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1. Introduction 

Infrared (IR) imaging has absorbed a large attention during the last two decades due to its 
application in both civil and military applications (Per Ericsson et al., 2010; Lapadatu et al., 
2010; Sood et al., 2010). Thermal detector is presently revolutionizing the IR technology field 
and it is expected to expand the market for cameras. These detectors are micro-bolometers 
and are manufactured through micro-maching of a thermistor material. Since these 
detectors demand no cryogenic cooling, they provide the opportunity for producing 
compact, light-weight, and potentially low-cost cameras. The preferred functioning 
wavelength regions for these detectors are usually 8–12 Ǎm due to the high transparency of 
the atmosphere in these regions.  

Micro-bolometers function through absorption of infrared radiation on a cap layer which 
warms the bolometer’s body and raises the temperature. This temperature change is sensed 
by a thermistor material integrated in the bolometer, i.e. a a material whose resistivity 
changes with temperature variation. The whole detector body consists of a thin membrane 
which is thermally isolated and is fastened to the wafer via two thin legs. The legs are 
connected to a CMOS-based read-out integrated circuit (ROIC). A thin oxide or nitride layer 
is deposited to ensure the stability of the legs in contact to the ROIC body (see Fig. 1). The 
whole detector is vacuum encapsulated to reduce effectively the thermal conductance. 
Signal processing is obtained and multiplexing electronics (CMOS) is integrated within the 
silicon substrate. All the membranes are in form of pixels which are bonded to a read-out 
circuit to amplify the generated signal (Kvisterøy et al., 2007; J. Källhammer et al., 2006; F. 
Niklaus, Kälvesten, & G. Stemme, 2001; F. Niklaus, Vieider, & Jakobsen, 2007). 

This chapter will present the benefits and drawbacks of group IV thermistor materials in 
bolometers. The proposed structures are composed of multi-quantum wells (MQWs) or dots 
(MQDs), structures of Si(C) (barrier)/SiGe(C) (quantum well layer) and their combination 
with a Schottky diode.  
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1.1 Thermal detectors 

A detector may be simply represented by a thermal capacitance Cth coupled via the thermal 
conductance Gth to a heat sink at the constant temperature T. When the detector is exposed 
to radiation, the temperature variation can be calculated through the heat balance equation. 
For any thermistor material assuming periodic radiant power, temperature variation is 
given by (Kruse, McGlauchlin, & McQuistan, 1962; Smith, Jones, & Chasmar, 1968): 

 

 
0

1
2 2 2 2
th th

εΦ
T

G ω C
 


 (1) 

where ΔT is the optically induced temperature variation due to the incident radiation Φ 
(Φ0exp(iωt)) and ε is the emissivity of the detector. The usual procedure employed in 
bolometer detectors to achieve a good IR absorption is depositing a transparent thin metallic 
film on top of the device. Free electron absorption in metal films guarantees the absorption 
of about 50% of the incident IR radiation (Liddiard, 1984). In order to further enhance 
infrared absorbance, a resonant cavity is employed in the detector structure. The resonant 
cavity involves an absorbing membrane suspended at a distance d above the cavity reflector 
metal. The resonant absorbance peaks correspond to the condition for minimum reflectance. 
The three resonance absorbance peaks are ǌ/4, 3ǌ/4 and 5ǌ/4 in the LWIR spectral band 
(Schimert et al., 2008).  

A more practical design for a bolometer with high performance is to create the cavity within 
the sensor membrane itself. In this case, a reflective area is (a mirror-like) deposited on the 
bottom side of the bolometer membrane (Per Ericsson et al., 2010).   

The LWIR radiation is within 8-12 Ǎm wavelength region and the maximum absorption is 
obtained when the total bolometer membrane thickness of suspended membrane including 
the absorbant cap layer, thermistor material and the reflector layer is ~2-3 Ǎm. This 
thickness is a rough estimation since the semiconductor thermistor material consists of a 
multilayer (e.g. Si/SiGe) structure. Thus, the final optimized membrane thickness has to be 
obtained by optical simulations considering the optical properties of all layers.  

 
Fig. 1. A schematic cross-section of a bolometer pixel for an optimal absorption. 
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It is worth mentioning here that for a bolometer, the membrane thickness will affect not only 
the optical properties, but also the bolometer mass and the electrical resistance. Therefore, it 
is important to take into account both optical and electrical factors when performing the 
calculations. 

In order to increase the temperature response of the detector, the thermal capacity of the 
detector (Cth) and the thermal coupling to its surroundings (Gth) must be as small as 
possible. The thermal contacts of the detector with surroundings should be reduced while 
the interaction with the incident beam must be optimized. In practice, the detectors are 
vacuum encapsulated to become thermally isolated. The thermal response time (Ǖth) for 
such a detector can be written as: 

 th
th th th

th

C
C R

G
    (2) 

The typical response time for a thermal detector is in millisecond range which is longer than 
that of photon detectors (microsecond range). Eq.1 can then be rewritten as: 
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This means that the detector sensitivity is higher for lower frequency range. The voltage 
responsivity of the detector is given by the ratio of the output voltage signal (Vs) to the input 
radiation power (Φ0): 

 
0 0

sV KΔ
Φ ΦV

T
R    (4) 

where the generated output voltage is assumed to be linearly proportional to the 
temperature difference and K is linearly dependent on the thermistor TCR value. 
Substituting eq.3 in eq.4 results in the following equation (Liddiard, 1984): 
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It can be deduced from the final expression that at low frequencies (ω<<1/Ǖ), the 
responsivity is proportional to the thermal resistance of the detector (Rth) and not the 
thermal capacitance. This is exactly the opposite at high frequencies. As the operating 
frequency increases beyond the cut–off frequency (f = 1/2ǑǕ) the responsivity of the detector 
rapidly declines. Thus, good responsivity can be achieved by using a high TCR thermistor 
which is a characteristic of semiconductors rather than metals, and by minimizing Gth 

through a good thermal isolation of the bolometer. 

Thus designing a high quality IR camera is not an easy task and many other parameters and 
issues e.g. thermistor material choice, costs and feasibility have to be well thought of. 
Meanwhile a more physical discussion for bolometers should cover the wavelength 
dependence of the interaction between the optical absorption and the bolometer mass, and 
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the black body radiance. A more interpretable image of a resistive bolometer can be 
expressed by the noise equivalent temperature difference (NETD) as follows (Frank Niklaus, 
Decharat, Jansson, & Göran Stemme, 2008): 
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where ǌ is the wavelength and Tobj the object temperature, L the black body radiance, ε the 
bolometer absorption, φ the wavelength dependent transmission of the optical system, TCR 
the temperature coefficient of resistance, Ubias bias voltage applied to the thermistor, Ǖ the 
thermal time constant of the membrane, ω the image modulation frequency, VN the RMS 
noise voltage, F is the f-number of the optical system, and C the heat capacity of the 
membrane. 

This expression indicates that the thickness cannot be freely adjusted to obtain the optical 
ǌ/4 cavity and a larger C increases the NETD.  

1.2 Figures of merit for thermistor materials 

The figures of merit for a thermistor are temperature coefficient of resistance (TCR) and 
signal noise level. Today, commonly used thermistor materials such as vanadium oxide 
(VOx), amorphous, and polycrystalline semiconductors demonstrate moderate noise levels 
and TCR values around 2%–4% (Lv, Hu, Wu, & Liu, 2007; Moreno, Kosarev, Torres, & 
Ambrosio, 2007). Recent studies have proposed single crystalline (sc) SiGe as a thermistor 
material (Di Benedetto, Kolahdouz, Malm, Ostling, & H. H. Radamson, 2009; Vieider et al., 
2007; S. Wissmar, H. Radamson, Kolahdouz, & J. Y. Andersson, 2008) demonstrating a high 
signal-to-noise level. This has been achieved by high epitaxial quality and smooth interfaces 
between the Si and SiGe layers. The simulations of the fully strained SiGe/Si quantum well 
structure indicate that the TCR performance can be improved to 6%–8% for 70%–100% Ge in 
sc-SiGe layers. Although these predicted values for sc-SiGeseem to be outstanding, but so 
far no experimental data have confirmed the theoretical calculations. One obstacle to 
overcome is the strain relaxation of the epitaxial SiGe layers which results in surface 
roughness (Di Benedetto et al., 2009). Since the properties of this thermistor material is 
improved by increasing the Ge content, producing a high quality SiGe with high Ge content 
(>35%) is a challenging effort. 

1.3 Temperature response and sensitivity 

The intrinsic part of a bolometer consists of the “thermistor” material. This part responds to 
temperature variations which result in resistivity changes. The criteria for an ideal thermistor 
material can be addressed as follows (Schimert et al., 2008): 1) a high temperature coefficient of 
resistance (TCR); 2) a high signal–to–noise ratio (SNR); 3) a sufficiently low thermal response 
time constant which leads to a high responsivity; 4) the ability to form a thermally isolated 
optical cavity from the material; 5) the mature material growth technology that is compatible 
with integration on a substrate containing the VLSI signal processing functions; and 6) the 
possibility to manipulate a wide range of bolometer resistance.  
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Temperature Coefficient of Resistance for a thermistor material is the parameter used to 
quantify the temperature sensitivity and it is defined as (Di Benedetto et al., 2009): 

 11 ( )
[ ]

R T
K

R T
 



 (7) 

The resistivity is the exponential function of thermal activation conductance which is 
expressed by: 

 0exp( )aE

kT
   (8) 

where ǒ, ǒ0, Ea and k are the resistivity, the measured pre-factor, the activation energy and 
Boltzmann’s constant. In semiconductors, ǂ can be expressed by the activation energy 
derived from Arrhenius plot (Schimert et al., 2008): 

 
2

1 3

2
[ ]B fk T E V

kT
      (9) 

The thermistor materials have either positive temperature coefficient of resistance (PTC) or 
negative temperature coefficient of resistance (NTC). The first group includes materials like 
metals in which the resistance increases with increasing the temperature; whereas, the latter 
group are composed of semiconductor materials in which the resistance decreases with 
increasing the temperature.  

For a Si(C)/SiGe(C) MQW structure, Ea becomes the barrier height V (see Fig. 2). In order to 
maximize the TCR of bolometers, high Ge content (or even pure Ge) on Si is required.  

 
Fig. 2. A schematic drawing of the banddiagram of Si/SiGe/Si heterojunctions (type II-
alignment). 

However, due to lattice mismatch of ~4% between Si and Ge  strain relaxation occurs when 
the thickness of the SiGe layers exceeds a critical value (Bean, Feldman, Fiory, Nakahara, & 
Robinson, 1984).  High quality SiGe quantum wells are grown when the layer thickness is a 
value within the meta-stable region (see Fig. 3a). Otherwise the strain relaxation for the thin 
SiGe layers is monitored through interfacial roughness and no dislocations are observed (see 
Fig. 3b).    
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Fig. 3. The cross-sectional HRSEM view of a) Si0.72Ge0.28 / Si and b) Si0.68Ge0.32 / Si stack 
grown at 650 ºC. The dark strips are SiGe layers.  

For a thin SiGe well, nevertheless, the ground state in the well will shift away from the 
valence band edge because of carrier confinement (Cohen-Tannoudji, Diu, & Laloe, 1977). In 
order to calculate the energy levels and sub-bands in terms of quantum well’s profile (Ge 
content and layer thickness) the Schrödinger equation has to be solved for holes in the 
valence band using  6*6 Luttinger Hamiltonian. These theoretical calculations can be 
essential for designing structures for high TCR values.   

1.4 Signal-to noise ratio 

Noise for an electronic signal is a stochastic random variation which makes it difficult to 
distinguish the signal amplitude and as a result the IR detectivity becomes limited. The 
noise occurs when the voltage or current measurements are performed for a device and it is 
the summation of contributions from the different sources. These sources can be divided 
into two main groups; a) external or extrinsic sources which are generated due to the 
surrounding performance of the device and b) Internal or intrinsic sources which refers to 
random fluctuation in the carrier transport because of defects and imperfections in the 
device structure. 

The thermal noise (it is also so-called Nyquist or Johnson noise) is similar as Brownian 
motion of the charged carriers in a material and its nature is a random thermal motion. In a 
conductive material, at non-zero temperature T, electrons vibrate randomly depending on T. 
This noise is expressed for a resistor R in a Δf bandwidth by: 

 2 4 ΔfJV kTR  (10) 

where k is the Boltzmann constant. This means that the thermal noise can be minimized for 
bolometer application by lower resistive material, lower operating temperature and 
narrower bandwidth. However, an actual bolometer application requires a finite limit to the 
bandwidth through the scanning and readout of the detectors and ambient temperature 
operation. Thermal or temperature fluctuation noise is another noise source which must be 
discussed to evaluate the detectivity of the device. 
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Since the detector consists of an array of pixels which are suspended membranes, and has 
legs connected to the ROIC, then a thermal or temperature fluctuation noise is created which 
affects the detectivity of the device. This will transform in a form of an electric noise because 
of the coupling between the temperature and the resistance. Temperature fluctuation is 
expressed as follows (Kruse et al., 1962; Smith et al., 1968): 
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The other important source of noise for IR detection is the “background noise”. Heat 
exchange due to radiation between the detector at temperature Td and the environment at 
temperature Tb generate voltage noise which is so called “background noise”. As an 
example an exchange of the heat between the sensitive area of the detector and the 
surrounding substrate and contact legs (which are in thermal contact with the detector) 
introduces a random fluctuation in the temperature. This will then transform into a kind of 
electric noise because of the coupling between the temperature and the resistance. The 
expression is given by (Kruse et al., 1962; Smith et al., 1968): 
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where ε is emissivity, ǔ is Stefan-Boltzmann constant and A is the area of the detector. For 
semiconductor thermal detectors, 1/f noise or Flicker Noise is the most predominant noise 
at low frequency. 1/f noise can be evaluated by noise constant: K1/f = Ǆ/N where Ǆ is 
known as the Hooge's constant and N is the total number of free charges (Hooge, 1994). The 
exact description for the origin of 1/f noise is not clear but the interactions of carriers with 
defects, surface states and other events (e.g. recombination and trapping-detrapping) are the 
major causes of this noise in semiconductors. In the case of bolometers, a simple expression 
for voltage power spectrum density (PSD) can be written as follows: 

 1
ǃ

/f bias
V Ǆ

K V
S

f
  (13) 

where K1/f  is a noise constant. In a similar way, 1/f noise voltage can be written as: 

 12
1

ǃ
/f

/f Ǆ

K I
V Δf

f
  (14) 

The parameters Ǆ, ǃ and K1/f in equations 13 and 14 are dependent on the material, 
processing, metal contacts and surfaces and thus, very difficult to calculate analytically 
(Hooge, 1994).  Since 1/f noise relates to defects and imperfections in the active part of the 
bolometer, it is believed that using single-crystalline (sc) materials will demonstrate low 
noise constant in comparison to polycrystalline or amorphous ones. Thus, a solution for 
increasing the D* of a bolometer is to use mono-crystalline temperature sensing bolometer 
materials with a low 1/f noise constant (Kolahdouz, Afshar Farniya, Di Benedetto, & H. 
Radamson, 2010). 
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For most bolometer applications, the frequency exponent  in equations 13 and 14 is close to 
1. The square of total noise voltage for a thermistor material in active part of a bolometer 
may be formulated in eq as: 

 2 2 2 2 2
1J J th b /fV V V V V     (15) 

When a thermal detector absorbs the electromagnetic radiation, both output signal and 
noise will be generated. High amplitude output signal and low noise level are desired in an 
infrared detector. To evaluate the performance of the detector, “Detectivity” may be defined 
as follow: 

 
0 0

V s

n

R V
D

Φ   Φ  V
   (16) 

where Vn, Vs and Φn are RMS signal voltage, noise voltage, and incident power respectively. 

The detectivity is proportional to detector area and electrical bandwidth. Therefore, the 
normalized detectivity D* is given by: 

 1 2 1 2* / /D D A f    (17) 

In a thermal detector, D* can be expressed as:  
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where A is the pixel area. From eq. 16, it can be concluded that the detectivity may be 
enhanced by increasing the responsivity and/or decreasing the noise. The responsivity, like 
the Flicker noise, increases linearly with voltage, while the Johnson noise is independent of 
voltage. At small voltages, the noise is mainly Johnson noise. But, at sufficiently high V, 
noise is dominated by the Flicker noise and D* is independent of voltage. According to the 
previous calculations, the highest detectivity for a thermal detector at room temperature and 
viewing background at room temperature is about 2×1010 cmHz1/2W–1 which can be referred 
to as the thermal detectors theoretical limitation. The published photon detectors have 
shown higher detectivities as a result of their limited spectral responses.  

In addition to the above discussions, the importance of the electrical contacts' influence on 
the thermistor's performance has to be emphasized. The current-voltage characteristics of 
the thermistor materials are greatly influenced by the nature of the metal/silicide-
semiconductor interface. Ohmic contact with low contact resistance is the requirement for 
low noise level for many applications. However, when large electrical current is involved a 
low sheet resistance contact is required to make the current flow uniform without localized 
overheating. A metal with low work function will form an ohmic contact to an n-type 
semiconductor with surface states. The reverse story is true for a p-type semiconductor. In 
these cases, introducing higher doping concentration reduces the contact resistance near the 
contact surface (barrier thinning).  
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2. Noise measurement of the thermistor materials 

Power spectral density (PSD) of voltage noise is measured for different pixels. The 
measurements can be performed at different temperatures inside a shielded probe station to 
avoid light and the environmental noise.  The frequency range is usually 0.3-10,000 [Hz] 
with some sub-intervals. Each final PSD vs frequency curve includes many thousands of 
data. Fig. 4 shows the experimental set up. The device is biased through a circuit isolated by 
a metallic box.  

 

Fig. 4. Experimental set up for measuring PSD of voltage noise. 

3. Thermistor materials for uncooled bolometers 

Bolometers are uncooled detectors and today they have dominantly taken over the IR 
market. Among the existing thermistor materials, Vanadium oxide (VOx) is mainly used for 
bolometer applications and its performance has been studied and improved during many 
years. Nowadays, it is believed that VOx technology will be challenged in the near future by 
the new silicon based materials due to their low cost structure, and easier manufacturability 
(Rogalski, 2011).  

In this part, an overview of the VOx material properties is presented and later, the 
discussions will be extended towards single-crystalline Si-based materials. 

3.1 Vanadium oxide  

Vanadium oxides are the most popular thermistor material in fabrication of today’s IR 
detectors. This material is grown by different techniques e.g. sputtering (Y. Han et al., 
2003; Lv et al., 2007; Moon, Y. Han, K. Kim, S. Lee, & Shin, 2005), reactive e-beam 
evaporation (Subrahmanyam, Bharat Kumar Redd, & Nagendra, 2008), reactive e-beam 
evaporation (H. Wang, Yi, & Chen, 2006), PLD (Kumar et al., 2003), and CVD (Mathur, 
Ruegamer, & Grobelsek, 2007). Many reports demonstrate that by tuning the growth 
parameters, a transition occurs from amorphous to nano-crystalline FCC VOx (0.8 < x < 
1.3) (Cabarcos et al., 2011).  

Since vanadium atom has a half-filled d-shell, there exist a set of valence states to form a 
number of oxide phases. The typical phases are known as VO, V2O3, VO2 (or V2O4) and V2O5 

(or as a “mixed oxide) (Subrahmanyam et al., 2008). 

Measurment Box
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Low Noise Amplifier

Spectrum Analyzer

Probe Station
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Among these phases, V2O3 shows semiconductor-to-metal transition at ∼160K and 
demonstrates a very low resistance. For bolometer application, VO2 phase is typically used 
due to its high TCR value but its metal transition temperature occurs at ~341 K which 
restricts the bolometer’s IR detection. Another interesting vanadium oxide is V2O5. This 
phase shows a good TCR; however, its resistance is very high resulting in high noise value.  

Thus, a mixed phase of VO2 and V2O5 may demonstrate an appropriate resistivity which is 
convenient and matches also with the readout electronics for high sensitive bolometers 
(Malyarov, 1999).  

The growth of VOx films requires extra care since the morphology of the film is sensitive to 
the growth parameters. In most cases, the substrate temperature and the oxygen pressure 
are the two crucial growth parameters to control the composition and the grain size of the 
oxide films. The grown VOx films demonstrate TCR values in range of 2 -3%K-1. Some of the 
published data are addressed in table 1. 

 
Table 1. A summary of different deposition techniques for the growth of vanadium oxide 
with the process temperature and the reported TCR values. 

A lot of efforts were being made to improve the quality of resistive VOx films and to obtain 
TCR values above 3%K−1. The success was achieved by introducing tungsten-doping in a 
multilayer structure of V2O5 (Y. H. Han, S. H. Lee, K. T. Kim, I. H. Choi, & Moon, 2007; Y. 
Han, 2003; Moon, 2005). These oxide layers were deposited by reactive dc sputtering 
followed by an annealing treatment (673K). The analysis showed a TCR value of ∼−4.4% 
◦K−1 and a sheet resistance of 20 k Ω/square (Dai, X. Wang, He, Huang, & Yi, 2008; Lv et al., 
2007). Although these results indicate a breakthrough for material performance, this 
material is not suitable for micro-machining process on Si and the fabrication of bolometers 
due to high temperature budget.  

As discussed above, the 1/f noise is also an important figure of merit for thermistor 
materials. The noise in the oxide layers is caused mainly from the induced mechanical 
stresses due to the large grain sizes in the mixed phases. Zerov et al (Zerov, 2001)  showed 
that the noise level in the oxide films is originated from two principal parameters: the 
concentration of different phases of VOx and the grain size.  

A recent study shows that high tungsten contents in vanadium oxide films (alloys of V1-

xWxO2 or VWO) will improve the thermal performance of the oxide material. Takami et al 
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(Takami, Kawatani, Kanki, & Tanaka, 2010) showed that the TCR performance of V1-xWxO2 
films grown on Al2O3(0001) depends strongly on tungsten content. The tungsten level has 
been optimized and V0.85W0.15O2 demonstrates a TCR value of 10%/K at room temperature. 
Moreover, the TCR behavior is found to be almost independent of layer thickness which is 
very beneficial for bolometric application.  

3.2 Single-crystalline Si(C)/SiGe(C) multilayer structures   

Many initiatives were taken to improve the IR detection and to obtain high quality imaging. 
Most of these efforts have striven to increase SNR and the thermal response of the detector. 
For bolometers, 1/f noise is the main source of noise (Lv et al., 2007).  

Single crystalline semiconductor heterostructures are outstanding alternatives for low noise 
thermistor material. Among low cost semiconductor materials, SiGe(C)/Si(C) MQWs are the 
most appealing alternatives due to its low noise performance. This material system is 
therefore very promising for future mass-market applications. The structures demonstrate 
low noise when high quality of epi-layers, interfacial roughness (or unevenness) and the 
contact resistances are obtained (Kolahdouz, Afshar Farniya, Di Benedetto, et al., 2010; 
Kolahdouz, Afshar Farniya, Östling, & H. Radamson, 2010).  

When the semiconductor thermistor material is heated, thermal excitations generate carriers 
(holes in this case) which have energies high enough to overcome the potential barrier of the 
quantum well. If a voltage is applied across the active region, these excited carriers move in 
the direction of the applied field, thus resulting in a current (see Fig. 5). This current 
increases at higher temperatures by increasing the number of the carriers in the current 
stream. 

 
Fig. 5. When a voltage is applied across the thermistor, the valence band in SiGe/Si is tilted 
and thermally excited holes move towards the negative potential. 

Kolahdouz et al. (Kolahdouz, Afshar Farniya, Di Benedetto, et al., 2010) presented the effect 
of Ge content (barrier height) on the performance of the SiGe/Si multi quantum wells 
(MQWs) and dots (MQDs) as thermistor material. In this study three Ge contents (23, 28 and 
32%) in SiGe wells were applied and for higher Ge content (~47 %), Ge-dots/Si systems 
were grown. In order to have a decent growth rate, the samples were grown at 600 ºC. At 
this growth temperature, the intermixing of Si into Ge makes it impossible to grow pure Ge 
dots. This problem makes these structures vulnerable to strain relaxation and defect 
formation. 

Thermal excitation 
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The experimental data demonstrated a TCR value of ~3.4 %K-1 for Ge MQDs which is a clear 
improvement compared to SiGe wells layers with 2.7 %K-1. However, a remarkable increase 
of the noise constant (k1/f) is observed for MQDs compared to MQWs (see Fig.6).  It is 
believed that the noise level is sensitive to the variation of hole concentration in the Ge-dot 
systems' structures compared to the uniform profile in SiGe wells. Any strain relaxation in 
Ge dots will contribute to the noise level. A summary of both MQW and MQD SiGe/Si is 
presented in table 2.  

 
Fig. 6. Noise power spectral density of devices vs. frequency for pixel area 70×70 Ǎm2 in 
Si/SiGe MQWs and MQDs. 

 
Table 2. Summary of estimated barrier heights, TCR(%/K), K1f, R0, and energy levels in 
QWs (at room temperature) for all sizes of detector structures. Due to partial strain 
relaxation, the barrier height of the quantum dots is not specified. 
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These results indicate that the performance of the thermistor material SiGe/Si MQWs (or 
MQDs) is very sensitive to structure profile.   

Andersson et al, (J. Y. Andersson, P. Ericsson, H. H. Radamson, S. G. E. Wissmar, & 
Kolahdouz, 2011) presented theoretical calculations to optimize TCR in terms of the Ge 
content and quantum well width in SiGe/Si MQW and MQD systems (see Fig.7). The results 
were also compared to the experimental data. The extracted TCR values for MQW 
structures showed that the thermal response of detectors increases with Ge content which is 
consistent with the experimental data. The authors propose Ge dots with high Ge content as 
a better solution for SiGe wells. The valence band off-set and TCR values versus the size of 
Ge dots were calculated (see Fig.8a). The ground level energy relative valence band edge in 
Si versus thequantum dots demonstrates the dependency of TCR on the size of Ge dots (see 
Fig.8b). The results show that dots with 60 nm could exhibit a TCR value of 8.5% which is 
excellent for IR detection. However, these calculations do not consider the noise level in 
MQD system. The growth of pure Ge dot on the Si surface is a challenging task due to the 
intermixing of Si into Ge. In order to avoid this problem, low temperature epitaxy can be 
applied to grow Ge dots with high Ge content in MQD structures. This low temperature 
process suffers from low growth rate and thus makes it impractical for mass production. 

 
Fig. 7. The temperature coefficient versus Ge content in the QWs, for different QW widths. 
simulated data. 

 
Fig. 8. a. Plots of ground level energy relative valence band edge in Si for different Ge dot 
sizes, and b. the dependence of the temperature coefficient of resistivity (TCR) on dot size. 
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Wissmar et al. (S. Wissmar et al., 2006) investigate the TCR performance of SiGe/Si and 
AlGaAs/GaAs sytems. This study also demonstrates the dependence of thermal 
performance of MQW structures versus the quantum well profile (composition, dopant 
concentration and the width of the quantum wells). The performance of the structures is 
degraded with increasing the dopant concentration in the quantum well.  The 
AlGaAs/GaAs system demonstrates excellent performance (4.5%/K) compared to SiGe/Si 
system (2 %/K). However, the low cost Si technology is always preferred over III-V for 
industrial applications. 

More discussions about the SiGe/Si thermistor material are presented by Ericsson et al. (Per 
Ericsson et al., 2010) It is generally observed that the flicker noise is volume dependent 
(Motchenbacher, 1973). This study presents the effect of pixel area on the Flicker noise (the 
vertical thickness is constant). The data show the dependency of 1/A as expected by 
theories (see Fig. 9).  

 
Fig. 9. The flicker noise k-value for SiGe/Si MQW structures with different pixel sizes and 
the predicted variation (solid line). All data have been manufactured on the same wafer. 

A vital issue in many cases for bolometers containing SiGe/Si MQW system is the control of 
the residual strain in the suspended membrane. 

Radamson et al. (H. H. Radamson, Kolahdouz, Shayestehaminzadeh, Afshar Farniya, & S. 
Wissmar, 2010) reports the integration of C in the Si/SiGe stack (SiGe(C) / Si(C) MQWs) to 
create alternating tensile/compressive strain systems. The SiGe(C) layers were created 
through the intermixing of Si into the embedded Ge thin layers (grown by introducing GeH4 
without SiH4). The intermixing of Si and Ge can be controlled by the growth temperature and 
the carbon doping in the Si barrier layer (Hirano & Murota, 2009). This study compares five 
different structure profiles considering the effect of contact resistance (Ni silicide  contacts), Ge 
content, and carbon doping in Si barrier (see Table 3). The prototypes exhibited an outstanding 
TCR of 4.5%/K for 100×100µm2 pixel sizes and low noise constant (K1/f) value of 4.4×10-15. The 
excellent performance of the devices was due to low contact resistance in presence of Ni 
silicide contacts, smooth interfaces, and high quality multi quantum wells (MQWs) containing 
high Ge content. Fig.10 demonstrates the noise data for the samples described in table 3. 
Samples MQW1 (no silicide contacts) and MQW5 (Si0.35Ge0.65/SiC with silicide contacts) show 
the highest and the lowest noise level among this sample series.  
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Table 3. Summary of estimated barrier heights, TCR [%/K], K1/f and R0 in MQWs (at room 
temperature) for all sizes of detector. 

 
Fig. 10. Noise power spectral density of devices vs. frequency for pixel area 100×100 Ǎm2 in 
SiGe MQWs described in table 3. 

4. Fabrication process flow 

Bolometers are mainly composed of a temperature sensing resistor and an IR absorber. A 
good thermal isolation is the requirement to increase the sensitivity of these detectors. This 
can be achieved by suspending the bolometer structure in the air through either membrane 
or bridge support as shown in Fig. 11. 

 
Fig. 11. Cross-section of a) the membrane-supported and b) the bridge-supported 
microbolometer (Garcia, 2004). 
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It was reported in 2004 (Garcia, 2004) that the noise current of the bridge–supported 
structures is one order of magnitude higher than that of the membrane–supported structure. 
However, the bridge–supported structure process flow enables a precise control on the 
resonant cavity length which makes it the dominant design for microbolometers.  

The process flow of fabricating a bolometer is very dependent on the thermistor material. 
For thermistors which may be deposited at low temperatures, there is a possibility of being 
directly integrated on the readout integrated circuit (ROIC) without harming its elements. 
Amorphous Si, SiGe, Ge, GexSi1-xOy and poly VOx material are a few examples of such 
thermistors. The advantage of the mentioned group IV–based materials in this list is their 
absolute compatibility with the silicon processing line. 

The process flow is described in Fig. 12 (Mottin et al., 2002). It is the simplest manufacturing 
method in which the thermistor material can be grown directly on ROIC.  The first step is 
the deposition of a thin reflective layer directly on top of the ROIC. A thick sacrificial layer is 
then spun and cured to form the resonant cavity at the end of the process. The thermistor 
material is deposited over the sacrificial layer and covered by the metallic contact electrodes. 
The metallic contact deposition and etching enable electrical continuity between the 
underlying substrate and the thermistor on the surface of the sacrificial layer. Finally, the 
micro–bridge arrays are released by removing the sacrificial layer.   

 
Fig. 12. Process flow of a bridge–supported microbolometer technology (Mottin et al., 2002). 

The second fabrication method is based on wafer bonding where thermistor material is 
transferred from epi-wafer to RIOC wafer. This is necessary since a thermal treatment (850-900 
C) is required for in-situ cleaning prior to epitaxy of single-crystalline layers.  A process flow 
for fabrication of bolometers based on structures composed of sc- group IV materials through 
wafer bonding process on ROICs (Kvisterøy et al., 2007; J. Källhammer et al., 2006; F. Niklaus 
et al., 2001) is demonstrated in Fig. 13. In this process, group IV-based structures are deposited 
on a separate SOI carrier wafer and are then transferred from the handle wafer to the ROIC 
wafer using low-temperature adhesive wafer bonding in combination with sacrificial 
removing of the carrier wafer. The advantage of 3D bolometer integration is that it allows the 
employment of high TCR and SNR mono-crystalline thermistor for imaging applications.  

For many detector applications, Ni is chosen as the absorbent layer. This is due to its simple 
preparation and the fact that it can get a strong absorption of about 90% in wavelength 
range between 7–13 Ǎm (Lienhard, Heepmann, & Ploss, 1995). In 2006 Hsieh et al. (Hsieh, 
Fang, & Jair, 2006) reported TCR value of -2.74 %K-1 and activation energy of 0.21eV for 
Si0.68Ge0.31C0.01 ternary system.  
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Fig. 13. A Schematic picture of a Si-based bolometer process (F. Niklaus et al., 2007). 

The sc-SiGe/Si structure is transferred to the ROIC by low temperature adhesive wafer 
bonding and subsequent removal of the carrier. In 2010, Lapadatu et al. (Lapadatu et al., 
2010) proposed a novel approach to increase the fill factor. In their design the legs, which 
support the bolometer membrane and connect it to the ROIC, are built underneath the 
membrane as shown in Fig. 14.  

 
                                (a)     (b) 

Fig. 14. Schematic representation of the bolometer pixel illustrating two schemes for 
electrical connection (Lapadatu et al., 2010) (a) through-pixel plugs; (b) under-pixel plugs. 

It was reported that the detectors composed of SiGe quantum wells have presented a TCR 
around 3.1 %K-1 and 5×10-13 for K1/f (Lapadatu et al., 2010).  

It is important to emphasize here that the recent advanced cleaning technique together with 
new gas precursor for Si (trisilane) and Ge (digermane) may provide the opportunity to  
grow epi-layers at low temperatures (300-500 °C). This means that the fabrication technique 
will become similar to the steps in Fig.12 and sc-Si-based material will be deposited directly 
on ROIC wafer.    

5. Conclusions 

Among different materials, single crystalline SiGe alloy is a promising thermistor material in 
bolometers for LWIR detections. The temperature response of SiGe/Si multi quantum well 
(or dot) structures depends mainly on Ge content (strain). The signal-to-noise ratio which is 
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an important parameter for thermal imaging is strongly sensitive to contact resistance, 
interfacial and layer quality of SiGe layers. It is demonstrated that carbon-doping impedes 
the defect formation in SiGe layers and SiGe(C)/SiC with Ni silicide contacts is the most 
attractive structure for high performance bolometers.  
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