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Noise analysis of special-gas IR detector

XU Chen,DAI Tian-ming, SONG Yi-chao, LI Xiao-bo, DENG Chen

(School o f Electronic Information and Control Engineering , Beijing Optoelectronic

Technology Laboratory ,Beijing University of Technology, Beijing 100124, China)

Abstract: The noises of a special gas IR detector fabricated by MEMS mainly include the temperature-
fluctuation noise, mechanical-thermal noise and the background noise. Based on thermal conduction
theory, a thermal model is built up to get the effective thermal content and the effective thermal con-
ductivity to be 1.0X107* W/K and 8. 1 pJ/K,respectively ,and the temperature-fluctuation noise is
nearly 1. 73X 10 ' W/Hz"?. According to the device operating principle and energy equipartition the-
ory of thermodynamics, the mechanical-thermal noise is 9. 96 X 107 W/Hz"*, and the background
noise is nearly 3. 22X 107" W/Hz!"?, so that the normalized detectivity is deduced to be 9. 03X 10° cm
« Hz'?/W. Experiment results show that the mechanical-thermal noise coming from the structure and
the mechanical performance of a heavily doped Si membrane is the main noise of the device, which can
be reduced by minishing the membrane area and extending the membrane thickness to increase the me-
chanical resonant frequency of the membrane, but should be at the price of reducing the sensitivity of
the device. The vibration of environment also influences on the device a lot. To decrease the noise

coming from the fluctuation of air pressure and the temperature fluctuation of the surrounding, a new
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double-cell counteracting structure is presented.

Key words: infrared detector;temperature-fluctuation noise; mechanical-thermal noise; Noise Equiva-

lent Power(NEP) ; MEMS

1 Introduction

The detection of infrared (IR) radiation is very
important for a variety of activities in both com-

mercial and defence areast'™

. Generally, special-
gas IR detectors inherited the strong points of
thermal detectors, using special gas absorbing
characters at certain wavelengths as medium and
fabricating gas cells with elastic sensitive films
and micro-capacitance structures by Microcelec-
triccmaching technology ( MEMS)E® . Com-
pared with normal thermal detectors, the less
thermal capacity leads to faster response. The
detector uses a special gas as the absorbing me-
dium, without the heat transform process from
solid to gas. The special-gas structure is much
smaller than that of other detectors using optical
measurements, and all the structures can be in-
tegrated. The detector array is also available.
The smallest signal that the detector can test
is decided not only by its sensitivity, but also by
the NEP(Noise Equivalent Power). During tes-
ting, there are several kinds of noises, such as
temperature fluctuation, thermal-mechanical
noise and so on. Those noises would degrade the
performance of the detector and decrease the ra-
tio of the signal to noise so that to analyze the
relationship between the noise and the structure
or factors is necessary and important. And some
solutions should be taken to reduce the noise. In
this article, the noises of the device are analyzed

and the measures to reduce the noise are dis-

cussed.

2 Structure and principle of device

The structure of a special-gas IR detector is

shown as Fig. 1;

Infrared radiation

i

IR window
-Au electrode

—'—7 740 glass

Absorb-cel

Si membrane

Fig. 1 Structure of micro capacity IR detector

The gas sealed in the cell absorbs the IR and
expands. Through the micro path, the pressure
works on the membrane, and makes the mem-
brane deflect. The capacitance composed of the
Au electrode and the movable Si membrane de-
creased. By measuring the change of the capaci-

tance, we can get an infrared radiation signal.

3 Noises of device

The noises of the device mainly conclude: the
temperature-fluctuate noise, mechanical-thermal
noise and the background noise.

3.1 Noise of temperature fluctuation®

The heat exchange between the gas and the sur-
rounding environment influences the pressure,
and makes the signal fluctuate. When the detec-
tor works in steady-state, the highest tempera-
ture is at nearly the middle of the absorbed
cell™.
IR window is given by:

Ggaﬂ:(}gasxgzu. 4X10 W/ (em » K)) X

Thermal conductance from the gas to the

0.38 em’ 5 3510~ W/K . (D
0.1 cm
Where G, is the thermal conductivity of spe-
cial gas,A is the area of the absorb-cell,d is the
depth of the absorbing cell.
Thermal conductance between the upper IR

window and the surrounding room air is given

by:
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Gy =hy XA=(1X10 W/ (K » cm®)) X
0.09 em*=9X10 °"W/K . 2
Where h, is the coefficient of heat convec-
tion of the air.

Thermal conductance along the micro-path to
the test cell and the thermal conductance be-
tween the membrane and the surrounding is giv-
en by

. )
G =(1.4X10 "W/cm *» K) XM:
0.7 cm

1.4X107"W/K ,

Goem =47(Gg) Xt=1.97X10 *W/K . (3
Where Gy is the thermal conductivity of Si,and ¢
is the thickness of the membrane.

Because the thermal capacity of the glass is
much bigger than that of the gas sealed in the
cell, we assume that the heat conducted from the
gas to the glass sidewall is transmitted to the
room air directly, and the thermal conductance
from the gas to the sidewall can be given by:
Goss =hg XA = (1 X107 W/(K « ecm)?) XX

0.3X0.1 em*=9X10°"W/K . (4)
Where A, is the area of the sidewall.
The heat capacity of the gas and the upper IR
window is given by
Cot = (2.1X10 1]/ Cem® » K)) X (3. 848 X
10 em®)=8.1X10 °J/K , (5)
Cop=kp+V=7.6X10"°]/K. (6)
The capacity of the membrane and the gas
trapped in the path and the testing cell is given
by
Ceee =(2.1X10 "]/ (cm’
(1.225X10 ) em’ =2.57X10"%]/K , (7)
Chrem=1C(1.6J/(cm® « K)) X (9X10 %)=
1.44X107° J/K . (8)

These heat capacities and thermal conduct-

+ K)) X

ance are arranged in a thermal model of the de-
vice as shown in Fig. 2. Because the thermal re-
sistance of the micro path is much higher than
that of the other paths’, it can be taken as a ther-
mal open. Thermal flux through it can be omit-
ted. This detector thermal model is nearly equiv-

alent to a static heat conductance of 1. 0 X 107*

Heat conduct through IR

Heatin ,/ window to room air
;

Heat conduct through the side wall of glass

|_l|l 000K/W [ 500 K/W 7000 000 K/W, v/

7.6X10°JK
257X 10K == II-HX}O " :L:mxm\m( :I:

Heat conduct from lhe micro path

Heat conduc( (hrough a
to the surrounding environment

Si wafer to the room air

Fig. 2 Thermal model of the IR sensor. Heat is ab-
sorbed by the gas sealed in the cell, and is
conducted through the gas in the cell to the
upper IR window and the substance of Si wa-
fer, and through the micro-path transverse
conduct to the Si membrane made by EPW

etching.

W/K, an effective heat capacity of 8.1 pJ/K,
and a simple time thermal constant 52 ms, with
corresponding 3 dB point at 19. 7 Hz.

And the temperature-fluctuate noise is given
by
NEP}; =4K,T*°GsB=1.73X10"""W/Hz"*, (9)
where, B is the testing bandwidth and we get 1
Hz as a typical value.
3.2 Mechanical-thermal noise
To the MEMS device, the small moving parts
are especially susceptible to the mechanical noise
resulting from molecular agitation®!. At thermal
equilibrium status, the energy of membrane os-
cillator is equal to the energy of single degree of

freedom.

1
?/ﬁsT s 1o

Where (x*) is the average of the spectral den-

1, ey
2k<1>

sity of 2 over all frequencies. And the fluctua-

tion pressure on the membrane is also given by:

p=V/4ky TR,.. [Pa/Hz7 ] , (11)
(R... = R/S?, where S is the area of the mem-

3u,S*
T,u is the viscosity

2
of the gas (1. 8 X 107° kg/(m + s) for air at
20 C), h is the distance of the Au electrode and

the Si substance, nearly 10 pm)

brane, R is given by R=

To the special-gas IR detector, the mechani-
cal-thermal noise is related to the principle of the

device.
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T 9Py
NEPn, =/ T TR 21—l (1)
I Ppressure g

9 Pressure
2T

And the K, t associated with the characteris-

K, 1= (13)

tics of the membrane and according to the equa-
tion of the idea gases expand.

Ap__ AT

Ap
14+ +=£ , 14
< po> o T, (14)
. _0.323 23 Apa®
AV ﬁuu,wdxdy 500 p_c  U®
D:Eits(h (x,v) is the deflec-
12(1—) where wlx,y) 1s the detlec

tion of the square film, and the Ap is the pres-
sure difference of the membrane, D is the stiff-
ness of the film which is associated with the v
(passion constant), E (the Young’s modulus
and ¢ (thickness of the film)). Taken the typical
value, ¢is 1 pm, v is 0.28, E is 180 GPa, V,=
3.859X 10 *m’, we can get the Ky » = 13. 95
Pa/K. And if the radiation at 10. 8 pm with the
power 1 mW/cm?®, the average temperature ris-
ing is about 0. 027 K. So we can get:

appnw_lr\ — L —2
T 3 X107 W/K , (16)

NEP;y=9. 96 X10° W/Hz"2, an
3.3 Background photon noise
To the thermal detector, the device works at
room temperature, so the background noise is
given by!'" .

NEP; = (16ecky ThAp AL, 18>
Tpis 293 K, kg 1s Bozeman constance, ¢ 1s Steve-
Bozeman constances Ap is the area of the detec-
tor. So we can get the equal power of noise of
the background is

NEPy;=3.22X10"" W/Hz"*, (19
The total NEP can be given by:
(NEP)?*=NEP;; +NEP;, +NEP;
NEP=9.97X10"*W/Hz'"*, (20)
Therefore D* , the square root of the detector
area per unit noise equivalent power of the device
in a 1 Hz bandwidth will be

_JA

b - NEP

=9.03X10° emHz"*/W . (21)

4 Analysis and optimization

The noise caused by temperature is decided by
the effective thermal conductance, influenced by
the heat exchange between the gases sealed in
the volume and the surrounding environment. It
can be reduced by using lower conductivity ma-
terials. But in a dynamic system, response time
The low

frequency fluctuation of pressure and tempera-

and delay time would expend longer.
ture is vital to the device. Usually, pinhole on
the membrane is used to counteract low frequen-
cy fluctuation'™ , but it is hard to fabricate. And
the shape and the size of the pinhole are hard to
design. A new structure shown in Fig. 3 using

counteracting volume to balance the change of

the surrounding pressure is presented.

Infrared radiation

i

Counteracting-cell —/

IR window
Au electrode

—7 740 glass

Si membrane
Fig. 3 Double-cell counteracting form

From (9),(17) and (19), we can see that the
thermal-machine noise is the main noise of the
device, and it is associated with the size of the
volume, principle of the detector and the stress
of the membrane. The detector is fundamentally
a mechanical structure and it is sensitive to vi-
bration. The characteristic of the membrane is
mainly determined by its resonance frequencies.
The resonance frequencies should be more than
the testing {requencies to avoid resonance. We
can get the first five vibration mode of square
membrane with 1 pm thickness and 3 mm side

length by using software ANSYS:

Tab. 1 The first five vibration modes of square membrane
) Modes
Frequencies
1 2 3 4 5

f(Hz) 1419.6 2 886.6 2886.6 4219.4 5 165.6
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By increasing the mechanical resonant fre-
quency of the membrane, the sensitivity to vi-
bration can be reduced. According to its work
principle of the device, the thermal-machine
noise can be reduced by minishing the area and
extending the distance of the two polar through
viscous damping coefficient. But it is at the price
of reducing the sensitivity of the device.

The photon background noise only associated
with the area of the detector and the testing tem-

perature. It is the lowest noise.

5 Conclusions

In this article, we analyze the noises of the spe-
References:

[1] ZHANG ], CHEN X D. Near infrared spectrometer
with double detectors for food component analysis
[J 1. Optics and Precision Engineering , 2008, 16
(6):986-992. (in Chinese )

[2] LIY H, SUN X G, YUAN G B. Accurate measur-
ing temperature with infrared thermal imager[]].
Opt. Precision Eng. , 2007, 15(9):1336-1341. (in
Chinese)

[3] KAORU Y,AKISHI M, MASANORI O. Golay-cell
type of miniaturized infrared sensor using Si-dia-
phragm[ C]. IEEE Transducer ,1997:1067-1070.

[4] KAORU Y, AKISHI M, MASANORI O. Minia-
turized infrared sensor using silicon diaphragm
based on golay cell[ J]. Sensors and Actuators A,
1998,66:29-32.

[5] LIL,SHEN G D. Principle and Design of an IR de-
tector for a novel room temperature MEMS[J]. Op-
to-Electronic Engineering , 2004, 31(2):34-36. (in
Chinese)

Authors’ biographies

DAI Tian-ming (1983 — ), male, con-
ducts research at Beijing University of

-8 Technology. His research interests are

IR detector, the fabrication of MEMS

\: device and semiconductor devices. E-

“ mail: tianming533 (@ emails. bjut. edu.
cn

XU chen(1958—) .male, Ph. D., professor of Beijing U-

niversity of Technology, his researches focus on semicon-

ductor devices and MEMS technology. E-mail; xuchen58

cial-gas IR detector, and the relationship be-
tween those noises and the structure of the de-
vice is discussed. A thermal model of the device
is built up, and the effective thermal conduct-
ance and capacitance is deduced. The total noise
equivalent power is 9. 97 X 107°W/Hz"? and the
D" is nearly 9. 03 X 10° ecm » Hz"?/W. To de-
crease the noise from the fluctuations of air pres-
sure and the temperature of the surrounding en-

vironment, a new double-cell counteracting

structure is presented.

[6] KENNY T W,REYNOLDS J K. Micromachined
infrared sensors using tunneling displacement trans-
ducers [ J]. Rev. Sci. Instum. , 1996, 67 (1):112-
128.

[7] SONG Y CH, XU CH. Analysis of temperature of
special-gas infrared detector [J]. Journal of Func-
tional Materials and Devices ,2008,14(2) :384-387.
(in Chinese)

[8] KRUSE P W. Uncooled Thermal Imaging [ M].
Bellingham : SPIE PRESS,2001:15-19.

[9] GABRIELSON T B. Mechanical-thermal noise in
micromachined acoustic and vibration sensors[ ] ].
IEEE Transactions on Electron Devices, 1993, 40
(5):903-905.

[10] KRUSE P W. Uncooled Thermal Imaging [ M].

Bellingham : SPIE PRESS,2001:13.

[11] KENNY T W , KAISER W J, WALTMAN S B,
et al.. Novel infrared detector based on a tunne-
ling displacement transducer [ J ]. Appt Phys
Lett, 1991(59):1820-1822.

(@bjut. edu. cn

SONG Yi-Chao(1980—), male, M. S. of Beijing Universi-
ty of technology,his main work is the MEMS design of IR
detector.

Li Xiao-Bo(1984—), male, M. S. of Beijing University of
Technology. his main work is semiconductor process and
MEMS technology. E-mail: dosan0202@163. com

DENG Chen(1983—), female, M. S. of Beijing Universi-
ty of technology, She is engaged in the research of high-
brightness LED surface treatment. E-mail: dengchen2006

(@ emails. bjut. edu. cn



