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Noise analysis and structural optimal design
of diode microbolometer uncooled IRFPAs
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(1. State Key Laboratory of Transducer Technology, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences, Shanghai 200050, China;
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Abstract: The diode microbolometer uncooled IRFPAs ( infrared focal plane arrays, IRFPAs) have shown broad
prospects in recent years. The performance of the IRFPAs is limited by sources of noise from the detector itself
which must be further studied and decreased to achieve better performance. This paper outlines sources of noise
from the detector, quantifies the RMS (root-mean-square, RMS) noise voltages from different noise sources, dis-
cusses their implications and finally obtains performance limits of the diode microbolometer IRFPA. Moreover, the
optimum structural parameters are also studied. The theoretical computation results show that the temperature fluc-
tuation noise-limited NETD ( noise-equivalent temperature difference, NETD) of the detector is 2. 36mK with a
corresponding radiation-limited conductance of 2. 06 nW/K. In addition, the optimum NETD of 46. 5 mK can be
obtained when the detector operates in the forward bias current of 33 wA and the ratio of temperature sensing area is
54% in a 25 pm x 25 wm micromachined structure.

Key words: infrared focal plane array (IRFPA ), diode microbolometer, noise-equivalent temperature difference
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used in both civil and military applications such as medi-

Introduction cine, firefighting, aircrafts, security and surveillance.
Among all uncooled bolometer IRFPAs!"! | the most com-
Nowadays, uncooled bolometer IRFPAs have be- mon sensing materials or components in use are vanadium

come a good choice for low-cost infrared detector systems
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oxide (VO,)"**' amorphous silicon (a-Si)"7', SiC/
Al bi-material micro-cantilever'**’

[10-12]
odes .

Many scientific research institutions interested in the
diode microbolometer uncooled IRFPAs working with dif-
ferent technologies have produced a variety of creative re-
search results recently''”"". Till now, Mitsubishi Elec-
tric Corporation has developed a 2-million-pixel SOI di-
ode uncooled IRFPA with a 15 pm pixel pitch, and its
NETD is 65 mK'"'. Comparison of several different tem-
perature sensing materials or components of bolometer
IRFPAs is made in Table 1. After comparison and analy-
sis, a conclusion is drawn that the PN junction diode has
some advantages such as occupying small area, having
low 1/f noise, being of great consistency and being com-
patible with conventional silicon IC process. Thus it is
suitable for fabricating high-performance uncooled ther-
mal detectors. Many scholars have done a lot of research

works in performance limits of VO_ and «-Si microbolom-
[13-14]

and silicon di-

eter detectors , while so far nobody does systematic
research and detailed analysis of diode microbolometer
detectors. The paper focuses mainly on studying noise a-
nalysis, performance limits and structural design of diode
microbolometer uncooled IRFPAs. This is significant for
researchers to have a deeper understanding of the diode
microbolometer detector in order to make further progress
in the future.

Table 1 Comparison of different temperature sensing materi-
alsor components of bolometer IRFPAs'"
x1 ETAREEMB TR GHEERIIMMEFERES
MERERI bR

Sensing materials

Advantages Disadvantages

or components

Low 1/ noise, appropriate e- Not compatible with conven-

VO

X

lectrical resistivity tional silicon IC process

w—Si Compatible with conventional High 1/f noise

silicon IC process

SiC/Al bi - material ~ Good NETD in theory,silicon Low yield, difficult manufac-

micro-cantilever IC compatibility ture process

L . ow noise, smaller size,

low 1/f noi ller si
PN junction diode . . . Low voltage — temperature co-
L compatible with conventional ~
(monocrystallinesilicon) efficient (about 0.2% /K)
silicon IC process

1 Theory and structure of the PN junc-
tion diode

The pixel structure sketch of a diode microbolometer
uncooled IRFPA is shown in Fig. 1 alongside a corre-
sponding section figure explaining the structure in detail.
Figure 2 is a SEM (scanning electron micrograph,SEM)
graph of a pixel of the diode uncooled IRFPA manufac-
tured by our laboratory. The diode microbolometer un-
cooled IRFPA uses PN junction diodes as temperature
sensors and each pixel consists of several diodes in series
suspended above a cavity by two thin narrow supporting
legs fabricated through a micromachining process. In ad-
dition, it is notable that the thermal conductance of the
IRFPA depends on the structural parameters of the sup-
porting legs. Furthermore, a freestanding infrared ab-

sorber made by surface micromachining process is some-
times also needed to obtain a high fill factor. It is worth
noting that the array is monolithic and produced using
mature Si-LSI process and micromachining techniques.
All of these make sure that the IRFPAs can be fabricated
at low cost and in high yield.

Fig.1 3D diagram and section graph of a pixel of a diode mi-
crobolometer uncooled IRFPA
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Fig.2 SEM graph of a pixel of a diode microbolometer un-
cooled IRFPA
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The diode microbolometer uncooled TRFPA using
PN junction diodes as infrared sensors utilizes the diode’s
voltage-temperature characteristics to realize infrared im-
agi[ng]. The forward bias current of an ideal diode is given

15
by : &

I[:IS(ekT—l) ’ (1)
where [_ is the reverse saturation current, [, is the forward
current flowing through the diode, V;is the output voltage
across the terminals of the diode, ¢ is the absolute value
of electron charge, k is Boltzmanns constant, and 7T is
absolute temperature. The reverse saturation current I
can be expressed as'"’

qV,
J = T(3+y/2) e—ﬁ
S

, (2)
where V, is the voltage correlated with the energy gap of
the semiconductor material to fabricate the PN junction
diode, and vy is a constant. Supposed T =300K, kT/q =
26 mV, when the forward bias voltage V;>26 mV, Eq. 1
can be simplified as:

9(Vi-Ve)
][ = T(3+'y/2) e— T

(3)
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So V; can be expressed by
V, = (ilnlf)T +V, Y (4)
q q

V, can be divided into two parts, V, =V, + V,,
where V, = (kln I./q) T+ V,,V, = = (3 +y/2) kTInT/
g. When the forward bias current of a PN junction diode
keeps constant, V| is linear to the temperature. Analy-
zing V, ,d(TInT)/dT =1 +InT, if T >1/e, d(TInT)/
d7 >0, TInT monotonically increases as temperature in-
creases; d* (TInT)/dT* = 1/T, if T is large enough,
lim, . d*(TInT)/dT* =0, under this condition, V, is
linear to the temperature.

If I; is small enough, IIn/;| > > (3 +~/2) InT,
thatis, 1V, | > > 1V, |, V,=V,. An approximate rela-
tionship is obtained that V; is linear to the temperature

when the forward bias current is a constant and small
enoughas shown in Fig. 3.

Fig.3 Dependence of forward bias voltage on temperature
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Under the condition of a constant forward bias cur-
rent, the diode’ s voltage-temperature relation can be ex-
pressed as:

dv; [qV, + (3 +y/2)kT] - qV,

ﬁ const Iy == (]T : (5>

As to a typical silicon PN junction diodeoperating at
the voltage, 0.7 V, it has a temperature sensitivity of a-
bout 2 mV/K at room temperature '’

2 Noise analysis

Noise in a diode microbolometer system generally
comes from three sources: the detector itself, the elec-
tronics ( ROIC and image processing electronics ), and
other system sources. In general, performance is mainly
limited by noise in the detector itself among all of these
sources of noise!"”!. This paper focuses on discussing
noise of the detector itself.

There are four major sources of noise originating in
the diode microbolometer detector. These include tem-
perature-fluctuation noise, Johnson noise, shot noise and

1/f noise.

2.1 Temperature fluctuation noise

Temperature fluctuation noise, arising from random
exchange of heat between the microbolometer and its en-
vironment, results in random fluctuations in the detector
temperature. The mean square temperature fluctuation
noise, viy, from the random exchange of the pixel and its
surroundings is given by'"®

U’sz = 4thhT2R2(w) Ay , (6)
where G
sponsitivity of the detector, w is angular frequency, and

Af,, is the thermal bandwidth. The temperature fluctua-
[17]

. is the thermal conductance, R(w) is the re-

tion noise-limited detectivity Dy, is shown as

172
- m[ A
DOfTF - 2T[kG‘h:| ’ (7)

where 7 is the absorption coefficient, and 4, is the de-

tector area.
The temperature fluctuation noise-limited NETD is

172 17
12 as shown below'" ;

8F*T[ kG, Af,, 1"
7oAy (AP/AT), -, (8
where F is the optical f/number, 7, is the transmittance
of the optics, and (AP/AT) A -x, 18 the blackbody differ-

ential emittance. The temperature fluctuation noise exist-
ing in thermal detectors ultimately limits the minimum ra-
diation energy that can be detected by the detector. Usu-
ally, it is the fundamental limit on the performance of
thermal detectors.

2.2 The main sources of noise in a PN junction di-
ode

proportional to G

NETD 4 =

The main sources of noise in a PN junction diode
are Johnson noise, shot noise and 1/f noise. The forward
bias voltage V, is shown as''’ .

v, :H]n(£)+]frs . (9)
g \I

where r_is the resistance of neutral semiconductor re-
gion. From Eq.9, the differential resistance is given by

dvi kT

d7]f = E +r, . (10)

Referring to Ref. [ 18], the complete diode small-
signal equivalent circuit with noise sources is shown in
Fig. 4. Since r, is a physical resistor, it exhibits Johnson
noise. In addition, 1/f noise combined with shot noise
can be equivalent to a current generator, i’, in shunt
with ry =kT/q I;, as shown below

v, = 4kTr Af , (11)

_ I
= 2qILAf + k, ﬁAf . (12)

2. . 2 .
where v}, is the mean square Johnson noise voltage, i" is
. . 2 .

the mean square current noise (shot noise, v, =2¢l; Af,

_ Ji4
and 1/f noise, v, =k, ]TiAf) , Af is electrical band-

width, £, is the flicker noise coefficient, a is a constant
of about unity, and b is a constant in the range of 0.5 to
18]

Combining Eqs. 11 and 12, the mean square shot
noise and 1/f noise voltages are shown below:



650 ANV S T N o 34 %

b .
o N o -
VYa— l
qlr
VA

—
=

Fig. 4  Complete diode small-signal equivalent circuit with
noise sources
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f,f (14)

Assuming that the output noise voltage is vy, than

the responsivity''®) of the noise is given by

N dV 1
R=p = .,,(dT) — ., (15)
where P, is power amplitude of radiation, dV/dT is voli-
age-temperature coefficient of the PN junction, and 7 is
the thermal response time.

The noise-equivalent power ( NEP)'" is given by:
¢ Gy V1 + 0’7
NEP = 2 o 20 T (16)

R (dV/ dT)
The defining equation for the detectivity(D ")
given by
/AN _ m (dV Af
kN
D™ ="Rep T 6,0, (dT) Tra2 D
then the NETD"® is given below ;
4F J/Af L
7o A, (AP/AT), ., D°
4F G,y

= V1+ o't

oA, (dV/dT) (AP/AT), .
(18)

13-14 and 17, the d'etectivity

shot noise and 1/f noise are

I(:J

NETD

Combining Egs. 11,
limited by Johnson noise,

shown below, respectively:
172

= =r 19
o Gm(dT)(4kTr (1 +w'7 ) - (19
. qv gl A, 12

DO-su - kTG[h( )(2(1 : w2 2 ) ) (20)

) qv JAS 12

Dy, = 1thn(dT)(m) , (21)

where v, is the RMS voltage of flicker noise.

Combing Eqs. 11, 13-14 and 18, the NETD limited
by Johnson noise, shot noise and 1/f noise are shown be-
low :

~ 8F°G,,
O mreA, (dV/dT) (AP/AT),

[(ETr.Af) (1 +@’7*) ], (22)
4FkTG,,
7oA, (dV/dT) (AP/AT),

2 2 172
[M] ., (23)
ql;
4F2 Glhyﬁt
n7oAy (dV/dT) (AP/AT), .

(1 +o'7)]" . (24)

By studying Eqs. 7, 19, 20 and 21 or Egs. 8, 22-

24, all the internal and external factors affecting NETD
can be listed. The external factors are the forward bias
operating current, the optical f/number, and the internal
factors include the thermal conductance, the RMS volt-
age of different noise, the area of the detector, and the
voltage-temperature coefficient of the PN junction diode.
All of these factors should be taken into considerations
when designing a good performance diode microbolometer

uncooled IRFPA.

NETD

NETD O-sn —

NETD 0-fn —

3 Performance analysis and parameter
optimization design

This section mainly focuses on studying and analy-
zing factors that affect the performance of the diode mi-
crobolometer infrared detector. After calculation, the op-
timum structure parameters and forward bias current were
obtained, in addition, the approaches to reducing impact
of 1/f noise on performance of the detector were also put
forward and discussed.
3.1 Limiting NETD

In Fig. 5, the pixel size of the IR detector is 25 pm
x25 wm, the ratio of temperature sensing area is 24%
of the whole area, and the ratio of etching area is 29% .
The width of the beam is 0. 5um and the length of one
side of the supporting legs is 60 pm. When radiation ex-

change dominates, G, is with respect to the temperature
[17]

rad
of the Stefan-Boltzmann expression

G,, = 4A 0T , (25)

where A is the detector effective area, g is the emissivi-
ty (here £ =0.8), and o is the Stefan-Boltzmann con-
stant. After calculation, G, is 2. 06 nW/K for the pix-
el. From Eq. 6, the detector has a minimum NETD of
2.36 mK when the radiation-limited conductance is 2. 06
nW/K. In order to achieve the thermal conductance ap-
proaching the radiation-limited conductance, thermal
conductance coming from air and supporting legs should
be decreased. As heat can transfer through the surround-
ing atmosphere by conduction and convection, an evacu-
ated package to decrease the thermal conductance origi-
nating from the air is crucial to the IRFPA. In addition,
as heat can flow from the sensing area via the supporting
legs to the substrate, the structural parameters of the legs
should be designed carefully to minimize thermal con-
ductance of the supporting legs.
3.2 Dependence of NETD on forward bias opera-
ting current and structure parameters

The thermal conductance of the dector is given

rad
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Fig.5 Top view of one pixel of the IR detector
(SISIEAW ] EARIUE AR g N

by[19] .
AN wd,
Gy, =G L

, (26)

where G, is the thermal conductance of the supporting
legs, A;, w,, d;, [, are the width, thermal conductivity,

+ Gy, = 4Acff80-T3 + Z

rad

thickness, and length of specific films, respectively.
Supposed k, = le-12*1 g =1,b=1.5", I =

3E-19 A" ro=1.5 kKQ" ) Af, =30 Hz, n=0.8,

and 7, =1, the electrical frequency is in the range of

0.000 1 Hz'"' t0 8 000 Hz'"' and the legs is folded by n
times as the way shown in Fig. 5. According to the
process conditions, the width of the supporting legs is
0.5wm, and the thickness is 0. 4pm. In addition, the
pixel size is 25um x 25um in order to obtain larger ar-
rays. After optimizing both forward bias current and
length of the legs by changing parameter n, the total
NETD of six PN junctions in series of diode microbolome-
ter uncooled IRFPAs can be calculated through the above
Egs. 8, and 22-24. As shown in Fig. 6, there exists the
minimum NETD of 46. 5 mK when the forward bias cur-
rent is 33 A and the legs are folded by 5 times.
3.2.1 Dependence of NETD on structure parame-
ters

As the effects of forward bias current and structure
parameters on NETD are independent, they can be dis-
cussed respectively. Supposing the forward bias operating
current is 33 pA, the optimum NETD is obtained when
the legs are folded by 5 times. As shown in Fig. 7,
when n is less than 5, the total NETD is improved be-
cause the decreased thermal conductance plays the lead-
ing role. When n is more than 5, The NETD increases
for that the reduction of absorption area takes the domi-
nant place. So the optimal value of n =5 can be achieved
and the corresponding NETD is 46.5 mK. When n =5,
the length of the supporting legs is 123 pwm, the ratio of
the temperature sensing area is 54% , and the total ther-

Fig.6 Caculated NETD of six PN junctions in series versus
forward bias current and n

K16 NETD 5 iF [ f 5 L i LS R4 & R n BOSC&

mal conductance is 14 nW/K. The optimal structural pa-
rameters are listed in Table 2.

Table 2 Optimal structural parameters of the diode microbo-
lometer IRFPA
R2 —REMDNEFEEIINEHELSE

Pixel Size 25 um x25 pm
Width of the supporting legs 0.5 um
Thickness of the supporting legs 0.4 um
Length of the supporting legs 123 um
Ratio of temperature sensing area 54%
Thermal conductance 14 nW/K

Fig.7 Caculated NETD of six PN junctions in series versus n
(@I, =33 pA)
K7 NETD 53458 W n BLE

4.2.2 Dependence of NETD on forward bias oper-
ating current

As shown in Fig. 8, the total FPA noise decreases
when the forward bias current increases. As shown in
Fig. 9, when the forward bias current increases up to
20 wA, the total NETD is improved because the total
RMS noise, which sharply decreases, plays the leading
role. However, the NETD remains almost constant over
this value because the total RMS noise changes slowly
when the forward bias current is in the range of 20 pA to
40 wA. The NETD gradually increases when the forward
bias current exceeds 40 pA for that the reduction of the
voltage-temperature coefficient takes the dominant place.
Through analyzing and calculating, the optimum forward
bias current of 33 WA can be adopted where the mini-
mum NETD of 46.5 mK is obtained.
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Fig.8 Caculated RMS noise of six PN junctions in series
versus forward bias current (@n =5)
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Fig.9 Caculated NETD of six PN junctions in series versus
forward bias current (@n =5)
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3.3 Performance improvement trade offs

After analysis and calculation, a conclusion can be
drawn that 1/f noise plays the dominant role in perform-
ance of the diode microbolometer uncooled IRFPA. To

improve performance of the detector, the impact of 1/f

noise must be reduced in the detector. By studying Eq.
24, there are at least three methods that can reduce im-
pact of 1/f noise on the total FPA noise:

(1) reducing the thermal conductance of the sup-
porting legs ;

(2) reducing the inherent 1/f noise of the PN junc-
tion diode; and

(3) increasing the forward bias current (within 33
wA).

Thermal time constant is also an important factor of
the detector which should be taken into considerations
when improving the performance of the IRFPA. It is de-

17] .

C

T = c, , (27)
where C is the heat capacity of the bridge.

If C is a constant, than 7oc1/G,,. In addition, see-
ing Fig.9, the total NETD is dominated by NETD,,, de-
pended on 1/f noise which is proportional to G,,, that is,
NETD =NETD,,, < G,. All of these show that the total
NETD of the detector is roughly inversely proportional to
its thermal time constant

fined as'

NETD o 17 . (28)

There exists a trade off for improving the detector
sensitivity when changing a parameter of the detector for
that it may have a negative impact on the thermal time
constant. If reducing the thermal conductance of the sup-
porting legs, the NETD reduces while the thermal time
constant increases. If reducing the inherent 1/f noise of
the PN junction diode, the NETDis improved, mean-
while, the thermal time constant keeps unchanged. If in-
creasing the forward bias current (within 33 pwA), the
reduction of total RMS noise plays the leading role, and
the reduction of the voltage-temprature coefficient takes
the secondary place, then the NETD decreases, and the
thermal time constant remains the same under this condi-
tion.

4 Conclusions

There are four major sources of noise existing in the
diode microbolometer detector; temperature-fluctuation
noise, Johnson noise, shot noise and 1/f noise, among
which 1/f noise takes the dominant place while tempera-
ture-fluctuation noise primarily limits the minimum at-
tainable NETD. The theoretical computation results show
that the temperature fluctuation noise-limited NETD of
the detector is 2. 36 mK with a corresponding radiation-
limited conductance of 2. 06 nW/K. In addition, the
minimum NETD of 46.5 mK can be obtained when the
forward bias current is 33 wA and the legs are folded by
5 times. After comparison between the designed and ac-
tual detector'"®’ in Table 3, the performance of the de-
signed detector still approaches the actual detector with-
out IR absorber and reflector.

Table 3 Summary of the performance of the designed diode
microbolometer IRFPA
F3 “RERDIMETEMEIIRNZBRERSE

Actual detector

Designed detector

Pixel Size 25 pm x25 um
No IR Absorber

and Reflector

25 pm x25 um

. Including IR Absorber
Structure Design i
and Reflector

Ratio of IR 549 00%
Absorbing Structure
Thermal Conductance 14 nW/K 16 nW/K
NETD (f/1.0) 46.5 mK 40 mK
Thermal Time Constant 21 ms 24 ms

In order to fabricate a high performance detector,
there are at least three ways: reducing the thermal con-
ductance, which will reduce the temperature fluctuation
noise-limited NETD and the total NETD; reducing the
1/f noise of the diode, which will reduce the total
NETD ;increasing the forward bias current within 33 A,
which will also reduce the total NETD. The first ap-
proach has a trade off between improving the NETD of
the detector and increasing the thermal time constant.
The other two ways have no impact on the thermal time
constant. In conclusion, all the factors should be taken
into account when improving the sensitivity of the diode
microbolometer uncooled IRFPAs.
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