
Volume 105, Number 2, March-April 2000 
Journal of Research of the National Institute of Standards and Technology 

[J. Res. Natl. Inst. Stand. Technol. 105, 209 (2000)l 

Noise- Optimized Silicon Radiometers 

~~ ~ 

Volume 105 Number 2 March-April 2000 

George P. Eppeldauer 

National Institute of Standards and 

This paper describes a new, experimentally 
verified, noise analysis and the design 
considerations of the dynamic characteris- 

Technology, 
Gaithersburg, MD 20899-8441 

tics of silicon radiometers. Transimpedance 
gain, loop gain, and voltage gain were opti- 
mized versus frequency for photodiode 

george.eppeldauer @ nist .gov current meters measuring a i  and dc optical 
radiation. Silicon radiometers with im- 
proved dynamic characteristics were built 
and tested. The frequency-dependent 
photocurrent gains were measured. The 
noise floor was optimized in an ac mea- 
surement mode using photodiodes of differ- 
ent shunt resistance and operational am- 
plifiers with low llf voltage and current 
noise. In the dark (without any signal), 
the noise floor of the optimized silicon ra- 
diometers was dominated by the Johnson 
noise of the source resistance. The Johnson 
noise was decreased and equalized to the 
amplified llf input noise at a 9 Hz chop- 
ping frequency and 30 s integration time 
constant, resulting in an equivalent root- 

mean-square (rms) photocurrent noise of 
8 X A. The lowest noise floor of 
5 X A, equal to a noise equivalent 
power (NEP) of 1.4 X 
nm peak responsivity, was obtained at a 
1 0 0  s integration time constant. The ra- 
diometers, optimized for ac measure- 
ments, were tested in a dc measurement 
mode as well. Performances in ac and dc 
measurement modes were compared. In the 
ac mode, a ten times shorter (40 s) over- 
all measurement time was needed than in 
the dc mode (400 s) to obtain the same 
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A noise floor. 
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1. Introduction 

Low-noise photocurrent measurements are needed for 
the detection of weak optical radiation [l]. Silicon 
photodiodes are well known for their excellent optical 
and electronic characteristics, and for their high sensi- 
tivity and stability [2, 31. 

The noise and drift characteristics of silicon photodi- 
ode current meters were analyzed earlier at low (dc) 
frequencies [4]. High shunt resistance silicon photodi- 
odes and operational amplifiers with large feedback re- 
sistors were used to achieve high photocurrent sensitiv- 
ity. Operational amplifiers with very low input-bias 

current were used to minimize llfnoise from the ampli- 
fier. The dominant Johnson noise was equalized to the 
llf amplifier noise by decreasing the electrical band- 
width to 1.25 mHz. The drift was also equalized to the 
noise floor by regulating the temperature of the Si ra- 
diometer within -t 0.02 "C of the operating 25 "C value 
[ 5 I .  The root-mean-square (rms) equivalent photocur- 
rent of the measured noise floor was A. The time 
of the measurement was 400 s. When the bandwidth was 
increased to 300 mHz, the noise increased and ranged 
between 0.6 fA and 1 fA. The factor of 10 noise increase 
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was measured for the photodiode with the largest time 
constant (shunt resistance times junction capacitance). 
This output noise increase was due to a frequency-de- 
pendent noise-boosting effect in the voltage gain of the 
photocurrent meter. 

The dynamic (ac) characteristics of photodiode cur- 
rent meters were analyzed in transimpedance amplifier 
applications [6,7,8]. The fundamental gain equations 
were summarized recently [9] to optimize signal (tran- 
simpedance) gain, voltage gain, and loop gain versus 
frequency. The gain equations can be used to optimize 
both low-frequency (dc) and modulated/chopped (ac) 
photocurrent meters. The feedback impedances of the 
selected operational amplifiers were matched to the 
impedance of the selected silicon photodiode in the an- 
alyzed ac photocurrent meters. The signal roll-off point 
of large-area silicon photodiode current meters could be 
increased to 80 Hz even at a signal gain of lo9 V/A. The 
suggested silicon radiometer converts the optical radia- 
tion signal (chopped with 8 Hz) into an ac voltage signal 
which has negligible amplitude distortion and signal 
phase shift. The optimization of the frequency-depen- 
dent (three) gains was extended to Ge, InGaAs [lo], and 
InSb [l 13 photodiodes as well. 

Optimization of the dynamic (frequency-dependent) 
characteristics of silicon radiometers will not necessar- 
ily optimize the sensitivity of the meters. The funda- 
mental gains and the noise floor have to be optimized 
together to get the best performance. This paper shows 
the proper method of analysis for performing this task in 
the ac measurement mode. The design considerations 
for both the dynamic characteristics and the noise per- 
formances are experimentally verified. Also, the perfor- 
mances of ac and dc silicon radiometers are compared. 

The equivaient circuit of photocurrent-to-voitage con- 
verters is shown in Fig. 1. The photocurrent I p  from 
photodiode P is converted into a voltage V at the output 
of the operational amplifier OA. Rs is the shunt resis- 
tance and CJ is the junction capacitance of P. R is the 
feedback resistance and Cis the feedback capacitance of 
the OA. The photocurrent-to-voltage conversion can be 
described by the transimpedance gain [9]: 

Equation (1) shows that the dc signal gain (at w = 0), 
which is the ratio of the output voltage V to the input 
photocurrent I,, is equal to R . The frequency-dependent 

I 0 

Fig. 1. Equivalent circuit of photodiode radiometers. The dashed line 
represents photodiode P. R and C are the feedback components of the 
operational amplifier OA. 

signal response is determined by the integrating time 
constant T~ = RC of the feedback impedance. Equation 
(1) also describes the gain for the input current noise IN 
of the circuit. Because Eq. (1) does not show the fre- 
quency dependent contribution of OA to the signal re- 
sponse, the equation works only if the roll-off time 
constant of the OA open-loop gain q < 71. Otherwise, 
the OA frequency-dependent response gives an un- 
wanted limitation for the signal response. 

Similarly to Eq. (l), 

V 1 
IP 1 +G-” 
- = R -  

where G is the loop gain. The photocurrent-to-voltage 
conversion R , which is the signal gain, will be accurate 
only if G>> 1 at the signal frequency. This is a very 
important design requirement for the analog control 

The loop gain, which is the product of the OA open 
loop gain A and the feedback attenuation p,  can be 
written as 

loop. 

( 3 )  

where A. is the dc open loop gain and Po = Rs/(Rs + R ). 
The quantity 71 = RC was the integrating time constant 
in Eq. (1). Here, in Eq. (3) ,  TI is a differentiating time 
constant. The integrating time constant 72 here is the 
product of the parallel resistances and the parallel capac- 
itances: 

7, is always an additional integrating type time constant. 
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The closed loop voltage gain, which is the reciprocal 
of p[l2], determines the amplification for the input 
voltage noise VW: 

1 + jwr2 
1 + jwr l  

AV=AV,- 

where 

R s + R  
RS 

A", = - 

is the dc voltage gain. 
In contrast to Eq. (3), r1 is an integrating and r2 is a 

differentiating time constant in Eq. (5) .  V ,  is the John- 
son (resistor) noise. This "white" noise shows up di- 
rectly at the OA output (without any amplification). The 
current noise Z, is caused by the fluctuation of the OA 
input current. Both Zm and V\, have "white" and llf 
noise components superimposed on each other. 

The photocurrent Zp produces a shot noise ZpN which 
is not shown in Fig. 1. The current ZpN is converted to 
the OA output similarly to Zp. This current noise compo- 
nent is (2eZpAf)1'2, where e is the elementary electron 
charge, 1.60 X IO-" C, Zp is the photocurrent, and Af is 
the electrical bandwidth. A lO-I4A photocurrent pro- 
duces an rms current noise of ZpN=7.1 X lo-'' A at 
Af = 16 mHz, which corresponds to an integration time 
constant of 10 s. 

At the OA output, the signal-produced voltage V has 
to always be much larger than the superimposed total 
noise voltage originating from the above four noise 
components. 

3. Design of Dynamic Characteristics 

A test silicon radiometer was built that satisfies the 
three gain requirements discussed above with high pho- 
tocurrent and loop gains and low voltage-gain at the 
signal frequencies. 

According to the suggestion in our previous work [9], 
the Hamamatsu Model S5226-8BQ' 1/3 cm2 area photo- 
diode was selected and tested with RS = 2.2 GCl and 
C, = 410 pF. The large shunt resistance kept Av low. 
The small junction capacitance tuned the f2 = 1/(27r72) 

' 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 Technology, nor does it imply that the materials or 
equipment identified are necessarily the best available for the 
purpose. 

roll-up point in the voltage-gain curve to high frequen- 
cies, resulting in decreased noise-boosting effect. The 
Burr-Brown OPAl 1 1BM operational amplifier was se- 
lected because of its high dc open loop gain (Ao = lo6) 
and low llf noise. The dynamic characteristics below 
were designed with typical manufacturer's data regard- 
ing CJ, Ao, and the 3 dB roll-off frequency of the OA 
open-loop gain. 

The largest feedback resistor used in these tests was 
R =  10'' l2. In order to obtain a high enough signal 
roll-off frequency f l  = 1/(27rr1) at this signal gain, a 
small stray capacitance of C, = 1.25 pF was realized. 
The overall feedback capacitance was C = C, + Cf, 
where Cf was the externally connected feedback capac- 
itor. Cf was selected for all gains (except R = 10" 0) to 
obtain a signal roll-off frequency of at least 10 times the 
chopping frequency. 

Figure 2 shows Cf, fl, and f2 versus R for the test 
radiometer. Thefi andfi curves were calculated from r1 
and r2 of Sec. 2. As is shown in Eq. (4),& depends on 
C. A change in Cf will modify the starting value offi. 
Cf was selected for all signal gains to obtain a high 
enoughfi for chopping frequencies between 7 Hz and 
10 Hz. The frequencyfi was decreased by increasing Cf 
in all signal gains (other than the highest) to tunefi close 
tofi as much as possible. This requirement is important 
for minimizing noise voltage amplification and maxi- 
mizing loop gain for the signal frequencies. At the same 
time,fi had to be high enough to keep the signal band- 
width of the radiometer broad enough for all signal-gain 
selections. This is an important requirement to avoid 
distortion of the signal shape and to make the signal- 
phase-shift negligibly small. At full-frequency compen- 
sation, where r1 = r2, the differentiating time constant 
cancels (compensates) the integrating time constant. 
This way, the loop gain can be increased and the voltage 
gain can be decreased for the signal (chopping) frequen- 
cies. For gain selections of R << Rs the r1 = r2 condition 
requires C>> CJ, resulting in large Cf values. The ca- 
pacitance C, will not be too large if Cr is small. Full 
frequency compensation was made at R = lo4 0 using 
Cf = 4.7 nF. No ftequency compensation was made for 
R = 10" SZ to keep fi high. Full compensation for the 
high signal gains would make the radiometer very slow. 
Partial compensations satisfied the three gain require- 
ments for all the other signal gains. 

Figure 3 shows the frequency-dependent loop-gain 
characteristics of the above test radiometer. This is a 
Bode plot [I31 where the characteristics can be con- 
structed quickly and fairly accurately by approximating 
the curves with piecewise linear regions. The value of 
G at low frequencies is equal to A&. The first two 
roll-offs are atfi andA;J determines the roll up. This is 
the frequency where the signal 3 dB roll-off points 
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Fig. 2. Time constants-produced frequency roll-off and roll-up points of the test radiometer 
calculated for the decadic signal gains. The external feedback capacitor versus feedback resistor 
is shown by the dashed curve. The points are connected to help visual separation of the curves. 
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Fig. 3. Loop-gain characteristics of the test silicon (S5226-8BQ) radiome- 
ter. The open circles show the signal 3 dB roll-off points as they are 
matched to the loop-gain characteristics. 

(shown with open circles) are attached to the loop-gain 
curves (solid lines). At R = 10" Cn, the signal 3 dB point 
is 13 Hz without any frequency compensation (Cr = 0). 
At R = lo9 a, Cr = 0.8 pF will producz C = 2 pF with a 
roll-off frequency off, = 78 Hz. As a result of the high 
open-loop gain of the OPAl 1 1BM operational ampli- 
fier, the loop gains at these two highest signal gains are 
100 (40 dB). Partial frequency compensations were 
enough for the other signal gains to obtain high enough 
loop gains at the signal 3 dB roll-off points. For these 
cases,fi = 75 Hz, or higher, was selected. The full fre- 
quency compensation at the lowest signal gain was made 
as a design example. 

Figure 4 shows the closed-loop voltage-gain charac- 
teristics (solid curves) of the test silicon radiometer. The 
open-loop gain curve of the OA is shown with thick 

dashed lines. The roll up here is determined byfi. The 
roll-off is produced by fi. At the highest gain, fi is 
relatively far fromf2, producing a gain increase of about 
two orders of magnitude. The real shape of this gain 
change is shown (for R = 10" 0 only) with the thin 
dashed curve. The noise boosting at a chopping fie- 
quency of 9 Hz is still significant. 

4. Measurement of Photocurrent Gains 

The frequency-dependent signal (transimpedance) 
gain of the test silicon radiometer was measured for all 
(except for the lo4 V/A) signal-gain selections. The sta- 
ble broad-band radiation of a 100 W tungsten halogen 
lamp was measured using a chopper. The frequency of 
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Fig. 4. Closed-loop voltage-gain characteristics (solid lines) of the test 
silicon (S5226-8BQ) radiometer. The thick dashed lines show the open- 
loop gain of the OA. The open circles are the signal 3 dB roll-off points as 
they are matched to the voltage-gain characteristics. 

the chopper was tuned from about 10 Hz to 300 Hz by 
computer control. A chopper-synchronized, sine-wave 
measuring lock-in amplifier was connected to the output 
of the radiometer. The measured output voltage Vcurves 
are normalized and shown versus chopping frequency f 
in Fig. 5 .  At low (dc) frequencies, the output voltage VO 
is not attenuated. The 3 dB line on the graph shows 
where the signal-gain curves reach the 70.8 % (3 dB 
attenuation) value of Vo. The signal attenuation, accord- 
ing to Eq. (l), is caused by the T~ = RC time constant, 
which is different for all signal gain selections. There is 
no monotonic progression in the measured curves be- 

cause the 3 dB signal frequencies agree with the design 
values (fi) in Sec. 3. The 3 dB frequency for lo9 V/A 
gain was larger (about 90 Hz) than the designed 78 Hz 
because the very small (calculated) external feedback 
capacitor (Cf = 0.8 pF) was not connected. For the most 
sensitive signal gain the 3 dB point was calculated from 
a curve fit to the measured data points. The fit is shown 
with the dashed curve. The fit equation is: 

(7) 

\ 
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Fig. 5. Measured frequency-dependent signal-gain curves of the test silicon ra- 
diometer for different signal-gain settings; VO is the dc output voltage of the 
radiometer. 
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The 3 dB point from the fit was 12.9 Hz. The response 
at 2 Hz is a rough extrapolation to Vo measured with the 
other signal gain selections. For a chopping frequency of 
9 Hz the amplitude attenuation at the IO'" V/A signal- 
gain selection will be about 17 %. Because the operating 
point is on the slope of the roll-off curve, the chopping 
frequency should be stabilized for this gain selection. 
The quantity V, should be reported instead of V versus 
frequency if different chopping frequencies are used. 
The graph also shows that for the other gain selections 
the signal responses are flat around the 9 Hz chopping 
frequency. 

5. AC Measurement of Dark Noise 

In ac photocurrent measurements, amplifier drifts do 
not contribute to measurement uncertainties. It is the 
noise floor that determines the sensitivity limit. The 
dark noise gives basic information about the noise per- 
formance of a radiometer. In order to make high-sensi- 
tivity measurements, the dark noise has to be kept as low 
as possible. In our noise tests the output of the test 
radiometer was connected to the inputs of chopper-syn- 
chronized lock-in amplifiers. The photodiode was cov- 
ered with a light-tight cap in order to measure the dark 
noise. The total output noise of the radiometer (dark) 
was measured at a chopping frequency of 9 Hz with an 
electrical bandwidth determined by the low-pass filter 
at the output of the lock-in amplifier. In these ac mea- 
surements the signal magnitudes M were calculated 
from the lock-in X and Y (filtered) output voltages using 
the mathematical vector sum process ( M  = ( X 2  + Yz)ln). 
When measuring noise (or a small signal in the noise), 
this process rectifies the noise, causing residual output 
offset. In order to estimate the noise measurement un- 
certainty caused by this problem, several dark noise tests 
were repeated and evaluated in a different way, Le., by 
calculating the noise fluctuations in both X and Y .  The 
lock-in X and Y output noise voltages and the magni- 
tudes are shown in Table 1 for 30 s and 1 s integration 
time constants. The X and Y pairs were always simulta- 

Table 1. Lock-in X and Y output noise voltages and magnitudes M ,  
for the dark S 1226-8BQ photodiode and the OPA128LM operational 
amplifier at 9 Hz chopping frequency and 10" V/A signal gain 

Lock-in time constant (s) M(pV) X(p,V) Y(p,V) 
___ 

1 
30 

3.2 3.2 3.5 
0.78 0.93 0.8 1 

neous measurements. The M values, at a given time 
constant, were measured consecutively to the measure- 
ments of X and Y .  Each reported noise value was calcu- 
lated as the standard deviation of at least 20 readings. 
The measurement results show that the noise of M can 
be 38 % lower than the noise of X or Y ,  which are free 
of the residual output offset. The uncertainty of our 
noise magnitude measurements is dominated by this 
38 % (coverage factor k = 2)  relative expanded uncer- 
tainty. 

5.1 Noise Floor Optimization 

The noise floor of the test silicon radiometer was 
optimized in the ac measurement mode using four 
photodiodes with different shunt resistances and three 
operational amplifiers with low llf voltage and current 
noise. The feedback capacitors were not changed for the 
different photodiode-amplifer combinations. Table 2 
shows the model numbers and the impedances of the 
tested photodiodes. All tested photodiodes had an active 
area of 1/3 cm2. The models in Table 2 were chosen in 
order to obtain a wide shunt resistance range for our 
tests. The range was extended by selecting the photodi- 
odes for high shunt resistance. (The larger the resistivity 
of the photodiode material, the higher the shunt resis- 
tance.) The measured shunt resistances ranged from 0.5 
GR to 7 GR. Only photodiodes with small junction 
capacitance were selected to obtain small voltage gain 
(low noise boosting) in ac signal measurements. C, is 
proportionai to the photodiode area and can be inversely 
proportional to either the square or the cube root of the 
width of the depletion layer [14]. The depletion layer 

Table 2. The tested silicon photodiodes and the calculated voltage gain parameters 

Model &(GO) CdnF) Avo f2(H~)  

Data Book Measured Data Book Measured For R = 10'' 0 
Min. Typical in the dark Typical in the dark and measured 

RS and CJ 

S1336-8BQ 0.1 0.4 0.5 0.38 0.18 21 1.9 
S5226-8BQ 0.1 1 2.2 0.43 0.32 5.6 0.3 
S1227-66BQ 0.2 I 5 0.95 0.62 3 0.08 
S1226-8BQ 0.2 1 7 0.95 0.56 2.4 0.07 
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width is proportional to the resistivity of the material. 
This is why Cr was measured to be lower on the selected 
high shunt resistance photodiodes. During the capaci- 
tance measurements on the photodiodes the dc voltage 
drop was less than 13 mV and the ac voltage drop was 
less than 24 mV. The capacitances were measured in the 
dark and the diodes were reverse biased. The measured 
capacitances ranged from 0.18 nF to 0.62 nF. Table 2 
also shows the dc voltage gain andf2 for the 10'" VIA 
signal-gain. They were calculated from the measured Rs 
and Cr values. 

The llfvoltage and current noise of the three different 
types of operational amplifiers are shown in Table 3 for 
the frequency range between 0.1 Hz and 10 Hz. The 
manufacturer's data were helpful only to select candi- 
date operational amplifiers. As noise figures for the 
small frequency interval (electrical bandwidth) at 9 Hz 
were not available, it was necessary to test the noise 
floor experimentally. Both the OPA128LM and the 
OPA627BM operational amplifiers were tested with all 
four photodiodes. The OPAll 1BM was tested only with 
two different shunt resistances using the S5226-8BQ 
and the S 1227-66BQ photodiodes. 

Figure 6 shows the measured noise floors of the dif- 
ferent photodiode-operational amplifier combinations. 
These noise floor measurements were made at a current- 
to-voltage gain of 10'" VIA and 9 Hz. The time constant 
selected on the lock-in amplifier was 3.33 s. The low- 
pass filters of the lock-in amplifier had a roll-off slope 
of 20 dB per decade. 

For the OPA128LM operational amplifier the output 
noise decreased to an equivalent rms photocurrent of 
0.28 fA for photodiode shunt resistances of 5 GR and 7 
GR. At these high shunt resistances the voltage gain was 
small enough to make the amplified OA input noise 
negligible relative to the dominant Johnson noise. The 
0.5 GCl shunt resistance increased the voltage gain by a 
factor of seven, resulting in a dominating output noise 
from the input voltage noise. Similar results were ob- 
tained with the OPAl 1 1BM operational amplifier. 

With the OPA627BM operational amplifier a 0.36 fA 
noise floor was measured for shunt resistances of 2.2 
GR or larger. This noise floor was 0.08 fA higher than 
the noise floor with the other two operational amplifi- 
ers. As compared to the others, this amplifier had a 

0.7 - 

0.6 
: 0. 

0.5 ; 

0.4 1 

0.3 
OPAl 1 1 BM 

0.2 t . . . . I . ,  ' " " " ' I  ' " '  I ' " ' I " " I .  " 1 1  

0 1 2 3 4 5 6 7 8  

Shunt resistance [GSZ] 

Fig. 6. Noise-equivalent photocurrent of photodiode-operational am- 
plifier combinations at a signal-gain of 10" VIA and a chopping 
frequency of 9 Hz. 

much larger llfinput current noise and it dominated the 
OA input noise. With increasing shunt resistance the 
input voltage noise drop (caused by the input-current 
noise) increased and the voltage gain for it decreased. 
The result was a constant llfnoise contribution to the 
dominating Johnson noise. 

The output (total) noise spectrum of the radiometer 
was measured at different chopping frequencies be- 
tween 8 Hz and about 200 Hz. The signal gain of the 
radiometer was lowered to lo9 VIA to increase the Signal 
upper roll-off point from 13 Hz to 80 Hz. The time 
constant of the lock-in amplifier remained 3.33 s. The 
2.2 Gfl shunt resistance of the S5226-8BQ photodiode 
was used in this test. The voltage gain, according to Fig. 
4, increases almost two decades from 0.8 Hz to 80 Hz. 
The upper half of this frequency interval could be tested. 
As is shown in Fig. 7, the dominating noise (at the 
radiometer output) is the white Johnson noise, which 
makes the noise spectrum flat. The measured noise 
spectrum with the OPA128LM was smoother than with 
the OPA627BM because of the smaller OA input noise. 
The input noise of the OPA627BM was dominated by 
the above-discussed llf input current noise. In spite of 

Table 3. Catalog data of OA llf noises from 0.1 Hz to 10 Hz (all voltages and cuiTents are 
peak-to-peak) 
________ 

OPA 128LM OPA627BM O P A l l l B M  
Voltage Current Voltage Current Voltage Current 

4 FV 2.3 fA 1.6 pV 60 fA 2.5 pV 12 fA 
(0.6 typical) (30 typical) (7.5 typical) 

_____ __________. _ _ ~ ~ .  __ 
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Fig. 7. Noise-equivalent photocurrent versus frequency of the silicon 
radiometer at a signal gain of IO9 V/A and a time constant of 3.33 s. 
The detector was a 53226-8BQ photodiode (Rs = 2.2 G a ;  CJ = 410 
PF). 

this ltf noise contribution, the noise spectrum remained 
flat. The smaller voltage gain compensated for the 
higher llfnoise at the lower frequencies. Because of the 
flat noise floor at this signal gain, any signal (chopping) 
frequency can be selected within the tested frequency 
interval. However, the 3 dB point at 80 Hz will restrict 
the upper signal frequency limit. If the external feed- 
back capacitor is not connected, this limit can be ex- 
tended to about 130 Hz. In this case the loop gain at this 
signal frequency can be too low, resulting in poor cur- 
rent-to-voltage conversion accuracy. To avoid this prob- 
lem, either a high open-loop gain operational amplifier 
(e.g., OPAll IBM) has to be selected or the partial fre- 
quency compensation (e.g., for 80 Hz) has to be applied. 

5.2 Dark Total Noise Versus Signal Gain 

The optimized radiometer, with the S 1227-55BQ 
(Rs = 5 GQ) photodiode and the OPAl11BM opera- 
tional amplifier, was tested for output total noise versus 
signal-gain performance. Again, the signal (chopping) 
measurement frequency was 9 Hz and the time constant 
of the lock-in amplifier was 3.33 s (0.05 Hz bandwidth). 
The measurement results are shown in Fig. 8. The out- 
put total noise is shown by the dashed curve and the 
noise-equivalent photocurrent is represented by the solid 
curve. The shape of the total noise curve shows that with 
high feedback resistances the Johnson noise dominates 
the output noise. With small feedback resistances, 
where the Johnson noise is low, the input voltage noise 
of the amplifier (amplified by the unity voltage gain 
here) dominates the output noise of the radiometer. The 
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Fig. 8. Measured dark noise versus signal gain at 9 Hz and 3.3 s 
integration time constant. The S1227-66BQ photodiode and the 
OPAll IBM operational amplifier were used in the noise-optimized 
radiometer. 

measured 16 nV input voltage noise is a llfnoise which 
cannot be reduced much by longer integration. 

5.3 Dark Total Noise Versus Electrical Bandwidth 

The Johnson noise in Fig. 8 can be further reduced by 
longer integration. The noise-optimized radiometer with 
the S1226-8BQ ( R s = 7  GQ) photodiode and the 
OPA128LM operational amplifier was tested at a signal 
gain of 10'' VIA and a measurement frequency of 9 Hz. 
A digital lock-in amplifier (Stanford SR830) was used 
in this test. The time constant of the lock-in amplifier 
was changed between 100 s and 0.1 s. The waiting time 
was three times the time constant before each dark noise 
measurement. The measurement results are shown in 
Fig. 9. 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 
0.1 1 10 100 

Time constant [SI 

Fig. 9. Noise-equivalent photocurrent versus time constant of the dig- 
ital lock-in amplifier for the S1226-8BQ photodiode and the 
OPA128LM operational amplifier at 9 Hz chopping frequency and 
10" VIA signal gain. 
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The dark noise floor was 0.1 fA with the 10 s time 
constant. This noise is equal to the earlier reported dc 
dark noise obtained with a measurement time of 400 s 
[4]. The present 9 Hz (ac) noise test needed a 40 s total 
measurement time to obtain the same noise-equivalent 
photocurrent. At the 100 s time constant the noise equiv- 
alent photocurrent decreased to 0.05 fA. The noise 
equivalent power (NEP), which is the ratio of the 0.05 fA 
to the 0.36 A/w peak responsivity of the diode, is equal 
to 0.14 fw. This test required a total measurement time 
of 400 s. The roll-off slopes of the low-pass filters, 
within the digital lock-in amplifier, were always selected 
to 80 dB per decade (24 dB per octave). This very steep 
roll-off slope produced a well-defined electrical band- 
width. 

The Johnson noise could be calculated from Rs = 7 
GO and R = 10 GO. The parallel connection of R and Rs 
gave a source resistance of Rso = 4.1 X lo9 O. The rms 
noise voltage of the source resistance, at the output of 
the radiometer, was 

where k = 1.38 X lo-*' JIK is the Boltzmann constant, 
T = 300 K was the temperature of the radiometer during 
the test, and Af = 0.048 Hz was the measurement band- 
width as calculated from the 3.33 s time constant of the 
lock-in amplifier used in the noise measurements of Fig. 
6. 

The 0.28 fA noise-equivalent photocurrent in Fig. 6 
was calculated from the measured 2.8 pV radiometer 
output noise voltage and the 10" VIA photocurrent-to- 
voltage gain. Af in that measurement was larger than in 
Eq. (8) because of the shallow (20 dB per decade) slope 
of the low-pass filter. That measurement was repeated 
with the digital lock-in amplifier, using a 3 s time con- 
stant with a roll-off slope of 80 dB per decade. With this 
time constant, the Af = 0.053 Hz bandwidth resulted in 
a calculated Johnson noise voltage of 1.9 pV. In accor- 
dance with Fig. 9, the measured value was 2 pV. This 
noise voltage corresponds to a 0.2 fA photocurrent noise 
at a signal gain of 10" V/A. The 80 dB per decade 
roll-off still does not give a perfect square shape for the 
measurement bandwidth. The 10 % (coverage factor 
k = 2) uncertainty of these Johnson noise determina- 
tions is well within the 38 '% relative expanded uncer- 
tainty (k  = 2) of the ac noise measurements. 

6. DC Dark Noise 

The silicon radiometer, noise-optimized with the 
S 1226-8BQ photodiode (Rs =L 7 GfL) and the 
OPA128LM operational amplifier in the ac mode, was 

tested in the dc measurement mode as well. As in our 
earlier reported dc measurements [4], the bandwidth 
was again 0.3 Hz determined by the 100 power-line 
cycle integration time (1.7 s) of the dc digital voltmeter 
connected to the output of the radiometer. The tempera- 
ture of the radiometer during the dc test was controlled 
to 25 "C t 0.02 "C. The increase in the standard devia- 
tion of the measured noise data points due to drift was 
negligible. The dc dark noise measurement results are 
shown in Fig. 10. 

io4  i o 5  io6  i o 7  ion i o 9  i o 1 O  io1' 
Signal gain [V/A] 

Fig. 10. The dc dark noise of the radiometer noise-optimized in the 
ac mode (with S1226-RBQ photodiode and OPA12RLM operational 
amplifier) versus signal gain. The integration time is 1.7 s. 

At the two lowest signal gains ( lo4 VIA and lo5 VIA) 
the output total noise of the radiometer was dominated 
by the 0.2 pV input voltage noise of the OA. This I l f  
noise fits to the earlier reported 0.2 pV to 1 pV noise 
interval [4] measured on several OPA 128LM operational 
amplifiers. It should be noted that the ac and the dc noise 
versus signal-gain tests were made with different photo- 
diode-amplifier pairs. However, before the tests (both ac 
and dc), the two radiometer combinations were opti- 
mized to the same noise floor (0.28 fA) at 9 Hz, as 
discussed in Sec, 5 . ! .  

At the highest (10" VIA) signal gain of the radiome- 
ter, the noise-equivalent photocurrent was 1.5 fA. The 
noise-equivalent photocurrent increased to about 20 pA 
at the lowest (10" V/A) signal gain. When the equivalent 
photocurrent noise curve was extrapolated to the 10" 
VIA gain, a noise floor of about 0.7 fA was obtained, 
equal to the noise floor of our previous dc measurements 
(using the same signal gain and the same 0.3 Hz band- 
width) 141. The lower noise floor at 10" V/A can be 
utilized only at very slow measurements because the 
settling time constant at this gain is 16.2 s [9]. At 10" 
VIA signal gain the settling time constant is shorter than 
one power line cycle (16.7 ms). This three orders of 
magnitude settling-time difference rejects the applica- 
tion of the 10" V/A signal gain from fast measurements. 
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The expanded relative uncertainty (coverage factor 
k = 2) of our dc noise measurements was 25 %. 

7. AC and DC Dark Noise Comparison 

In dc measurements, the noise-boosting effect (shown 
in Fig. 4) can be avoided if we restrict the measurement 
frequency and bandwidth to a limit which is lower than 
the frequency where the voltage-gain increase begins. 
We used this method in our previous work [4] where a 
400 s measurement time (1.25 mHz bandwidth) elimi- 
nated the noise-boosting effect at the 10" VIA signal 
gain and equalized the resistor noise to the llfnoise. 

Another method to eliminate (or decrease) noise 
boosting is to apply frequency compensation for the 
different signal gains of the radiometer. In a typical 
example, where the shunt resistance is 6.5 GR and the 
junction capacitance is 1.3 nF, full-frequency compen- 
sation will decrease the signal 3 dB roll-off points to 19 
mHz at the two highest signal gains. (This requires a 85 
pF capacitor parallel to R = 10" R and 850 pF parallel 
to R = lo1' 0.) Again, the result would be very slow 
signal measurements at high signal gains. However, full- 
frequency compensation is not needed at high signal 
gains because the large feedback resistance and shunt 
resistance make the Johnson noise dominate (as dis- 
cussed in Sec. 5.1) relative to the amplified (boosted) 
input noise. 

In both dc and ac measurements, partial frequency 
compensation give the best results. The voltage gains are 
decreased (with the partial compensation) by lowering 
f, (closer tofi) until the signal response is not too low for 
the signal frequency. This was the design consideration 
for our test radiometer (as described in Sec. 3) where the 
signal roll-off frequency was at least 10 times the chop- 
ping frequency. As is shown in Figs. 3 and 4, the value 
of the compensating Cf capacitor depends on the chosen 
signal gain ( R ) .  

The input voltage noise at 9 Hz was 16 nV with the 
OPAlllBM (as shown in Fig. 8) and 23 nV with the 
OPA128LM. The llf noise of each amplifier at this 
measurement frequency is much smaller than at very 
low (dc) frequencies. Earlier [4], a 50 nV to 200 nV llf 
input noise interval was reported on several OPAl 1 1BM 
operational amplifiers at very low frequencies. The llf 
noise interval was higher (about 0.3 yV to 1 yV)  for the 
OPA128LM. 

The decrease of the llfnoise at higher frequencies 
made it possible to increase the signal measurement 
frequency from dc to 9 Hz. At 9 Hz the noise-boosting 
effect was still significant. However, the feedback resis- 
tor ( R )  could be lowered by a factor of 10, relative to the 
previously reported R = 100 Gfl  in the most sensitive dc 

measurements [4]. The result of the smaller R was de- 
creased voltage gain (Av) and resistor noise. 

Figure 8 shows that the dark noise floor measured at 
9 Hz is about a decade lower than the dc dark noise floor 
shown in Fig. 10. The silicon radiometers in the ac and 
dc noise floor measurements were noise optimized (in 
ac mode) to the same 0.28 fA rms current level (as 
described in Sec. 5.1). The measurement times are rea- 
sonably short (a few seconds) in both cases. At 9 Hz, the 
integration time to obtain the same A noise floor 
(as in the previous dc measurements) became shorter 
because of the lower resistor noise. Using the radiometer 
with the OPA128LM operational amplifier and a 30 s 
integration time constant (as shown in Fig. 9), an output 
rms llfnoise of - 0.6')'" yV = 0.71 pV could be 
calculated. The 0.6 pV was the calculated rms Johnson 
noise and the 0.93 p,V was the total rms output noise 
measured by the lock-in X channel (as shown in Table 
1). The X-channel noise was used because it was free of 
the residual output offset in M .  The calculated voltage 
gain (at 9 Hz) was 710 nV / 23 nV = 3 1. The relative 
uncertainty (coverage factor k = 2) of this voltage gain 
determination was 66 %. In this ac measurement, the 
Johnson noise was roughly equalized to the amplified 
llf noise. The noise equivalent photocurrent (from the 
lock-in magnitude M )  was 8 X A. According to 
Fig. 9, further increase of the lock-in integration time 
constant will not yield a significant decrease in the out- 
put total noise of the radiometer. The lowest noise- 
equivalent photocurrent of 5 X A was measured 
with an integration time constant of 100 s. The total 
duration of this ac measurement was 400 s. 

8. Conclusion 

An experimentally verified noise analysis for silicon 
photodiode current meters of improved dynamic charac- 
teristics has been described. Transimpedance gain, loop 
gain, and voltage gain were optimized versus frequency 
using partial frequency compensation for the different 
signal gains. The effect of the Johnson noise, the OA 
input voltage noise, and the current noise of both the OA 
input current and the photocurrent were discussed. The 
transimpedance (current-to-voltage) gains of the test ra- 
diometer were measured versus frequency. The noise 
floor was optimized at a signal chopping frequency of 9 
Hz by testing the combinations of four photodiodes of 
different shunt impedance and three selected operational 
amplifiers. The dominating Johnson noise at the tested 
10" VIA signal gain was further decreased by increas- 
ing the integration time constant of the ac signal mea- 
surements. At an integration time constant of 30 s (after 
90 s wait), the Johnson noise was equalized to the ampli- 
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fied llfnoise of the operational amplifier, resulting in an 
rms noise equivalent photocurrent of 0.08 fA. This pho- 
tocurrent noise corresponds to an NEP of 2.2 fW at the 
0.36 A N  peak responsivity of the photodiode. Earlier 
[4], a 400 s measurement (averaging) time was needed 
in the dc measurement mode to obtain an rms noise 
floor of 0.1 fA. 

The silicon radiometer optimized in the ac measure- 
ment mode was tested in the dc measurement mode as 
well. The dc tests verified that a radiometer optimized 
for ac measurements may also have an optimum perfor- 
mance in the dc mode. Integrating-type digital volt- 
meters measured the radiometer output voltages for the 
duration of 100 power line cycles (1.7 s) to avoid long 
measurement (averaging) times. Also, the signal gain of 
the radiometer was maximized to 10” VIA to avoid long 
settling times. The dc test resulted in a practical rms 
photocurrent sensitivity limit of 1.5 fA. In contrast, the 
practical sensitivity limit in the ac measurement mode 
(with a 10 s integration time constant) was 0.1 fA. The 
conclusion from comparing the ac and the dc photocur- 
rent measurement modes is that well-designed ac ra- 
diometers can measure weaker optical signals with 
shorter measurement times. 

The described frequency- and noise-optimized sili- 
con photodiode current meters can be used as building 
blocks of high-sensitivity radiometers, photometers, py- 
rometers, and colorimeters. These radiometers have a 
signal (radiant power or photocurrent) dynamic range of 
greater than 14 decades. The discussed ac (including dc) 
noise-optimization method can be extended for ultravio- 
let and near-infrared photodiode current meters as well. 
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