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Infrared detectors with high fill-factor absorber
and low offset low noise readout circuit
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Abstract; By using infrared detector and readout circuit, an uncooled infrared detecting system was developed. The detec-
tor using diode as the temperature sensor is compatible with integrated circuit process. A new device structure was used to
improve the fill-factor from 20% to 80% . The area of micromachined structure is 35 pm x 35 pm. The offset voltage of the
readout circuit is 3 wV. The output noise of the detector is 2 wV. The responsivity of the detector is 7 894.7 V/W, specific
detectivity of the detector is 1.56 x 10° cmHz"?/W , noise equivalent temperature difference of the detector is 330 mK, and
response time of the detector is 27 ms.
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culture, medical treatment and so on. There are two

Introduction
kinds of infrared detector: cooled detector and un-
Infrared detection technology has been widely cooled detector. The cooled infrared detector converts
used in many fields, such as military, industry, agri- infrared signal to electrical signal by photoelectric
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effect, and works at a low temperature. The uncooled
infrared detector absorbs infrared radiation, and the in-
frared radiation will increase the temperature of the
detector’s absorber. The sensitive components in the
detector will convert the change of temperature to elec-
trical signal.

There have been many studies on uncooled infra-
red detector in recent years, since uncooled infrared
detector is much superior in size, cost and power con-
sumption compared with cooled infrared detector''’.
However the performance of the uncooled infrared de-
tector is worse than the cooled one, which means that
uncooled infrared detector needs other methods, such
as new structure and high performance circuit to en-

2] Although many approaches have

hance its ability
been proposed for uncooled infrared detector, most of
them are not compatible with integrated circuit
process. In this paper we use diode as the temperature
sensor, which is compatible with integrated -circuit
process. We will present the high fill-factor absorber
and the low offset low noise readout circuit. Those are

used to improve the performance of the detector.
1 Diode temperature sensor

In general, the relation between current density

and terminal voltage of diode can be expressed by

J = J&Xp(%,) , (1)

where J, is the saturation current, g is the magnitude of
electronic charge, K| is the Boltzmann’s constant and T
is the temperature of diode. The inverse function of e-
quation(1) is:
v =5l L L @)
q J
After derivation, the temperature sensitivity of
voltage can be expressed by :
d_V=£_(3 +')//2)K0_& 3)
dT T q qT ’
E, is the forbidden band width of Silicon, its value is
1.119 €V when T is 300 K. It can be assumed that the
terminal voltage of diode is 0. 8 V. The value of the
temperature sensitivity can be calculated by equation

(3), which is —1.32 mV/K.

The temperature of the detector will increase after
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Fig.1 The structure of diode temperature
sensor with conventional absorber
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absorbing the infrared radiation. The terminal voltage
of diode will decrease when the temperature increases.
Hence the higher fill-factor, the better performance of

the detector'*!

. Fig. 1°! shows the structure of the di-
ode temperature sensor with conventional absorber.
The diode temperature sensor is supported by two legs
including electrical interconnections. The infrared radi-
ation absorber is directly on the diode, and filled with
the dielectric film that is a thickness of 1/4 infrared
wavelength between absorber and reflector. Although
the process of this structure is simple, the infrared ab-
sorbing area is small and the fill-factor is only 20% .

To obtain higher sensitivity, the thermal conduct-
ance of support leg is designed to be as small as possi-
ble and the infrared absorbing area is designed to be as
big as possible. Fig.2 shows the structure of the diode
temperature sensor with high fill-factor absorber. Com-
pared with the conventional one, the dielectric film of
the improved structure has been replaced by a vacuum
gap with the same thickness, and the absorber is sup-
ported by two pillars. Thus the infrared absorbing area
can be expanded to the whole device, and the fill-fac-
tor reaches 80% .

Reflector Pillar IR Absorber

Interconnect
—

Fig.2 The structure of diode temperature
sensor with high fill-factor absorber
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The absorber can improve the responsivity by ab-
sorbing more infrared radiation. Meanwhile, it deterio-
rates the response time. In Fig. 1 the thermal conduct-
ance of dielectric film is very large compared with the
thermal conductance of the support leg, and the ther-
mal response time from the absorbing structure to the
sensing structure is negligible. Hence the thermal re-

sponse time can be expressed by
T = % , (4)
where C, is the heat capacitance of the whole detector,
G, is the thermal conductance to the substrate. In Fig.
2 the thermal conductance of the pillars should be de-
signed to be much larger than the thermal conductance
of the support leg. So that the thermal response time
from the absorbing structure to the sensing structure
could be ignored, and the thermal response time can
be expressed by :
Cy +C,
== ,

leg

(5)

where C, is the heat capacitance of the absorbing

T

structure, C,, is the heat capacitance of the sensing

se

structure containing diodes, and G,, is the thermal

conductance of the support legs.
2 Chopper readout circuit

The suggested infrared detecting system has been
implemented as shown in the block diagram of Fig. 3.
The system consists of an absorber, a diode tempera-
ture sensor and a readout circuit. The output voltage of
the diode temperature sensor is small. The magnitude
of the output voltage is microvolt or lower. Hence it
needs a readout circuit to amplify the weak signal for
later processing, such as analog to digital converting.
However conventional integrated amplifiers are known

for their high 1/f noise and offset'®’. Noise will re-

Infrared Radiation

h,

Diode Temperature
Sensor and Absrober

Chopper Readout Circuit

Fig.3 Infrared detecting system block diagram
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duce the noise equivalent temperature difference
(NETD), and offset will reduce the dynamic range of
the detector. Hence chopper technology is introduced
to the readout circuit to reduce the 1/f noise and
offset.

In Fig.3, CHI and CH2 are modulators. G1, G2
and G3 are transconductors. Cl and C2 are compensa-
tion capacitors. Vc is the chopper signal. The output
signal of sensor is transposed to a higher frequency
where there is no 1/f noise by the modulator CH1, and
then demodulated back to the baseband after amplifica-
tion by modulator CH2. Most 1/f noise and offset are
modulated to the chopper frequency by modulator
CH2, and then filtered out by a low-pass filter. The
low-pass filter consists of G2, G3, C1 and C2.

The input noise of the readout circuit can be ex-

pressed as”!,

Syin = SM)(I + |J;’;|) , (6)

Sy is the white noise, and f; is the corner frequency.

After chopped by the CH2, the output noise becomes:

17
Sy = ASw(1e 1))
W chop

A is the gain of Gl and f,,,, is the chopper frequency.
Since the CH2 is followed by a low-pass filter, the out-
put noise spectrum of the readout circuit can be ex-
pressed by :
17f, 1
Sy = AS ( : )
v wi ! +27T2ﬂhop (1 +27RG;

R is the output resistance of G1, and C is the value of
[8]

) . ®

Cl. The residual offset after chopper is

2
V. =A717V. , (9)

inj
V., is charge injection of modulator and T is the period
of the chopper signal. The low-pass filter removes all
but the first harmonic of the chopped offset voltage.
The residual offset is then equal to:

0)

V= 4AVi,,j(27"T)2 . (10)

3 Experimental results

Figure 4 is the photo of high fill-factor absorber,
and Fig. 5 is the photo of chopper readout circuit. Test

results show that the proposed detector’s performance is
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better than the detector without high fill-factor absorber
and chopper readout circuit. The performance of the
detector with high fill-factor absorber is better than the
detector with conventional absorber as shown later. The
test performances of detectors were compared in two ca-
ses, such as only single device and the entire system
including readout circuit. The performance of the infra-
red detector with high fill-factor and low offset low

noise readout circuit is presented below.

Fig.4 Absorber
K4 miz

Fig.5 Readout circuit
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The performance of the detector can be judged by

specific detectivity, which is defined as™’;
. R

D =V—«/A-Af , (11)

R is the response sensitivity, V.. is the noise voltage,

A is the area of device, and Af is the measured band-

with. The ratio of generated voltage to received power
stands for the detector’s response sensitivity ;

14
R=— . (12)

The response sensitivity and the noise voltage of
the diode sensor with conventional absorber and pro-
posed absorber were measured respectively. The spe-
cific detectivity of diode sensor with conventional ab-
sorber is 4. 68 x 10° emHz"?/W. The specific detec-
tivity of diode sensor with high fill-factor absorber is
2.07 x 10’ cmHz"?/W, which is 4. 4 times greater
than the former one. The response sensitivity and noise
voltage of detector with high fill-factor and readout cir-
cuit were measured too. Its specific detectivity is 1.56
x10° cmHz"?/W, which is 75 times greater than the
detector without readout circuit. The test results of the
three detectors are shown in table 1. Type I is conven-
tional absorber without readout circuit. Type II is high
fill-factor absorber without readout circuit. Type III is

high fill-factor absorber with readout circuit.

Table 1 specific detectivity of three detectors
F1 ZFERWRHRERWE

Type I Type I
4. 68 x10° 2.07 x 107

Type III
1.56 x10°

D * (ecmHz"%/W)

Figure 6 shows the offset voltage at different fre-
quencies of the readout circuit. At first the offset volt-
age decreases as chopping frequency increases because
of the low-pass filter, then the offset voltage increases
as chopping frequency increases because of charge in-
jection. There is a lowest offset voltage, which is 3
wV. Fig.7 is the large signal transient response of the
readout circuit, which shows that the dynamic range of

the readout circuit can reach 4.7 V.
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Fig. 6 Offset voltage of readout circuit
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Fig.7 Large signal response of readout circuit
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The output noise of the infrared detector with high
fill-factor absorber and low offset low noise readout cir-
cuit is about 2 .V, which is shown in Fig. 8. The tran-
sient response of the infrared detector with high fill-fac-
tor absorber and low offset low noise readout circuit is
shown in Fig. 9, which shows that the response time of
the detector is 27 ms. Table 2 compares this work to

other infrared detectors in references.

Srem
IOm\j/
1 mVi
100 p\j/
10V ———
100 n\?/ A

10nV
1 nV %
100 pV

CF 10.0 Hz 691 pts

Span 20.0 Hz|

Fig.8 Output noise of the detector
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Fig.9 Transient response of the detector
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Table 2 Main performance of the proposed infrared detec-
tor and its comparison

R2 EFENLIMRNES 5% TP SMR R R RE

bog4
Responsivity Detectivity Response time
(V/W) (cmHz"%/W) (ms)
[5] 4970 9. 7x108 36
[10] 5700 1.2x108 7
[11] 34.7 1.93x107 6.2
This work 7894. 7 1.56 x10° 27

4 Conclusion

An infrared detector with high fill-factor absorber
and low offset low noise readout circuit is presented.
The structure of the absorber and the readout circuit
are shown. The diode is used as the temperature sen-
sor, which is compatible with integrated circuit
process. The designed infrared detector exhibit respon-
sivity of 7 894. 7 V/W, specific detectivity of 1. 56 x
10° cmHz"?/W, noise equivalent temperature differ-

ence of 330 mK, and response time of 27 ms.

REFERENCES

[1]Roncaglia A, Mancarella P, Cardinali C C, CMOS-compati-
ble fabrication of thermopiles with high sensitivity in the 3-5
wm atmospheric window [ J ], Sensors and Actuators B,
2007, 125(1), 214 -223.

[2]Ueno M, Kosasamaya Y, Sugina T, et al. 640 x 480 pixel
uncooled infrared FPA with SOI diode detectors[J], Proc.
SPIE-Infrared Technology Applications XXXI, 2005, 5783
566 —577.

[3]Sze S M. Physics of Semiconductor Devices [ M]. New
York: John Wiley & Sons, 1981.

[4]Kimata M, Ueno M, Takeda M, et al. SOI diode uncooled
infrared focal plane arrays[ J]. Proc. SPIE-Quantum Sens-
ing and Nanophotonic Devices III, 2006, 6172 6120x. 1 -
6120x. 11.

[5]Eminoglu S, Tanrikulu M, Akin T, A low-cost 128 x 128
uncooled infrared detector array in CMOS process [ J ],
Journal of microelectromechanical system, 2008, 17 (1) .
20 -30.

[6]Enz C, Temes G C. Circuit techniques for reducing the
effects of op-amp imperfections; autozeroing, correlated
double sampling, and chopper stabilization[ J]. Proceedings
of IEEE, 1996. 1584 -1614.

[7]Enz C, Vittoz E A, Krummenacher F. A CMOS chopper
amplifier [ J]. IEEE ] Solid-State Circuits, 1987, 22.
335 -342.

[8]Menolfi C, Huang Qiu-Ting A low-noise CMOS instrumenta-
tion amplifier for thermoelectric infrared detectors [ J ],
IEEE J Solid-State Circuit, 1997, 32 968 —976.

(F#% 67 W)



13 WANG Ya-Jun et al; Design and microfabrication of folded waveguide circuit for THz TWT

67

waveguide circuit is presented. With the knowledge of
the operating frequency and beam voltage, we can ob-
tain the initial structural parameters of the FWTWT.
An optimized structure of 220 GHz folded waveguide
slow-wave structure was designed in order to tradeoff
the bandwidth and gain. Cold characteristics of a fol-
ded waveguide circuit including dispersion relation and
interaction impedance were calculated using HFSS.
The simulative values have good agreement with the
theory ones. The large signal performance was predic-
ted by PIC code. The nonlinear simulation shows that
gain is 13.5 dB at 220 GHz, and 3 dB bandwidth of
11 GHz (213 ~ 224 GHz).

process of the folded waveguide circuit has been dis-

The micromachined

cussed. The first example of folded waveguide circuits
was fabricated by UV-LIGA. Optimization of the UV-
LIGA processing to achieve the desired dimensional
tolerances was discussed. In order to eliminate regen-
erative oscillations, attenuator for a folded waveguide
TWT is important. In THz TWT, the traditional BeO
attenuator isn’ t fabricated because of its size. DRIE-
machined Si attenuator shows promise as drop-in com-
ponents for THz TWT. The design and DRIE fabrica-

tion of Si attenuator is in progress.
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