatly depends RnThis is true for
both the signal response in Eq. (15) and the loop band-
width described by Eq. (17). The speed of the above
analyzed high sensitivity photocurrent meter is slow be-
cause of the very largR. The speed can be increased
1 1 +i by decreasingR. However, smalleR decreases the pho-
_ joRC - ] .
G=A B THjon RRC+RRC’ (17) tocurrent responsivity. Figure 4 shows the voltage gain
"1+ 'ww' curves of the Hamamatsu S1226-8BQ silicon photodi-
ode current meter. The noise boosting effect does not
disappear with decreasirlg. DecreasingR shifts the
noise boosting interval to higher frequencies. Small
feedback resistors are used when the photocurrent is
large. In these cases, the noise boosting effect is less of
a problem.

The frequency dependent loop gain of the open
analog control loop can be written from Egs. (5) and
(12):

whereRC= 7 is the integrating time constant in Eq. (7)
(noise voltage gain). Here, is a differentiating time
constant. Similarly;» of Eq. (8) was a differentiating
time constant in the noise voltage gain equation. In Eq.
(17), = is an integrating time constant. The OA time
constant;, is always an integrating type time constant.
Figure 3 shows the Bode plot [12] of the open pho- | —__
tocurrent measuring control loop, whegs = 0.06, as 100 AN
calculated from Egs. (4) and (5) witR=10" Q.
A, Bo = 18000. The solid curve shows the dynamic char-
acteristics of the analog control loop. The curve inter-
cepts the frequency axis with a slope ©f20 dB per
decade showing that the phase shift (phase lag) in the
open loop at this frequency is not more thar®(’. This
phase shift corresponds to one integrating time constant.
This — 90° phase shift, together with the 180 phase
shift of the negative feedback, results in a maximum f[Hz)
phase shift of- 27C. Since this phase shift is less than

— 360, oscillations will not occur. Also, the |OOp gain, Fig. 4. Closed-loop voltage gain characteristics of the Hamamatsu

G =Ag, is equal to or larger than 1000 (60 dB) from s1226-88Q Si photodiode current meter when the feedback resistors
0 Hz to about the 3 dB roll-off frequency of the signal are changed from 80 to 10* Q. Rs= 6.5 ), C; = 1.3 nF, andC =

response curve. The lar@gin the low frequency inter- 2 pF. The dashed line shows the open loop gain of the OPA 128LM
val gives a high current-to-voltage conversion accuracy. °Perational amplifier, without any feedback.
The dashed photocurrent-to-voltage response curve,

which is described by Eq. (15), was matched at its 3 dB DecreasingR will increase both the loop bandwidth
point to the loop gain function. and the low frequency loop gain. Figure 5 shows the

different loop gain plots of the Hamamatsu S1226-8BQ
silicon photodiode circuit wheR changes from 1% Q
to 1 Q. Similarly to Fig. 3,f, <f, for all feedback
resistors wherC = 2 pF = constant. WheR decreases,
both the roll-off frequencyf,, and the roll-on frequency,
f;, increase. With decreasitgy f;, which is equal to the
60 L ot f o 7 60 signal 3 dB roll-off point, shifts towards the frequency
L V=IpR AN - axis. At R=10C Q, f; reaches the lod axis. At this
‘s frequency, the phase lag in the open loop-id35. 7
20F |5 il RN - 20 and r, integrating time constants shift 18, and 7,
] | | . S L differentiating time constant gives a phase lead of % 45
\ 5 0 ) 4 If Ris further decreased, the phase shift at high frequen-
10 10 10 10 cies (close to the unity gain cut-off frequency) can reach
SfIHz] — 180, resulting in oscillations in the closed loop. In
order to increase stability and accurafyhas to be
Fig. 3. Loop gain plot of the Hamamatsu S1226-8BQ Si photodiode decreased by increasing In our previous experimental
current meterRs=6.5 A, C;=1.3 nF,R=10" Q, andC =2 pF. circuits [1,2,3], wherR was 16 Q or smaller,r; was

The solid curve shows the gain of the open control loop. The dashed . d . t | it lel ted
curve shows the current response function as matched at its 3 dB Incréased using exiernal capacitors, paraliel connecte

roll-off point to the loop gain function.

gain [dB]

100 = | 4,8, - 100

G [dB]
1
[ap]l 4
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102

Fig. 5. Loop gain characteristics of the Hamamatsu S1226-8BQ
photodiode current meter when the feedback resistors are changed
from 10" Q to 16 Q. Rs= 6.5 A, C; = 1.3 nF, andC = 2 pF (stray).

No external capacitors are connected parallel to the feedback resistors.
The open circles show the 3 dB roll-off points of the photocurrent
response. They are matched to the loop gain curves for Rach

to the feedback resistors. Changing the feedback
impedance by tuning the external parallel capacitor [15]
can fundamentally modify the frequency dependent
characteristics of the photocurrent meter.

3.3 Frequency Compensation of Current Meters

The noise boosting effect can be eliminated, if 7.

This compensation can be done easily by connecting an
external capacitor of 78 pF parallel R= 10" (). The
sum of the 78 pF and the 2 pF stray capacitance will give
the necessar¢ = 80 pF to achieve the frequency com-
pensation. In this case, will be 8 s. After the compen-
sation, the shape of the solid curvs;, in Fig. 2 will
change to a straight line, as shown in Fig. 6. The im-
proved noise amplification will bé\, = Ay, for all fre-
quencies within the loop.

If the compensation is made for all feedback resistors,
the shape of the loop gain curves of Fig. 5 will be
different. In each compensation, canceledr; there-
fore,  became the only integrating time constant in the
loop. Figure 7 shows the compensated loop gain curves
for different feedback resistors. The loop bandwidth in-
creased significantly because of the compensation.
Without frequency compensation the loop gains were
high enough only for dc and low signal frequencies. For
feedback resistors between'd0) and 10 Q, the loop
dynamic characteristics are very similar. There are no
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Fig. 6. Frequency compensated closed-loop voltage gain of the
Hamamatsu S1226-8BQ Si photodiode current méter 6.5 X2,
Cj=1.3 nF,R=10" Q, andC =80 pF. The dashed line shows the
open loop gain of the OPA 128LM operational amplifier, without any
feedback.
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Fig. 7. Compensated loop gain characteristics of the Hamamatsu
S1226-8BQ Si photocurrent met&s = 6.5 2 andCj = 1.3 nF. The
feedback impedances are changed:Rs 10'* Q, C=80 pF; b)
R=10° ), C=510 pF; c)R=10Q, C=1.1 nF; dR=1CF Q to

10° Q andC = 1.3 nF. The open circles show the 3 dB roll-off points
of the photocurrent response functions. They are matched to the loop
gain curves for all feedback resistors, after compensation.

oscillation problems because the phase shift is less than
— 9C° even at high loop frequencies. The 3 dB roll-off
points of the photocurrent response function of Eq. (15)
are also shown for the different feedback impedances.
For all feedback resistors, the compensated signal 3 dB
points limit the speed of the photocurrent meter. The
loop gains at the signal 3 dB points are always larger
than 100. If a minimum loop gain of 1000 is required to
achieve a 0.1 % relative standard uncertainty in pho-
tocurrent measurements, the signal frequency at the low-
est signal gain oR = 10" ) has to be limited to about 1
kHz. In the case of a wide dynamic signal range, this
frequency limitation is not a problem, because the signal
frequency limit is much lower at high signal gains. The
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very low input current OPA128LM operational amplifier  response also decreased by a factor of 10. Decre&sing
seemed to be the best selection for this very high sensi-results in a smaller source resistance noise for the input
tivity but very slow photocurrent meter. of the OA. As a result of the similar signal and noise
The frequency compensation made the signal re- changes, the signal-to-noise ratio for the output of the
sponse of the current meter slower. This can be a prob-current meter is similar for these two signal gain selec-
lem whenR is high. E.g., forR=10" Q, the ;=8 s tions.
integrating time constant of the signal response requires Based on the above settling time and signal to noise
about a 1 min wait for the digital voltmeter (DVM) to  ratio measurements, we conclude tRat 10 Q pro-
measure the signal accurately at the output of the currentduces a faster measurement tiRen 10 Q) with similar
meter. The long waiting time before each DVM mea- photocurrent limit sensitivity.
surement is also necessary because of the roughly 2 min
settling time of the OPA128LM operational amplifier
when operated with this large feedback resistor. The
measured settling time of the above discussed silicon When dc or low frequency operation in a photocur-
photodiode current meter is shown in Fig. 8. The figure rent measuring circuit is too slow to satisfy a certain
shows the output signal change of the meter after the measurement speed requirement, different photodiode
shutter is closed. The duration of one measured point onand operational amplifier selections are needed.
the figure was determined by the integration time of the ~ The frequency dependent photocurrent-to-voltage
DVM, which was equal to the time of one power line conversion is described by Eq. (15). TRE time con-
cycle. This corresponds to an electrical bandwidth of 30 stant of the feedback impedance determines the band-
Hz [3]. A 16.2 s time constant was obtained from the width of the signal measurement. This time constant has
curve fit to the measured data when R+ 10" Q to be small enough to keep the 3 dB signal roll-off
feedback resistor was used. No external feedback capacfrequency a decade higher than the frequency of the
itor was applied in this measurement. WHer 10° Q) signal to be measured. E.g., with= 2 pF,R can not be
was selected, the settling time constant became shortedarger than 10 to use a chopping frequency of 8 Hz.
than the duration of one power line cycle. In this caser; =2 ms andf; =80 Hz. Because the
As shown in Fig. 4, the dc voltage noise amplification voltage amplification can not be smaller than unity, for
decreased almost a decade wiiewas reduced from R < 10 () the photodiode shunt resistance should not be
10" Q) to 10° Q. At the same time, the photocurrent larger than 19Q. Also, if the junction capacitance is

3.4 Chopped Radiation Measurement
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Fig. 8. The measured settling time of the Hamamatsu S1226-8BQ silicon photocurrent meteRwheH Q.
The time constant from the fit is 16.2 s.
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low enough, thd, roll-on frequency of the voltage gain  quently, the input bias current of the OA does not have
curve of Eq. (7) can be selected higher than the signal to be extremely low. However, low noise, fast settling
(chopping) frequency. A possible detector choice is the time, and fast operation are important OA requirements.
Hamamatsu S5226-8BQ silicon photodiode. This The OPA627BM dielectrically isolated OA satisfies
device has an active area of 1/3 Trithe shunt resis-  these expectations. This operational amplifier has low-
tance is 1 @) and the junction capacitance is 430 pF. noise, equal to bipolar-input amplifiers, larger band-
Figure 9 shows the voltage gain curves for the Hama- width than that of FET input operational amplifiers, and
matsu S5226-8BQ silicon photodiode when used with the minimum slew rate is 40 Wk.

the OPA627BM low noise and wide band operational  The loop gain characteristics of the optimized ac sili-
amplifier. Partial frequency compensations were per- con photodiode current meter for the different feedback
formed for all of thoseR wheref, <80 Hz. In these  impedances are shown in Fig. 10. The signal 3 dB roll-
cases, the signal 3 dB points were tuned to 80 Hz. For off points are matched to the loop gain curves and are
thoseR wheref, > 80 Hz, full frequency compensations shown again with open circles. The loop gain is higher
were obtained. Frequencids were decreased to be than 300 at each signal 3 dB roll-off points for &l
equal tof,. For each fully compensated gaR € 1¢ (), selections. Because of the large loop gains at signal
10° Q, and 10 Q), the sum of the stray and external frequencies smaller than the 3 dB point, the analog con-
capacitances was 432 pF. The signal 3 dB roll-off points trol loop errors are small and the implementation of Eq.
are matched to the voltage gain functions for eRend (16) is accurate. E.g.G > 1C° for signal frequencies
are shown with open circles. The noise boosting effect smaller than 40 Hz.

disappeared after full compensations and decreased for
partial compensations. If a chopping frequency of 8 Hz
is selected an®R= 1C° ) is used as a maximum feed-

back resistor, the noise amplification will be practically 100
unity.
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Fig. 10. Loop gain curves of an ac photocurrent meter using a Hama
matsu S5226-8BQ Si photodiod&s=1 G and Cj=430 pF.

102 109 102 104 109 OPAB27BM operational amplifier is used. Partial frequency compen-
f[Hz] sations are made at 80 Hz: R} 10° Q andC = 2 pF; b)R=10° Q
andC = 20 pF; and cR = 10’ Q andC = 200 pF. Full compensations

are shown by d) wherg = 16 Q to 1¢f Q andC = 432 pF. The signal
Fig. 9. Closed-loop voltage gains (solid curves) of a Hamamatsu 3 dB roll-off points are matched to the loop gain curves and are shown

S5226-8BQ Si photodiode ac current mefey= 1 G() andC; = 430 with open circles.
pF. The dashed curve shows the open loop gain of the OPA627BM
operational amplifier, without any feedback. Partial frequency com- If the radiation is Chopped a lock-in amplifier is

pensations were made at 80 HzR&f 10° Q andC = 2 pF; b)R= 1¢°
Q) andC = 20 pF: and cR = 10 ) andC = 200 pF. Full compensa- usually connected to the output of the current meter. The

tions are shown by d) whee= 10° () to 10' ) andC = 432 pF. The lock-in, which is synchronized with the radiation chop-
3 dB roll-off points of the signal response curves are matched to the per, performs a phase sensitive rectification of its input
voltage gain curves and are shown with open circles. signal. The low-pass filter, coupled to the output of the
lock-in, smooths the signal. The filter should be prop-

The OA selection criteria for rapidly changing optical erly designed to take fast enough readings when the
radiation is different than the earlier discussed very slow optical radiation changes. Usually, active filters (e.g.,
signal measurements. In the presently discussed ac meagessel) are used to optimize filter characteristics [9]. If
surement, the source resistance (parallel connecti®n of 3 very small bandwidth is realized by the low-pass filter

andRs) was selected to be smaller than in the previously (for an improved signal to noise ratio), the measurement
discussed dc and low frequency measurements. Consewill be very slow.
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4. Conclusions [9] P. Horowitz and W. Hill, The Art of Electronics, Cambridge
University Press, Cambridge (1987) pp. 127, 94, 153.

In addition to signal range and sensitivity, speed can [10] ?L‘;‘i‘;ﬁt i;t?lsgz)kpcg El‘“géBrOW”' Burr-Brown Corporation,
be an important issue in photodiode short circuit current [11] R. L. Boylestad, Introductory Circuit Analysis, 6th Edition,
measurements. In order to calculate the frequency de- werrill Publishing Company, Columbus, OH (1990) p. 719.
pendent signal and noise gains of different photodiode [12] J. W. Nilsson, Electric Circuits, Third Edition, Addison-Wesley
current meters, a detailed analysis of the photocurrent ~ Publishing Company, Reading, MA (1990) pp. 639-648.
measuring analog control loops has been described.[13] Transimpedance Applications, Fall 1994, Burr-Brown Applica-

First, the most important gain equations were deter tions Seminar.
Irst, imp gal quati w [14] G. H. Rieke, Detection of Light: from the Ultraviolet to the

mined and then the current-to-voltage géin voltage Submillimeter, Cambridge University Press, Cambridge, GB
gain Ay, and loop gainG were optimized for the signal (1994) p. 143.

frequencies. Both the active and passive components of[15] J. G. Graeme, Photodiode Amplifiers, McGraw-Hill, New York,
photodiode current measuring circuits can be deter- NY (1996) p. 42.

mined using the described method. Photodiodes can be

selected for shunt resistance and junction capacitance”Pout the author: George Eppeldauer is a Ph.D. Elec-

according to the sensitivity and speed requirements of a Ifonics Engineer in the Optical Technology Division of
measurement. The feedback impedances for the sethe NIST Physics Laboratory. The National Institute of

lected operational amplifier can be matched to the Standardsand Technology is an agency of the Technol-

impedance of the selected photodiode. As a result of ©9Y Administration, U.S. Department of Commerce.
component selections and frequency compensations, the
signal-to-noise ratios can be optimized for the outputs of
the photocurrent meters, and improved loop gains can be
achieved for reasonably wide frequency ranges. Because
of improved loop gain and bandwidth, the accuracy of
the photocurrent-to-voltage conversion is increased for
higher signal frequencies. As a result of photodiode
circuit optimization, the signal roll-off of large area
silicon photodiode light meters can be increased to
80 Hz even at a signal gain of 19/A.
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