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Abstract. The review includes results of analyses and research aimed at standardizing the concepts and measurement procedures associated
with photodetector parameters. Photodetectors are key components that ensure the conversion of incoming optical radiation into an electrical
signal in a wide variety of sophisticated optoelectronic systems and everyday devices, such as smartwatches and systems that measure the
composition of the Martian atmosphere. Semiconductor detectors are presented, and they play a major role due to their excellent optical and
electrical parameters as well as physical parameters, stability, and long mean time to failure. As their performance depends on the manufacturing
technology and internal architecture, different types of photodetectors are described first. The following parts of the article concern metrological
aspects related to their characterization. All the basic parameters have been defined, which are useful both for their users and their developers.
This allows for the verification of photodetectors’ workmanship quality, the capabilities of a given technology, and, above all, suitability for
a specific application and the performance of the final optoelectronic system. Experimentally validated meteorological models and equivalent
diagrams, which are necessary for the correct analysis of parameter measurements, are also presented. The current state of knowledge presented
in recognized scientific papers and the results of the authors’ works are described as well.
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1. INTRODUCTION
The operation of most optoelectronic systems depends mainly
on photodetector performance. The photodetector converts the
optical signal into an electrical one. It is also the main front-end
component of an optical receiver. Many applications require
that they should be very fast and offer the best signal-to-noise
ratio. Therefore, it should be characterized by low dark current
and noise, high quantum efficiency, high responsivity and short
response time.

Additionally, in practical applications, emphasis is placed on
their low power consumption, low weight, small size, low man-
ufacturing costs (so-called SWaP-C optimization), high dura-
bility, operational reliability and long lifetime. The parameters
depend mainly on the semiconductor and its architecture. The
approximate chronology of photodetector architecture develop-
ment is as follows [1]:
1) extrinsic photoconductors,
2) intrinsic photoconductors,
3) Schottky barrier photodiodes,
4) metal-insulator-semiconductor (MIS) photodiodes,
5) p–n photodiodes,
6) avalanche photodiodes (APDs),
7) PIN photodiodes,
8) barrier layer photoconductors.

Recently, interfacial work function internal photoemission
detectors, superlattice, quantum well and quantum dot detec-

∗∗∗e-mail: zbigniew.bielecki@wat.edu.pl

© 2022 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Manuscript submitted 2021-09-21, revised 2022-01-18, initially
accepted for publication 2022-01-19, published in April 2022.

tors, which, due to the principle of operation, are classified as
extrinsic photoconductors, have been developed to operate in
different spectral bands [2]. In particular, the short time con-
stant of semiconductor detectors with quantum wells and quan-
tum dots makes them attractive for heterodyne detection. Dif-
ferent basic types of detectors have been listed and described in
Table 1.

Measurement of detector parameters is a complex issue due
to the large number of experimental variables that need to
be considered. Different electrical and radiometric parameters
must be precisely and simultaneously controlled. With the in-
creasing use of large, two-dimensional detector arrays, detec-
tors characterization has become even more complex and de-
manding. In this paper, we will first define the basic parameters
of photon detectors and then discuss the basic measuring sys-
tems for their characterization.

2. DETECTOR PARAMETERS
In this section, the basic parameters of photodetectors will be
defined.

2.1. Detector signal
The detector signal is usually the voltage or current value that
appears at the detector output due to incident radiation. The sig-
nal value depends on detector bias voltage Vb, modulation fre-
quency f , wavelength λ , radiant flux Φe, the detector’s active
area Ad and temperature T .

Vs =Vs (Vb, f ,λ ,Φe,Ad ,T ) ,

Is = Is (Vb, f ,λ ,Φe,Ad ,T ) .
(1)
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Table 1
Photon detectors

Operation and properties Structure of detector Schematic energy band diagram

Photoconductive detectors use the increase in electrical conduc-
tivity resulting from photogeneration of free carriers. They can be
divided into intrinsic and extrinsic ones. Intrinsic photoconductive
detectors utilize a photon’s absorption with sufficient energy to cre-
ate electron-hole (e-h) pairs in a semiconductor. The spectral re-
sponse, in this case, is determined primarily by the semiconductor
bandgap. An extrinsic photoconductor depends upon the ionization
of impurities in the semiconductor, and in this case, only one car-
rier type, either electrons or holes, is active. The ionization energy
of impurities determines the extrinsic spectral response. A simi-
lar situation is true for a quantum-well photoconductor, in which
electrons or holes can be photoexcited from a potential well in the
conduction or valence bands of the semiconductor.

A p–n junction photodiode is a widely used optical detector. The
device with a p on n configuration consists of a shallow diffused p-
region to the n-type active layer. When photons with energy greater
than the semiconductor bandgap fall on the neutral regions on both
sides of the junction, they create e-h pairs. Then, the carriers gen-
erated within the diffusion length from the junction reach the space
charge region by means of diffusion, and there they are separated
by an electric field (minority carriers become majority carriers on
the other side). A photocurrent is generated this way, and it causes
a voltage change across the open-circuit cell or a current flow in the
short-circuited case.

A Schottky barrier photodiode is a majority carrier device formed
at a metal-semiconductor (m-s) junction. Similarly to the p–n junc-
tion, the m-s interface provides a potential barrier that separates the
optically generated e-h pairs. The generation of carriers can take
place both in the neutral semiconductor region and in the space
charge region at the m-s interface. Compared to the p–n junction
photodiode, the Schottky barrier reveals some advantages: simplic-
ity of fabrication (deposition of a metal barrier on an n or p semi-
conductor), no high-temperature diffusion processes, and high re-
sponse speed. They also have a relatively high dark current.

A metal-insulator-semiconductor (MIS) photodiode consists of
an insulator to separate a metal gate from a semiconductor sur-
face. In this type of photodiode design, the key issue is the ap-
propriate thickness of the insulation layer, which cannot drop be-
low roughly 10 nm. With thinner insulating layers, quantum elec-
tron tunneling through this layer may occur. By applying negative
voltage to the metal electrode, the electrons are repelled from the
insulator-semiconductor interface, creating a depletion region. The
total charge that can be collected on the photogate is referred to as
its well capacity. This capacitance depends on gate polarization, in-
sulator thickness, electrode surface and background doping of the
semiconductor.

An avalanche photodiode (APD) can detect a weak optical signal
due to the avalanche multiplication of carriers. The reverse bias
applied to the device should be large enough for the depletion layer
to extend throughout the n-region. Photon absorption occurs in the
p-region. When photogenerated minority carriers (e.g. electrons)
reach the edge of the depleted region, they are accelerated under
the electric field and gain enough energy to start multiplication.
APD offers a combination of high speed, high sensitivity and high
quantum efficiency.
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Table 1 [cont.]
Photon detectors

Operation and properties Structure of detector Schematic energy band diagram

A PIN photodiode is a standard photodiode in which an intrinsic
region (absorber) is between the p-type and n-type, typically heav-
ily doped regions necessary for ohmic contacts. Under an appropri-
ate reverse bias, the depletion region occupies the entire intrinsic
volume defined by the absorber doping-thickness product. When p-
and n- regions have a higher energy gap, the incident photons are
absorbed only in the depletion region, where e-h pairs are created.
The lack of electrically neutral volume causes no diffusion current
in the device. Furthermore, the dark current results only from mi-
nority carriers generated through the defect centers located in the
diode depletion region. Diffusion dark current is also generated in
the neutral p- and n-type regions, but in the case of an extended
energy gap, it may be negligible.

A barrier layer detector is a hybrid of a photodiode and a photo-
conductor. The nBn detector looks in part like the n-p photodiode,
except for one major difference that determines the device oper-
ation: the space charge region is replaced by a unipolar electron-
blocking barrier (B), while the flow of optically generated holes is
unimpeded. Therefore, key issue is the zero offset in the valence
band across the heterostructure. The type of doping of the upper
contact does not significantly influence the operation of the device:
it can be of both of the p- or n-type, the latter being used when
the same type of doping is easier to obtain. A unipolar barrier is
introduced to suppress dark current and noises without impeding
photocurrent flow. Moreover, the use of an upper n-type contact
with a wide-gap barrier blocks the surface leakage current [3].

The detector signal is a linear function of the radiant flux
with less than a limit value power for most detectors. Since only
such detectors are considered in this review, the V/ΦeAd ratio
is fixed at certain Vb, f and λ . In many cases, the signal depen-
dence on f and λ can be separated.

2.2. Radiation power
Correctly defining the detector’s parameter is necessary to
know the incident radiation power (also called radiant flux) and
its spectral and spatial distribution. The radiant flux is the en-
ergy of source radiation per unit of time defined by:

Φe =
dQe

dt
. (2)

The unit of radiant flux is the watt (W = J/s).
Usually, the modulated radiant flux falls on the detector.

Since the modulation can be performed in various ways (e.g.
rectangular), it is assumed that the radiant flux of the fundamen-
tal component of the Fourier development of the modulation
course is given [4]. The modulation frequency is the fundamen-
tal frequency. Rectangular modulation is commonly used in the
measurements of detector parameters.

For testing infrared detectors, blackbodies simulators of
500 K are commonly used. A perfect blackbody has a precisely
defined characteristic of the spectral distribution of the radiation
power [5].

2.3. Active area
A photodetector’s active area is usually the physical region that
converts incoming optical radiation into an electric output sig-
nal. The diameter is usually given for detectors with a circu-
lar surface, whereas for detectors with a rectangular and square
surface, its length and width are provided.

2.4. Optical area
The apparent active area of the optically immersed detector may
differ from the physical active area due to optical concentra-
tors. The optical detector area can be significantly magnified
in detectors supplied with optical concentrators, i.e. immersion
lenses (Fig. 1).

Objective

AoAe

Immersion
lens

A Aoe

a) b)

Fig. 1. Rays propagation in optical immersion (a), and beam trac-
ing for an optical system with a combination of an objective lens and
an immersion lens (b) [6]. Ae and Ao are the electrical active and the
photodetector optical active areas, respectively. The use of an optical

concentrator can increase the Ao/Ae ratio by a large factor
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2.5. Bias voltage
Many detectors require a low noise DC voltage supply. The de-
tector output signal and noise are a function of both the bias
and radiation modulation frequency. The bias should provide
the conditions for a maximum signal-to-noise ratio.

2.6. Breakdown voltage
Breakdown voltage is the maximum reverse voltage that can be
applied to a detector without the risk of its damage. Beyond
breakdown voltage, the photodiode readily conducts the cur-
rent, so current-limiting protection is also necessary to use.

2.7. Photocurrent
The photocurrent is a current generated by a photodetector un-
der the influence of optical radiation. For a small radiation sig-
nal, the photocurrent is proportional to the incident radiation
power:

Iph = qηAΦeg , (3)

where q – elementary charge, η is the quantum efficiency, and
g is the photoelectric current gain. In general, the photoelectric
current gain in a typical photovoltaic detector is equal to unity
(it can be much more significant, for example, in an avalanche
photodiode).

2.8. Photoelectric current gain
Figure 2 shows the successive phases of this phenomenon, the
so-called photorecycling effect. After the electron and hole pair
generation, the electron reaches the positively charged electrode
much faster than the hole reaches the negative electrode and
leaves the sample quickly. However, to maintain electrical neu-
trality of the sample, another electron must enter the sample
from the negative electrode as in (b) (the electrode is ohmic).
This new electron also quickly reaches the electrode as in (b)
and (c), and leaves the sample while the hole is still drifting
slowly through the sample. Thus, another electron must enter
the sample to maintain neutrality as in (d) and (e), and so on, un-
til either the hole reaches the negative electrode or recombines
with one of these electrons entering the sample. Therefore, the
resulting photocurrent corresponds to the flow of many elec-
trons onto the absorbed one photon, which represents the pho-
toconductive gain (PC). In intrinsic photoconductors, the mea-
sured photoconductivity gain reaches the value of 106. Large
PC values are achievable only in the short wavelength infrared
(SWIR) or for cryogenically cooled devices. The gain is even
< 1 for longer wavelengths devices operating near room tem-
perature.

The photoconductive phenomenon is a particular example of
photogating, which can be realized in two different ways:
• generation of electron-hole (e-h) pairs, when the localized

states (nano-particles and defects) trap one type of charge
carrier, and

• generation of e-h pairs in trap-states with one type of charge
carrier being transferred, e.g. to two-dimensional (2D) ma-
terials, while the other resides at the same place to modulate
the layered materials.

In both cases, sensitivity enhancement comes at the cost of
photoresponse speed due to a long carrier lifetime.

The simple architecture of the second solution, the so-called
hybrid phototransistor, is shown in Fig. 3. It is very popular in
designing photodetectors with a fast transfer channel for charge
carriers, particularly with 2D materials. Since in these devices
the 2D material, e.g. graphene, is not responsible for the ab-
sorption of light but only for the charge sensing, the choice
of the absorber material determines the spectral range of the
device’s operation. The large ambipolar mobility of graphene
acts as a built-in photogain (i.e. amplifier) mechanism enhanc-
ing detector responsivity. Atomic layer thickness 2D materials
are more susceptible to local electric fields than conventional
bulk materials, and the photogating effect can strongly mod-
ulate channel conductivity by means of external gate voltage,
VG. This way, ultra-high gain of up to 108 electrons per pho-
ton and exceptional responsivities for short-wavelength infrared
photodetectors have been demonstrated [7].

Gate

2D material
Insulator

Photoactive
layer

VG

VDS

Drain Source

Fig. 3. Operation of hybrid phototransistor

2.9. Dark current-voltage (I-V) equation
Dark current-voltage (I-V) equation describes the operation of
a photodiode without incident light. When the photodiode is re-
verse biased, a small saturation current, Is, flows in the circuit.

+ + + + +
I I I

+ + ++

(a) (b) (c) (d) (e)

hν

+

ph phphphph

Fig. 2. The idea of photoconductivity enhancement in a photoconductor
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When a forward bias is applied, the current increases exponen-
tially. It is related to dark current as:

Id = Is

[
exp
(

qV
βkT

)
−1
]
, (4)

where, q is the electron charge, β is the ideality factor of the
junction, k is the Boltzmann constant and T is temperature.

2.10. Saturation current
Saturation current Is is an electric current that flows through the
reverse-biased photodiode even when no radiation illuminates
the device. Physically, the saturation current is due to the ther-
mal generation of e-h pairs within the diffusion and depletion
region of the photodiode. There are three primarily generation-
recombination (g-r) mechanisms in direct-bandgap semicon-
ductors: radiative, Auger and Shockley–Read–Hall (SRH). The
two first are fundamental mechanisms determined by the semi-
conductor’s band structure and doping concentration, whereas
defects or impurities determine SRH. The saturation current de-
pends exponentially on the absorber bandgap and temperature.
It is low for the short cutoff wavelength devices but is signifi-
cant for long-wavelength infrared (LWIR) devices.

2.11. Diffusion current
Diffusion current arises from the thermal generation of carriers
in the un-depleted (electrically neutral) semiconductor within
a minority carrier diffusion length. The diffusion current de-
pendent on the radiative, Auger and SRH generation can be de-
scribed as follows:

Idif =
Aqn2

i t
Nmaj

(
1
τR

+
1
τA

+
1

τSRH

)
, (5)

where ni is the intrinsic carrier concentration, t is the thickness
of the electrically neutral region, Nmaj is the appropriate major-
ity carrier concentration (electron concentration for the n-type
material and hole concentration for the p-type material), τR is
the lifetime due to radiative recombination [8], τA is the lifetime

due to Auger recombination [9], and τSRH is the lifetime for re-
combination through defect centers in the bandgap [10–12]. For
n-type semiconductors, the Auger 1 effect is the primary mech-
anism due to the interaction of two electrons and one hole. In p-
type material, the primary Auger recombination mechanism in-
volves two holes and one electron, and is referred to as Auger 7.

2.12. Depletion current
Depletion current arises from the portion of the semiconduc-
tor that becomes depleted. The depletion current can be esti-
mated by:

Idep =
AqniW
τSRH

, (6)

where W is the width of the depletion region, expressed as [13]:

W =

[
2εε0 (Vbi−V )

qNmaj

]1/2

, (7)

for a one-side abrupt junction, and:

W =

[
2εε0

q

(
Na +Nd

NaNd

)
(Vbi−V )

]1/2

, (8)

for a sided-side abrupt junction, where ε is the dielectric con-
stant, ε0 is the vacuum permittivity and Vbi is the built-in po-
tential. For the reverse-biased photodiode V =−Vb, and for the
forward-biased photodiode V =+Vb. Na is the acceptor carrier
concentration in the p-type region, and Nd is the donor carrier
concentration in the n-type region of the junction.

Operation mode. A photodiode can operate in either the pho-
tovoltaic or photoconductive mode. In the photovoltaic mode,
the photodiode is unbiased (Vb = 0). An external reverse bias
is applied for the photoconductive mode [14]. As shown in
Fig. 4, an illumination of the photodiode with optical radiation
shifts the current-voltage curve by the amount of photocurrent.
The operation mode selection depends upon the performance
requirements of the application. The detectors optimized for
low or moderate frequencies operate under zero bias voltage
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Fig. 4. Current–voltage characteristics of a photodiode for a photovoltaic and photoconductive mode of operation
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and current mode conditions. Constant reverse bias and cur-
rent readout are used for high-frequency (HF) operation. These
operation modes are typically achieved with transimpedance
preamplifiers.

Figure 4 shows load lines for photodiode operation in a pho-
tovoltaic and photoconductive mode. It results from the inter-
section of the load line with the I–V characteristics. If the pho-
todiode works in a photovoltaic circuit, the load line passes
through the origin of the coordinate system and intersects the
photodiode characteristics in the fourth quadrant of the coor-
dinate system. When RL = ∞, the load line coincides with the
abscissa axis. It is possible to read the voltage Voph. The voltage
at which the I–V characteristic crosses the abscissa is called
the open-circuit voltage Voph. It changes logarithmically with
a change of the incident radiation power.

The photodiode operating point for lower load resistance val-
ues is determined by voltage Vph and photocurrent Iph. In this
case, it is possible to measure both voltage Vph and current Iph.
The value of resistance RL, for which the product Vph, Iph takes
the maximum value, should be treated as optimal resistance
RLopt.

Other effects commonly observed in a photodiode are para-
sitic resistive effects, which reduce the device’s efficiency by
the current, owing to shunt resistance Rsh and series resistance
Rs (see Fig. 5).

Cdsh

shph d R

o

oL

s

R

Load

VR

I I I V

I

+ -

R

Detector

h

Fig. 5. Equivalent small-signal circuit of a photodiode
(where Id – diode current, IRsh – shunt resistance current,

Io – output current)

2.13. Shunt resistance
In parallel to the photodiode, the resistor is called the shunt
resistance, Rsh. It originates in imperfections of the p–n junc-
tion and allows for a certain amount of leakage around junc-
tion edges or/and through defects or impurity phases. An ideal
photodiode will have an infinite shunt resistance and will not
provide an alternate path for the current flow. With infinite or
extremely high shunt resistance, a current source delivers all its
currents to the load. The current-to-voltage conversion is deter-
mined entirely by the load resistance, RL. Rsh may range from
hundreds to thousands of megaohms for silicon photodiodes,
and indium gallium arsenide can also have extremely high shunt
resistance. Shunt resistance also influences noise performance.
As Rsh decreases, both photodiode’s Johnson noise current and
1/ f noise current increase.

2.14. Series resistance
Series resistance, Rs, of a photodiode results from contact resis-
tance, wire bonds and non-depleted quasi-neutral material. For
an ideal photodiode, the value of the series resistance is equal

to zero, whereas for a real photodiode, depending on the spec-
tral range, it can be from several to several hundred ohms. The
current passing through Rs creates voltage drop ∆V that reduces
the bias across the depletion region.

2.15. Photodiode impedance
Photodiode consists of depletion (built-in electric field) and dif-
fusion (field-free) regions connected in series. These regions
provide a parallel connection of a capacitor and a resistor, as
shown in Fig. 6. Cdep and Rdep mean capacitance and resistance
of the depletion region, respectively, while Cdif and Rdif mean
capacitance and resistance of the diffusion region, respectively.
In the equivalent model, Cpd and Rpd mean the total capaci-
tance and resistance of the photodiode, respectively. They can
be used to express impedance of the small signal of the junction
photodiode:

Z =

(
1

Rpd
+ jωCpd

)−1

, (9)

where ω = 2π f .

R

C

R

C

R

C

dep

dep

dif

dif

pd

pd

Fig. 6. Equivalent model for calculation of photodiode resistance
and capacitance

Junction capacitance is directly proportional to a photodi-
ode’s active area and can be reduced by reverse biasing.

Diffusion capacitance, due to the excess carrier stored, comes
from the rearrangement of minority carrier density [15]. When
the junction is forward-biased, it consists of a significant con-
tribution to diode capacitance. Typically, in a forward biased
diode, diffusion capacitance is distinctly larger than junction
capacitance. In general, Cdif and Rdif determine the cut-off fre-
quency of the photodiode, where diode capacitance falls from
Cdep to Cdep ·Cdif/(Cdep +Cdif).

2.16. Dynamic resistance
Dynamic resistance (also called differential or incremental re-
sistance) is the ratio of a small change in voltage to the resulting
small change in the current. It is defined as the inverse slope of
the I–V curve at V =Vb

Rd =

(
δ I
δV

)−1

V=Vb

. (10)

2.17. Resistance-area product
Area-normalized dynamic resistance of photodiodes that is
used to compare photodiodes of different dimensions in which
dynamic resistance decreases proportionally to the active detec-
tor area:

RdAd =

(
δJ
δV

)−1

V=Vb

, (11)

where J is the current density (J = I/Aa).
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2.18. R0A product
The product of R0A is a frequently encountered figure of merit
for a photodiode operated at a zero-bias voltage (Vb = 0), where
R0 is photodiode resistance at zero-bias voltage.

R0A =

(
δJ
δV

)−1

Vb=0
. (12)

2.19. Short-circuit current
Short-circuit current (Ish) is the current generated by a photodi-
ode into a short circuit when the diode is illuminated. Ish de-
pends on the intensity and spectral distribution of the light
source.

2.20. Total current
The total current that flows through the illuminated real p–n
junction (including parasitic resistances) is expressed as [13,
16]:

Itotal = Iph− Idif

[
exp
(

q(V + IRs)

n1kT

)
−1
]

− Idep

[
exp
(

q(V + IRs)

n2kT

)
−1
]
− V + IRs

Rsh
, (13)

where Idif is the diffusion current defined by equation (5), gen-
erated within the electrically neutral regions of the diode, Idep is
the current generated within the depletion region of the diode,
given by equation (6), and n1 and n2 are their respective ideality
factors.

2.21. Open-circuit voltage
If the photodiode is open-circuited, the accumulation of elec-
trons and holes on either side of the p–n junction produces an
open-circuit voltage, Voph. The short-circuit current, Ish, will ap-
pear if a load resistance is connected to the diode. Open-circuit
voltage is the product of the short-circuit current and the incre-
mental diode resistance at zero bias voltage:

Voph = IshR0 . (14)

2.22. Quantum efficiency
Quantum efficiency η is usually defined as the number of e-h
pairs generated by the photodetector per photons incident on its
active area. This parameter is a standardized value, generally
less than a unity or expressed as a percentage. This way, we
limit the generation of e-h pairs to their creation, eliminating,
e.g. avalanche multiplication of the carriers. Deviations from
the above definition are observed in the high energy of pho-
tons, where quantum efficiency can reach values beyond a unity.
Not all absorbed photons may generate free e-h pairs that can
be collected. Some carriers may recombine or become imme-
diately trapped. If the thickness of the semiconductor layer in
which the absorption takes place is comparable with the pene-
tration depth (1/α , where α is the absorption coefficient), not
all photons will be absorbed. Quantum efficiency also depends
on reflection from the detector surface, absorption coefficient

and device structure. It can be increased by reducing the reflec-
tions at the semiconductor surface, increasing absorption and
preventing the recombination or trapping of carriers. The quan-
tum efficiency of an ideal photodetector is a binary function –
the photon energy is enough to excite the medium (η = 100%)
or is insufficient (η = 0). Figure 7 shows the quantum efficiency
vs. the wavelengths for the ideal and real detector.
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Fig. 7. Quantum efficiency vs. wavelengths for ideal and real detector

2.23. Responsivity
The detector’s responsivity is defined as the ratio of the root
mean square (RMS) value of the fundamental component of the
detector electrical output signal to the RMS value of the funda-
mental component of the input radiation power. For example,
the current (or analogous voltage) responsivity is determined
by the ratio of the photocurrent Io (photovoltage Vo) to the inci-
dent light power Φe at a given wavelength, λ :

Ri =
Io

Φe
, Rv =

Vo

Φe
. (15)

Generally, responsivity is a measure of how efficiently the
power of light is converted into electrical current. The unit of
responsivity is either ampere per watt or volts per watt, depend-
ing on whether the output is an electric voltage or a current one.
Responsivity depends on the semiconductor energy gap, there-
fore it varies with the wavelength of the incident light (Fig. 8)
and temperature (the energy gap varies with temperature). In
some cases it may also depend on the reverse bias applied.
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Fig. 8. Relative current responsivity of ideal and real photodiodes
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2.24. Spectral responsivity
It is the dependence of current (or analogous voltage) respon-
sivity on the wavelength, and it is given by:

Ri(λ , f ) =
Iph

Φe(λ )∆λ
,

Rv(λ , f ) =
Vph

Φe(λ )∆λ
,

(16)

where Φe(λ ) is the spectral radiant incident power (in W/µm).

2.25. Cut-on wavelength
Cut-on wavelength λcut-on is the shortest wavelength at which
detector responsivity reaches 10% of the peak value.

2.26. Peak wavelength
Peak wavelength λpeak is a wavelength at which a detector
reaches its maximum responsivity.

2.27. Cut-off wavelength
Cut-off wavelength λcut-off is the longest wavelength at which
detector responsivity reaches 50% of the peak value.

2.28. Response time
In many applications where the signal frequency is being mea-
sured or where a fast photoreceiver is required, the rise and fall
time of the detector become very important. The rise time of the
detector output signal, which is the detector’s response to rect-
angular pulse extortion, is the time required for the photodetec-
tor to increase its output from 10% to 90% of the final output
level (Fig. 9). The detector’s fall time is defined as the time re-
quired for the signal to fall from 90% to 10% of the final value.
The rise time can also be expressed as frequency response, the
frequency fc at which the photodiode output decreases by 3 dB
relative to the 100% output level.

Input

Output

Rise
time

Fall
time

90%

10%

Fig. 9. Examples of response waveform

It can be presented by:

tr =
0.35

fc
. (17)

This expression is valid for detectors having only one time
constant. The following equation can approximate the fre-
quency response characteristics of detector responsivity:

Ri =
Rio

(1+ω2τ2)
, (18)

where Rio is the detector responsivity at zero frequency of the
incident radiation modulation and τ is the time constant of the
detector-preamplifier combination response:

τ = (ω−3dB)
−1 , (19)

where ω−3dB is the angular frequency at which responsivity has
fallen to 0.71 of its maximum value (see Fig. 10). In addition,
the relation

ω−3dB = 2π fc (20)

is occurring. More complex cases are possible when the detec-
tor has different recombination mechanisms and several time
constants.

log Rv

Rv max

0.71Rv max ~1/Rv ω

ωlogω -3dB

Fig. 10. Detector responsivity vs. angular frequency

2.29. Noise equivalent power (NEP)
NEP is the incident power on the detector that produces
a signal-to-noise ratio (SNR) of unity at the output at a given
data-signaling rate or modulation frequency, wavelength and
noise bandwidth. NEP can be used to determine spectral sen-
sitivity. In terms of responsivity it can be written as:

NEP =
In

Ri
=

Vn

Rv
, (21)

and is expressed in watt. In and Vn are the noise current and
noise voltage, respectively.

Since the RMS value of the noise voltage is proportional to
the square root of the bandwidth, the NEP is also expressed in
the spectral density unit W/Hz1/2.

The lowest NEP = NEPmin is obtained for a given detector at
the wavelength with maximum detector responsivity. Thus:

NEP(λ ) = NEPmin
Rmax

R(λ )
, (22)

where Rmax is the maximum detector responsivity and R(λ ) is
the detector responsivity at wavelength λ .

The minimum detectable power Pmin can be calculated using
the following equation:

Pmin = NEP(λ )∆ f 1/2, (23)

where ∆ f is the noise measurement bandwidth.
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2.30. Shot noise
Shot noise is related to the statistical fluctuation in both the
dark current and the photocurrent. When photodiodes operate
in photoconductive (biased) mode, shot noise is the dominating
source. The magnitude of the shot noise is expressed as the root
mean square (RMS) noise current:

Isn =
[
2q
(
Id + Iph

)
∆ f
]1/2

. (24)

2.31. Thermal noise
The source of thermal noise (or Johnson noise) is associated
with photodetector resistance. This is due to the thermal gener-
ation of carriers. The magnitude of this noise current is:

I jn =

[
4kT ∆ f

R0

]1/2

. (25)

2.32. Total RMS noise current
Total RMS noise current generated in a photodetector is deter-
mined by:

In =
[
I2
sn + I2

jn + I2
nother

]1/2
, (26)

where Inother – other noises (1/ f noise, g-r noise, . . . ).

2.33. Detectivity
Detectivity D(λ ) is the reciprocal of NEP:

D(λ ) =
1

NEP
. (27)

Many experimental and theoretical studies have shown that
detectivity is inversely proportional to the square root of the
active detector area and, therefore:

DA1/2
d = const. (28)

Given this, R.C. Jones has introduced the normalized detec-
tivity D∗ (or D-star) related to the unit detector area and the unit
bandwidth [17]. It means that both NEP and D∗ are functions
of the electrical bandwidth and detector active area:

D∗ = D(Ad∆ f )1/2 =
(Ad∆ f )1/2

NEP
. (29)

It is the most crucial detector parameter which allows for
comparison of the same type of detectors with different ar-
eas (see Fig. 11). D∗ is expressed in the unit of cmHz1/2/W,
which is more commonly called ‘Jones’ and is defined as the
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RMS SNR in a 1-Hz bandwidth per unit RMS incident radia-
tion power per square root of detector area:

D∗ =
(Ad∆ f )1/2

In
Ri =

(Ad∆ f )1/2

Vn
Rv =

(Ad∆ f )1/2

Φe
SNR. (30)

The blackbody D∗(T, f ) can be determined by knowing spec-
tral detectivity:

D∗(T, f ) =

∞∫
0

D∗(λ , f )Φe(T,λ )dλ

∞∫
0

Φe(T,λ )dλ

=

∞∫
0

D∗(λ , f )Ee(T,λ )dλ

∞∫
0

Ee(T,λ )dλ

,

(31)

where Φe(T,λ ) = Ee(T,λ )A is the incident blackbody radi-
ant flux (in W) and Ee(T,λ ) is the blackbody irradiance (in
W/cm2).

2.34. Background generated current
The ultimate performance of optical detectors is reached when
the detector and amplifier noise is low compared to the photon’s
ones. The radiation falling on the detector is a composite of
signals originating from the source and background.

We can distinguish two extreme cases where it is dominant:
• signal photon noise – which means detector performance

limited by signal fluctuations,
• background photon noise – which means detector per-

formance determined by background fluctuations (back-
ground-limited performance – BLIP).

The detector operating conditions defined by the first case
occur relatively rarely at short wavelengths (ultraviolet and vis-
ible range), e.g. in photomultipliers. However, they are not reg-
istered for semiconductor detectors, the performance of which
is determined by the self-noise or the noise of the read-out elec-
tronics.

Figure 12 is a curve showing how ideal D∗BLIP is improved as
the cone angle θ is reduced for any given background tempera-
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Fig. 12. Improvement in BLIP detector detectivity with a reduction
in FOV cone angle

ture [19]. In this figure, the detector’s field of view (FOV) angle
is also marked with the symbol f/#. It denotes the system focal
length ratio to the diameter of the entrance pupil d called the
f -number (e.g. f/1 means f/d = 1; and f/2 means f/d = 2).

2.35. Field of view
The angular field of view is the maximum cone angle at which
a detector can capture incoming radiation.

2.36. Linearity range
A linear photodetector generates photocurrent proportionally
with the incident light power. Measurement of its linearity is
accomplished by attenuation of the incident optical power.

The range of linear operation of the photodiode is defined,
relating the two limits of the range to the required precision of
the measurement. NEP and the maximum permissible deviation
in the transition region from linear operation to saturation are
given two limitations. It is also dependent on external circuit
performances (load resistance).

2.37. Photodiode saturation and noise floor
Saturation occurs when the photocurrent at the photodiode out-
put does not increase as the incident optical power increases.
The saturation limit of the photodiode depends on the reverse
bias voltage and load resistance (Fig. 13). The noise floor of
a photodiode detection system depends not only on NEP of the
photodiode but also significantly on load resistance. Some pa-
rameters affect the noise floor and saturation limit, e.g. detec-
tor temperature, resistivity, bias voltage, responsivity and band-
width. Typically for systems with continuous-wave lasers, the
system noise floor is limited to Johnson noise [20].
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Fig. 13. Linearity response of a photodiode

2.38. Directional characteristics
The lens shape generally defines the directional characteristics.
Figure 14a shows an example of narrow directional character-
istics, and Fig. 14b illustrates an example of broad directional
characteristics.
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Fig. 14. Directional characteristics of a photodiode: a) narrow, b) wide characteristics

3. MEASUREMENTS OF DETECTOR PARAMETERS
To measure detector parameters, in addition to the electronic
measuring devices, the following ones are necessary: a black-
body, modulated source of radiation with adjustable frequency,
source of monochromatic radiation, and a reference detec-
tor. Electronic measuring devices include the following instru-
ments: preamplifiers, lock-in amplifiers, and Fourier transform
infrared (FTIR) spectrometers. Auxiliary measuring devices
are, e.g. signal generators, calibrated attenuators and low-noise
supply systems.

The detector signal depends on bias voltage Vb, the power
of the incident radiation Φe, the active area of the detector Ad ,
wavelength λ , signal modulation frequency f and temperature
T . In many cases, the expression for the detector signal can be
separated as follows:

Vs (Vb,Φe,Ad ,λ , f ,T ) = u(Vb,Φe,Ad ,T )u(λ )u( f ). (32)

Assuming that the incident radiation power, the detector area
and temperature are constant, then the above expression takes
the form of:

Vs (Vb,λ , f ) = u(Vb)u(λ )u( f ). (33)

Thus, three independent characteristics of u(Vb), u(λ ) (called
spectral) and u( f ) (called frequency) are obtained, which can be
measured independently.

3.1. Current-voltage characteristics measurements
The current-voltage characteristics can be measured using ei-
ther a specialized curve tracker or an ammeter and voltmeter.

Most test circuits allow either for source current and measure
voltage (Fig. 15a) or for source voltage and measure current
(Fig. 15b). A high impedance voltmeter must be used. Dark
reverse current measurements must be carried out in complete
darkness, especially for VIS detectors.

The circuit used in dark current measurement can also be ap-
plied to photocurrent measurements. In this situation, the pho-
todiode is irradiated, and a current sampling resistor of lower
value should be used because of the higher currents involved
(Fig. 15c). The open-circuit voltage, Vo and short-circuit cur-
rent, Ish, of photodiodes are measured, employing the circuits
shown in Fig. 16. The open-circuit voltage Vo of a photodiode
can be measured with a high-sensitivity, high-resistance volt-
meter.

The short-circuit current of the photodiode is measured by
a current-to-voltage (I−V ) converter (Fig. 16b). To determine
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Fig. 15. Equivalent small-signal circuit of a photodiode (where Id – diode current, IRsh – shunt resistance current, Io – output current)
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Fig. 16. Open circuit voltage (a), and short current (b) of photodiodes measurement characteristics (adopted after [22]).
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the Ish current, it is necessary to measure voltage Vo at the out-
put I–V converter and calculate the photodiode current by the
following formula:

Ish =
Vo

R f
. (34)

The amplifier and the feedback resistor appear as a photo-
diode load impedance of R f /Kvo, where Kvo is the amplifier’s
open-loop gain. Short-circuit impedance across the photodiode
is very low because of the high value of Kvo (of the order of 106)
as compared with the typical values of the photodiode’s shunt
resistance. For example, Fig. 17 shows the circuit diagram to
evaluate photodiode characteristics using high resistance me-
ter of the B2985A/87A type. The test system consists of the
voltage source and an ammeter. The voltage source can sweep
voltage while the ammeter synchronously measures the current.
Therefore the photodiode current-voltage (I–V ) characteristics
can easily be obtained. In addition, the B2985A/87A can dis-
play the results as an X-Y graph. Detailed information about
this meter is given in Technical Overview Keysight Technolo-
gies [23].

a)

Photodiode

B2985A/87AHigh

Ammeter
Input +

-

A

b)
Current

Voltage

Fig. 17. Current diagram (a) used to evaluate photodiode I–V
characteristics (b)

3.2. Measurement of the impedance of detectors
Impedance characteristics can be measured with impedance an-
alyzers (e.g. Agilent E4294A). Sometimes, there is a need to
apply special measurement techniques and take necessary pre-
cautions against different measurement error sources because
of the photodetector’s capacitance and the measurement fre-
quency. Detailed information is given in the literature [24].

As mentioned before, the inverse slope of the photodiode’s
I–V curve at the 0 V point defines its shunt resistance (Fig. 18).
However, slope determination is time-intensive, so it is mea-
sured at V = −10 mV in practice. Applying Ohm’s law, shunt
resistance Rsh is calculated:

Rsh =
dV
dI

. (35)

-60
-40 -20-30 -10 0

Volts (mV)

Am
pe

rs
 (p

A)

10 20 30 40

-40
-20

0
20
40
60
80

100

Fig. 18. Shape of the photodiode’s I–V curve with its linear fit
(shunt resistance)

During the measurements, light input must be constant. The
industry measurement method does not result in particularly ac-
curate measurements. For better accuracy, the tangent to the
measured I–V curve should be determined. Detailed informa-
tion is provided in paper [25].

Figure 19 shows logarithm I–V characteristics of both ideal
and real photodiodes and the method of determining both val-
ues of the aforementioned parasitic resistances. Three regions
are visible. The ideal diode characteristics subjected to charge-
carrier diffusion are observed in the middle region. In regions
1 and 3, the real characteristics show a deviation from the ideal
one: in the range of small currents, due to shunt resistance, and
for high currents, due to series resistance.
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Fig. 19. Ideal and real current-voltage characteristics of
forward-biased photodiode (adapted from [26])

3.3. Responsivity measurements
Spectral responsivity of detectors is defined and measured dif-
ferently depending on the spectral range. For detectors operat-
ing in the visible and near-infrared range (< 2.0 µm), the spec-
tral characteristic or λp, at which the detector has maximum
sensitivity, is given. In the latter case, wavelengths for which
sensitivity decreases to 10% of the maximum value should be
reported. For these detectors, current responsivity Ri in A/W is
given. This is due to the relatively high impedance of the de-
tectors and potential errors in measuring voltage responsivity
(instruments with high ohms per volt Q factors of 1 GΩ/V are
required). Other reasons for measuring current responsivity are
significant: linearity range response, wider bandwidth, and no
dependence on detector capacitance.
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The longer wavelength infrared detectors are usually char-
acterized by low resistance. Therefore, to measure the voltage
responsivity Rv of these detectors, it is necessary to use an in-
strument that measures a voltage signal with an input resistance
much greater than that of the detector. A simple relationship
exists between these quantities:

Rv = Rd Ri , (36)

where Rd is the detector resistance. This condition is valid when
the measured values refer to the same detector operating condi-
tions (supply voltage and current).

Usually, spectral responsivity or responsivity to blackbody
radiation of detectors are given. Let us take a closer look at
how to measure both types of responsivity.

3.3.1. Measurement of spectral responsivity
with FTIR spectrometers

Responsivity measurements are essential for characterizing
photodetectors. During this procedure, the tested detector
works in the linear operation range [27]. The precise determi-
nation of its spectral characteristic makes it possible to estimate
the power of the incident radiation based on the output signal.
This characteristic is shaped both by the material parameters of
the detector itself and the used optical system integrated with
it (e.g. AR coatings, immersion lenses, optical windows, op-
tical filters) as well as structure configuration (e.g. backside-
illuminated).

In practice, applying reference radiometers or reference de-
tectors generally provides lower measurement uncertainties as
compared to reference radiation sources (blackbody or lamps).
In this setup, photodetectors’ calibration transfers the respon-
sivity function from the reference device to the calibrated one.
Usually, a silicon trap detector in the visible range and pyro-
electrics in the infrared spectrum are used.

After calibration, the detector becomes a reference and al-
lows for measurement of the energy parameters of the beam.
They are usually defined as the quotient of the measured electri-
cal signal (voltage or current) and the responsivity value. Such
responsivity may refer to power, irradiance, or radiance. For an
ideal radiometer, responsivity can be defined by the ratio of ra-
diation responsivity to the detector’s active area and its viewing
angle. Detector calibration is related to the concepts of relative
or absolute responsivity and uniformity, aperture effective area
measurement, spectral linearity as well as temporal and temper-
ature characteristics. Optical radiometry, photometry, colorime-
try, temperature measurements of blackbody radiators, optical
pyrometry and solar photovoltaic quantum efficiency measure-
ments all allow for measuring responsivity. Two spectromet-
ric systems, a monochromator or FTIR configurations, are of-
ten used to measure spectral responsivity. In addition, there are
also some analytical setups for determining the discrete point
of spectral characteristics of the tested detectors. Selective radi-
ation sources (lasers) or thermal sources equipped with a ded-
icated set of optical filters are used in these setups. The last
calibration method uses broadband radiation sources equipped
with the estimated procedure of responsivity determination.

Depending on the configuration, laser sources, synchrotron
radiation sources or thermal radiation sources (e.g. tungsten
halogen lamps, Globars) provide different spectral ranges for
absolute responsivity calibrations [28]. However, exact mea-
surements require a large beam spot area of uniform optical
radiation or a narrow uniform beam scanned across the compo-
nent. Additionally, the beam used should have a narrow spectral
bandwidth and be wavelength-tunable.

As the primary standard, some international standard or-
ganizations, such as the National Institute of Science and
Technology, National Physical Laboratory, and Physikalisch-
Technische Bundesanstalt, have used absolute cryogenic ra-
diometers (ACR). Usually, in ACR, thermal detectors (ther-
mopile and pyroelectric ones) with flat spectral responses are
applied. They are a type of electrical substitution radiometers
(ESR) with uncertainty below 0.01%. For that reason, a series
of transfer detectors with stable radiation standards were also
developed. However, their accuracy is not so high. The interna-
tional practice uses the Si or InGaAs trap detector (uncertainty
of about 1%), from visible to near-infrared bands. Calibration
uncertainty of about 3% is ensured in the thermal infrared band
by applying InSb and HgCdTe detectors.

Literature analysis has shown that there are many photode-
tector calibration systems. Based on their operation principle,
a methods classification has been proposed:
• discrete calibration,
• spectrometric calibration,
• estimated calibration.

Detector responsivity at several wavelengths with a defined
spectral linewidth is determined during discrete calibration. The
measuring system defines the spectral parameters of the radia-
tion. In this system, monochromatic sources (lasers) or radia-
tion sources equipped with sets of optical filters can be used.
Spectral responsivity is measured at discrete wavelengths dur-
ing the first calibration step. And spectral characteristics are in-
terpolated over the wavelength range using a physical or math-
ematical model.

In spectrometric calibration, the wide spectral radiation
from a thermal or lamp source is spectrally shaped using the
monochromator or interferometer in this setup. The filtered ra-
diation is characterized by the referenced detector and then irra-
diated by the tested detector (device-under-test – DUT). Spec-
tral responsivity is determined based on the known radiation
spectrum and the DUT output signal.

Spectral response can also be estimated without the need for
an expensive monochromator or a circular filter. Liberati de-
scribed this method in [29]. It is based on analyses of detector
signal changes resulting from temperature variation of a black-
body source. The responsivity determination requires solving
a Fredholm integral equation of the first kind as a combina-
tion of the Planck radiation law and the detector’s spectral re-
sponse. This method can be used for non-defined infrared detec-
tors (without data on their cut-off wavelength or spectral range
of responsivity).

Figure 20 shows an example of a spectrometric calibration
setup with a monochromator. The measuring system consists
of a radiation source, optical system, modulator, monochroma-
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Fig. 20. Diagram of the system for measuring the spectral character-
istics of the detectors

tor, detectors (reference and tested one) and signal amplification
systems. Spectral responsivity is based on an output voltage of
the preamplifier connected to the detector and radiation param-
eters (power, wavelength).

The monochromator light power is measured using a refer-
ence detector with known spectral sensitivity characteristics,
e.g. a pyroelectric detector with a flat spectral responsivity char-
acteristic.

The following procedure should be followed to determine
current responsivity of the detector:
I) the radiation beam is switched to the reference detector and,

then, to the tested detector using a suitable optical system,
II) if we have measured the voltage signals at the tran-

simpedance preamplifiers output of the reference detector
Vr(λ ) and the tested Vs(λ ), and we know the current respon-
sivity of the reference detector Rir(λ ), then we can calculate
the current responsivity of the tested detector Ri(λ ):

Ri(λ ) = Rir(λ )
Vs(λ )

Vr(λ )

= Rir(λ )
Is(λ )R f

Ir(λ )R f
= Rir(λ )

Is(λ )

Ir(λ )
. (37)

In practice, the relative spectral characteristics of the detector
are often given. Such characteristics are obtained by dividing
the responsivity of the detector Ri(λ ) by its maximum value
Rimax(λo):

Ri%(λ ) =
Ri(λ )

Rimax(λo)
100%. (38)

Nowadays, spectral responsivity of IR detectors is usually
measured using an FTIR spectrometer. Commercial FTIR spec-
trometers are developed for transmission measurement and not
for photocurrent spectroscopy of photodetectors (PDs). To ac-
quire the response spectrum of PD using an FTIR spectrome-
ter, the PD should be inserted into the light path of the sam-
ple compartment with an optional external detector port to re-
ceive interferential light. The main advantage of such measure-
ment is high spectral resolution, relatively high radiation power
and short measurement time. The possibility of signal averag-
ing also results in an improvement in the signal-to-noise ratio.

The typical FTIR spectrometer consists of a light source,
a diaphragm limiting the aperture of the source, an interfer-
ometer, sample compartment, internal detector, amplifier, and
a computer (Fig. 21). The light source generates radiation that
irradiates the sample (DUT), passes through the interferome-
ter, and reaches the detector. Then the signal is amplified and
converted to a digital form (interferogram). In another way,
the interferogram is transferred to the spectrum using a fast
Fourier transform (FFT) algorithm. It converts the intensity-
versus-time spectrum into an intensity-versus-frequency one.
Thus, the FTIR spectrometer collects the interferogram, per-
forms the FT function, and displays the spectrum. The core of
the FTIR spectrometer is the Michelson interferometer. It con-
sists of a beam splitter, a fixed mirror and a moveable mirror
that translates back and forth in a precise manner. One beam is
transmitted through the beam splitter to the fixed mirror, and the
second is reflected off the beam splitter to the moving mirror.
The fixed and moving mirrors reflect the radiation to the beam
splitter. Accordingly, these reflected radiations are recombined
at the beam splitter, resulting in one beam leaving the interfer-
ometer and illuminating the detector.

Interferometer

S chamberample

Reference detector

Signal processing
unit and interfaces

Interferogram

Spectral response
of the detector

Fourier
transform

on PC

Characterized
detector

Sources

FTIR

Fig. 21. The principle of determining the spectral response of a detector using FTIR measurement
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Consequently, the detector simultaneously registers variation
in energy-versus-time for all wavelengths. The output intensity
changes interferences by varying the optical path difference δ

with a movable mirror. The Fourier transform of the registered
interferogram I(δ ) gives the measured spectrum S(σ):

S(σ) = FFT{I(δ )} , (39)

where σ is the wavenumber usually expressed in cm−1.
The measured signal M(σ) is the product of the researched
spectrum by the temporal transfer function of the detector
H(R, fe,σ):

M(σ) = H(R, fe,σ)×S(σ), (40)

where fe is the sampling frequency of the interferometer and R
stands for the “retardation rate” of the spectrometer. Its value
relies on the wavelength of the laser used to measure the inter-
ferometer displacement R = λlas/2.

A simple linear transfer function determines the ratio be-
tween measurement and baseline during comparative research
with the same detector (e.g. transmission). However, during
spectral characterization of an outside IR detector, the detector
transfer functions differ between the baseline and the detector
measurement itself. For a not-so-fast detector (e.g. pyroelectric
one) used as a reference detector, this temporal-spectral range
is critical.

This proves the need for correction of this detector transfer
function in the case of spectral response measurements. Ad-
ditionally, significant distortions of the spectral characteristics
can be caused by the detector response non-linearity. There are
different approaches (hardware and software) to solve the non-
linearity problem [30, 31]. Unlike the monochromator systems,
changing the reference detectors during measurement in a given
spectral range is impossible.

Summary of the properties of some photodetector calibration
systems is provided in Table 2.

Table 2
Main virtues of some spectroradiometric services

No.
Reference detector

applied
Mode Spectrum Source Uncertainty Literature

1
Pyroelectric
radiometer

Discrete 800–2000 nm
tunable

supercontinuum laser
2.5 mW

4% to 2.2–2.6% [32]

2 – Discrete

1.5 µm,
2.7 µm,
3.9 µm,
10.6 µm,

14 µm

blackbody 1–20 µW
with filters

7.5%,
8.8%,
5%,

5.1%,
19%

[33]

3 Radiometer Discrete
3.96 µm,
9.45 µm,
10.6 µm

QCL, CO2
laser / 1 µW, and more

1 mW.

6.1%,
6.0%,

2.5% (1.4%)
[34]

4 Silicon photodiode Discrete 543.5 nm
low-cost green He–Ne

lasers 0.13 mW
0.009% [35]

5 Radiometer Discrete 450–800 nm
dye laser with

integrated sphere
0.04% [36]

6 Radiometer Discrete

406.74 nm
441.57 nm
487.99 nm
532.08 nm
632.82 nm
769.64 nm

Kr+
He–Cd

Ar+
doubled Nd:YAG

He–Ne
Ti-sapphire

0.027%
0.028%
0.030%
0.042%
0.034%
0.029%

[37]

7 Radiometer Spect.–Mono
3–25 eV

40–1.5 keV
electron storage ring

BESSY 1–10 µW
1% [38]

8 Estimation Estimated blackbody – [29]

9 Reference detector Spect.–Mono 1.5–15 µm

silicon-carbide bar
thermal source

tungsten–halogen
lamp

5% [39]

10 DTGS Spect.–FTIR Up to 20 µm
Globar

halogen lamp
– [40]

11 Radiometer Discrete (7.35–10.6) µm tunable QCL 0.097%–0.16% [41]

12 DTGS Spect.–FTIR 1.5–18 µm Globar 1–2% [42]

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 2, p. e140534, 2022 15



Z. Bielecki et al.

3.3.2. Measurement of detector responsivity
to blackbody radiation

An example of the measuring system designed to measure
the responsivity of infrared detectors to blackbody radiation
is shown in Fig. 22. In this case, the blackbody replaces the
monochromator with a suitable radiation source. This system
uses a blackbody equipped with conical cavity. The special
shape of the blackbody cavity, the selected ratio of its dimen-
sions and the diameter of the iris cover ensure high emissivity
of the effective radiation source (ε = 0.998). The radiating cav-
ity is heated to the required operating temperature by means of
resistance heaters.

Blackbody

Temperature
meter

Temperature
sensor

Chopper
wheel

Power
supply Driver

Detector
power
supply

Optical
chopper

L

Lock-In
Amplifier

Amplifiers

Calibrated cooled
screen

Detector

Fig. 22. System for measuring responsivity of detectors to
blackbody radiation

Many detectors require an external power supply. For this
reason, the detector power supply range is determined. Efforts
should be made to ensure that the value of the detector supply
current is adequately selected. Excessive bias current can cause
thermal instability of the detector and increased noise. On the
other hand, a low bias current value will not provide a suffi-
cient signal-to-noise ratio. The manufacturer usually specifies
the highest allowable power supply voltage or maximum detec-
tor current. If measurements are carried out with a supply volt-
age greater than that specified by the manufacturer, they shall
be carried out following the safety rules. The detector bias volt-
age should then be changed by a small value while observing
the noise level. If the supply voltage or current is higher than
the limit value, a slight increase in the supply current and noise
level will be observed. The excess bias of the detector may lead
to system instability or detector destruction.

The value of the radiation flux incident perpendicular to the
detector area should ensure linear detector operation.

Detector responsivity at constant frequency-modulated radi-
ation is most often measured to minimize the influence of its
bandwidth. A mechanical modulator (chopper) of the radiation
beam and a lock-in amplifier or a spectrum analyzer are used.

The analyzer center frequency is equal to the frequency of the
chopper. For acoustic and sub-acoustic frequencies, mainly me-
chanical modulators are used. Modulation frequencies higher
than 50 kHz are challenging due to the need to use discs with
large diameters, small slot sizes and high spin speeds.

Rectangular modulation is most often used, so it is assumed
that the power of the fundamental component of the modulation

waveform Fourier expansion is given ( modulation frequency is
understood as the fundamental frequency). For spectral mea-
surements, the modulator should be placed at the input slot of
the monochromator. And it should be able to adjust the fre-
quency.

The density of the radiation flux incident on the detector ac-
tive area should be uniform. If the radiation reaches only a part
of this area, the signal may depend on the position of the illu-
minated field.

The Stefan–Boltzmann equation determines the power radi-
ated through the source outlet:

PR = σ
[(

T 4
R −T 4

B
)

A
]
, (41)

where TR is the source operating temperature, TB is ambient
temperature, and A is the hole surface.

The power of the radiation irradiating detector is determined
by irradiance Ee and detector area Ad :

Po = AdEe , (42)

and the power delivered to receiver Ps, set on the optical axis
at the measuring distance L from the calibrated outlet screen, is
determined by the following equation:

Ps = PR
Ad

πL2 . (43)

With the measured RMS value of the voltage at the detector
output Vs(Vb, f ), it is possible to calculate the detector voltage
sensitivity to blackbody radiation:

RB (Vb, f ) =
Vs (Vb, f )

Ps
. (44)

The RB(Vb, f ) measurements should be made for the full
range of detector bias and operating frequency.

3.4. Noise measurements
Noise measurements in optical detectors effectively determine
their detectivity, material quality and reliability. The direct mea-
surements of noise characteristics are the only reliable way to
estimate device detectivity, which is inversely proportional to
the detector’s noise. Defects in microstructure can also be ex-
amined using proper interpretations of noise measurements re-
sults. Precisely selected bias parameters are often required to
obtain optimum detector performances. This condition is a spe-
cific compromise also taking account of noise intensity. The
proper example of such a situation is biasing the photocon-
ductors, which need to be supplied to produce output signals.
Lower capacitance and shorter rise time can be obtained by ap-
plying bias for photovoltaic devices. For that reason, the noise
measurements of the optical detectors are important, and they
have been developed for years [43–46].

Due to their random nature, noises are subject to the statisti-
cal description used to analyze stochastic processes. Therefore,
the measurement of noise signals requires methods and appa-
ratus other than those used in the measurement technique of
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deterministic signals. In particular, it is necessary to eliminate
the influence of external disturbances. Interferences transmitted
through the electrical network are particularly difficult to elimi-
nate. The detector noise depends mainly on its temperature and
applied bias. These conditions also cause change in detector pa-
rameters such as impedance (shunt resistance, junction capaci-
tance), rendering detector noise measurements and calculations
more complicated.

Noise measurements can be divided into noise current mea-
surements and noise voltage measurements. The noise current
is measured with current-mode readout and noise voltage –
with a voltage-mode amplifier. The results obtained for both
types of noise from resistance type fluctuations are generally
equivalent and can be interchangeably converted using detec-
tor impedance. Selection of the appropriate method depends
mainly on detector impedance and noise level of the measure-
ment system. In the case of low impedance detectors (below
few kΩ), voltage noise measurements are recommended be-
cause of lower system noise. For high impedance detectors (few
kΩ and more), current noise measurements are a better choice.
The scheme of a typical noise measurement system is presented
in Fig. 23.

Detector

Detector
power
supply

(adjustable)

Battery
power
supply

Preamp.

EM, mechanic and thermal shielding

Spectrum
analyzer

Oscilloscope

Temperature
control system

Cryostat

Fig. 23. Block diagram of a system for measuring detector noise

All system elements have a significant impact on its capabili-
ties and measurement results. The detector power supply circuit
should be characterized by low output noise. An effective way
to reduce power network interferences (50 Hz and its deriva-
tives) is to bias the detector and preamplifier from the battery
sources. The detector, preamplifier and power supply should be
placed in a common, shielded housing, effectively attenuating
low external interference from the main network and high fre-
quencies from devices such as voltage converters. Moreover,
the shielding apart from electromagnetic interferences (EMI)
should also ensure mechanical isolation from vibrations. Sta-
ble temperature of the sample is also required to obtain reliable
results.

The current source should be used during noise voltage mea-
surement and the voltage source should be used in the case of
noise current measurements. Excessive noise from the detector
power supply can be detected if a low noise (metal) resistor with
resistance equal to detector resistance is connected to the mea-

surement system instead of the detector. Resistor noise shall be
independent of the flowing current (low flicker noise).

A broadband oscilloscope or spectrum analyzer is usually
used to observe them. Some publications and datasheets present
low noise voltage sources [47–52]. Such apparatus noise per-
formance depends on the output voltage, load impedance and
frequency. Their noise can be as low as 1 nV/

√
Hz in the

case of custom-designed circuits and about a few or few dozen
nV/
√

Hz in commercial devices, considering the frequencies
of about 1 kHz. In the case of current sources, the noise also
depends on the output current, load impedance and frequency.
Consequently, an adequately selected device can obtain output
current noise as low as a few pA/

√
Hz [53–59].

The selected amplifier and its performances are crucial ele-
ments that usually set system capabilities, such as noise, band-
width and input signal range. Generally, the two options are
either a transimpedance amplifier (TIA, current to voltage con-
verter) or a voltage amplifier. In both types, the type of input
stage can be selected: with bipolar transistors (BJT), junction
field-effect transistors (JFETs) or metal-oxide-semiconductor
field-effect transistors (MOSFETs). Each performs differently,
so appropriate selection depends on detector properties. But it
must be highlighted that if high detector noise is expected as
compared to the noise added by the system, it is not neces-
sary to use an exorbitant measurement system. In the case of
high impedance detectors under high bias conditions and in-
tense noise generated by the detector, only an adequate spec-
trum analyzer (with low noise and sensitive input with a built-in
amplifier) should be applied. Then, the amplifier can be omit-
ted in the measurement setup. The performances of selected
low-noise amplifiers are presented in Table 3. A few com-
mercial devices and custom-designed devices that can be used
for detectors’ noise measurements were included in this sum-
mary.

Moreover, Table 3 shows that the lowest level of In is asso-
ciated with the MOSFET input stages, but the highest level of
Vn characterizes them. The BJT input stages generally allow to
obtain a low level of Vn but at the cost of a high level of current
noise. Some specific compromise is obtained with JFET input
ones, and for this reason, they are often used in amplifiers’ in-
put stages. The custom devices using low-noise JFETs lead to
getting both: very low level of voltage and current noise. The
temperature impact on noise measurements can be investigated
using a few ways to control detector temperature. The detec-
tor sample can be placed on a thermoelectric cooler (TEC) or
in a variable or constant temperature cryostat filled with liquid
helium or nitrogen. It must be highlighted that the temperature
should be time stable, and the additional control system can-
not produce other interferences visible in the spectrum. Such
a problem can be observed when some current pulse method of
TEC control is used.

Noise voltage measurements can be made by observing the
voltage preamplifier output signal with an FFT spectrum ana-
lyzer, oscilloscope, selective nano-voltmeter, lock-in amplifier,
or selective (in the radio frequency range) micro-voltage me-
ter. Attention should be paid to how the indicators of these in-
struments are calibrated. The signal observed by spectrum ana-
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Table 3
Performances of selected low noise amplifiers

Name
Type of

amp.
Input type Vn [nV/

√
Hz] In [fA/

√
Hz] Bandwidth [Hz] Ref.

SR560 Voltage JFET
5.5 at 10 Hz
4 at 1 kHz

not specified 0.03 to 106 [60]

SR570 TIA JFET not specified
5 at 1 Hz (10 nA/V)

60000 at 1 kHz
(10 mA/V)

DC to 106 [61]

Sig. Rec.
5113’

Voltage JFET 4 at 1 kHz not specified DC to 106 [62]

Sig. Rec.
5182

TIA JFET ≈ 3 at 1 kHz [72]
10000 at 1 kHz

(10 µA/V), 15 at 1 kHz
(10 nA/V)

DC to ≈ 106 [63]

SIM911 Voltage BJT
2 at 10 Hz

1.8 at 1 kHz
not specified DC to 106 [64]

DLPCA-200 TIA JFET 4 at 1 kHz
4.3 at 109 V/A
43 at 107 V/A

DC to 0.5×106 [65]

Custom design Voltage JFET
0.6 at 10 Hz
0.5 at 1 kHz

not specified 0.07 to 0.1×106 [66]

Custom design Voltage JFET
0.6 at 10 Hz
0.5 at 1 kHz

not specified
0.2 to few 103

(flat region)
[67]

Custom design Voltage JFET
1 at 10 Hz

0.6 at 100 Hz
not specified 0.02 to 0.6×106 [68]

lyzer input should be recalculated, taking into account its input
impedance typically of 50 Ω or 1 MΩ. The RMS value can be
specified in a given band using an oscilloscope. The frequency
limiting to the interesting range can be made by connecting the
signal filter between the preamplifier output and oscilloscope
input or using built-in oscilloscope filters, if available. In the
case of custom FFT analyzers (e.g. based on PC data acqui-
sition cards), proper low-pass filtration of the signal to avoid
antialiasing should also be ensured.

The FFT spectral resolution works out a compromise be-
tween the number of averages and measurement time. High
FFT resolution results in a long time of sampling and averag-
ing to obtain a smooth spectrum with narrow peaks due to the
interferences depending on the type of EMI. However, it allows
to easily interpret them as not related to the examined noise
signal. The algorithm for pre-processing the measurement data
(e.g. windowing) is critical before the FFT processing, and sig-
nificantly impacts the final result.

In oscilloscope measurements, the main limitation is that
only white noise can be efficiently specified using peak-to-peak
(p–p) and RMS dependencies.

The lock-in amplifier can also measure noise in the time do-
main at the desired frequency in the selected filter bandwidth.

Figure 24 presents a typical detector-preamplifier circuit. It
must be noted that the preamplifier should have high impedance
and AC-coupled input in order not to saturate the output with
the high DC component during biasing of the detector.

After turning on the low noise voltage source, the RMS noise
voltage value at the preamplifier output Vno (Vb, f ) should be

Fig. 24. Detector noise measurement circuit with voltage amplifier

measured as a function of frequency. It should be highlighted
that the noise signal at the preamplifier output is composed of
detector noise, amplifier noise (which also depends on detec-
tor impedance) and detector power supply noise. To precisely
determine the self-detector noise, other components should be
considered. In some cases, additional noise sources from the
system can be assumed as negligible. Such a situation can be
obtained when a medium impedance source is present at the
low noise JFET amplifier input. It operates in a region where the
noise figure has the lowest values. If it is not possible to ignore
them, appropriate calculations which subtract additional noise
sources from the system should be provided. In such a case, the
detector should then be replaced by an equivalent metal resistor
with resistance equal to the detector’s dark resistance. Again,
we measure the output noise voltage as a function of frequency.
The value of this voltage is marked as Vna( f ).

After tuning the spectrum analyzer to the frequency of the
calibration signal, the output voltage value Vo should be mea-
sured. The measurements are made in the same frequency range
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as before. The gain of the measuring system Kv( f ) should be
measured and then used to include the system’s frequency vari-
able system gain/response characteristics.

The RMS value of the noise voltage of detector Vni, related
to the input of the photodetector-preamplifier system, is deter-
mined by the following equation:

Vni (Vb, f ,∆ f ) =
[

V 2
no (Vb, f ,∆ f )−V 2

na (Vb, f ,∆ f )
K2

v ( f )

+ V 2
J (∆ f )

]1/2

, (45)

where Vno is the RMS value of the noise voltage at the system
output, and VJ is the RMS value of the Johnson noise voltage
generated by the detector in the noise bandwidth ∆ f . A more
straightforward way is to provide noise measurements in the
known flat frequency response region and skip the frequency re-
sponse measurement. In this case, Kv( f ) can be extracted from
hardware datasheets and assumed as a constant.

To calculate spectral density of the detector noise voltage,
the obtained value of Vni should be divided by the root of the
bandwidth ∆ f :

Vni (Vb, f ) =
Vni (Vb, f ,∆ f )

∆ f 1/2 . (46)

The above equations are valid for a uniform noise voltage
spectral density distribution.

Since the noise voltage depends on the detector power sup-
ply voltage, measurements should be taken for different values.
Knowing the relationship between the signal-to-noise ratio and
the detector supply voltage makes it possible to determine the
optimal value of this voltage (e.g. for photoresistors).

With the primary noise sources occurring in the system in
mind, a simplified noise scheme can be presented in Fig. 25.
The noise source of the detector biasing circuit was omitted.

Noiseless
voltage

preamplifier

KvVinV  =o

VoVin

VnA

InA
Zs

Vnd

Detector

Fig. 25. Noise sources in detector noise measurement circuit with
voltage preamplifier. VnA – voltage noise source of the amplifier,

InA – current noise source of the amplifier

The source of noise current of the amplifier (InA) is present
at the amplifier output signal as a voltage of KvInAZs. It can be
easily noticed that this noise source can become dominant and
significantly reduce system sensitivity for very high impedance
sources. For low impedance sources, the limitation can come
from amplifier voltage noise source VnA, higher than measured
detector noise, especially with low impedances and low biases
when its noise (Ind) is weak. The measured power spectral den-

sity Sv of the voltage referred to the preamplifier input is given
by the following equation:

Sv =
Svo

K2
V
= SvnA +SinA|Zs|2 +Svnd , (47)

where SvnA, SinA and Svnd are the power spectral density (PSD)
of voltage noise VnA, current noise InA of the preamplifier and
detector noise Vnd . Svo is the measured PSD at the preampli-
fier output. The noise voltage measurement can be effective in
low impedance detectors when the noise current measurements
systems are characterized by higher noise.

Yet another method is noise measurement using a tran-
simpedance preamplifier. In this case, the low noise current to
voltage (I−V ) converter is used to gain current fluctuations of
the detector current. To determine the detector noise, the noise
of the measuring system (floor noise) should be subtracted from
the final results. The floor noise is composed of, e.g. amplifier
noise current, amplifier noise voltage, feedback resistor current
noise and biasing source.

Considering the measurement of voltage fluctuations
(Fig. 24), a more complex method that reduces the system
noise should be mentioned. The two-channel voltage correla-
tion method eliminates the influence of the preamplifiers’ noise
voltage (VnA). It can be convenient and helpful during very low
impedance detectors tests, especially with low biases. In this
case, the voltage noise from the preamplifier can be dominant
and can significantly limit the measurement range. The typi-
cal block schematic diagram of a two-channel voltage cross-
correlation system is presented in Fig. 26. The output signals
(V1(t), V2(t)) from the two identical preamplifiers (A1 and A2)
are antialiasing filtered (AAF1, AAF2) and simultaneously sam-
pled by a two-channel data acquisition system with PCI-4462
card. Then the signals are processed using a cross-correlation
procedure based on discrete Fourier transform (DFT) to obtain
cross-spectrum estimation (S12).

AAF2
ADC2A2

AAF1
ADC1

DAQ SYS. CH1

A1

DAQ SYS. CH2

DFT

DFT Z*

Output
Input

v1(t)

v2(t)

Cross-correlation operation

Fig. 26. Block schematic diagram of two-channel voltage
cross-correlation measurement system [70].

Z∗ – complex conjugate

The implementation of this method used to measure noise
in low impedance detectors is described in papers [69, 70]. The
schematic diagram of the detector connected to the two-channel
voltage cross-correlation system is shown in Fig. 27. The R1C1
filter was used in order to avoid saturating amplifier outputs.
The ultra-low noise amplifiers combined with this method used
in [69] lead to relatively quickly obtaining ultra-low noise levels
of the system noise. This feature enables an investigation of
detector noise with low biases in the wide frequency range, and
the result can be obtained in a short time.
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Fig. 27. Detector connection to two-channel voltage cross-correlation
system [69]

This approach requires the current noise source of the ampli-
fiers to become negligible, along with high impedance inputs
(JFET, MOSFET based) and constant gains (K1 =K2 =K). Un-
der these conditions, output voltages from the amplifiers can be
given by:

Vn1(t) = KVnd(t)+KVnA1(t),

Vn2(t) = KVnd(t)+KVnA2(t).
(48)

Because the preamplifier voltage noise sources are uncorre-
lated, after calculating the cross-spectrum (S12) from the two
output signals (Vn1,Vn2), the examined detector noise can be
determined using:

Snd =
S12

K2 . (49)

If the required averaging time is ensured, equivalent noise
voltage sources are reduced to a level that can be assumed as

negligible. This method enables to prepare reliable noise char-
acteristics of a detector with resistances as low as a few Ohms.
Moreover, at this point, it can be mentioned that noise mea-
surements of low impedance detectors are difficult when using
transimpedance systems because of high input DC. The noise of
the transimpedance amplifier usually decreases when the tran-
simpedance gain is increasing. However, it limits the maximum
input current because of overloading amplifier output. On the
other hand, reduction of transimpedance results in higher noise.
These reasons cause the cross-correlation method to be more
efficient in this specific case.

Figure 28 shows a schematic diagram of the measurement
system, which allows for measuring not only noise charac-
teristics of the detectors but also spectral characteristics and
current-voltage characteristics of photodiodes. The idea of mea-
suring the spectral and noise detector characteristics is anal-
ogous to the methods discussed above. Thanks to the use of
helium cryostat, nitrogen cryostat, Peltier module and high-
temperature module, it is possible to measure the parameters
and characteristics of the detectors in the temperature range of
10–450 K.

Keithley’s 236-type precision source-measure unit measured
photodiodes’ current and voltage characteristics. It enables the
imposition of voltage extortion and current measurement, or
current extortion and voltage measurement. The photodiode is
reverse biased by an adjustable DC voltage source connected to
a non-inverting element of the current-to-voltage converter.

Analyses of noise measurement in detectors allow for deter-
mining some system’s performances and test conditions (Ta-
ble 4). The types of examined detectors, their resistance and
their bias were all considered [69].
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Fig. 28. The scheme of the measurement system that enables the measurement of spectral characteristics of detectors, current–voltage
characteristics of photodiodes, and noise characteristics (after [71])
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Table 4
Performances of IR photodetectors noise measurements

Type of the
meas.

detectors

Detector
resistances

Type of
measured

fluctuations
/methods

Model of the
front-end
preamp.

Meas. system noise
(preamplifiers)

Meas.
band-
width

Range
of bias
(rev.)

Ref.

InAsSb
≈ 4 Ω

and 6 Ω

[300 K]

voltage/two
channels with

cross correlation

custom
design

V 2
nA = 3×10−19 V2/Hz

at 1 kHz
V 2

nA = 1.5×10−17 V2/Hz
at 1 Hz

0.1 to
100 kHz

1.7 mV
to

216 mV
[69]

InAs/
InAs Sb SL

≈ 5 Ω

and 11 Ω

[300 K]

voltage/two
channels with

cross correlation
SR 5186

V 2
nA = 1.6×10−17 V2/Hz

at 1 kHz
1 Hz to
1 kHz

≈ 90 to
800 mV

[70]

HgCdTe,
InAs/GaSb

T2SL

≈ 60 Ω to
above 1 MΩ

(dynamic
resistance)

current/single
channel

TIA EG&G
5182

V 2
nA = 1×10−17 A2/Hz

at 100 Hz
I2
nA = 2×10−27 A2/Hz
[108 V/A] at 1 kHz

1 Hz to
10 kHz

1.5 mV
to 1 V

[72]

p-InAsSbP/
n-InAs

R0 ≈ 103 Ω

[300 K]
voltage/single

channel
EG&G 5113

V 2
nA = 1.6×10−17 V2/Hz

at 1 kHz

0.5 Hz
to

10 kHz

≈ 40 pA
to 1 µA

[73]

InAs/GaSb
SL

–
current/single

channel
TIA

Keithley 428
InA = 90 nArms at 103 V/A
InA = 1.2 fArms at 1011 V/A

0.3 to
about

200 Hz

100 to
800 mV

[74]

InAs/GaSb
SL

–
current/single

channel

TIA
DDPCA-

300

I2
nA = 2×10−21 A2/Hz
[104 V/A] at 10 Hz

I2
nA = 4×10−30 A2/Hz
[1012 V/A] at 10 Hz

1 to
20 Hz

0.2 to
0.9 V

[75]

InAs/GaSb
SL

–
current/single

channel
TIA

DLPCA-200

V 2
nA = 1.6×10−17 V2/Hz

at 1 kHz
I2
nA = 4×10−22 A2/Hz
[103 V/A] at 10 kHz

I2
nA = 1.85×10−29 A2/Hz

[1011 V/A] at 100 Hz

1 Hz to
8 kHz

0.05 to
0.8 V

[76]

Film–Si
Schottky

barrier CNT
–

voltage/single
channel

TIA
SR560

V 2
nA = 1.6×10−17 V2/Hz

at 1 kHz
1 to

100 Hz
0.46 to
2.85 V

[77]

PbS
Photo-

conductor

≈ 60 kΩ to
5 MΩ

current/single
channel

TIA
DLPCA

–200

V 2
nA = 1.6×10−17 V2/Hz

at 1 kHz
I2
nA = 4×10−22 A2/Hz
[103 V/A] at 10 kHz

I2
nA = 1.85×10−29 A2/Hz

[1011 V/A] at 100 Hz

500 Hz
to

5 kHz

2 to
6 V

[78]

PNP PIN
Photo-

transistor
–

current/single
channel

TIA
LT1124

V 2
nA = 7.29×10−18 V2/Hz

I2
nA = 9.07×10−26 A2/Hz

10 Hz to
700 kHz

100 nA
to 2 µA

[79]

3.5. Measurement of frequency characteristics
The frequency response is usually measured by analyzing the
time response of photodetectors detecting the optical pulse or
by the measurement of directly or externally modulated laser ra-
diation [80]. Some other frequency response methods have also
been studied, e.g. pulse spectrum analysis, two-tone method,
heterodyne detection, shot-noise spectrum, or white optical
noise [81].

The rise and fall times of the detector response can be deter-
mined using rectangular optical pulses in the system shown in
Fig. 29.

This system consists of a pulse generator and laser diode LD
or LED, tested photodiode (PD) as well as an oscilloscope. The
LED or laser diode is pulse-powered from a generator and il-
luminates the photodiode. The output signal from the photodi-
ode is measured at load resistance of 50 Ω, with a broadband
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50 ΩPulse
generator

LED

R
Oscilloscope

Photodiode
PIN

50 Ω

Fig. 29. System for determining the rise and fall time of photodiode
output signal, which comes in response to rectangular pulse excitation

oscilloscope. Based on the measured pulse fall time t f , the pho-
todiode time constant τd can be determined from the following
equation:

τd =

((
τf

2.2

)2
− τ

2
amp− τ

2
osc

)1/2

, (50)

where: τamp – preamplifier time constant, τosc – oscilloscope
time constant. Then the angular frequency ω−3dB and frequency
fc can be found from equations (19) and (20).

The measurement system with a spectrum analyzer is shown
in Fig. 30. Measurements of the frequency characteristics
should be made at constant radiation power and optimal value
bias of the detector. In this setup, the signal from the analyzer is
fed by a broadband amplifier to the radiation source. The mod-
ulated radiation emitted by the LED is focused on the detector
area. The electrical signal from the detector output is amplified
and then fed to the analyzer input. It follows from the spec-
trum analyzer principle that the voltage frequency at the beat
frequency oscillator (BFO) output follows the frequency of the
radiation source. This means that if the voltage frequency at the
analyzer’s input changes within the frequency of the detector
operation, the voltage frequency at the BFO output automati-
cally adjusts to these changes. The advantage of this system is
the ease of measuring frequency characteristics.

Attenuator

Preamplifier Amplifier

Broadband
amplifier

LED FD

In Spectrum
analyzer

Vb1 Vb2

BFO-out

Fig. 30. Block diagram of the system used to measure frequency
characteristics of the detectors

Moreover, the narrow bandwidth of the analyzer provides
a high signal-to-noise ratio. Therefore, it is possible to use ra-
diation sources with low output power. The disadvantage of
the system is the narrow spectrum of the radiation source. The
use of LEDs, e.g. GaAs or InAs, allows for obtaining radiation
sources with wavelengths λ of 0.8 and 3.2 µm, respectively.

To determine the frequency characteristics of the detector, the
dependence of the output signal voltage on the modulation fre-
quency Vs( f ) must be measured. After these measurements, the
radiation source and a generator with an attenuator connected
to the preamplifier should be switched off. Voltage Vc indicated
by the analyzer meter should be measured for the same frequen-
cies.

The relative frequency response w( f ) of the detector shall be
calculated from the equation below:

w( f ) =
Vs( f )Vc( fo)

Vc( f )Vs( fo)
, (51)

where fo is the frequency at which w( fo) = 1.
In the heterodyne technique (Fig. 31), the registered signal is

shaped by the profile of the output power line of the tuned laser.
Spectra can be adjusted for the laser to give different frequen-
cies, from 0 to those greater than 30 GHz. In the heterodyne
setup, the laser beams of two lasers are combined. The optical
signal with the “frequency-modulated sinusoidally at the dif-
ference” frequency is registered for the same polarization and
amplitude of beams. This technique is characterized by a broad
bandwidth limited by the tuning range of the laser (even 100
GHz or more). The modulated signal (photocurrent) is:

Iph(t) = (Pl1 +Pl2)R(0)+2
√

Pl1Pl2R( f )cos(2π f t), (52)

where Plx is the optical power delivered to the detector from
the x-laser and R( f ) is the detector’s responsivity at frequency
f . The time-averaged photodetector current generated by the
photodetector is then:

〈I2
ph〉= (Pl1 +Pl2)

2 R2(0)+2(Pl1Pl2)R2( f )

= 〈I2
dc〉+ 〈I2

f 〉, (53)

where Idc is the DC photocurrent and I f is RF photocurrent
flowing through a high-pass filter. The ratio of both currents
defines relative frequency response determined as R2( f )/R2(0).
The frequency characteristics of this response ratio ensure the
determination of detector bandwidth.

Fig. 31. Block diagram of photodetector frequency measurement [82]

Characteristics of some methods applied to frequency re-
sponse measurement of the photodetector are described in Ta-
ble 5.
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Table 5
Characteristics of some measurement systems for photodetector frequency response

Method Source Wavelength Type of excitation
Measured
bandwidth

Ref.

1 Time response analysis Ti:sapphire laser 800 nm laser pulse 50 GHz [83]

2 Heterodyne DFB laser diode 1 300 nm thermal laser tuning spectra 20 GHz
[84]

3 Pulse spectrum analysis DFB laser 1 300 nm laser pulse 16 GHz

4 Heterodyne Nd:YAG 1 319 nm thermal laser tuning spectra 26.49 GHz [85]

5 Two-tone optical method DFB laser diode 1 550 nm
microwave intensity-
modulated

12 GHz [86]

6
Photocurrent shot-noise
spectrum

DFB laser diode 1 550 nm noise signal 164 MHz [87]

7 White optical noise
superluminescent

light-emitting diode
1 550 nm

spontaneous-spontaneous
heat noise

> 15 GHz [88]

Knowing the frequency characteristics of the detector voltage
and noise current density, the frequency characteristics of the
noise equivalent power density can be determined (Fig. 32).

0 100 200 300 400 500
Frequency [MHz]

N
EP

[p
W

/H
z 

   
]

1/
2

4

5

6

7

8

9

Fig. 32. NEP spectral characteristics of p− i−n InGaAs photodiodes
PDB460C type by Thorlabs [89]

For this purpose, noise current spectral density should be
divided by the maximum value of the current responsivity
Rimax(λ ) of the detector under test (as NEP is usually given
for Rimax):

NEPmin( f ) =
Ind( f )
Rimax

. (54)

Then, using the spectral responsivity characteristics of the
detector Ri(λ ), the NEP frequency characteristics can be deter-
mined from the following equation:

NEP( f ) = NEPmin( f )
Rimax

Ri(λ )
. (55)

Knowing this characteristic (for any frequency range) can de-
termine the minimum Pmin power that a given detector can de-
tect:

Pmin =

fu∫
fl

NEP( f )d f . (56)

3.6. Measuring method of directional characteristics
Directional characteristics are obtained by rotating the photode-
tector around the top of its lens (Fig. 33). They are usually ex-
pressed relative to a value of 1 for the angle with the highest
output intensity.

Fig. 33. Measuring method of directional characteristics

4. CONCLUSIONS
The article discusses some metrological aspects related to tech-
nology development and the application of photodetectors. It
results from analyses and research conducted in order to stan-
dardize the concepts and measurement procedures associated
with detector parameters. The most commonly used semicon-
ductor detectors are described, with particular attention being
paid to their internal structure, significantly impacting their per-
formance and application. Some specific features of detectors
at the stage of their design and production have also been de-
scribed. Devices of this type are used in everyday life (e.g. in
smartphones or smartwatches), in the industry (e.g. for product
quality and composition control, in gas sensors), and in scien-
tific research concerning inter alia space (e.g. for data transmis-
sion, measuring the composition of the Martian atmosphere).
The last part of the article focuses on measuring those parame-
ters that are most often analyzed by end-users. Theoretical mod-
els and equivalent diagrams are given, which constitute the ba-
sis for analyzing measurement results, measurement systems
and their exemplary parameters.
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