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The paper presents noise measurements in low-resistance photodetectors using a cross-
correlation-based transimpedance amplifier. Such measurements usually apply
a transimpedance amplifier design to provide a current fluctuation amplification. In the case
of low-resistance sources, the measurement system causes additional relevant system noise
which can be higher than noise generated in a tested detector. It mainly comes from the
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equivalent input voltage noise of the transimpedance amplifier. In this work, the unique
circuit and a three-step procedure were used to reduce the floor noise, covering the measured
infrared detector noise, mainly when operating with no-bias or low-bias voltage. The
modified circuit and procedure to measure the noise of unbiased and biased detectors
characterized by resistances much lower than 100 Q were presented. Under low biases, the
reference low-resistance resistors tested the measurement system operation and techniques.
After the system verification, noise characteristics in low-resistance InAs and InAsSb

infrared detectors were also measured.

1. Introduction

Noise measurements (NMs) are practical tools to
characterize many electronic devices [ 1, 2]. Thanks to their
results, quality can be controlled and improved for
appropriate interpretations of their production processes. In
the case of infrared (IR) detectors, the NMs are used to
determine their detectivity and provide research on new
materials and structures. Remarkably, the noise appearance
in biased low-resistance detectors causes a significant
limitation of their detectivity at low frequencies. With
generally known methods and lab equipment, measuring
detector noise can be challenging compared to measuring
floor noise [3-7].

The most often used systems for current noise
measurements are based on a transimpedance amplifier
(TIA) that converts the tested device current fluctuations
into the voltage values that can be read by spectrum
analyzers or acquisition systems [8]. Unfortunately, the
measurements of current noise in low-resistance sources
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using this solution are mainly limited by the equivalent
input voltage noise (EIVN) of the TIA. The noise
introduced by the TIA system coming from this source
grows with a decrease in the source resistance [9]. For that
reason, some special circuits and solutions must be applied
to obtain reliable results [10]. This paper proposes to
exploit a modified cross-correlation TIA-based method that
has not been tested so far with both biased and low-
resistance device under test (DUT). For the first time, this
method capabilities for operation with some novel
optoelectronic devices: InAs and InAsSb IR detectors are
demonstrated, as well.

2.  Transimpedance amplifier in the noise
measurements

The most known TIA circuit with a bias voltage used
for noise measurements is shown in Fig. 1. It consists of the
biasing source (V3), TIA (OA1+R)), high-pass filter (R,C)),
extra voltage amplifier (4,), and a spectrum analyzer. The
bias voltage (V) applied to the non-inverting input of the
opamp forces the same voltage onto the DUT. The range of

1896-3757/ Association of Polish Electrical Engineers (SEP) and Polish Academic of Sciences (PAS). Published by PAS
© 2022 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2022.141126
http://creativecommons.org/licenses/by/4.0/
mailto:krzysztof.achtenberg@wat.edu.pl
https://orcid.org/0000-0002-2777-620X
https://orcid.org/0000-0003-3806-9276
https://orcid.org/0000-0002-7091-3521
https://journals.pan.pl/opelre
https://doi.org/10.24425/opelre.2022.141126
http://creativecommons.org/licenses/by/4.0/
https://journals.pan.pl/opelre
https://journals.pan.pl/dlibra/journals-index?branch=46958&p=0&ipp=40

K. Achtenberg, J. Mikotajczyk, Z. Bielecki / Opto-Electronics Review 30 (2022) e141126 2

ian

Fig. 1. The transimpedance amplifier-based noise measurement circuit.

bias voltages is limited by R, value and maximum output
voltages. The Rpur is the downside resistance in the
'resistor divider' as seen by the TIA output voltage.
Assuming that the primary noise comes from both TIA and
biasing source (noise from AC filter and additional voltage
gain stage are negligible), the power spectrum density
(PSD) of the input current noise equals:

2

S =S +S, + 4-kT-l- S 1 +
i — 2iDUT in Rf en Rf RDUT
1 1P W
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where Sipur, Sin, Sen, and Se,vp are the PSDs of DUT noise,
noise current, and noise voltage sources of O41, and noise
voltage of V. In general terms, in the TIA, the floor noise
decreases with the Ryincrease. However, for Rpyr << Rj; the
noise current from S., and S.,vs becomes dominant in the
overall background noise:

S ~ Sen SenVB
BN ® 5t
RDUT

2

2
RDUT

Some current noise measurements can visualize this
phenomenon. They were performed using a lab setup with
some commercial instruments — TIA amplifier (5182,
Signal Recovery) and FFT analyzer (SR770, Stanford
Research Systems). The current noise measurements of
some resistors are shown in Fig. 2. Theoretical levels of
their thermal noise PSD (4k7/R) at 300 K were also shown
to compare the expected theoretical thermal noise levels
with the measured characteristics.

This setup ensures a proper noise current measurement
of higher resistances (>2 kQ) [11]. In the case of lower
resistance (below 1 kQ), there is a need to perform an extra
procedure to subtract the floor noise.

Summarizing IR detectors noise analyses with TIA-
based amplifiers, some parameters of the measurement
setups described in the literature are also listed in Table 1.

3.  Materials and methods
As discussed in the previous section, the main

limitation of providing current noise measurements in
low-resistance DUTs contributes to the EIVN. For
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Fig. 2. Measured output noise power spectral density for 10 Q,
100 Q, and 1 kQ resistor (dashed lines, 4k7/R — thermal
noise for 300 K).

example, an EIVN of 1 nV/vVHz generates a 10 pA/v/Hz
extra noise for a 100 Q DUT with a thermal noise of
12.8 pA/V/Hz (300 K). This gives a value of 16.2 pA/vHz
in the 'square' sum. This result is higher by 27% than the
theoretical one. This problem was analysed using the
unique measurement setup proposed by G. Giusi et al. [12].
However, the described results concerned an unbiased
100 kQ resistor paralleled with a 2.2 nF capacitor. Noise
measurements in both biased and low-resistance DUT
(R <100 Q) become the main issue of this work. They are
the key issue in the characterization of novel IR detectors.
Let us describe the operating procedures of a modified two-
channel amplifier with a photodiode (PD) (Fig. 3). In this
circuit, a biasing source was connected to the non-inverting
inputs of a two-channel differential TIA. Each channel was
also equipped with buffers and high-pass filters. The
applied TIA construction was described in Ref. 12.
The measurements conditions were set with some switches.
This allows, e.g., to connect a PD cathode to the inverting
input of each channel and force the reverse bias condition.
For non-biasing conditions, the measurement setup is
commonly known (SW3, SW4 — position 2). The design has
been changed for the biased PD. During these measure-
ments, the PD cathode is connected to the OA4, and its anode
to the ground (SWs — position 1, SW; — position 1, SW, —
position 2). The bias voltage applies to the non-inverting
input of the OA4; (SW3 — position 1, SW4 — position 2).
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Table 1.
Performances of some IR detectors current noise measurements with TIA.
Type of the . Model of the Measurement system noise Measurement  Range of bias
measured Detector resistances front-end (amplifiers) bandwidth** Ref.
detectors* p (rev.)
en=1x10"17 V2/Hz at 100 Hz
HgCdTe N in=2x10"27 A%Hz [10% V/A]
> ~ 60 Q to ab 1 MQ
IASGasb ami(c) fes‘i’svt‘;nce) g‘;zEG&G at 1 kHz 1Hzto 10kHz 1.5mVto 1V [11]
T2SL o in=2x10"2 AYHz [10° V/A]
at 1 kHz
RoA=5.3x10°Qcm* TIA Keithley i» =90 nAms at 10> V/A 0.3 to about
InAs/GaSb SL 100 to 800 mV [13
naviia at [80 K] 428 in=12 fAms at 10" V/A 200 Hz 0800 mV [13]
. in=2x10"2' A%Hz [10* V/A]
InAs/GaSb SL ?ﬁ(ﬂ%ﬁiﬁhm TIA DDPCA- 3t 10 Hz 1 t0 20 Hz 021009V  [14]
300 in=4x10" A2/Hz [10'2 V/A]
at [77K]
at 10 Hz
en=1.6x10"17 V¥/Hz at 1 kHz
in-4x10"2 AYHz [10° V/A]
InAs/GaSb SL 5(1)3 DLPCA- at 10 kHz 1 to 800 Hz 0.05t0 0.8 V [15]
in=1.85x10"2% AYHz [10" V/A]
at 100 Hz
en=1.6x10"17 V¥/Hz at 1 kHz
PbS in=4x10722 A¥Hz [10° V/A]
~ 60 kQ t TIA
(photo- < MO © Lpcasop A 10KHz 500 Hzto SkHz 2106V [16]
conductor) in=1.85x10"% A%Hz [10'' V/A]
at 100 Hz
en=3.6x10"17 V¥/Hz*
Custom Desi in=1.7%x1073" A%/Hz
ustom Design
TIA (CD) &1 (<10 Hz] (CD)
HgCdTe RoA =4.6x107 Qcm? or en=1x10"7 V¥/Hz 0.1 Hzto2kHz 10t0o300mV [17]
SR570 at 1 kHz

in=3.6x10"2 AY/Hz [10° V/A]
at 1 Hz (SR570)

*data from VISHAY 2N4416 JFET datasheet

**the frequency range in which the measurements were performed

DIFF.
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1
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AMPLIFIER
2

Fig. 3. The scheme of the proposed circuit to measure current noise in biased low-resistance DUTs.
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The inverting input of the OA» is open. Assuming the
noise from additional buffers is negligible, PSD obtained at
the X; output is [12]:

1 1)
—+—| + S +Siga + S, )

S1=(S S,
1 (en1+ enVB) Rfl RD

where S, are the x-source PSD contributions from detector
noise (ig), both equivalent input current and voltage noises
(in1, in2, en1, en2) from each differential channel (O4; and
0A>), and the biasing source noise e,ys.

In the next step, the connection scheme is the same
with the second measurement channel (SWs — position 2,
SWi — position 2, SW, — position 1, SW3 — position 2 and
SW4 — position 1). The PSD expression of the signal X is:

2
+ S+ Sirp + 5. (D)

SZ (SenZ + SenVB) sz + RD

During the last procedure step, the tested PD is
connected to both amplifiers (O4 and OA4,) (SWs— position
1, SWi — position 1, SW, — position 1) with the biasing
voltage at the OA (SW3 — position 1, SW, — position 2). It
still provides the reverse-biasing of the PD. The PSDs of
output voltages X; and X; are:

2
Sll = (Senl + SenZ + SenVB) R_fl + E + Sinl (5)
+ Sign + Sia
and
2

SZZ = (Senl + Sen2 + SenVB) E + E + Sin2 (6)

The cross-spectrum of these signals is given by:

1R

Si2 == Sig + Sent + S, —+—

12 ( id ( enl enVB) le RD
(7

+ Sen2

L L|2
Rp  Rp| )

These equations extract the noise generated by the
tested device (photodetector) with:

2
Sia==S12= 11 =8) = (S —8) = Senrs , (8)

1
— —
Ry Rp

where Rp is the detector resistance.

The described method minimizes the influence of
amplifiers (opamps) noise sources. And the impact of the
biasing source noise depends on the PD resistance (the
higher resistance, the lower impact). These considerations,
however, are valid for some assumptions, e.g.,
uncorrelation of amplifiers noise sources (eni, €x2, in1, in2)
and well-characterized noise introduced by the low-noise
biasing source (Se.rz) because this component must be
individually subtracted. This value was measured to
validate the final experiment results.

4. Experimental validation

Authors”  experiments  tested the  described
measurement setup with two different amplifier
configurations of OA; and OA, (OP27G and LT1028A
opamps). OAz and OA4 buffers were built with low-noise
JFETSs inputs ADA4625. This opamp also provides a low
voltage noise of 3.3 nV/VHz at 1 kHz. Metalized polyester
capacitors (3.3 uF) and metalized resistors (200 kQ)
designed AC-high pass filters. The 'DIFF. AMPLIFIER'
amplifiers constructed with TLC071 and OP27G opamps
provide a 101 V/V gain. The biasing voltage was supplied
using a low-noise programmable voltage source with
JFETs described in Ref. 18. An example of its noise
characteristics is presented in Fig. 4.

107
—5mV
——20mV
10"
w
I
=
[a]
g -18
107
10° 10’ 10? 10° 10*

Frequency [Hz]

Fig. 4. The PSDs of the bias voltage source — Se,r3.

All measurement components were placed into a
special mumetal-shielding chamber with isolated BNCs
connectors. The 24-bit data acquisition card PCI-4462
(National Instruments) with anti-aliasing filters digitizes all
signals. The PSDs calculation procedure was processed
using MATLAB software. A 50kS/s acquisition
frequency, 20 minute time of averaging spectra in cross-
correlation, and 2'*FFT points were set during the
measurements. Such parameters yield 3662 averages.

Noise measurements of well-known resistors checked
the setup performance, defining noise measurement ability
in low resistances. The influence of opamp noise
parameters during the preliminary tests were determined.
The first one was the OP27G opamp (e,=3 nV/vVHz,
i»=0.4 pA/VHz at 1 kHz) with a 1 kQ feedback resistance
(Ry). The results of current noise measurements in unbiased
resistors are presented in Fig. 5 (for 1 kQ and 100 Q) and
in Fig. 6 (for 10 Q and 51 Q).

Application of OP27G opamps allows current noise
measurements of both 1 kQ and 100 Q resistances. The
results referring to a single-channel (S1 result) are a few
times higher than the extracted DUT noise. Also, the two-
channel cross-correlation (S12) is insufficient to obtain the
similar effect. Some differences are noticed due to the
change of the noise voltage gain characteristics and the
increased value of the EIVN (1/fregion) for 51 Q and 10 Q.
The observed noise underestimation level is caused by
areduced transimpedance gain (unstable TIA), and the
subtraction procedure generates deviations at higher level
signals for lower resistances.
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Fig. 5. Current noise measurements in 1 kQ (a) and 100 Q (b) unbiased resistors at 300 K with OP27G opamps.
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Fig. 6. Current noise measurements in 51 Q (a) and 10 Q (b) unbiased resistors at 300 K with OP27G opamps.

In the next step, an ultra-low noise opamp LT1028A
was used. It has a voltage noise of 0.85 nV/VHz, current
noise of 1 pA/v/Hz at 1 kHz, and a gain-bandwidth product
of 50 MHz. The current noise measurements in the
identical resistors are shown in Fig. 7 and Fig. 8. It allows
for result corrections of resistances below 100 Q. For
example, the thermal noise was extracted with an error of
2% in a 51 Q resistor. Compared to the OP27G, a lower
influence of EIVNs of O4; and OA, was observed. The
same error level occurs for a lower resistance of 10 Q.
Some results for different measurement times in the range
from 10 s (30 averages) to 20 min (3662 averages) were
also shown in Fig. 9. The 51 Q resistor has no strong time
range influence on the PSD level. In the case of 1 kQ, the
result obtained at 10s (2.71x1072 A%/Hz) is higher by
68% than the result obtained (1.68 x 1072* A%/Hz) at 20 min.
This phenomenon was observed for the 1 kQ resistors due
to the feedback resistance noises (the same current noises
of feedback resistors compared to the DUT) which are
reduced by cross-correlation. The obtained results also
indicate that the measurement time influences the standard
deviation of the PSD result characteristics. It sets the
number of averages which can be done in the measurement
time with a desired FFT resolution.

The authors performed some measurements of the
biased resistors to visualize the influence of the biasing
source noise on the calculated spectrum. According to (2),
this should be visible in a low-resistance DUT. In

Fig. 10(a), an increase in the PSD noise for a 51 Q resistor
(1nVA/Hz voltage noise equals ~20 pA/VHz) was
observed. For a 1 kQ resistor, there are no essential changes
[Fig. 9(b)]. Additionally, the results obtained for the 5 mV
biasing are higher than for the 20 mV biasing due to the
higher noise of the applied voltage source. This experiment
confirms the neccessity of the voltage source subtraction
during noise measurements of low-resistance devices as
in (8). To determine the error of the obtained results,
10 measurements of the noise voltage source set at 20 mV
and 10 measurements of the biased 51 Q resistor were
performed. The estimation error of the thermal noise was
about 7%. The standard deviation of the results was about
1073 [A%/Hz).

5. InAs and InAsSb IR detectors noise
measurements

The main research task was to measure the noise
characteristics of two low-resistance photodetectors at
different biasing. The first one was the InAs IR detector
with a resistance of about 80 Q at 300 K (no-biased), an
active area of 1x1 mm, and an optimized wavelength of
3.4 um. The second sample was an InAsSb detector
optimized for a wavelength of 5 pm with a 70 Q resistance
of about 300 K (no-biased), an active area of 0.1 x0.1 mm.
The tested detectors were mounted on a specially prepared
socket and radiator. The setup with LT1028A opamps was
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Fig. 8. Current noise measurements in 51 Q (a) and 10 Q (b) unbiased resistors at 300 K with LT1028A opamps.
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applied as a better measurement tool considering detectors
resistances. There are some measured noise spectra for the
unbiased detectors presented in Fig. [1. Some external
interferences cause a bump near 50 Hz. The mV range
biasing was selected to estimate 1/fnoise. Some results are
presented in Fig. 12 and Fig. 13 for InAs and InAsSb,
respectively. The described setup has some advantages
when comparing the signals of S1, S12, and S;; However,
it should be noticed that the voltage noise of the biasing
source depends on the output voltage level and it increases
as the output voltage decreases. Moreover, the biasing
voltage causes an increase in the detector resistance. As a
result, the 'white noise' level for a 5 mV-biased InAs

detector is higher than that obtained for a 20 mV-biased
one (Fig. 12). In the case of InAsSb (Fig. 13), these
phenomena are less distinct due to a higher 1/ noise level
(frequency range). It should be emphasized that these
measurements are challenging because of the limited noise
performances of the biasing source. For example, a biasing
source noise of 1x107'8 V2/Hz generates an extra noise of
1.56 x10722 A%’/Hz ata 80 Q resistance of the InAs detector.
For this reason, current noises of the biasing source for
SmV and 20 mV voltage levels were also determined
considering actual detector resistance (Raer).

The calculation results present the characteristics of the
current noise due to the voltage source (Si,»5) as the ratio

10
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Fig. 11. Results of current noise measurements in unbiased InAs (a) and InAsSb (b) detectors at 300 K.
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Fig. 12. Results of current noise determination in the InAs detector at 300 K with a reverse biasing of: 5 mV (a) and 20 mV (b).
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K. Achtenberg, J. Mikotajczyk, Z. Bielecki / Opto-Electronics Review 30 (2022) e141126 8

of Senvs/(Rr||Raer)?, the detector current noise without
voltage source noise subtraction (Sis), and the final
detector noise with biasing noise subtraction (Si).

6. Conclusions

This paper presents instrumentation that provides
current noise measurements in biased low-resistance IR
detectors. Described tools allow the estimation of a device
noise with a low-floor noise. It was obtained by combining
the method based on a two-channel cross-correlation TIA
and a three-step measurement procedure. Some
modifications of amplifiers allow the noise measurements
in low-resistance and biased devices. Performance of this
design was tested by measuring the current noise in some
reference resistors. Finally, the results of current noise
measurements in InAs and InAsSb IR detectors were also
presented.
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