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DEVELOPMENT AND CHARACTERIZATION OF A LOW-
FREQUENCY NOISE MEASUREMENT SYSTEM FOR
OPTOELECTRONIC DEVICES
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Abstract: A noise spectral density measurement system for low-frequency current noise was built and thoroughly characterized from dynamic and noise
point of view. The system uses the SR570 transconductance amplifier and the SR780 FFT spectrum analyzer. The built in battery power supply in the
SR570 together with an effective double shielding arrangement enables good low frequency interference protection in noisy environments. Results of
dynamic and noise analyses and a resulting comprehensive noise model of the SR570 are presented. Besides other noise parameters also 1/f noise
components of noise sources in the SR670 are identified. Further, the influence of DUT impedance to the overall system noise properties is shown. The
noise measurement system performance utilizing the developed noise model is demonstrated by the low-frequency noise measurement of 2-Si:H pin

diode.

Razvoj in karakterizacija nizkofrekvenénega Sumnega
merilnega sistema za optoelektronske elemente

Kjuéne besede: sumne meritve, FFT spekiralni analizator, transkonduktanéni ojacevalnik, 1/f sum

lzvleCek: Zgradili smo Sumni merilni sistem za meritev gostote mocnostnega spektra tokovnega suma pri nizkih frekvencah in ga natancno okarakterizirali
iz dinami¢nega in Sumnega vidika, V merilnem sistemu sta uporabljena transkonduktanéni ojacevalnik SR570 in FFT spektralni analizator SR780. Vgra-
4eno bateriisko napajanje v SR570 skupaj z ucinkovitim dvojnim oklopom omogoda visoko odpornost proti nizkofrekvendnim motnjam v §umnem laborator-
ijskem okolju. V &lanku predstavijamo rezultate dinamiéne in Sumne analize merilnega sistema ter celotnega Sumnega modela ojadevalnika SR570. Poleg
kataloskih umnih parametrov smo ovrednotili tudi 1/f spekiralne komponente dumnih virov ojadevalnika SR570. Nadalje je pokazan vplivimpedance
merjenca na sumne lastnosti celotnega merilnega sistema. Delovanje Sumnega merilnega sistema in uporabo Sumnega modela smo prikazali na primeru
meritve nizkofrekvencnega suma a-Si:H pin diode.

1. Introduction readout requirements, its quantitative determination is nec-
essary for device characterization and optimization of the
Noise performance of any kind of photodetection system readout electronics.

is basically determined by noise of photodetector and noise
of readout electronics /1/. The upper limit of signal-to-
noise ratio and dynamic range of the whole system are
initially determined by the noise of the detector. In the case
of a photodiode, the useful signal is usually superimposed
by a random component, which is a consequence of con-
centration and mobility fluctuations of free charge carri-
ers. This random signal can be expressed as a superposi-
tion of shot, 1/f (flicker) and thermal noise sources /2/.
While the physical backgrounds of thermal and shot noise
are well known, the origin of 1/f noise is still a matter of

We have built-up a low frequency current noise spectral
density measurement setup for two-terminal devices, which
is mainly intended for low-frequency noise spectral densi-
ty measurements of optoelectronic detectors. Prior to any
device characterization a comprehensive test of the meas-
urement setup was performed since various internal and
external noise sources contribute to the total system noise
and have to be evaluated and separated from the signal
that originates from the Device Under Test (DUT). Further-
more, the influence of the impedance of the DUT to the
research /3/ noise properties of the measurement system was investi-

' gated. Finally, the obtained noise model of the measure-
ment system was applied for noise measurement of an

If a photodetector operates in a charge storage mode, when
«~Si:H pin diode.

its (DC) current signal is integrated in a storage capaci-
tance and read out after certain integration time, the 1/f

noise becomes important /4/. Additionally, the 1/f noise 2. Measurement system

investigation of low-quality material devices, such as a-Si:H

TFTs or pin diodes, gives deeper insight into the device The noise measurement setup is presented in fig. 1. It con-
physics providing potential for improvements /5, 6/. Since sists of a double shielded measurement box, a battery
the 1/f noise of a photodetector is an important parame- powered Low-Noise Amplifier (LNA) and a Fast-Fourier
ter, especially at low radiation intensities and high speed Transform (FFT) spectrum analyzer. Temperature of the
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Fig. 1:

inner measurement box is monitored by a PT100 tempera-
ture sensor, whose resistance is acquired by an Agilent
34401A digital multimeter. Both digital instruments are
controlled by personal computer (PC) via General Purpose
Instrument Bus (GPIB).

Conventional spectrum analyzers which are based on a
heterodyne principle have limited lower frequency range
(arround 10 Hz) making them less suitable for 1/f noise
measurement. On the contrary, FFT spectrum analyzers
have fundamental upper frequency limit due to limited cal-
culation capabilities, while their lower frequency limitis only
determined by the available measurement time, since they
can sample the signal over arbitrarily long period and per-
form the FFT transform to calculate the spectral density.
For our system we chose the SR780 FFT spectrum ana-
lyzer made by Stanford Research System /7/. It features
a wide range of frequency spans from 102.4 kHz down to
195.3 mHz with maximum resolution of 800 points thus
enabling noise spectral density measurements resolution
up to 244 mHz. Further, the built in 18-bit A/D converter
together with low noise input amplifier stage offers high
dynamic range useful for measuring low amplitude signal
superimposed to higher DC bias.

The choice of LNA as a critical system component depends
on the expected type of DUTs and the desired measure-
ment quantities. Since the output of a photodetector is
usually a current signal, we looked for atransconductance
amplifier for current noise measurements. For its proper
operation, the transconductance has to be lower than the
DUT admittance, which might be a problem in the case of
low resistive or high capacitive DUTs, due to input voltage
noise amplification. Considering all these facts we chose
SR570 /8/ as the most appropriate LNA. It features low
input current and voltage noise, and its transconductance
can be set from 1 mA/V down to 1 pA/V, where it uses
one of two different input preamplifiers, each for its own
sensitivity range. For extremely low signal measurements,
the built in lead-acid rechargeable batteries for off-line
powering minimize power-line interference noise problems.
External interference with the connections of DUT and bias
source at the input of the SR570 is suppressed by a care-
ful coaxial cabling, which is additionally reduced by a high-

Noise measurement setup with variable voltage bias (Upias) and offset (Uor) sources, temperature monitoring
and double shielding from external interference.

permeability mumetal box. The mumetal box is together
with the SR570 enclosed in a bigger aluminum box.

Although the SR570 is equipped with current offset and
voltage bias sources that can be useful in some cases, it
turned out that they generate too much additional noise to
be useful for our design rules. Thus, we had to introduce
two external variable voltage sources Upias and Uosr (Fig. 1)
for biasing DUTs and for canceling a consecutive output
voltage offset, respectively. Both are made of a sealed lead-
acid battery and a variable wire wound resistor divider,
which features the lowest intrinsic noise. The eguivalent
resistance of divider is approximately 500 Q with negligi-
ble effect to the noise of the whole system. The chosen
battery capacity is high enough to sustain a fixed DC volt-
age for 12 hours. All noise measurements were taken at
room temperature in an air-conditioned room with well de-
fined temperature stabilization (25 £ 0.5 °C).

3. Results

Prior to noise measurement of any DUT a detailed charac-
terization of the measurement system has to be performed.
Due to wide dynamic range of the SR780, the overall noise
of the measurement system is determined solely by the
LNA, which will be investigated further in detail. The sim-
plified scheme of the transconductance amplifier SR570
is presented in fig. 2.
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Fig. 2:  The simplified scheme of a transconductance

amplifier SR570.

81



Informacije MIDEM 37(2007)2, str. 80-86

M. Jankovec, M. Topié: Development and Characterization of a
Low-frequency Noise Measurement System for Optoelectronic Devices

It basically consists of an ultra low-noise operational am-
plifier with feedback resistance Ry. The value Ryis equal to
the inverse value of the transconductance down to 100
pA/V for decade values, while below 100 pA/V the sensi-
tivity is increased by a second stage voltage amplifier As.
Although not desired in some cases, the added variable
feedback capacitance can lower the bandwidth of pream-
plifier to compensate the voltage noise enhancement in
the case of high capacitive input termination. For that rea-
son an input resistance Rj, is included, which is set ac-
cording to the value of Ry in order to limit the voltage gain
of the ampilifier in the case of low impedance of the DUT.

3.1. Small signhal model of SR570

Fig. 3 presents the small signal model of the amplifier. The
feedback impedance Zr (Cr | | Ry is transformed to the in-
putas a Millerimpedance Zmr according to the open loop
gain of the front stage A(®), which is modeled as a DC
gain Ag with two poles w1 and wz . For the second stage a
constant voltage gain Ao in the investigated frequency range
is assumed. Thus the voltage drop on Zimi caused by the
input current /i, is amplified by both gain stages A1(w) and
As(Eq. 3).

R R
T 4 (o 0
+ + L +
‘L‘jg .%n __Z_jn"‘" Z ) y_oul
— _ =fmit _
O

Fig. 3:  The small signal model of the SR570 ampilifier.
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In order to determine small signal parameters of the ampli-
fier, the internal and external transfer characteristics from
DC to 100 kHz have been measured.

Z
H ()= 2ot = g g, -0 @
Qin R +ijz[
Z,.
w —ou/ _ = fmil
_.eu( ) _1 2R +R -I-Z,”, (5)

By comparing the dynamic model output to the measured
data (fig. 4 and fig. 5), we have obtained small signal pa-
rameters of the model, which are listed in tabie 1. The ex-
perimentally determined values are denoted in bold, all
other are taken from the SR570 datasheet. The differenc-
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es in Ao and w4 values are due to the usage of two differ-
ent input preamplifiers.
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Fig. 4:  Measured frequency characteristics of the
SR570 voltage gain (symbols) at different
sensitivities, compared with the small signal
model results (lines).

20 7 =T T T T

20 Model
I mA/V
100 ma/vV
10 mA/YV
I mA/NvV
100 nA/vV
10 nA/V

1 nA/vV
100 pA/V ® i

(A, NI aB]

-40 -

@3 » O o0OO b

-60 - 1 2l sl 1
10° 10! 102 10° 104 10°
J[Hz]

Fig. 6:  Measured frequency characteristics of the
SR570 external voltage gain (symbols) at
different sensitivities, compared with the small
signal model results (lines).

Table 1: Parameters of the SR570 small signal model at
different transconductance settings.

Transconductance | R, R Ry Biw C Ay wof2n w)n
[AV] (2] [ (@] [Hz) [pF] {V/V] [Hz] ([Hz]

10° 10 10° 1 1-10° 110 410° 110 2-10°

10+ 10° 10 Io510° 110 410° 110 2-10°

107 10° 10° 100 2:10° 6.0 410° 110 2-10°

10° 10° 105 100 210° 6.0 410° 1.0 2-10°

107 107 107 10t 2100 48 4105 110 210°
""""""""" 10°] 96107 10° 10' 200 4z 10° 0.5 210°
1071 2.610° 10° 10 15 42 10 055 210°

10| 2.6.10° 10" 10 10 42 10° 055 210°

1ot | 2.610° 10" 10f 10 42 10 055 210°

107 2610° 107 10° 10 42 10° 055 210°
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3.2. Noise model of SR570

The noise model of the SR570 is shown in fig. 6 (dashed
box) together with the noise model of the DUT.

SDUT

Fig. 6:  The SR570 noise model with the DUT’s
impedance (Zpyt) and current noise source

(Sipur).

The DUT model is represented by the impedance Zpyr and
a current noise source S;pyr In the SR570 small signal
model additional current and voltage noise sources are

added, where only the voltage noise source S,z » which

represents the thermal noise of the input resistance Rin,
can be analytically expressed:

S, n =4kTR, . (6)

u R,

Other noise sources (equivalent input voltage and current
noise sources Sy jpand S;jp and input voltage noise of the
second stage Suinz) can only be determined by the noise
measurement of the amplifier at certain input conditions,
at which only one of the noise sources prevails over oth-
ers. The output noise Soyut is @ consequence of all noise
sources

’ 2
Sou/ (Cl)): (Sin (w)IZﬁnil‘éll + Su inz>A22v (7)
where the equivalent input noise §;, can be expressed as:

CU) *ZDUT+Rmt +5, por (w iZDU1| +5, (a))

|ZDUT + R + mell

Sl,”( )_ lm

(8)
At open circuitinput conditions | Z ,,,,] — oo we can assume

Si(w)=38,, (w), (9)

SiDUT (CU)'—)O =

and consequently becomes

Sout (a)): (Siin (a))’zﬁniléltz + Su iny )’4’22 (10)

The output noise can be transferred to the input

in (CO) o (CU)-}- umz S[ . ( )+ u in,

2] iz,

where at lower frequencies the input current noise Sij,
dominates, while towards higher frequencies the second
stage voltage noise prevails due to drop of feedback im-
pedance Zr. In fig. 7 the measured and calculated current
noise density spectra transferred to the input at open

circuitinput conditions of SR570 are presented, from which
the parameters of the equivalent input current noise source
Siin and second stage voltage noise source Sy in2 are de-
termined. The input noise current source is described as
a sum of flat spectrum and 1/f component in a form of .

S=S,+4,/f (12)

The square roots values of parameters So, Ay, v and Sy jn2
at different transconductance settings are listed in table 2.
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Fig. 7:  Measured (full line) and calculated (dashed line)

current noise density spectra of the SR570
transferred to the input at open circuit
conditions.

Table 2: The list of parameters of the equivalent input
current noise source S;jn and second stage voltage noise
source Sy inz.

S =Syt A f7 Sying
Transconductan
ce [A/V] VE [aNEE) A [a/VTE y 5o [
107 9.3:10™" 43-10" 166 0
10 4.1.10™ 1910 1.82 0
107 9.9-10°8 42:10"* 170 0
10°¢ 5.4-10 1810 1.76 2.2:107
107 4.010™ 4410 1.64 3.2:107
10°® 3.0-10 2310M  1.64 8.4-107
107 7.1.10°8 L1107 164 1.7:10°
10 75107 L1107 1.44 1.7:10°
10! 7.5:10™° LETOY 144 1.7-10°
10712 7.5:10° 11105 1.44 1.7:10°

The remaining noise parameter of SR570 that has to be
determined is equivalent input voltage noise Sy, which
can be determined by output noise measurement at short-
circuit input termination |Z .| — 0. Under this condition
Eqg. 10 simplifies into

S | +8,, +5S,

' iin in win
in . (13)
'R + mel/l

In order to avoid possible saturation of SR570 due to input
offset voltage, we have measured noise density spectra at
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all transconductance settings at standard 50 Q BNC input
termination. Considering already determined parameters
of noise sources, we extracted the input voltage noise from
measurement. Each of two distinct spectra, shown in fig.
8, can be attributed to one of the two preamplifiers used
for two transconductance ranges. They can also be mod-
eled as a sum of flat and 1/f components , as shown in
table 3.

10
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Fig. 8: Noise power density spectra of the equivalent

input noise voltage source of SR570 at different
sensitivities, extracted at 50 Qinput termination.

Table 3: The SR570 equivalent input noise voltage
source parameters.

Transconductance S0 =Syt A
range [A/V]
J5, [N 4, [V ] y
107 ... 107 2.9:10% 1910% 164
10° . 10" 3.510% 17109 1.74

Using the obtained noise model we can investigate the in-
fluence of external factors to the overall noise of the SR570.
The most direct one is the influence of the DUT imped-
ance (Zpuy), which will be shown separately for resistive
and capacitive part, since most semiconductor photonic
sensors exhibits capacitive nature. The influence of DUT
resistance Rpyr on the system noise is presented for
transconductance of 107 A/V in fig. 9. It is clearly seen,
that the voltage noise increases while decreasing the Rpur
and would supersede other noise sources, if there wasn't
input resistance R, which saturates the whole system
noise. But unfortunately the current divider of Rin and Rpur
causes the decrease of the measured DUT current noise
which further diminishes in the noise of Ri,. Therefore for
each transconductance setting there is a range of allowed
DUT resistances that can give valid results. In the case of
transconductance of 107 A/V this range spans approxi-
mately from 10% to 107 Q.
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Fig. 9: Influence of the DUT resistance on the SR570
noise properties at f = 100 Hz. The usable Rpur
range is marked in gray.

To show the role of DUT capacitance (fig. 10) we chose
the transconductance of 10°® A/V, where the effect is more
pronounced due to higher equivalent input noise voltage.
At low frequencies the noise floor is limited by input cur-
rent noise, while the influence of input voltage noise in-
creases with frequency due to the decrease of DUT im-
pedance. The DUT capacitance together with the induc-
tive nature of input impedance forms a resonant peak,
which can significantly raise the noise floor in case of high
capacitive DUTs.
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Fig. 10: Effect of the DUT capacitance on the SR570
noise performance.

3.3. Noise measurement of a-Si:H pin
diode

In order to demonstrate the usefulness of the developed
and characterized noise measurement setup results of
noise measurement of an amorphous silicon (a-Si:H) pin
diode are presented. The diode area was 1 mm? and the
p, i, nlayer thicknesses were 10, 400 and 20 nm, respec-
tively. Since the noise model of our measurement system
also requires known DUT impedance, we initially meas-
ured dynamic properties of the diode /9/.

From acquired system noise density spectra the part that
originates from the diode is extracted using previously de-
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Fig. 11: Noise model of measurement system including a-Si:H pin diode, bias circuit, coaxial cable connection and

SR5&70 transconductance amplifier.

scribed noise model of measurement system considering
additional factors (voltage bias resistance thermal noise
(Su Rbias), coaxial cable capacitance Ceoax and the noise
model of the a-Si:H pin diode) as presented in fig. 11. The
noise of offset voltage source Uqsr and the input noise of
the SR780 FFT spectrum analyzer are neglected.

The noise model of the a-Si:H pin diode was formed on
the basis of previously used noise models of similar devic-
es /10, 11/. All dynamic parameters of the diode except

4

series resistance Rs are combined in the impedance me .

The total noise of the a-Si:H pin diode is composed of
three independent current noise sources: shot noise S; spot,
thermal noise of shunt resistance S; shunt and 1/f noise S; 1.
In addition, a voltage thermal noise source of series resist-
ance Sy ps is present. All noise sources except 1/f noise
can be calculated from known diode parameters. The miss-
ing 1/f noise component is extracted from the measure-
ment results accounting contributions of all other known
noise components. Fig. 12 presents measured noise den-
sity spectra of aSi:H pin diode at forward bias of 420 nA at
the output of SR570. Noise system components from noise
model of the SR570 (Fig. 11) are shown as well. The influ-
ence of the voltage noise Syin, particularly at lower fre-
quencies, determines the system noise, which is a conse-
quence of low diode impedance at forward bias. Meas-
ured noise spectrum prevails system noise almost in the
whole frequency range and is approaching to the calculat-
ed noise spectrum of the measured diode at higher fre-
guencies. The excess noise at frequencies below 100 Hz
can be attributed to 1/f noise of the measured diode, but
it diminishes in the system noise below 10 mHz, due to
different slopes of spectra.

According to measured spectra, transferred to the input of
SR570 (fig. 13), at frequencies above 100 Hz, shot noise
of the diode (Sishor) is dominant, while below 100 Hz the
1/fnoise prevails. Thermal noises of series (Sy rs) and shunt
(Sishunt) resistance are negligible. By subtracting the sys-
tem, shot and thermal noise components from the meas-
ured noise, the excess noise spectrum can be extracted.
It exhibits typical 1/f dependence and can be modeled by
an empirical expression
A
Sir :7{7, (14)

Tmnscolllduclancc =l10'7 AV
measurcment 1
system noise components
system noise

calculated noise of pin-diode -
sum of all known noise sources |

Voltage noise spectral density [ V/VHz]

1o Lt v vl bl )
1073 10?2 10! 10° 10! 10% 10° 10*

Fig. 12: Noise voltage density spectrum, measured at
the SR570 output, of the a-Si:H pin diode at
forward current bias of 420 nA. The contribution
of individual noise sources of the measurement
system and the known noise components of
the pin diode are added for comparison. The
observed excess noise is 1/f noise component
of the pin diode.

where Aris power density at f = 1 Hz and ydetermines the
slope of the spectrum. The 1/f shape of the spectrum with
slope y=1.00 can be observed from f = 0.01 Hz (where it
prevails system noise) up to 100 Hz, where it diminishes
into the flat part of the spectrum. The noise current densi-

ty of 1/f component at 1 Hzis ,/4,=1.0- lO“le/\/Hz.

4. Discussion

The presented noise measurement system was success-
fully applied for the current noise measurement of a-Si:H
pin diodes at low frequency range from 10 mHz up to 10
kHz. Below 10 mHz the high slope of the low-frequency
system noise component makes the measurement uncer-
tain, while the upper limit is determined mainly by the band-
width of the LNA. One of the important outcomes of the
presented study is that besides input current noise also
input voltage noise of the transconductance amplifier is
important. Its contribution is directly correlated to the im-
pedance of the applied DUT, which also has to be known
prior to actual noise measurement. In the case of low im-
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Fig. 13: Noise current density spectrum, transferred to
the SR570 input, of the a-Si:H pin diode at
forward current bias of 420 nA. The contribution
of individual known noise sources of the pin
diode and the total noise of the measurement
system are added for comparison. The excess
noise is subtracted from the calculated overall
noise of the system, which yields 1/f noise
component of the pin diode.

pedance or high capacitive DUTs the input voltage noise
can mainly determine the total system noise performance.
Thus, only by knowing all the parameters that influence
the noise performance of the system, one can determine
the part of the noise that originates from the DUT itself.

This is especially important in the case of noise measure-
ments of high capacitive devices, such as large area aSi:H
pin diodes with thin layers that exhibit high capacitance
and very low intrinsic noise. In our case we could suc-
cessfully measure only the smallest area diodes (1 mm?)
where the capacitance was sufficiently low thus keeping
the input voltage noise below the critical values.

The problem of external low-frequency electric and mag-
netic interference was successfully eliminated by an ar-
rangement of aluminum and mumetal shielding combina-
tion. The remaining external interference problems were
mechanical vibrations that cause microphone effects in the
input coaxial cable connections. This was partially solved
by putting the system in the corner close to concrete walls
and avoiding any movements near it as much as possible.
Fortunately, the mechanical vibrations appear in the spec-
trum only at a certain frequencies and can be easily no-
ticed. In such cases the measurement had to be repeat-
ed.

5. Conclusions

The low-frequency noise measurement system based on
transconductance amplifier SR570 and a FFT spectrum
analyzer SR780 was built. Dynamic and noise properties
ofthe SR570 were thoroughly analyzed resulting in a com-
prehensive noise model of the complete measurement
system. Besides other noise sources also 1/f noise com-
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ponents of the SR570 was identified. The influence of DUT
impedance to the overall system noise properties was dem-
onstrated. The noise measurement system utilizing the
obtained noise model was used for low-frequency noise
measurement of a-Si:H pin diodes. 1/ noise with the ide-
al slope (y=1.00) and noise density of

[4,=1.0-10"AAHz at 1 Hz was identified to be dom-

inant below 10 Hz, while above 10 Hz the diode’s shot
noise prevails.
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