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Introduction

Infrared radiation consists of electromagnetic waves in the wavelength region from 0.75 pm to 1000 pm, lying between
visible light and microwave light. In order to cover this broad spectrum of wavelengths, a variety of infrared detectors
have been developed and produced.

This manual describes major characteristics and applications of Hamamatsu infrared detectors, including InGaAs PIN
photodiodes, PbS and PbSe photoconductive detectors, InAs and InSb photovoltaic detectors, MCT (HgCdTe) photo-
conductive detectors, pyroelectric detectors, and hybrid detectors used in a combination of two or more detectors.
Custom-made detectors are also available upon request. Please feel free to consult Hamamatsu regarding your
specific requirements.
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1. Infrared radiation

Infrared radiation is the electromagnetic waves in the wave-
length region longer than the visible light wavelengths, lying
from 0.75 pm (1.65 eV) to 1000 pm (1.2 meV). The wavelength
region of 0.75 pm to 3 ym is often called the near infrared, the
wavelength region of 3 pm to 6 ym the middle infrared, and the
wavelength region of 6 ym to 15 pm the far infrared. Also, even
longer wavelength regions are sometimes referred to as ultra-
far infrared, but this is not a universally accepted term.

Infrared radiation has the following characteristics:

(1) Invisible to human eyes
This is useful for security applications, but sometimes makes
measurements and optical system design difficult.

(2) Small energy

Infrared radiation energy is equal to the vibrational or rota-
tional energy of molecules. This phenomenon makes it pos-
sible to identify molecules.

(3) Long wavelength

This means infrared radiation is less scattered and offers bet-
ter transmission through various medium.

(4) Emitted from all kinds of objects

1-1 Emission of infrared radiation

All objects with an absolute temperature of over 0 K emit infra-
red radiation. Infrared radiant energy is determined by the tem-
perature and surface condition of an object. Suppose there is
an object that absorbs all radiant energy and appears com-
pletely black at wavelengths. This object is called "blackbody".
The following formula and laws can be established with regard
to blackbodies.

1. Blackbody spectral radiant emittance (Planck's radia-
tion formula)

MM\ = C1A7° [exp (C/AT) -1]" [W/cm’um)]
T : Absolute temperature [K]
C1: 1st radiation constant = 3.74 x 10" [Wum*/cm?]
C2: 2nd radiation constant = 1.44 x 10* [umK]
A : Wavelength [um]
2. Stefan-Boltzmann law
M=oT* [W/em?]
o: Stefan Boltzmann's constant = 5.67 X 102 [W/em’K*]
3. Wien displacement law
AmaxT = 2897.8 [umK]
Amax : Maximum radiant wavelength [wm]

Figure 1-1 shows blackbody spectral radiant emittance. With
regard to objects other than blackbodies, the following relation
can be established.
M'=eM
€: emissivity

Emissivity € varies with the surface condition of an object. It
also usually varies with the wavelength and temperature of
an object. Since emissivity is equivalent to absorbance, the
emissivity of an object with large reflectance or transmittance
becomes small. For more information, see section 12-3, "Ra-
diation thermometer".

Figure 1-1 Blackbody spectral radiant emittance
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1-2 Infrared detection

Infrared radiation is used in a wide variety of applications, and
new applications are constantly being developed. A typical
system for detecting infrared radiation is usually configured
as shown below.

INFRARED |_[TRANSMISSION] | OPTICAL SIGNAL
| SOURCE H SYSTEM H SYSTEM HDETECTOR HPROCESSING‘

1-2-1 Infrared sources

As stated above, all objects with an absolute temperature of
over 0 K radiate infrared energy. For example, a human body
at a temperature of 310 K (37 °C) radiates infrared energy
with a peak wavelength of close to 10 pm. Infrared sources
include blackbody radiators, tungsten lamps, silicon carbide,
and other substances (see Table 1-1). In addition to these
radiant sources, infrared lasers that emit infrared energy of a
specific wavelength are used (see Figure 1-2).

In addition to the infrared source to be measured, there is
background radiation from the ground at a temperature of 300
K. If the measurement system is required for a wavelength
region over 3 ym, noise due to fluctuations in the background
radiation will not be ignored. To reduce this type of noise, cold
shields and cold filters are used in most cases.



1. Infrared radiation

Table 1-2 Types of infrared radiation sources "

Type Method Material Radiation source example| Wavelength (um) Remark
Long wavelength region is
cut off by external bulb
Tungsten Infrared bulb 1t0o25 (glass). Secondary radiation
Resistor heating by is emitted through the tube.
current flow Nichrome .
Kanthal Electric heater 2to5
Thermal Silicon carbide (siliconate) Globar 11050 Constant voltage, large current
radiation Ceramic Nernst glower 11050 Pre-heating is needed.
s dary heating b Metal (stainless steel, etc.) Sheath heater 41010
econdary heating by
other power source Ceramic IRS type lamp 41025
Radiant burner 11020 Heating by gas burning
Heating by discharge Carbon Carbon arc lamp 210 25 Causes some environmen-
tal problems such as soot.
Mercury Long wavelength region is
Cplgi Gas discharge Cesium Mercury lamp 0.8t02.5 cut off by externa_tl bl.”b' .
radiation Xenon Xenon lamp Secondary radiation is emit-
ted through the tube.
; Carbon dioxide COz2 laser 9to 11
S;mglsz?;end Laser reaction Gallium arsenic compounds InGaAsP laser 1.1t01.5
Lead compounds PbSnTe laser 6to7
Figure 1-2 Wavelength regions of major infrared lasers - Figure 1-4 Atmospheric absorption at high altitude ®
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1. Infrared radiation

radiation. When designing a band-pass filter, it is necessary to

1-2-3 Optical materials
consider the center wavelength, half width (FWHM), and a 5%

To converge or focus infrared radiation, optical lenses made of - : . _

quartz, CaF2, Ge and Si, polyethylene Fresnel lenses, and mir- ~ transmittance width. In addition, the side bands, meaning sec-

rors made of Al, Au or a similar material are used accordingto -  Ondary transmission wavelengths other than the target wave-

the wavelengths. Figure 1-6 shows the transmittance for typi- length, must also be considered, along with the transmittance

cal infrared optical materials. In some applications, band-pass - aF extraneous wavelengths, which is .cglled b'°C_k'n9 - (See

filters may be needed to utilize a specific wavelength, as well Figure 1-7.) Note that these characteristics vary with the tem-
. perature to be used and the angle of incident light.

as choppers for passing and interrupting a beam of infrared

Figure 1-6 Transmittance of various optical materials

1.0 ‘
CaF2 NaCI (2 mm) i i B oftoo oo oo toro el e s sl
0.9 (1 mm)——>=¢ = TS ~ = S
Ny >f’ KBr(4mm)|  ~AsSa(mm) | i N \ & \
08 Ty | Acciamm | L —g——T7 NN
0.7 I :’ // I X \ \ “./'\
w ' [ \ | i ___}‘ ..... - \
e i - VIt e i P (i WP
Z 06 i ZnSe o 7 \ I o, '
- I _-'} H (3 mm) K H ] \ 9 \ 1
E 0.5 / ':, .: b3 o i ) ‘ ; i
% I el VR ¥ ___\_3\_1.\__ Vallie
Z  oaf—4 : # : AV =
i ‘ | \VANYA 1
o / ! f \
F o3 / ; . r IQUARTZFOR i §|! | ! )['x \‘
‘ 1 A J; I INFRARED HE ‘I
| i h ! RADIATION i 4/{ | A
0217 T i Gmm) I AR
| ! I ;\ﬁ—,—\ \\ SAPPHIRE v
- ! 1 1 -
01 [ DIAMOND § | kRS ' i Ge (1 mm) i (1 mm) — AN
JL_tmm f T Pl \ | 1l
0.1 02 03 05 07 1 2 3 5 7 910 20 30 40
WAVELENGTH (um)
KIRDBO0127EB
Figure 1-7 Example of band-pass filter transmittance
1.24
100 E= hTC = o [eV]
90 -
80 h: Planck constant = 6.626 x 107 [T - s] = 4.14 x 10"
g 70k CENTER WAVELENGTH [CV . S]
8 ol  PEAKTRANS: c: Speed of light =3 x 10" [cm/s]
Z MITTANCE 1: Wavelength [um]
'E 50 -
Z ol T In comparison with visible and ultraviolet rays, infrared radia-
E 30 AR SMITANCE tion has small energy, for example 1.24 eV at 1 pm and 0.12 eV
= SIDE 59 OF PEAK SIDE at 10 ym. To increase infrared detection efficiency, the detector
20 e ;0 e should be cooled. Major characteristics indicating infrared de-
1or N tector performance are photo sensitivity, noise equivalent
0 — power (NEP) and D*.
(1) Photo sensitivity (Responsivity)
WAVELENGTH .
Photo sensitivity is the output voltage (or output current) per
KRoR0TaEE watt of incident energy when noise is not a consideration.
1-2-4 Detector elements R S [V/W]
Hamamatsu manufactures two types of infrared detectors: a PA
thermal type that has no wavelength dependence, and a quan- S Signal output [V] i
tum type that is wavelength-dependent. The energy of infrared P Incident energy [W/em?]
A: Detector active area [cm’]

radiation is expressed by the following equation:



1. Infrared radiation

Output signals from photovoltaic detectors are usually ex-
tracted as photocurrent, so the photo sensitivity is expressed in
units of A/W. When light at a given wavelength enters a photo-
voltaic detector, the photocurrent Isc is expressed by the fol-
lowing equation.

(q: electron charge)

Thus, photo sensitivity Rx is as follows:

Isc _mgh A

Re=PA 7 he ~ 124

(N: quantum efficiency)

and the relation with quantum efficiency 1 is as follows:

R
n=1.24
A

Output signals from photoconductive detectors are extracted
as voltage by using a circuit like that shown below, the photo
sensitivity is expressed in units of V/W.

Figure 1-8 Example of output signal measurement circuit
for photoconductive detector
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The output voltage Vo is defined by

RL
Rd+RL

Vo = VB

A change in Vo due to changes in Rd when exposed to light
becomes:

RL VB
AVo = - — ARd
(Rd+RL)

ARd is calculated as follows:

q(ue +un)  NTAPA

ARd =-Rd
Iwdhc

T : Carrier lifetime

pe: Electron travel length
uh: Hole travel length

¢ : Electrical conductance

thus the photo sensitivity is obtained as follows:

Ry o AVo ~ qnTA (Le + Uh) RLRdVB
N - (Rd+RL)>

PA olwdhc

However, there are very few cases in which the quantum effi-
ciency is determined using the above formulas, because Rd,
pe, ph, T and ¢ are quantities which are related to each other.

(2) Noise equivalent power: NEP

This is the quantity of incident light equal to the intrinsic noise
level of a detector. In other words, this is the quantity of incident
light when the signal-to-noise ratio (S/N) is 1.

NEP = __PA [W/Hz"]
S/N - VAf
N : Noise output [V]
Af: Noise bandwidth [Hz]

(3) Detectivity: D* (D-star)

D* is the photo sensitivity per unit active area of a detector,
which makes it easier to compare the characteristics of differ-
ent detectors. In many detectors, NEP is proportional to the
square root of the detector active area, so D* is defined by the
following equation.

_SIN-WAf WA
P- A NEP

D* [cm - HZ"*/W]

In general, the measurement conditions of D* are expressed in
the format of D* (A, B, C), where A is the temperature [K] or
wavelength [pm] of a radiant source, B is the chopping fre-
quency, and C is the bandwidth. It can be said that a larger
value of D* indicates a better detector element.

When selecting infrared detectors for your applications, it is
necessary to consider wavelength, response time, cooling
method, active area and shape, number of elements (single
element, one-dimensional array, two-dimensional array, etc.)
in addition to the above characteristics.

D* and peak sensitivity wavelength
When measuring infrared detector characteristics, a 500 K
blackbody is often used as a radiant source. Between D* (500,
f, 1) of this blackbody used as a radiant source and D* (Ap, f, 1)
at the peak sensitivity wavelength of a detector, the following
relationship can be roughly established.

Figure 1-9 D* vs. peak sensitivity wavelength
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1. Infrared radiation

1-2-5 Signal processing © Figure 1-10 Example of signal processing circuit

The signal output from a detector is generally quite small and
needs to be amplified. When designing a preamplifier, it is nec-
essary to consider an impedance that matches the detector, : Rf=100 Q
low noise, and bandwidth. If the incident light is modulated by a
chopper, use of a tuned amplifier is effective in reducing the

noise. If the detector is cooled, it is also practical to cool the | TIA
" . i . DETECTOR OUTPUT

amplifier. Figure 1-10 shows an example of a very low-light . ‘

measurement circuit incorporating an InSb photovoltaic detec-  ° | BIAS FOWER

tor. . 77K f 300 K

KIRDCO029EA

1-3 Applications using infrared radiation

Infrared radiation is used in a number of applications in the fields of industry, agriculture, medicine, science, communications, and
remote sensing from space. Hamamatsu infrared detectors have been employed in a variety of fields as shown in Table 1-2. Some
of these applications are described in Chapter 12, “Applications of infrared radiation” for your reference.

Table 1-2 Typical applications of Hamamatsu infrared detectors

— Detector InGaAs Pbs PbSe InAs Insb MCT Wl
Application detector
Radiation G8376-03 P9217 series P791-11 P7163 P6606 series P3981 K1713 series
thermometer P8079 series
HMD G8376-03 P9217 series
(Hot Metal Detectors)

Flame monitors P9217 series K1713-01
P791-11 K1713-02

Fire detectors

G8372-01 P2532-01
G8373-01 P2682-01

Moisture analyzers )
P9217 series

G8371-01 P791-11 P8079 series P5968 series P2750
Gas analyzer G8372 -01 P2038-03 P6606 series P3981
G8373 -01 P2680-03
G8371-01 P2532-01 P7163 P4247-16 P3257 series K1713-05
G9211-256S P2682-01 P8079 series P5968 series P4249-08 K1713-09
G9212-512S P5274
Spectrophotometer | 9513 o565 P5274-01
G9214-512S
G9208-256W
Film thickness P791-11 P3257 series
gauges P2038-03 P3981
L o G8376 series P8079 series P3257-30 K1713-05
aser monitors 58941 series P3257-31 K3413-05
Optical power ggg;ggg
meters G8370-05
Laser diode life test | 837002
G8376-01
G8376-02
O/E converters G6854-01

P8079 series P5968 series P3257 series

P2748-40
P2748-41
s P2748-42
P5274
P5274-01
P4247-44 P2750
Thermal imaging P5968 series | P3257 series
P4249-08
Remote sensing P5968 series | P5138 series
Human body
detection




2. Types of infrared detectors

Infrared detectors are classified into thermal types and quantum types. Thermal detectors use the infrared energy as heat and their
photo sensitivity is independent of wavelength. Thermal detectors do not require cooling, but have disadvantages that response time
is slow and detection capability is low.
In contrast, quantum detectors offer higher detection performance and a faster response speed, although their photo sensitivity is
dependent on wavelength. In general, quantum detectors must be cooled for accurate measurement, except for detectors used in the
near infrared region. Types of infrared detectors are shown in Table 2-1, and their typical spectral response characteristics are shown

in Figure 2-1.

Table 2-1 Types of infrared detectors and their characteristics

Spectral Operating .
Type Detector response (um) | temperature (K) eI [0
Thermocouple - Thermopile Depends on 300 D" (A,10,1) =6x 10°
Thermal type Bolometer window material 300 D" (A,10,1) =1x 108
Pneumatic cell Golay cell, condenser-microphone 300 D* (A,10,1) =1 x 10°
Pyroelectric detector PZT, TGS, LiTaO® 300 D* (A,10,1) =2 x 10®
PbS 1t03.6 300 D" (500,600,1) = 1 x 10°
Photoconduc- | PbSe 1.5t05.8 300 D" (500,600,1) =1 x 108
tive type InSb 2t06 213 D" (500,1200,1) = 2 x 10°
Intrinsi HgCdTe 2t0 16 77 D" (500,1000,1) =2 x 10
ntrinsic
type Ge 0.8t01.8 300 D" (Ap)=1x10"
InGaAs 0.7t0 1.7 300 D" (Ap) =5x 10"
Photovoltaic Ex. InGaAs 1.2t02.55 253 D" (Ap) =2 x 10"
type InAs 1to 3.1 77 D* (500,1200,1) =1 x 10
Quantum type InSb 11055 77 D' (500,1200,1) = 2 x 10"
HgCdTe 2to 16 77 D" (500,1000,1) = 1 x 10
Ge : Au 1to 10 77 D* (500,900,1) = 1 x 10"
Ge : Hg 2to 14 4.2 D" (500,900,1) = 8 x 10°
Extrinsic type Ge: Cu 21030 4.2 D" (500,900,1) =5 x 10°
Ge:Zn 20 40 4.2 D" (500,900,1) =5 x 10°
Si: Ga 1to 17 4.2 D" (500,900,1) =5 x 10°
Si: As 1to0 23 4.2 D" (500,900,1) =5 x 10°

Figure 2-1 Spectral response characteristics of various infrared detectors
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2. Types of infrared detectors

Theoretical limit of D*

Some noise occurs when detecting infrared radiation. This
noise may come from the infrared detector itself, from its oper-
ating circuits or from background fluctuation. Suppose that
noise from an infrared detector and its circuits can be ignored
in comparison with the noise caused by background fluctua-
tion. The detection limit is determined by only the noise from
the background fluctuation. This is called "Background Lim-
ited Infrared Photodetection (BLIP)". The BLIPs of photovoltaic
detectors and photoconductive detectors are given as follows:

a/m

D* of photovoltaic detector = D} = [cm - HZ"/W]
hc«/ﬁ
a/n
D* of photoconductive detector = D} = [cm - Hz"/W]

2heVQ
A: Wavelength
1M : Quantum efficiency
h : Planck constant
¢ : Speed of light
Q: Flux of background radiation

Figure 2-1 shows the BLIP of background radiation at 300 K
when the FOV (field of view) = 180 °.



3. Selection guide

Hamamatsu manufactures and markets approximately 100
different types of infrared detectors. To select infrared detectors
that suit your applications, please refer to the following
selection guides.

(1) Wavelength region or temperature of the object to be
measured

Referring to the spectral response characteristics in Figure 2-1

and the temperature limits in Table 3-1 will help you select the

appropriate infrared detectors for your applications.

(2) Photo sensitivity and S/N (Signal-to-Noise)

Depending on the intensity of light signals and the type of infor-
mation to be obtained, photo sensitivity and S/N required of
infrared detectors differ, so the NEP and D* are used as guides
to select the optimum infrared detectors. To improve the S/N,
cooling the infrared detector will be necessary. There are sev-
eral cooling methods: thermoelectric cooling, cryogenic cooling
such as dry ice and liquid nitrogen, and mechanical cooling
such as Stirling coolers. See “11. Cooling techniques” for how
to cool the detectors. As you may notice from Figure 2-1, cooling
changes the spectral response. The spectral response curves
of PbS, PbSe and MCT photoconductive detectors shift to the
longer wavelength side, while those of InGaAs PIN photo-
diodes, InAs and InSb photovoltaic detectors shift to the shorter
wavelength side. The response time of PbS and PbSe photo-
conductive detectors becomes slower when cooled, so take
precautions when cooling these detectors. As stated previ-
ously, the spectral response can chiefly be evaluated in terms of
the following three characteristics.

® Photo sensitivity

This represents the magnitude of photo sensitivity (voltage or
current) per watt of incident light. The photo sensitivity of photo-
conductive type detectors is expressed in V/W, and the photo
sensitivity of photovoltaic type detectors is expressed in A/W.

o NEP (Noise Equivalent Power)

This represents the detection ability of a detector and is ex-
pressed in the quantity of incident light equal to the quantity of
noise, i.e., the quantity of the incident light in which its S/N be-
comes unity.

o D* (Detectability)

D* is a measure of the S/N of a detector when infrared radiation
of 1 W is input through an optical chopper. Since D* is indepen-
dent of the active area and shape of the detector element, it is
convenient when comparing characteristics of the detector ele-
ment materials.

D* is usually measured by normalizing the detector active ar-
eas to 1 cm? and setting the amplifier bandwidth to 1 Hz. Mea-
surement conditions of D* are expressed in the form of D* (A, B,
C), where A is the temperature of a light source (K) or wave-
length (um), B is the chopping frequency (Hz), and C is the
noise bandwidth (Hz). The units are cmHz?/W. The higher the
value of D*, the better the detection capability.

10

(3) Response speed and chopping frequency

Response speeds required of infrared detectors depend on
their applications. For example, optical communications re-
quire a response speed of 1 GHz, and intrusion detection
alarms require a response speed of 0.1 Hz. It is essential to
select an appropriate infrared detector with the response speed
and chopping frequency that suits your applications.

(4) Active area size and the number of elements

Depending on the optical systems in your application, you may
need to determine the size and geometry of an active area and
also use a single detector, linear array or 2-D array. InGaAs PIN
photodiodes, PbS and PbSe photoconductive detectors, InSb
photovoltaic detectors and MCT photoconductive detectors are
relatively flexible in terms of geometry, size and the number of
elements.

(5) Package

Packages used for infrared detectors are divided into metal can
package, ceramic package, DIP types and Dewar types (glass
or metal).

Also, depending on the application, the linearity, stability, tem-
perature characteristics, price and other elements become im-
portant factors for selection.

Figure 3-1 Package examples
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Table 3-1 Measurement temperature limit guides of
infrared detectors

t el\:lne; es r:;irrr:eel?;it Infrared detector
600 °C Si
200 °C InGaAs
100 °C PbS
50 °C PbSe
0°C InSb
-50 °C MCT, pyroelectric detector




4. InGaAs PIN photodiode

InGaAs PIN photodiodes are photovoltaic detectors having p-n
junctions just like Si photodiodes. Since InGaAs PIN photo-
diodes have a smaller energy gap than Si photodiodes, they
have sensitivity in the longer wavelength range than Si photo-
diodes. The energy gap of InGaAs PIN photodiodes varies as
shown in Figure 4-1 depending on the composition ratio of In
and Ga. By changing the composition ratio, it is possible to
manufacture infrared detectors with various spectral response
ranges In addition to the standard type having a long wave-
length cut-off at 1.7 pm, Hamamatsu also provides longer
wavelength types having cutoffs at 1.9 ym, 2.1 pm and 2.6 pm.

Figure 4-1 Relation between In1.x Gax As lattice constant

and energy gap
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4-1 Characteristics

4-1-1 Voltage-current characteristic

When a voltage is applied to an InGaAs PIN photodiode in
darkness, a voltage-current characteristic like that shown in
Figure 4-2 (a) is obtained. When incident light enters the
InGaAs PIN photodiode, the voltage-current characteristic
curve becomes as shown in 2 of Figure 4-2 (b). When much
stronger incident light enters, the curve shifts as shown in 3 of
Figure 4-2 (b). Here, when both terminals of the photodiode
are left open, a forward voltage Vop appears, and when both
terminals are shorted, a current of Isc flows in the reverse direc-
tion.

Figures 4-3 (a) and (b) show how light can be measured by
measuring the photoelectric current. The method shown in Fig-
ure 4-3 (a) uses an amplifier with a gain of G to amplify the
voltage of (lo x RL). In this case, the circuit linearity range is
limited (see Figure 4-2 (c)).

The other method shown in Figure 4-3 (b) uses an operational

amplifier. Supposing the open loop gain of the operational am-
plifier is "A", the equivalent input resistance expressed as Rf/A
due to the negative feedback circuit becomes several digits
smaller. Thus, an ideal Isc measurement is possible with this
method. When measuring Isc over a wider range, change the
Rf value as necessary.

Figure 4-2 Voltage-current characteristics
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(c) Current-voltage characteristic and load line
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4. InGaAs PIN photodiode

Figure 4-3 Photodiode operation circuits

(a) When used with reverse voltage
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4-1-2 Equivalent circuit

The equivalent circuit of an InGaAs PIN photodiode is shown in
Figure 4-4. From this equivalent circuit, the short circuit current
(Isc) is given by the following formula. The limit of Isc linearity is
determined by the 2nd and 3rd terms of this formula.

T [exp q(Isc - Rs) ] ] ] Isc - Rs
kT Rsh

q : Electron charge

k : Boltzmann constant

T: Absolute temperature of element

Is: Saturation current of photodiode in the reverse direction

Figure 4-4 Equivalent circuit of InGaAs PIN photodiode
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I : Current generated by incident light
(Proportional to the quantity of light)

Ip : Diode current

Ct : Terminal capacitance

Rsh: Shunt resistance

Rs : Series resistance

I'" : Shunt resistance current

Vb : Voltages across the diode

Io : Output current

Vo : Output voltage

12

4-1-3 Linearity

As shown in Figure 4-5 (a), the lower limit of the linearity of
InGaAs PIN photodiodes is determined by noise, while the up-
per limit is determined by the detector active area and the elec-
trode structure. To expand the upper limit, it is sometimes prac-
tical to apply a bias voltage. Where only the linearity is a consid-
eration, applying 1 V is sufficient. Figure 4-6 shows practical
examples for bias voltage application. In this mode, the InGaAs
PIN photodiode is used as a photoconductive detector. Apply-
ing a bias voltage is effective in improving the linearity and re-
sponse speed, but this also increases the dark current and
noise level. Moreover, an excessive bias voltage may damage
InGaAs PIN photodiodes and deteriorate their performance. Al-
ways use them within the maximum rating voltage and set so
that the cathode has a positive potential with respect to the an-
ode.

Figure 4-5

(a) Linearity

(Typ. Ta=25 °C, A=1.3 um, RL=2 Q, VR=0 V)
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(b) Linearity with bias voltage applied

. (Typ. Ta=25 °C, A=1.3 pm, Ri=2 Q, Vr=1V)
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Figure 4-6 Example of bias voltage application
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4-1-4 Noise characteristics

Like other types of photodetectors, the detection limit of InGaAs
PIN photodiodes is determined by the noise characteristics.
The noise current "in" of an InGaAs PIN photodiode can be
expressed by the sum of the thermal noise (or Johnson noise)
"ij" of the resistance which can be approximated by the shunt
resistance "Rsh" and the shot noises "isp" and "isL" caused by
the dark current and the photocurrent.

in = ij2+iSD2+iSL2 [A] coreeeerersememmmsemniieeneinieinieienns (4-2)

In the case where the reverse voltage is not applied as shown in
Figure 4-3, ij is given by the following formula.

ij — 4kTB [A] ........................................................... (4_3)
! Rsh

k : Boltzmann constant
T: Absolute temperature of the element
B: Noise bandwidth

In the case where the reverse voltage is applied as shown in
Figure 4-6, the dark current always exists and isp is given by the
following formula.

isp= m [A] eveeeeemmmmsimii (4-4)

q : Electron charge
ID: Dark current
B : Noise bandwidth

On the other hand, when the optical current "IL" flows by input of
light, and IL >> 0.026/Rsh or IL >> ID, formula (4-5) of the shot
noise "isL" is used instead of (4-3) or (4-4).

il = A/ 2QILB oo (4-5)

4. InGaAs PIN photodiode

As the level of the noise current is proportional to the square
root of the measurement bandwidth "B", it is expressed in the
unit of A/HZ'2 normalized by "B". In general, the detection limit of
a photodetector is expressed by using the incident light that
produces a signal current equal to a noise current expressed by
formula (4-3) or (4-4), which is called the "Noise Equivalent
Power (NEP)."

NEP =

[W/ Hz%] ..................................................... (4-6)

in: Noise current
S : Photo sensitivity

When using a circuit configuration as shown in Figure 4-3 (b), it
is necessary to consider the noise of the operational amplifier
and Rf in addition to the noise from the InGaAs PIN photodiode
described previously. Furthermore, some applications in the
high-frequency region require transmission factors such as the
photodiode capacitance Ct and feedback capacitance Cf to be
considered. The detection limit becomes larger than the value
of NEP which is expressed by formula (4-6) above, as it is af-
fected by the temperature drift of the amplifier, flicker noises in
the low-frequency region and gain peaking which will be de-
scribed in a later section.

An effective method to improve the detection limit is use of a
cooled type InGaAs PIN photodiode. Also, if only those signals
of the applicable frequency are detected synchronously by turn-
ing the incident light on and off periodically by some means,
noise in the unwanted region can be avoided, making it pos-
sible to approximate the detection limit closer to the NEP value.
(Figure 4-7)

Figure 4-7 Synchronous measurement technique
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4-1-5 Spectral response

There are two types of InGaAs PIN photodiodes. One is a stan-
dard type whose cut-off wavelength is 1.7 ym and the other is a
long wavelength type with longer cut-off wavelengths. Their
spectral response characteristics are shown in Figures 4-8 (a)
and (b). The detection limit wavelength can be calculated by
using the band gap energy Eg in the following formula.

1.24
Eg

Ac [um] =
The band gap energy Eg of a standard InGaAs light absorbing

layer is 0.73 eV. With the long wavelength type, the Eg is made
smaller by changing the composition ratio of the InGaAs PIN

13




4. InGaAs PIN photodiode

light absorbing layer and thus the detection limit wavelengthis = Figure 4-9 D* vs. wavelength
extended to the long wavelength region. .

As the temperature decreases, the spectral response range of ~ (@) Standard type

InGaAs PIN photodiodes shifts to the short wavelength region. - 10"

However, the noise level also lowers with the decreasing tem-
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T 2 S . 4-1-6 Time response characteristic
E\ - Response speed is the value that exhibits how fast the gener-

0 T 74 16 18 2 22 24 26 28 ~ated carrier flows to external circuits as a current. The response
speed is expressed in rise time "tr" at which an output signal
~ rises from 10 % to 90 % of its peak value. The following relation

KIRDBO133EA - lies among tr, Ct, RL and Rs.

WAVELENGTH (um)

tr=2.2Ct (RL + RS) .......................................................... (4_8)

Generally Rs can be disregarded because RL>Rs. To make the
rise time tr small, Ct and RL should be made small. But RL is
determined by an external factor, and so cannot freely be
moved at will. It is therefore necessary to make Ct small. Ct is
proportional to the active area A but inversely proportional to
the square root of bias voltage (reverse voltage VR), which is
given by the following formula.

Ct A
V' VR

14



4. InGaAs PIN photodiode

Faster response speeds can therefore be obtained by applying
a reverse bias to a photodiode having a small active area. Also,
the electric charge generated by light absorbed outside the p-n
junction sometimes takes over several microseconds to diffuse
and reach the electrode. When the time constant of Ct x RL is
small, this diffusion time determines the response time.

When a high-speed response is needed, care should be taken
so that the light does not fall outside the active area.

The relation between the rise time tr and cut-off frequency fc
(Hz) is t=0.35/ fc.

Figure 4-10 Terminal capacitance vs. reverse voltage

(Typ. Ta=25 °C, f=1 MHz)
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Figure 4-11 shows a high-speed detection circuit using an
InGaAs PIN photodiode, which is a specific example of Figure
4-6 (b) with a 50 Q load resistance included. The ceramic ca-
pacitor C is used to reduce the internal resistance of the reverse
voltage power source and the resistor R to protect the photo-
diode. The voltage drop caused by the maximum photocurrent
is selected in the much smaller range than the reverse voltage.
Connections of leads for the photodiode and capacitor, the
core wire of the coaxial cable and other wires where high-
speed pulses pass through should be kept as short as possible.

Figure 4-11 High-speed photodetection circuit
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4-1-7 Temperature characteristics

As stated in 4-1-5, "Spectral response", spectral response char-
acteristics vary with detector temperature. Temperature charac-
teristics of shunt resistance Rsh are shown in Figure 4-12.
Since the shunt resistance Rsh increases as the detector tem-
perature decreases, the S/N can be improved by cooling the
detector. Thermoelectrically-cooled type InGaAs PIN photo-
diodes are available for operation at a constant temperature (or
cooled temperature). These types have one-stage or two-stage
thermoelectric cooling element and a thermistor sealed in the
same package. See Section 11 for more information on cooling
techniques.

Figure 4-12 Shunt resistance vs. temperature
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4-2 How to use

4-2-1 Connecting to the operational amplifier

The input impedance of the operational amplifier circuit shown
in Figure 4-13 is the value equal to feedback resistance Rf di-
vided by open gain and therefore becomes a very small value to
approximate the operation of short-circuit current Ish, thus re-
sulting in excellent linearity. Some precautions for use of the
operational amplifiers are noted below.

Figure 4-13 Basic connection diagram
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4. InGaAs PIN photodiode

o Feedback resistance

In Figure 4-13, the output of photocurrent becomes the voltage
of Isc x Rf (current-voltage conversion).

The feedback resistance Rf is determined by Isc and the re-
quired output voltage Vo. When it becomes larger than the
shunt resistance, the input noise voltage and input offset volt-
age of the operational amplifier are multiplied by (1+ Rf/Rsh)
and the result is superimposed over the output voltage. As the
bias current error of the operational amplifier also becomes
large, the feedback resistance should not be allowed to in-
crease without limit. The feedback capacitance Cf is sometimes
called the “damping capacitance” and is used mainly for oscil-
lation protection. In some cases, a few pF is sufficient for this
protection. This feedback circuit has a time constant of Cf x Rf
and serves as a noise filter. However, at the same time it con-
strains the response speed, and so it is necessary to select
values that suit your applications. Also, the error caused by off-
set voltage can be reduced to below 1 mV by connecting a
variable resistor to the offset adjustment terminal of the opera-
tional amplifier.

@ Selecting the operational amplifier

The actual input resistance of the operational amplifier is not
infinite and some bias current flows into and out of the input
terminal, potentially causing an error, depending on the level of
the detection current. Such bias current ranges from several nA
to several hundred nA in the case of a bipolar operational am-
plifier and is below several 0.1 pA in the case of an FET input
type operational amplifier.

Generally, the bias current of the FET type operational amplifier
is doubled when the temperature rises by 10 °C, but it de-
creases with a bipolar operational amplifier. For this reason,
when designing a high-temperature circuit, use of a bipolar type
operational amplifier should be considered. Also, like offset
voltage, the error voltage caused by the bias current can be
fine-adjusted by connecting a variable resistor to the offset ad-
justment terminal of the operational amplifier.

16



5. InGaAs linear image sensor

The InGaAs linear image sensor is a self-scanning photodiode
array designed specifically for detectors in multichannel spec-
troscopy. The InGaAs PIN linear image sensor offers a number
of features necessary for detectors in multichannel spectros-
copy, for example a large photosensitive area, high quantum
efficiency, wide dynamic range due to low dark current and high
saturation charge, excellent output linearity and uniformity, as
well as low power consumption. The standard types use a sap-
phire window that has superior infrared transmission. Applica-
tions include not only spectroscopy but also a wide range of
image readout systems.

Hamamatsu InGaAs liner image sensors have the following
features.

Figure 5-1 InGaAs linear image sensor active area and
cross section

o Uses the charge integration method in which the InGaAs
active area is handled simply as a current source. This N-TYPE InGaAs
allows the InGaAs photodiodes in the active area to oper-
ate at low bias, resulting in outstanding performance as an
image sensor.
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Figure 5-2 Spectral response
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Table 5-1 Typical InGaAs linear image sensors
Parameter G8160-256S G8161-512S G8162-256S G8163-512S G8180-256W Unit
Spectral response range 09to1.7 0.9to2.6 um
n Two-stage
Cooling type Non-cooled TE-cooled -
Number of pixels 256 512 256 512 256 -
Pixel pitch 50 25 50 25 50 pm
Pixel height 250 500 250 um
Package 28-pin DIP -
Package length 63.5 mm
Window material Sapphire -
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6. PbS,PbSephotoconductivedetector

PbS and PbSe photoconductive detectors are infrared detec-
tors making use of the photoconductive effect that resistance is
reduced when infrared radiation enters the detecting elements.
Compared with other detectors in the same wavelength region,
the PbS and PbSe have superior features, such as higher de-
tection capability, faster response speed, and they also oper-
ate at room temperatures. However, the dark resistance, photo
sensitivity and response characteristics change depending on
the ambient temperature. Therefore, care is required to ensure
the best results.

6-1 Characteristics

6-1-1 Spectral response

Unlike other semiconductors, the temperature characteristics
of PbS and PbSe band gaps have a negative coefficient. Be-
cause of this, the spectral response characteristics shift to the
long wavelength region when cooled.

Figure 6-1 Spectral response (PbS)
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Figure 6-2 Spectral response (PbSe)
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6-1-2 Time response characteristics

The frequency responses of the PbS and PbSe can be obtained
from the following formula.

R (0)
J1+an’ee?
R(f) : Frequency response
R(0): Response at zero frequency
f : Chopping frequency
T : Time constant

R(f)= [Vl

Since the PbS and PbSe have typical 1/f noise spectra, D* be-
comes:

kVf
V1 +4r2t2c?

D*(f) =

. . . —_ 1
Thus, D* (f) is maximized when = -

The frequency characteristics of PbS and PbSe photoconduc-
tive detectors are as shown in Figures 6-3 and 6-4. Also, Figure
6-7 shows the frequency characteristic of the PbS at room tem-
peratures (+25 °C), at thermoelectrically-cooled temperature
(-20 °C).

Figure 6-3 S/N vs. chopping frequency (PbS)
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6. PbS, PbSe photoconductive detector

Figure 6-4 S/N vs. chopping frequency (PbSe)
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Figure 6-5 Linearity (PbS)
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Figure 6-6 Linearity (PbSe)
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Figure 6-7 Photo sensitivity vs. chopping frequency (PbS)
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6-1-3 Linearity

Figures 6-5 and 6-6 show the relationship between the input
energy and the output signal. The lower limit is determined by
the NEP values of the PbS and PbSe respectively.

6-1-4 Temperature characteristic

Photo sensitivity, dark resistance and rise time of the PbS and
PbSe vary with the temperature of the element, as shown in
Figures 6-8 through 6-11.

Figure 6-8 Photo sensitivity vs. element temperature (PbS)
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6. PbS, PbSe photoconductive detector

Figure 6-9 Photo sensitivity vs. element temperature (PbSe)
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Figure 6-10 Dark resistance, rise time vs. element temperature
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Figure 6-11 Dark resistance, rise time vs. element temperature
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6-2 Precautions for circuit design

When operating a PbS or PbSe photoconductive detector, a
chopper is used with the operating circuit to obtain AC signals,
as shown in Figure 6-12.

Figure 6-12 Example of operating circuit
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When the signal current as “is”, the signal voltage becomes as
follows:

Vo =-is - Rd(1 if
0=-is - (+Ri)

6-2-1 Temperature compensation

As stated in 6-1-4, “Temperature characteristics”, the photo sen-
sitivity and dark resistance of PbS and PbSe change as the
element temperature varies, so it is necessary to perform tem-
perature compensation. One method is to use a thermistor ap-
propriate to the PbS or PbSe being used. Hamamatsu
thermoelectrically-cooled PbS detectors (P2532-01, P2682-
01) and thermoelectrically-cooled PbSe detectors (P2038-03,
P2680-03) incorporate a thermistor to keep the element tem-
perature at a constant level. See Section 11, “Cooling tech-
niques”, for information on how to use these cooled detectors. In
some cases, the PbS and PbSe are used with a detecting ele-
ment warmed by a heater and kept at a constant temperature,
but this may reduce the photo sensitivity and accelerate deterio-
ration of the detector element. Therefore, care should be taken
when using this method.

6-2-2 Load resistance

When load resistance RL and dark resistance Rd are equiva-
lent, the maximum signal can be obtained. The relation be-
tween the RU/Rd and the signal level is shown in Figure 6-13.




6. PbS, PbSe photoconductive detector

Figure 6-13 Output signal level vs. RL/Rd
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6-2-3 Chopping frequency

As stated in 6-1-2, “Time response characteristics”, D* is maxi-

1
. P
mized when Py

Also, narrowing the bandwidth of the amplifier reduces the
noise level and improves the S/N. For low-light-level measure-
ments, the chopping frequency and the bandwidth must be
taken into account.

6-2-4 Bias voltage dependence

The noise levels in the PbS and PbSe suddenly increase when
the voltage applied to the detector elements exceeds a certain
threshold level. Also, since the signal level increases in propor-
tion to the voltage, it is recommended that the detectors be used
at as low a voltage as possible within the rated maximum ap-
plied voltage described in the catalog.

6-2-5 Active area

With respect to the S/N, it is much more efficient to use PbS and
PbSe with a small active area and introduce a converged light
to the detector elements, rather than using detector elements
with a large active area. Incident light may falls on the outside of
the active area or extraneous light may enter the active area
causing the S/N to drop. Take precautions against the optical
path of the incident light.
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7. InAs, InSb photovoltaic detector

Like InGaAs PIN photodiodes, InAs and InSb detectors are
photovoltaic detectors having p-n junctions. Their spectral re-
sponse ranges correspond to those of the PbS and PbSe de-
tectors. Since the InAs and InSb detectors have faster response
speeds and better S/N, they are used in different applications
from the PbS and PbSe detectors.

7-1 Characteristics

7-1-1 Spectral response

InAs detectors are sometimes used at room temperatures for
applications such as for laser detection and other special appli-
cations, but they are cooled with thermoelectric coolers, dry ice
(-77 °C) or liquid nitrogen (-196 °C). Figure 7-1 shows the spec-
tral response characteristics of the InAs detector and the InSb
detector at a temperature of -196 °C.

Figure 7-1 Spectral response characteristics
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7-1-2 Noise characteristics

The InAs and InSb detectors are normally used at zero bias and
only Johnson noise (ij) is considered as a major source of
noise, which is expressed in terms of the following formula.

ij =+/4kTB / Rsh

Also, in the spectral response range for the InSb detector, noise
due to fluctuations in background light at a temperature of 300
K cannot be disregarded. If background radiant noise is
thought to be the only noise source, D* for the photovoltaic
detectors can be calculated using the following formula.

22

_mn
hc@

: wavelength

: quantum efficiency

: Planck constant

: light speed

: background radiation flux

D* [cm - HZ"/W]

OO0 53 >

[No. of photons/cm’ - ]

To reduce the background radiant noise, it is necessary to em-
ploy a cold shield that restrains the field of view (FOV) and a
cooled band-pass filter that cuts off wavelengths other than the
wavelength of interest. The relation between FOV and D* is
shown in Figure 7-3.

Figure 7-2 FOV
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Figure 7-3 Relation between FOV and D*

f/number
5 4 38 2 1 0.5
5 T T T T
I~ I | | | T T
0
NN [ |
B |
£ TN =
I | | |
§N il | | |
I I I I I I
¢ O ‘
8 AR N
— I | | | \\
X 5 || | 1 1
o | | | | |
o | | | | |
v | | | | |
* I | | |
[a) I | | |
I | | |
2 I I I I I
I I I I I
I I I I I
I | | |
109 L L L n L
10 20 40 100 180

KIRDBO138EA



7. InAs, InSb photovoltaic detector

7-2 Precautions for use

Some precautions when using InAs and InSb detectors are de-
scribed below. Also see Section 11-1, “Cooling by cryogen”, for
cooling techniques using cryogen.

7-2-1 Dark current by visible light

When visible light or ultraviolet light other than infrared light to
be measured enters the InSb detector, an electric charge accu-
mulates on the surface of the detector element, increasing the
amount of dark current. The increase in the dark current also
increases the noise level of noise, and the S/N decreases.
When using this type of light, put a cover (e.g. apply a double
layer of black tape) on the incident window to keep out visible
light (room illumination) and ultraviolet light. Then pour liquid
nitrogen in the dewar container. If the dark current increases
because the detecting element is exposed to visible light after
pouring the liquid nitrogen, extract the liquid nitrogen to raise
the element temperature back to room temperature. Then,
when the above procedure is repeated, the dark current should
return to the original value.
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8. MCT, InSb photoconductive detector

Like PbS and PbSe photoconductive detectors, MCT (HgCdTe)
and InSb photoconductive detectors are infrared detectors
making use of the photoconductive effect that the resistance
value of the detector element decreases when exposed to light.

8-1 Characteristics

8-1-1 Spectral response

The band gap of HgCdTe crystals depends on the composition
ratio of HgTe to CdTe. This means that changing the composi-
tion ratio allows for production of infrared detectors having the
maximum sensitivity at various wavelengths. Band gap Eg and
long wavelength cut-off Ac have the following relation.

_1.24
~ Eg(eV)
In addition to the composition ratio, the band gap Eg changes

with the detector element temperature. This relation is given by
the following formula.

Ac [um]

Eg=1.59x - 0.25 + 5.23 x 10* T(1 - 2.08x) + 0.327x’

where x is the composition ratio as Hg1-x Cdx Te and T is the
absolute temperature. As the element temperature is raised, Eg
increases and the peak wavelength shifts to the shorter wave-
length region. Figure 8-2 shows the spectral response charac-
teristics of MCT and InSb photoconductive detectors.

Figure 8-1 Energy gap vs. MCT crystal composition ratio
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Figure 8-2 Spectral response
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8-1-2 Noise characteristics

The noise of MCT and InSb detectors includes 1/f noise caused
by current noise, g-r noise by recombination of electrons and
holes, and Johnson noise as thermal noise. The 1/f noise is
dominant in the low frequency region and the g-r noise is domi-
nant in the higher frequency region. The relation between noise
and frequency is shown in Figure 8-3. For MCT photoconduc-
tive detectors having sensitivity over 3 pm, fluctuations in back-
ground radiation at 300 K cannot be ignored as noise. This type
of noise relates to FOV (field of view), and can be reduced by
making the FOV smaller.

Figure 8-3 Noise vs. frequency
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8. MCT, InSb photoconductive detector

8-1-3 Temperature characteristics

The D* and spectral response characteristics of MCT photo-
conductive detectors change with the detector element tem-
perature. As the temperature increases, the D* decreases and
the spectral response shifts to the shorter wavelength region.
Figures 8-4 and 8-5 show the D* of an MCT photoconductive
detector designed for the 3 to 5 pm region and the temperature
characteristic of the cut-off wavelength.

Figure 8-6 also shows the temperature characteristic of D* of
an InSb photoconductive detector.

Figure 8-4 D* vs. element temperature (P2750)
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Figure 8-5 Peak sensitivity wavelength vs. element
temperature (P2750)
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Figure 8-6 D* vs. temperature (P6606-310)
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8-2 How to use the MCT detectors

8-2-1 Operation circuit

Figure 8-7 shows an example of the basic operation circuit for
MCT photoconductive detectors. A power supply with low noise
and ripple should be used. Normally, a resistance of several
kilo-ohms is used as RL in many cases, to serve as a constant
current source. As shown in Figure 8-8, as the bias current in-
creases both the signal and noise increase, and at a certain
level the S/N begins to drop sharply. The bias current must be
set in the range where the S/N is constant. Setting the bias
current higher than necessary may increase the detector ele-
ment temperature due to Joule heat and results in a poorer D*.
In worse cases, the detector element might be damaged.

Figure 8-7 Basic operation circuit
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8. MCT, InSb photoconductive detector

Figure 8-8 S/N vs. bias current (P3257-10)
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8-2-2 Ambient temperature

The sensitivity of MCT detectors may change as the ambient
temperature changes. When the ambient temperature in-
creases, the number of background photons increases, and
accordingly the number of carriers inside the MCT detector ele-
ment increases. This shortens the average life of the carriers
excited by signal light and reduces the sensitivity. To prevent
this phenomenon, optical systems must be designed carefully.
For instance, the geometry of a cold shield should be designed
so that the detector element is not exposed to unnecessary
background radiation.
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9. Pyroelectric detector

The pyroelectric detector is a thermal type infrared detector that
operates at room temperatures. The pyroelectric detector con-
sists of a PZT having the pyroelectric effect, a high resistor and
a low-noise FET, hermetically sealed in a metal package to
protect against external noise.

The pyroelectric detector itself does not have a wavelength
dependence, but the combination of various window materials
makes it usable for various applications, such as human body
detection and gas analysis.

9-1 Pyroelectric effect

The PZT is spontaneously polarized in the dark state. The ele-
ment surface is always electrified, but it is neutralized by ions in
the air. When light enters the element and is absorbed, the
element temperature increases, resulting in a change in the
spontaneous polarization state. These changes are outputted
as a voltage change. Since the pyroelectric detector detects
light only when a temperature change in the element occurs, it
is necessary to use an optical chopper for measurement of still
objects. Figure 9-1 shows a schematic presentation of the pyro-
electric effect.

Figure 9-1 Schematic presentation of pyroelectric effect
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9-2 Pyroelectric materials

By changing the compositional ratio of PZT, various pyroelectric
materials can be produced with a dielectric constant of 200 to
400 and a Curie temperature of 250 to 450 °C. Since PZT has a
polycrystalline composition structure, it features high resistance
to mechanical distortion caused by sudden temperature
changes and offers extremely high stability against temperature
fluctuations, allowing highly reliable operation as pyroelectric
detectors. Table 9-2 shows typical characteristics of various py-
roelectric materials.

Table 9-2 Characteristics of pyroelectric materials (p/C', er'2 and thermal conductivity K are included for reference)

Curie . . | Pyroelectric | Volumetric Performance Thermal
. temperature Dielectric coefficient | specific heat exponent P/C’er | conductivity
Material name TC constant p c P/C - & (109C - om - J) K
(C) BT (10%C-em® KY)| (J - cm. K1) | (10-°C - cm - J) (105 W-cm'-K)
TGS 49.5 38 3.5 2.4 4.3 24 6.4
DTGS 61 18 2.7 3.5 6.0 26 6.5 Max.
LiTaOs3 618 54 2.3 3.1 1.4 10 40
Sro.48Bao.52 115 380 6.5 23 0.73 14
Nb2 Os
PbTiO3 magnetic 460 190 1.8 3.2 0.30 4.1 32
PbTiO3 light distribution film 97 3.0 =32 0.97 9.5
PZT (ceramic) 200 250 5.0 2.4 0.53 11 11.0
400 450 15
PVF2 120 11 0.24 24 0.88 3.0 1.3
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9. Pyroelectric detector

9-3 Operating principle

There are two methods for extracting a surface charge: using
voltage, and using current. Ordinarily, voltage output type pyro-
electric detectors are used. The voltage type offers a simple
circuit configuration and less noise, and has a sensitivity peak
at a relatively low frequency. Taking advantage of these fea-
tures, it can be used in applications such as sensors to detect
human bodies.

The current type features high gain and a constant sensitivity
ranging from low to high, and is often used in laser detectors
and other similar applications. The frequency limit is deter-
mined by the constant of the amplifier, so the frequency re-
sponse can be improved by adjusting the circuit configuration of
the amplifier.

9-3-1 Voltage type

The source follower circuit is generally used as a trans-imped-
ance circuit. In this case, the voltage response Rv of the pyro-
electric element is indicated by the equation shown below.

nwAoi R

Rv =

X
G\/1+ o't \/1+ o C°R’

NwAoAR

GV (1 + 0 13) (1 + 0°1e?)

: Emissivity

: Angular frequency

: Active area

: Pyroelectric coefficient

: Combined resistance (R = Rg)

: Composite capacity (C = Cp+Cs)
: Heat conductivity

: Calorific capacity

Tt : Thermal time constant (H/G)

Te : Electrical time constant (= C - R)
Rg: Resistor connected in parallel with pyroelectric element
Cp: Pyroelectric capacity

Cs: FET input capacity

o

TQOQR”>pe 3

Figure 9-3 Equivalent circuit using source follower circuit
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9-3-2 Current type

With this method, the surface charge on the pyroelectric ele-
ment is output as current. The current responsivity Ri is ex-
pressed by the following equation.

NwAoA

G/ 1+ @1

: Emissivity

: Angular frequency

: Pyroelectric coefficient

o: Active area
: Combined resistance (R + Rg)
: Heat conductivity
: Calorific capacity

Tt : Thermal time constant (H/G)

Ri=

TQR e 3

In order to actually read the signal, a current/voltage converter
circuit shown in Figure 9-4 is used.

When this circuit is used, the output voltage Vout is expressed
as the sum of the current responsivity Ri and the feedback resis-
tance Rf, using the equation given below.

nwAol
GV1+ ot

Rf : Feedback resistance

Vour=Rix Rf= x Rf

Figure 9-4 Equivalent circuit for current/voltage converter
using current-type pyroelectric element
(typical example)
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9. Pyroelectric detector

9-4 Characteristics " 9-4-3 Field of view

The field of view (FOV) is defined as the angle where the sensi-
tivity has fallen to 50 % of its maximum value. This is 100° for a
single element and 120° for a dual element.

9-4-1 Frequency characteristics of voltage type

The sensitivity versus chopping frequency characteristics are
shown in Figure 9-5 is expressed by its relationship with the
electrical constant e and the thermal time constant tt, and has . 9-4-4 Spectral response

the characteristic shown in Figure 9-5. " Since the pyroelectric detector is a thermal type detector, there
is no wavelength dependency. The spectral response range is

Figure 9-5 Voltage sensitivity vs. chopping frequenc
g g i pping fred y determined only by the window material used. Figure 9-7
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shows typical spectral response characteristics of Hamamatsu
N pyroelectric detectors.
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pressed by its relationship with the thermal time constant tt, and KIRDBOOOSEA

has the characteristic shown in Figure 9-6.

Figure 9-6 Current sensitivity vs. chopping frequency ) 9-5 Features of voltage Output type
Pyroelectric detectors (voltage output type) have the following
features.

% (1) Operation at room temperature
- (2) Flat spectral response
=
£ (3) Output signal obtained only when there is a change in
é incident energy
% (4) Built-in impedance-conversion FET
%: (5) Low cost
O
(6) Long life
(7) High sensitivity compared to other thermal type de-
1010 tectors
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9. Pyroelectric detector

(b) Using a single power supply

9-5-1 Single element and dual element

The equivalent circuits for the single element and dual element
pyroelectric detectors are shown in Figure 9-8 (b). The dual
element model is configured of two series-connected pyroelec-
tric elements having opposite polarities, which utilize the can-
cellation effect of charges generated by background tempera-
ture variations such as by sunlight and external disturbance
light and by vibration, thus preventing faulty operation. The
single element type is generally combined with a chopper for
use of radiation thermometers, etc. The dual type is mainly used
for detection of moving objects such as human body sensing.

Figure 9-8 Equivalent circuits for pyroelectric detectors
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9-6 Operating circuits

Basic operating circuits are shown in Figure 9-9 (a) with pream-
plifiers using two power supplies and Figure 9-9 (b) with pream-
plifiers using a single power supply.

The optimum voltage to be applied to the pyroelectric element is
3to10V.

Frequency responses of the amplifiers (a) and (b) are as ex-
pressed by formulas in the figures below.

Figure 9-9 Operating circuits of voltage output type

(a) Using two power supplies
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When operating using a single power supply, as shown in the
circuit in (b), the operating position should be set to the center of
the power supply voltage. In particular, if the first-stage amplifier
is not AC-coupled, caution is required concerning this point.
This operating position is determined by the voltage Voff gener-
ated at both ends of the load resistance RL when drain current
flows.

Figure 9-10 shows an example of an operating circuit for a cur-
rent-type pyroelectric detector. The low-frequency limit and
high-frequency limit at that point can be determined in the same
way as that shown in Figure 9-9 (a). In order to eliminate the
effects of external noise, the pyroelectric element should be
brought as close as possible to the first-stage amplifier.

Figure 9-10 Operating circuit example of current type
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9-7 Environmental resistance

If the ambient temperature changes abruptly, the pyroelectric
detector may malfunction. In particular, take sufficient precau-
tion when pyroelectric detectors are used in locations exposed
to air flow from an air conditioner. In this case, wrapping the
detector with plastic or rubber as shown below will be effective.

Figure 9-11 Countermeasures against air flow
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9. Pyroelectric detector

9-8 Fresnel lens

Pyroelectric detectors for human body detection are usually used in combination with Fresnel lenses. When designing Fresnel
lenses, the following parameters should be taken into consideration.

Figure 9-12 Parameters for Fresnel lens design (unit: mm)

Parameter Symbols in Figure 10-12
1. Detection distance di, d2
2. Field of view
(1) Horizontal Center 61, 62, 63, 64, etc
Upper & lower 0° 05, 06, 07, 08, etc
(2) Vertical ~ Center 0°
Upper & lower 09, 610, etc
3. Lens dimensions axb
4. Lens material -
5. Radius of curvature and length of lens R, L
6. Material and thickness of window -
7. Focal length f
8. Installation height h
9. Installation angle 0
10. Detector position inside lens a1, a2, b1, b2

FOCAL LENGTH,
RADIUS OF CURVATURE, LENGTH

di

d2
INSTALLATION AND DETECTION DISTANCE

b2

 E—i
—
b1

DETECTOR POSITION INSIDE LENS

FIELD OF VIEW (HORIZONTAL FOV)
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10. Two-color detector

To expand the spectral response range, two or more types of
infrared detectors are sometimes stacked in a sandwich struc-
ture or arrayed on a plane. (These are often called two-color
detectors). Examples of such arrangements of infrared detec-
tors are shown in Figure 10-1. For two-color detectors, combi-
nations of Si-PbS, Si-PbSe, Si-InGaAs, Si-Ge, Ge-InSb and
InSb-HgCdTe are available from Hamamatsu. The upper de-
tector also serves as a short-wavelength cutoff filter for the lower
detector. These detectors can be more freely combined when
arrayed on the same plane.

Figure 10-1 Example of two-color detector (unit: mm)
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11. Cooling technique

Infrared detectors are cooled to improve the S/N or to keep the
detector element at a constant temperature. There are various
cooling techniques currently available, such as cryogenic
dewar cooling using liquid nitrogen (-196 °C) or dry ice

(-77 °C), thermoelectric cooling, Joule-Thomson cooling, and
gas-circulation cooling.

11-1

For this cooling, a dewar infrared detector in which the detector
element is fixed inside a glass or metal vacuum container is
usually used. As cryogen, liquid nitrogen 77K (-196 °C) or dry
ice 196K (-77 °C) is often employed. Generally, the detector
can be operated for about 8 hours per filling of cryogen. The
detector element temperature can be further decreased by de-
compressing the cryogen inside the dewar.

Cooling by cryogen

Figure 11-1 Dimensional outline of glass dewar housing
(unit: mm)
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Figure 11-2 Pressure of cryogen vs. temperature ©
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Some precautions for using dewar type infrared detectors are

noted below.

(1) Do not apply excessive force to a glass dewar. When
fixing the glass dewar detector, use the metal portion for
fixing. A metal housing (A3262 series) designed for the
glass dewar detector is also available from Hamamatsu.

(2) Wipe off water or moisture inside the dewar completely
and then pour liquid nitrogen into it. Any remaining water
or moisture could crack the dewar container.

(3) When using dry ice, crush it into grains and put them in a
flask. Then pour alcohol onto the dry ice gently and mix
them. After the dry ice becomes sherbet and stops boil-
ing, gently fill the dewar container with the mixture, using
aspoon.

(4) When handling liquid nitrogen, gently pour 20 to 30 cc into
the dewar, and wait for a while until white vapor (caused
by boiling of the liquid nitrogen) disappears. Then, pour
another 20 to 30 cc, wait for a while again, and then pour
as necessary. Pouring too much nitrogen from the begin-
ning could cause a blowout. Also, if the liquid adheres to
the outside surface of the dewar, the input window may
become cloudy.

(5) For storage, keep the storage at as low a temperature as
possible. If the storage temperature is too high, gas may
be released from the inner wall of the dewar, reducing the
degree of vacuum, so that the retention time of the cryo-
gen is shortened. The vacuum life usually lasts approxi-
mately 3 to 5 years for a glass dewar and approximately
1 to 2 years for a metal dewar. The metal dewar container
can be re-evacuated.
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11. Cooling technique

11-2 Thermoelectric cooler

When an electric current flows to a certain type of semiconduc-
tor, one end of the semiconductor is cooled and the other end is
heated. This phenomenon is called "Peltier Effect". This Peltier
effect can be used to cool the detector elements. (Figure 11-3)

Figure 11-3 Peltier effect
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Thermometrically-cooled detectors use a one-stage, two-stage
or three-stage thermoelectric cooler. Their respective tempera-
ture differences ATp between the cooling element and its pack-
age base are 50 °C, 70 °C and 100 °C. When air cooling is
used, even though sufficient heat radiation is carried out, the
base temperature becomes approximately 15 °C higher than
the room temperature because of the thermal resistance be-
tween the base and the heatsink. Therefore the lowest element
temperature that can be obtained at a room temperature of 25
°C is -10 °C for one-stage thermoelectric cooling, -30 °C for two-
stage cooling and -60 °C for three-stage cooling. That is, their
respective substantial temperature differences AT with regard
to the ambient temperature are approximately 35 °C for one-
stage thermoelectric cooling, 55 °C for two-stage cooling and
85 °C for three-stage cooling. Some precautions for use of the
thermoelectrically-cooled detectors are summarized as follows:

(1) Always use a heatsink of less than 3 °C/W for one-stage
and two-stage thermoelectric coolers, and less than
2 °C/W for three-stage thermoelectric coolers. Attach the
heatsink tight fitting to the package base so that the base
is efficiently heat-radiated. The cooling effect varies with
the capacity of heatsinks used. Figure 11-4 shows one
example of the cooling capability difference depending
on the capacity of the heatsinks being used.

(2) Pay careful attention so that + and - are not reversed
when connecting. If they are reversely connected and
also if the temperature is suddenly increased, the infra-
red detector could be damaged.

(3) Use a power supply with low ripple.

(4) If a current higher than the specified value (1.5 A for one-
stage thermoelectric coolers, 1.0 A for two-stage and
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three-stage thermoelectric coolers) flows, the infrared
detector is heated by Joule heat. To use the detector in a
stable condition for a long time, use it at 70 % of the speci-
fied value.

(5) Use a thermistor for temperature measurement within
its rated value.

(6) When using a temperature controller, take into consider-
ation the cooling capability of the cooling element, and
set a control temperature that meets the conditions of
the ambient temperature. Setting a temperature higher
than the cooling capability AT will prevent stable tem-
perature control. Hamamatsu provides the A3179 series
heatsinks and the C1103 series temperature controllers.

Figure 11-4 Cooling capability of different heatsinks
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Figure 11-5 Cooling capability vs. power supply ripple
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11. Cooling technique

Figure 11-6 Block diagram for thermoelectric cooling " McMahon), Solvey and Velmire. Among them, the Stirling
cooler is the most suitable for cooling the infrared detector ele-

ment as it is simple in structure and easy to reduce its size and
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11-3 Joule-Thomson cooling

A temperature reduction takes place if a high pressure gas (e.g.
150 kg/cm?, argon gas or nitrogen gas), is suddenly expanded,
which is called the "Joule-Thomson effect". This Joule-
Thomson effect can be used to cool detector elements to as low
as the temperature of the cryogen.

Figure 11-7 Construction for Joule-Thomson cooling
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11-4 Gas-circulation cooling

As the Joule-Thomson cooling discharges the cooled gas, it is
not suited for use over a long period of time. The gas circulation
cooling, on the other hand, recollects the cooled gas and com-
presses it for reuse repeatedly, allowing for a long time use. The
gas circulation cooling system consists of 3 units (expander,
compressor and heat exchanger). The expander and compres-
sor are divided into a rotary type using a turbine and a recipro-
cating type using a piston. The heat exchanger is divided into a
thermal exchange type in which high and low pressure gases
flow in different paths and a thermal storage type in which high
and low pressure gases alternately flow in the same path. By
combining these units, several gas-circulation systems are cur-
rently available, which are called Stirling, GM (Gifford
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12. Applications of infrared radiation

12-1

Optical power meters are used for measuring light intensity and
find a wide variety of applications, such as in optical fiber com-
munications and lasers. Optical fiber communications are clas-
sified into short, middle and long distance communications sys-
tems. For long distance optical communications systems, infra-
red beams in the wavelength region from 1.3 pm to 1.5 pm that
provide less optical fiber transmission loss are employed.
InGaAs PIN photodiodes, etc. are used for optical power meters
to measure optical fiber transmission loss, relay quality, laser
power, etc. The characteristics particularly required for the opti-
cal power meter are linearity and uniformity. Occasionally, a
cooled-type detector is used to reduce the noise level so that
low power light can be measured with low noise.

Optical power meters

12-2 LD monitors

The output level and the emission wavelength of a laser diode
(LD) vary with the temperature. To stabilize the LD, automatic
power control (APC) is performed. The APC includes two meth-
ods: one is to monitor the integrated amount of light pulses from
the LD and the other is to monitor the peak value of light pulses.
With the development of high power LD, high linearity has be-
come essential for monitoring light pulses. In the method for
monitoring the peak value of light pulses, faster response is
also required. InGaAs PIN photodiodes are mounted either in
the same package as the LD or outside the package through an
optical system. Also, both InAs and InSb detectors are used for
longer wavelength lasers.

12-3 Radiation thermometers

Objects emit infrared radiation based on their own tempera-
tures if they are above the absolute zero degree temperature.
Figure 12-1 shows the radiant energy of a black body. Actually,
the quantity of infrared rays emitted from an object is not neces-
sarily determined based on the temperature. The emissivity e
must be compensated for. In the case of a black body, e = 1.
Figure 12-2 shows the emissivity of various objects. Since the
emissivity e is determined by the temperature and wavelength
of an object, care should be taken when measuring the abso-
lute temperature of an object.

Generally, the noise equivalent temperature differential (NEAT)
is used as an index to express the thermal resolution. The
NEAT is defined as follows:

LN
NEAT = dL
E T=Ti

LN: Noise equivalent luminescence
L : Radiance of object
T1: Temperature of object
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The LN has the following relationship with the NEP of the sen-
sor:
NEP = ToLNQAo / ¥
To: Optical system loss
Q : Solid angle at which object is seen from the optics system

Ao: Aperture of optical system
vy : Circuit loss

Also, the equation %‘ T - 1, €xpresses the temperature coeffi-
cient of the radiance of an object at temperature T1, and L is
obtained by accumulating the spectral radiant emittance
across the observation wavelength area (A1 to A2).

A2 |
L=’ FMXdX
A

Mi: Spectral radiant emittance

Compared to other temperature measurement methods, radia-
tion thermometers have the following features:

(1) Measurement without direct contact with the object
(2) Faster response

(3) Easy pattern measurements

The detectors used for radiation thermometers must be se-
lected based on the temperature and material of the object to
be measured. For example, the glass has a peak wavelength of
emissivity € near 5 pm and plastic films near 3.4 pm or 8 pm.
Therefore, detectors sensitive to such wavelength regions
must be selected for those objects. Also, as a result of recent
developments in infrared fibers, infrared detectors combined
with infrared fibers are used in diverse applications, including
temperature measurement of hot metal detectors (HMD) and
other objects which rotate, have a complex internal structure
and are located in dangerous environments such as vacuums
and high-pressure gases.

Figure 12-1 Blackbody spectral radiant emittance
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Figure 12-2 Emissivity of various objects ?
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Figure 12-3 Transmittance and reflectance of glass
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12-4 Flame monitors (flame detection)

The flame monitor is used for detecting light emitted from
flames and for observing how the flames are burning. As
shown in Figure 12-4, light emitted from flames is distributed
widely from the UV region to the infrared region. Detection
methods include using a PbS photoconductive detector to de-
tect infrared light, using a two-color detector (K1713-01) to de-
tect a broad spectrum from the UV region to the infrared region,
and using PbSe and pyroelectric detectors to detect a wave-
length of 4.3 pm.

12. Applications of infrared radiation

Figure 12-4 Emission from flames
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12-5 Moisture analyzers

The water content or moisture analyzer uses wavelengths (1.1
pym, 1.4 ym, 1.9 pym, 2.7 pm) that are absorbed by moisture in the
infrared region. Light beams at these wavelengths and refer-
ence wavelength are irradiated on an object such as vegetable
or coal, and the moisture analyzer receives the reflected or
transmitted light from the object and calculates the ratio to the
reference wavelength light to measure the moisture. InGaAs
PIN photodiodes and PbS photoconductive detectors are suit-
able for sensors in this application.

12-6 Gas analyzers

Gas analyzers make use of absorption in the infrared region of
gases and measure the gas density. There are two methods
called the dispersive and the non-dispersive methods. The
dispersive method spectroscopically divides infrared light
emitted from a light source into spectra and uses their absorp-
tion characteristics to measure the ingredients and quantity of
a sample. The non-dispersive method measures only the ab-
sorption characteristics, but is more commonly used than the
dispersive method. For example, non-dispersive infrared gas
analyzers are used for measurements of automobile exhaust
gases (CO, HC, CO2), intake gas (CO2), emission controls
(CO, SO, NO2), fuel leakages (CH4, C3Hz2), and so on. Ingredient
analyzers are used to measure CO2 (4.3 ym) and saccharine
(3.9 um) in carbonated drinks (soft drinks, beer, etc.). Figure
12-5 shows typical absorbed spectra of various gases.
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12. Applications of infrared radiation

Figure 12-5 Gas absorption spectra
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12-7

Development of infrared imaging devices are classified into 1st,
2nd and 3rd generations in the course of development, as
shown in Figure 12-6. In the 1st generation, since only a single
detector element is used, the optical system is required to rotate
around the X axis and Z axis to create an image. A linear array
(1D array) is used in the 2nd generation, so the optical system
has only to rotate around the Z axis. In the 3rd generation, an
area array (2D array) is used, so that there is no need to scan an
infrared image using the optical system. Figure 12-7 shows an
example for the infrared imaging device. If an element array is

Infrared imaging devices

Figure 12-7 Configuration example of infrared imaging device

used for the infrared imaging device, its optical system can
be simplified, so the device becomes compact and light-
weight. However, the characteristic difference between each
element might be a problem. The infrared imaging device is
used in a wide variety of applications in the fields of industry,
medicine and science, as shown in Table 12-1.

Figure 12-6 Schematic diagram of infrared imaging device ®
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12. Applications of infrared radiation

Table 12-1 Applicable fields of infrared imaging device '

Industrial use Heat treatments for steel, non-ferrous metal, rubber, paper, etc. Tests and control for the process of
such materials. Destruction tests for blowholes of cast iron, welded and soldered parts. Tests for
screening of printed circuit boards. Tests for engine performance of automobile, airplane, etc. Main-
tenance and inspection for generator, converter and junctions of power cable, etc. Monitors for heat
and heat distribution by bearing, cutting, rolling, etc.

Other industrial use Marine use such as fish detection
Agricultural use such as detection of damaged areas by harmful insects
Environmental pollution use Seawater pollution by oil, hot water, etc.
Scientific research use Surveys for soil, water resources, water currents, volcanos, meteorological phenomena, etc.
Medical use Infrared imaging diagnosis (e.g., medical thermograph)
Security use Monitor for abnormal heat leakage from blast furnace, boiler, heat treatment furnace, etc. Fire

detection, intruder detection, etc.

12-8 Remote sensing - 12-9 Sorting devices

Objects emit or reflect light as shown in Figure 12-9, and such . By making use of the absorption wavelength inherent to or-
light includes different information, depending on the wave- - ganic matter, it is possible to sort agricultural crops (such as
lengths. By measuring each wavelength, specific information . potatoes, tomatoes, onions and garlic) from clods and stones.
about the objects can be obtained. The infrared remote sensing ° InGaAs PIN photodiodes and PbS photoconductive detectors
allows us to obtain more specific information such as the sur- . are used for such sorting. Also, those detectors are used to
face temperatures of solids and liquid, types and temperatures - sort products on the belt conveyor of a factory by detecting the
of gases, etc. Particularly, with the growing use of remote sens- . differences of temperature, emissivity, transmittance.

ing by space satellites and airplanes in the past years, we are
now able to obtain macroscopic information such as the tem-
peratures of land and seawater, the gas concentration in atmo-
sphere, etc. Such information has been utilized for meteoro-
logical observation, environmental pollution monitoring, re-
source detection, etc. . When the temperature of a moving human body is detected,
this device outputs a warning signal. Infrared radiation emit-
ted by the intruder is collected by the detector, using a mirror
or a Fresnel lens. To cover a wide range must, a multiple-
. surface mirror or Fresnel lens array is used. If the speed at
AQum - which the person moves is converted into frequency, it is

12-10 Human body detection

12-10-1 Intrusion alarm device

Figure 12-9 Optical system for resource detection ®
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12. Applications of infrared radiation

Figure 12-10 Moving speed of person and frequency ' . 12-10-2 Auto light switches
M T T . When a person enters a dark place, this device detects the
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~ om 3 ° . . . .
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Table 12-2 Temperature of human body

Winter clothes Summer clothes
(4 outer layers, 3 (2 outer layers, 2
under layers) under layers)
Face 31.2°C 32.0°C
Back of head 234°C 30.9°C
Chest 209°C 29.3°C
Back 209°C 29.0°C
Stomach 222°C 30.5°C
Hip 20.4 °C 31.0°C
Thigh 21.3°C 28.6 °C
Shin 21.3°C 28.4°C

Measured with a radiation thermometer.

Figure 12-11 Circuit example for light switch ™
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12. Applications of infrared radiation

12-11 Spectrophotometers (FT-IR)

Dispersive spectrophotometers have conventionally been
popular, but recently use of Fourier transform infrared (FT-IR)
spectrophotometry has been increasing. In FTIR spectropho-
tometry, an interference signal obtained with a double beam
interferometer undergoes Fourier transformation by which
the signal is decomposed into a spectrum. This method has
the following features.

1. Multiple spectral elements are simultaneously

measured with high S/N.

2. High wavelength accuracy because of wavelength
determination laser light.

3. Useful in the infrared region where the luminance of
a light source is low and highly sensitive detectors
such as photomultipliers are not available.

Infrared detectors used as the heart of the FT-IR spectropho-
tometers must have the following characteristics.

(1) Wide spectral response range

(2) High sensitivity

(3) Large active area enough to satisfy bright optical sys-
tems

(4) Wide frequency bandwidth

(5) Good linearity over wide incident light levels.

Thermal type detectors are mainly used over a wide wave-
length region of from 2.5 to 25 ym. For measurements requir-
ing high sensitivity and high-speed sampling or using small
amounts of samples, MCT (HgCdTe) photoconductive detec-
tors and InSb photovoltaic detectors are used.
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