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Abstract

This paper reports an uncooled microbolometer infrared detector with polycrystalline silicon–germanium thermistor as the active
element. Polycrystalline silicon–germanium (poly-SiGe) films are deposited by ultrahigh vacuum vapor deposition (UHV/CVD) and their
structural properties are characterized by Rutherford backscattering spectrometry (RBS), SEM and Raman spectrum. The dependency of the
temperature coefficient of resistance on operating temperature and on annealing temperature has been investigated. The complete fabrication
of the microbolometer is described. To decrease the thermal conductance of the microbolometer, a poly-SiGe thermistor is formed on a
two/four leg suspended microbridge with bulk silicon anisotropic etching and induced couple plasma (ICP) technique. Measurements and
calculations show that at a bias voltage of 5 V, the maximum detectivity of 8.3 × 108 cm Hz1/2/W is achieved at 15 Hz with a thermal
response time of 16.6 ms. At a chopper frequency of 30 Hz, the maximum detectivity of 7.48× 108 cm Hz1/2/W and approximately 86%
of the maximum responsivity are reached at 12.5 V, respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A large number of uncooled infrared focal plane arrays
(IRFPA) based on a silicon IC process and a microma-
chining technique have been developed in the past several
years[1,2]. The uncooled IRFPAs primarily include three
types: microbolometer, pyroelectric and thermopile-based.
We have chosen the microbolometer type detector for our
present research not only because its responsivity is much
higher than that of thermopile detectors, but also because it
is generally easier to fabricate than pyroelectric detectors,
and IR chopping is not necessary.

Important considerations when choosing the thermosen-
sitive material for the microbolometer include a high
temperature coefficient of resistance (TCR), low noise and
compatibility with IC fabrication. A wide variety of mate-
rials have been used as active element for microbolometers.
Vanadium oxide (VOx) is the most widely used due to its
high TCR of −2 to −3%◦C−1 and its low temperature
process[1]. The main drawback of VOx is that it is not a
standard material in IC fabrication processes. Although the
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amorphous silicon carbide (SiCx) with a high TCR of−4
to −6◦C−1 is an IC compatible material, it requires a high
annealing temperature of about 1000◦C to achieve stability
of microstructures, which is not suitable for post-CMOS
processing since such a high temperature must have de-
stroyed the readout circuitry[3]. Another commonly used
IC compatible material is the boron doped amorphous sili-
con (a-Si:B) which has an attractive TCR of−2 to−8◦C−1,
while its excess low frequent noise badly compromises the
TCR [4].

Since the melting point of silicon–germanium (SiGe) al-
loy is lower than that of Si, one advantage of polycrys-
talline silicon–germanium (poly-SiGe) film is that it requires
lower thermal budget for crystallization, grain growth and
dopant activation, thus occurring at lower temperature, than
poly-Si film [5]. Additionally, the thermal conductivity of
the poly-SiGe alloy is lower than that of poly-Si. For a ger-
manium mole fraction of 30%, it is at least a factor of four
lower than that of poly-Si[6–9]. In this paper, we present
a microbolometer with poly-SiGe thin film resistor as ther-
mosensitve element. Firstly, we will briefly review the the-
oretical consideration on responsivity and different sources
of noise. Then, the deposition by ultrahigh vacuum vapor
deposition (UHV/CVD) system and the structural properties
of poly-SiGe will be described. After that, the microbolome-
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ter structure and the detailed fabrication processes will be
described. Finally, the performance of the microbolometer
and the discussion will be presented.

2. Theory

The performance of a microbolometer is characterized by
certain figure-of-merit such as responsivity and detectivity.
The voltage responsivityRv characterizes the microbolome-
ter response to IR radiation. It is defined as the output volt-
age signal divided by the input radiant power falling on the
microbolometer surface, and is given by[10]:

Rv = |α|ηVRbRL

G(Rb + RL)2
√

1 + 4π2f 2τ2
(1)

whereα is the TCR defined asα = 1/Rb(dRb/dT), η the
fraction of incident radiation absorbed,V the bias voltage,
Rb the microbolometer resistance,RL the load resistance,G
the total thermal conductance to the substrate,f the radia-
tion modulation frequency andτ the thermal time constant
defined by the ratio of the microbolometer’s thermal mass
to its thermal conductance,C/G. FromEq. (1)we note that
the maximum responsivity is achieved for a load resistor of
RL = Rb.

The electrical noise is important in determining the per-
formance of a microbolometer. The detectivityD∗ is a fig-
ure of merit that measures the signal-to-noise ratio and
normalizes the performance of the detector with respect to
the detector size, and is given by[10,11]:

D∗ = Rv
√

Ad �f

Vn
(2)

whereAd is the microbolometer area,�f the frequent band-
width andVn the total noise voltage of the microbolometer.

The voltage noise includes Johnson noise due to the ther-
mal agitation of charge carriers, and 1/f noise observed at low
frequencies usually due to trapping and detrapping mecha-
nisms and surface state scattering. In addition, there is tem-
perature fluctuation noise arising from the fluctuations in the
heat exchange between the isolated thermosensitive element
and its heat sink. The total noise voltage of the microbolome-
ter Vn is the root-mean-square of these noise components,
and is given by:

Vn =
√√√√[(

4kT2G
R2

v

η2

)2

+ 4kTRb + C0Im

fn

]
�f (3)

wherek is Boltzmann’s constant,T the working temperature,
I the bias current, andC0, m andn are constants.

3. Deposition of the poly-SiGe film

An ultrahigh vacuum vapor deposition system was used to
deposit poly-SiGe in this work, using pure silane (SiH4) and
germane (GeH4) as the source gases. The UHV/CVD sys-
tem mainly consists of a growth chamber connected to the

Fig. 1. Schematic diagram of the UHV/CVD system.

pump system, a graphite heater around the growth chamber,
a fore-chamber for loading/unloading substrates without ex-
posing the growth chamber to air, a gas nozzle, and a transfer
rod equipped with a substrate platform. A computer controls
the chamber temperature and gas flow rates. The schematic
diagram of the UHV/CVD system is illustrated inFig. 1.

The starting substrate was a 75 mm diameter double-side
polished (1 0 0) oriented silicon wafer with 5000 Å PECVD
Si3N4. The substrate was cleaned in 4:1 H2SO4:H2O at
200◦C for 20 min, followed by a deionzed water rinse and
N2 drying, after which it was put into the fore-chamber.
When the vacuum in the fore-chamber had been pumped
down rapidly to reach 10−5 Pa, the substrate was trans-
ferred into the growth chamber. Prior to deposition, the
growth chamber was evacuated to a base pressure of below
1.0 × 10−7 Pa. Deposition was carried out at a temperature
of 550◦C and a chamber pressure of 2.5 × 10−2 Pa, with
flow of 15.0 sccm for SiH4 and 4.4 sccm for GeH4.

After deposition, poly-SiGe films were doped through ion
implantation with two different boron doses: 4× 1013 and
5 × 1015 cm−2, with the same implant energy of 25 keV,
and subsequently annealed at different temperatures ranging
from 650 to 1050◦C for 1 min in N2 ambient by rapid ther-
mal annealing (RTA) reactor in order to investigate the effect
of the annealing temperature on the resistance and TCR of
poly-SiGe.

The Ge mole fraction of poly-SiGe film was determined
by Rutherford backscattering spectrometry (RBS). Raman
measurement was carried out using a Renishaw Raman spec-
trometer with the 514 nm line of an argon ion laser operated
at 5 mW to avoid in situ laser annealing and damage to the
samples. Sheet resistances were measured with a four-point
probe.

4. Properties of the poly-SiGe film

RBS measurement shows that the prepared poly-SiGe
film has a Ge mole fraction of 0.29, with the film thickness
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Fig. 2. SEM surface morphology of the poly-SiGe film.

of 0.5�m. Fig. 2 is the SEM surface morphology of
as-deposited poly-SiGe, indicating the formation of a poly-
crystalline film. The grain of poly-Si0.71Ge0.29 nestles to-
gether, with the approximate grain size of several hundreds
of angstroms.Fig. 3 displays the typical Raman spectra
of as-deposited poly-Si0.71Ge0.29. The three Raman peaks
representing the Si–Si, Si–Ge and Ge–Ge phonon modes
located at 288, 405 and 501 cm−1, respectively, are clearly
visible.

For poly-SiGe with doping dose of 4× 1013 cm−2 and
annealing at 650◦C, the sheet resistance (Rs) and calculated
TCR value dependence on the operating temperature (T)
are shown inFig. 4. At 296 K, Rs is 0.35 M�, and TCR is
−1.91% K−1. The lnRs, as well as the TCR, varies linearly
with 1/T. From the slope of the straight line (lnRs ∼ 1/T), an
activation energy of 0.145 eV can be deduced. While for film
with heavily doping dose of 5× 1015 cm−2 and annealing

Fig. 3. Raman spectra of the poly-SiGe thin film.

at 650◦C, Rs and TCR are 0.92 k� and a positive value of
0.09% K−1, respectively, indicating that such a heavy dose
gives a low resistance and a negligible TCR and is suitable
for electrical contacts of resistor.

Fig. 5 shows the dependence of the annealing tempera-
ture on the resistance and TCR. It is indicated that, both re-
sistance and TCR decrease approximately linearly and not
sharply until the annealing temperature reaches 950◦C, then
both two drop distinctly. This may be due to the recrys-
tallization at higher annealing temperature, forming a large
crystal and reducing the total grain boundary area available
to trap carriers in poly-SiGe. Thus, the activation energy
must be reduced strongly, which results in a distinct drop of
the resistance and TCR at 1050◦C. Fig. 5also presents that
650◦C is enough to activate the boron dopant in poly-SiGe,
which is helpful to reduce the highest temperature of mi-
crobolometer process.

Fig. 4. Dependence of the resistance and TCR on the operating temper-
ature.
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Fig. 5. Dependence of the resistance and TCR on the annealing temper-
ature.

5. Microbolometer structure and fabrication

The schematic diagram of microbolometer is shown in
Fig. 6. The poly-SiGe thin film resistor is located at a ther-
mally well-isolated microbridge supported by two or four
legs, which maximizes the temperature increase due to the
absorption of IR radiation. The microbridge is formed by
bulk micromachining. The IR absorber on the surface is a
composite membrane made of SiO2 and Si3N4, which can
typically achieve an average absorptivity of 20–30% in the
range of 8–14�m [12].

The main fabrication process of the microbolometer is
shown in Fig. 7 and can be described as follows: begin-
ning with the 75 mm diameter double-side polished (1 0 0)
oriented silicon wafers, 5000 Å thermally grown SiO2 and
2000 Å LPCVD Si3N4 were used as masking layer for bulk
silicon anisotropic etching. Back windows in the masking
layer were patterned and opened. Wafers then were rinsed
in a TMAH solution to etch a depth of 370�m bulk silicon,
leaving a silicon membrane of 30�m. The etching details
are given elsewhere[13]. In short, the etching was done at
80◦C in a 10% TMAH solution, with an etching rate of about

Fig. 6. Schematic diagram of the poly-SiGe microbolometer.

Fig. 7. Main fabrication process of the poly-SiGe microbolometer.

45�m/h in the (1 0 0) direction (Fig. 7(a)). After the masking
layers were removed, a supporting layer of 5000 Å PECVD
Si3N4 and an active layer of 5000 Å UHV/CVD poly-SiGe
were deposited, followed by an ion implant with a boron
dose of 4× 1013 cm−2 (Fig. 7(b)). Then, 2000 Å PECVD
SiO2 was deposited onto poly-SiGe, and was patterned to
form the first layer of the IR absorber. A heavily ion implant-
ing with a boron dose of 5×1015 cm−2 into poly-SiGe and a
subsequent annealing at 650◦C for 1 min in N2 ambient by
RTA reactor were performed (Fig. 7(c)). The poly-SiGe was
patterned to define the active area and the support legs which
also act as electrical contacts. Then, 2000 Å PECVD Si3N4
was deposited as the second layer of IR absorber (Fig. 7(d)).
The contacts of the electrodes were patterned and 1.0�m
aluminum was sputtered, patterned and metallized. After
patterning the stack of two PECVD Si3N4, RIE technique
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Fig. 8. SEM pictures of the poly-SiGe microbolometers with: (a) two
legs or (b) four legs suspended microbridge.

was used to etch the Si3N4 layers until the top surface of
the silicon appears (Fig. 7(e)). Finally, the left 30�m silicon
substrate was further etched using an induced couple plasma
(ICP) system. The etchant was pure SF6 gas. With a SF6
flow of 6 sccm at 20 Pa and a power of 600 W during etch-
ing reaction, the silicon was etched at a rate of 1.1�m/min
(Fig. 7(f)).

Fig. 8 shows the SEM pictures of some devices with dif-
ferent dimensions and shapes. The structures are suspended.
It should be noted here that each structure remains flat, sug-
gesting that the stress in composite membrane is well com-
pensated.

6. Characteristics and discussion

The responsivity and noise voltage of the microbolome-
ter were measured at atmosphere pressure and an operating
temperature of 296 K. The microbolometer was connected
in series to a dc voltage source and to a load resistance equal

Fig. 9. Dependence of the responsivity and noise voltage on the chopper
frequency.

to the microbolometer resistance. It was then exposed to the
radiation of a black body at 773 K. A filter was used to re-
duce the spectral region of 8–14�m. The incident radiation
was modulated by a mechanical chopper, and the signal was
measured using an SR510 lock-in amplifier.

Fig. 9 displays the measured responsivity and noise volt-
age as a function of the chopper frequency, at a bias voltage
of 5 V. It is shown that poly-SiGe microbolometer has a high
responsivity that depends strongly on frequency, decreas-
ing from over 15,000 V/W at 10 Hz to about 1000 V/W at
200 Hz. The 3 dB cut-off frequency of responsivity is 60 Hz.
Therefore, the thermal response time, reciprocal cut-off fre-
quency, is approximately 16.6 ms, which is suitable for the
frequency response required for 30 Hz imaging applications.

It is well known that Johnson noise voltage of per unit
bandwidth,VJ, does not depend on the chopper frequency.
For poly-SiGe microbolometer here, the calculatedVJ is
about 45 nV/Hz1/2. Assuming that the temperature fluctua-
tion noise is negligible, and integrating with the measured
total noise voltage shown inFig. 9, we notice that 1/f noise
dominates at low frequency (f < 100 Hz) and is compara-
ble to Johnson noise until the chopper frequency reaches
150 Hz, and the rest is dominated by Johnson noise. The
1/f noise here is much higher than that in metal film mi-
crobolometer[14], while very low compared to that in
amorphous silicon microbolometers[15]. The detectivity
dependence on the chopper frequency, at a bias voltage of
5 V, is shown inFig. 10, indicating the maximum detectivity
of 8.3 × 108 cm Hz1/2/W is achieved at 15 Hz.

Fig. 11 displays the responsivity and detectivity depen-
dence on bias voltage at a chopper frequency of 30 Hz. It is
clear that the responsivity first increases approximately lin-
early with the bias voltage, then saturates. The linear part
of the curveRv–V in Fig. 11 is consistent withEq. (1). To
explain the saturation part, we note that the microbolome-
ter is heated by the electrical power dissipated since it is
biased using a dc voltage source. As a result, the TCR of
the poly-SiGe is decreased, and then the responsivity is
limited.
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Fig. 10. Dependence of the detectivity on the chopper frequency.

Fig. 11. Dependence of the responsivity and detectivity on the dc bias
voltage.

Notice that negative slope of the curveD∗–V in Fig. 11.
As the bias voltage is increased, the 1/f noise dominates
over the Johnson noise sinceV1/f is proportional to the bias
voltage, whileVJ is basically invariable over the whole fre-
quency. Therefore, at high bias voltages, the increasingV1/f

and the simultaneously decreasing TCR badly reduce the
detectivity, while at low bias voltages, the above two factors
can not fully compromise the increase of the bias voltage.
At the chopper frequency of 30 Hz, the maximum detectiv-
ity of 7.48×108 cm Hz1/2/W and approximately 86% of the
maximum responsivity of 17,400 V/W is reached at 12.5 V,
respectively, so 12.5 V is considered as the optimal operat-
ing voltage.

7. Conclusion

We report the realization and characterization of poly-
SiGe microbolometer. The lnRs and the TCR decreases lin-
early with the reciprocal of the operating temperature.Rs and
TCR vary approximately linear with annealing temperature
until 950◦C is reached, when both drop distinctly. With bulk
silicon anisotropic etching and ICP technique, the suspended

microbridges with different shapes of support leg have been
realized. In the whole procedure, 650◦C is the highest pro-
cess temperature since it is enough to effectively activate
the boron dopant in poly-SiGe. We have characterized the
microbolometer for the infrared radiation in spectral region
of 8–14�m at an operating temperature of 296 K. It is in-
dicated that at a bias voltage of 5 V, a maximum detectivity
of 8.3 × 108 cm Hz1/2/W at 15 Hz and a thermal response
time of 16.6 ms are achieved. At a chopper frequency of
30 Hz, 12.5 V is considered as the optimal operating voltage
since the maximum detectivity of 7.48 × 108 cm Hz1/2/W
and approximately 86% of the maximum responsivity of
17,400 V/W are reached, respectively.
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