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ARTICLE INFO ABSTRACT

Silicon materials have been widely used as thermo-sensing layers in infrared detectors or uncooled micro-bol-
ometers. Parameters such as a large thermal coefficient of resistance (TCR), low sheet resistance (R;), and low 1/
f noise are important for high performance of these devices. However, there is always a trade-off between these
parameters. For example, the crystalline silicon materials typically exhibit low Rs and 1/f noise, and significantly
low TCR, while the amorphous silicon materials generally have large TCR, and considerably high R and 1/f
noise. Consequently, the best trade-off can be achieved by using a mixed-phase structure of silicon materials, i.e.
an intermediate form between the crystalline and amorphous structures. Herein we report the important
characteristics of hydrogenated mixed-phase silicon films, deposited by the plasma-enhanced chemical vapour
deposition process, for infrared detectors. The films in the mixed-phase structure showed high TCR values in the
range of 2-3% K™! and moderate sheet resistances in range of 10-40 MQ sq~'. These results indicate that the
mixed-phase silicon films are potential alternatives to conventional boron doped hydrogenated amorphous and
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microcrystalline silicon films for use as thermo-sensing layers in infrared detectors.

1. Introduction

Uncooled infrared detectors, which are also known as uncooled
micro-bolometers, have generated considerable interest in recent years
owing to their advantageous attributes such as wide spectral response,
low cost, and light weight [1]. They have been used for a wide range of
applications such as security survey systems, biomedical thermography,
military night vision, and for fire detection [2,3]. These devices operate
on the principle that the resistivity of their constituent materials ex-
hibits a large temperature dependence. This means that the electronic
properties such as conductivity or resistivity of the device change with
rising temperature of the thermo-sensing materials upon infrared (IR)
radiation absorption [4]. With regard to their thermo-sensing applica-
tions, the essential material characteristics that promote device per-
formance include low electrical noise, large temperature coefficient of
resistance (TCR, which estimates the IR sensitivity of the material), and
low electrical resistivity (useful for determining compatibility with
read-out circuitry) [5,6]. Several materials such as amorphous silicon
(a-Si:H), vanadium oxide, and some metals have been suggested for
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commercial micro-bolometer arrays. Even though these materials have
been used as commercial micro-bolometer arrays, they still have many
limitations which need to further improve. For example, the metals
used for the device can be compatible with standard silicon com-
plementary metal-oxide semiconductor (CMOS) fabrication, but they
seem to suffer from substantially low activation energy (E,) and thus
exhibit a significantly low TCR [7]. Although vanadium oxide demon-
strates a high TCR (around 2-3% K™), it is not compatible with CMOS
technology and generates a high noise (1/f noise) because of its non-
crystalline structure [8]. Finally, despite having considerable ad-
vantages such as a high TCR and compatibility with silicon CMOS
technology, a-Si:H films exhibit significantly high resistivity, which
leads to an incompatibility with the CMOS read-out circuits [9].

In order to achieve a balance between TCR and resistivity, mixed-
phase structures of silicon materials have been extensively investigated
in recent years [3,6,10,11]. Such a structure can be obtained by mod-
ifying the deposition conditions and parameters. It is defined as an
intermediate structure between the crystalline phase form and the
amorphous phase of silicon materials. The silicon material in such a
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structure contains several nano- or micro-crystalline grains (around
2-5 nm) distributed in the amorphous matrix [12]. Based on the form of
these nano-crystalline grains, the densities of the states or defect den-
sities in films can be reduced and the electric properties as well as
stability of the films can be improved [13,14]. In these aspects, the
mixed-phase structure of silicon films can be considered as a potential
material for replacing a-Si:H as a thermo-sensing film in micro-bol-
ometer devices.

Consequently, in this work, we introduced changes in the structure
of silicon films from its crystalline form to the amorphous state by
varying the boron doping deposition parameter over a large range.
During this change, the mixed-phase structure was detected. The
changes in the structure of the films was characterized by Raman and
Fourier transform infrared (FTIR) spectroscopies. We performed a
thorough analysis of the electrical and thermo-sensing characteristics of
the films by considering parameters such as dark conductivity (oy),
TCR, activation energy (E,), and sheet resistance (Rg), which are the
most important parameters for infrared detectors.

2. Experiment

Boron-doped hydrogenated silicon films were deposited using
standard radio frequency (RF - 13.56 MHz) plasma-enhanced chemical
vapour deposition (PECVD). The films were deposited from a mixture of
silane (SiH,), hydrogen (H,), and diborane (B,Hg) gas flow. The ratio of
B,Hg to SiH, gas flows were varied in a large range from 0.002 to 0.012.
The deposition parameters including substrate temperature, power,
working pressure, and gas flow ratios are summarized in Table 1. The
film thickness of samples, inferred from the fitting of spectroscopic el-
lipsometry (VASE, J. A. Woollam, in range of 240-1700 nm wave-
length), was fixed at around 100 nm.

Raman spectroscopy was used to characterize the nanostructure of
the films. Raman spectra were examined in the backscattering config-
uration using Dongwoo Optron-Ramboss 500i Micro Raman system
with an Ar*-ion laser source having the excitation wavelength of
514 nm. Based on the Gaussian curve fitting of the Raman spectra, the
crystalline volume fractions (X.) were defined based on the formula: X,
= (Is20 + Is10) / (Is20 + Is10 + Isgo), where Isy, Isio, and I4g are the
integrated areas obtained from Gaussian fitting at 520, 510 and
480 cm™!. The FTIR spectral measurements were implemented for
samples deposited on silicon wafer substrates. Based on the FTIR
spectra, the microstructural characterizations, so called microstructure
factors (R), were determined using the formula: R = I190 / (Iz100 +
I000), Where I190 and Inggo are the integrated areas obtained from
Gaussian fittings at 2100 cm™ and 2000 cm™, respectively. The room
temperature dark conductivity (o) of the samples was measured with a
couple of evaporated coplanar metal aluminium electrode (250 pm
spacing) on the surface using Semiconductor Test and Analyzer (model
EL420C) system. The sheet resistance of films was inferred from for-
mula: Ry = 1/ og4.t, where t is the film thickness. Based on measure-
ments of temperature dependence of o4 in range temperature of 300 —
400 K, the activation energy (E,) values were determined from the
slope of the linear fitting of the In(oy) vs. 1/kT curve.

Table 1
Deposition parameters of p-uc-Si:H layers.

Parameters Values
[H,1/[SiH,4] flow ratio 160

[B,Hel/ [SiH,] flow ratio 0.002-0.012
Power density 208 mW/cm?
Working pressure 1500 mTorr
Deposition temperature 160 °C
Thickness 100 nm
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3. Results and discussion

The mixed-phase silicon material is known to be comprised of a
phase mixture between amorphous and crystalline states. It can be
envisioned as a superposition of the signals from the crystalline and the
amorphous phase, to form a so called transition phase region.
Generally, the transition region of the silicon materials implemented by
PECVD can be achieved by changing either the hydrogen dilution,
which is also known as [H,]/[SiH4] flow gas ratio, or varying other
conditions such as plasma power, substrate temperature, pressure, ex-
citation frequency, and electrode spacing [15-17]. However, the aim of
this study was to obtain mixed-phase silicon films with a high carrier
concentration (i.e. high conductivity) in order to significantly reduce
the 1/f noise value. The 1/f noise or low frequency noise is an im-
portant parameter of uncooled micro-bolometer devices. Con-
ventionally, the 1/f noise value of a material can be expressed by
Hooge's experimental formula [18,19]: S; a.J2/N.f, where S; is the
power density spectra, I is the bias current, N is the total number of
charge carriers, a is the noise or Hooge parameter and f is frequency.
This formula indicates that the 1/f noise is inversely proportional to the
number of total free carriers and proportional to Hooge parameter (a),
which depends on the quality of crystalline and mobility of carriers
[20]. This means that a high carrier concentration, as well as high
crystalline level of thermo-sensing films, is supposed to low 1/f noise
value. Consequently, we examined the effect of varying boron doping
ratio, as the [B,Hg]/[SiH4] gas ratio, on the conductivity of the films. A
wide-ranging variation in doping can result in a considerable change in
the lattice structure of silicon materials, from its amorphous to crys-
talline state, and the transition region can be detected based on this
study [21,22]. One of the most convenient and reliable methods to
detect this mixed state region of silicon materials is Raman scattering. It
is well-known that the amorphous phase of these materials corresponds
to the Raman spectrum signal at 480 cm™" and the crystalline phase can
be attributed to the signals in the range of 500-520 cm™. Fig. la—c il-
lustrate the Raman spectra of films as a function of the [BoHg]/[SiH,]
flow gas ratios. As seen Fig. 1a, with the gas ratios below 0.005, the
Raman spectra showed the crystalline phase with strong and sharp
transverse optic (TO) peaks centred at 520 cm™. In contrast, Fig. 1c
clearly shows the characteristic wide peaks of the amorphous phase at
480 cm™ when the gas ratio was over 0.008 as a result of the disorder
induced changes in the vibration density of the states. This indicated
that the film structure was transformed from the highly crystalline
phase to amorphous phase with the wide-range gas ratio variations.
Particularly, in the range of the gas ratios from 0.006 to 0.007, the
Raman spectra clearly showed the mixed-phase region with a down-
ward shift in the intensity of the peak corresponding to the crystalline
state at 510 cm™ and a broadening of the peaks located at 500 and
480 cm™ probably caused by the phonon confinement effect [23-26].
The Gaussian curve fitting shown in Fig. 1d clearly illustrates the pre-
sence of three peaks, of which the peaks at 500-510 cm™ is attributed
to the intermediate phase between the amorphous and microcrystalline
states [26,27].

Based on the Raman spectra, the crystalline volume fraction of the
films was calculated as shown in Fig. 2a. In addition, the structure
fraction, extracted from FTIR spectroscopic data, is presented in Fig. 2b.
Fig. 2a shows the gradual decrease in X. with the increasing gas ratios.
This general trend has also been observed by other groups [22,28].
These results indicate that high boron-doping remarkably reduces the
crystalline fraction of the films. In order words, a high content of the
boron dopant results in a higher density of defects and as a result, the
film structure becomes more disordered. The increasing defect density
because of doping is also illustrated by the gradual increase in the
microstructural parameters (R), as shown in Fig. 2b. It is evident that
the variations over an extensive range of boron doping can considerably
change the structure of the silicon films from the crystalline to amor-
phous phase, from which a mixed-phase region can be detected
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Fig. 1. Raman spectroscopies of films with various [B,He]/ [SiH,4] flow ratios in a) crystalline form; b) mixed-phase form; ¢) amorphous form; and d) the Gaussian curve fittings of Raman

spectrum in mixed-phase form.

(Fig. 1b).

Fig. 3a shows the o4 and E, values as a function of the gas ratios.
High dark conductivity in the order of 10 S cm™ was observed at gas
ratios below 0.005 and low conductivity in the order of 10~ S cm™ at
the gas ratios above 0.008. Especially, the intermediate dark con-
ductivity in order of 1073 S ecm™ was obtained in the gas ratio range
from 0.006 to 0.007. With respect to the structural variations shown in
Fig. la—c, it can be inferred that the high conductivity resulted from an
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efficient doping and carrier transport in the highly crystalline fraction
of the films. In contrast, the low conductivity could be attributed to a
less efficient carrier transport in the amorphous-phase form. Conse-
quently, a mixed-phase region was expected for intermediate con-
ductivity because of more efficient carrier transport induced by the
nano-crystalline grains, in comparison with the amorphous phase. The
activation energy (E,) values of the films, determined from the slope of
the linear fitting curve (as shown in Fig. 3b), were completely
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Fig. 2. a) Crystalline Volume Fraction and b) Microstructure parameter as a function of [B,Hgl/ [SiH4] flow ratio.
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Fig. 3. a) Dark conductivity and Activation energy as a function of [BHe]/ [SiH,] flow ratio; and b) Ln(o) v.s 1/kT, where k is the Boltzmann constant and T is temperature. The slope of

linear fitting is E, value.

consistent with the dark conductivity. This means that a decrement in
04 is generally accompanied with an increment in E, and vice versa.
Fig. 4 shows the temperature coefficient of resistance (TCR) values,
one of the most important parameters required to estimate the thermo-
sensing ability of the prepared films, and sheet resistance as a function
of the gas ratios. In relation to E,, TCRs were defined by the following
formula: TCR =~ E,/kT2, where k is the Boltzmann constant and T is the
temperature. As a thermo-sensing film, one generally expects a large
TCR of the materials, which implies that a small variation in the tem-
perature of the material can result in a large change in its resistance
[29]. As seen in Fig. 4, high TCRs of over 5% K were obtained when
the gas ratio was over 0.008. However, in the amorphous phase, the Ry
were considerably high with values of over 10° MQ sq~*. In contrast,
low sheet resistances of values below 0.6 MQ sq ™' as well as low TCR
values below 1% K™' were observed in range of the gas ratios below
0.005 (crystalline phase). With respect to the film structure shown in
Fig. 1, it is obvious that the films with high sheet resistance and TCR
correspond to the amorphous structure while those with low sheet re-
sistance and TCR correspond to the highly crystalline phase structure.
The undesirable high sheet resistance of the amorphous silicon films
can cause a mismatch with the input impedance of the read-out circuits
[8,10]. It has been proposed that the crystalline silicon materials have
considerably higher electrical conduction or higher mobility than the
amorphous materials and consequently, the TCR and noise are sig-
nificantly lower than that of the amorphous phase [5,9,11]. However,
the considerably low TCRs of films below 1% K™ (Fig. 4) are
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Fig. 4. Temperature coefficient of resistance and Sheet resistance of films as a function of
[BoHgl/ [SiH,4] flow ratio.
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inappropriate for application as thermo-sensing films. With moderate R
in the range of 10-40 MQ sq~?, the TCR values of the mixed-phase
silicon films were around 2.5-2.8% K (Fig. 4), which is nearly
identical to the values of boron doped amorphous silicon films (a-
Si:H,B) currently used as thermo-sensing films in commercial uncooled
micro-bolometers [30]. Despite having TCR and electronic properties
similar to those of a-Si:H,B materials, it has been demonstrated that the
nano-sized inclusions of mixed-phase silicon materials can improve the
structure, stability, and especially significantly lower the 1/f noise
value, also known as low frequency noise, in comparison with a-Si:H,B
[3,5,11,12]. M. Moreno et al. compared the characteristic of boron
doped hydrogenated amorphous germanium (a-Ge:H,B) and poly-
morphous germanium (pm-Ge:H,B) films for infrared detector [31] with
that of different reference materials such as hydrogenated poly-
morphous germanium (pm-Ge:H) [32] and silicon (pm-Si:H) [10],
amorphous silicon (a-Si:H) [33] and silicon germanium (a-SiGe:H)
[34], and a-Si:H,B [30] films. The result indicated that despite having
two to three times higher TCR, the conductivity of these materials
(107521072 Q" em 1) was two to six orders of magnitude lower than
that of the reference a-Si:H,B film (10"3Q ' cm™!) and as a results
lower than that of our obtained mix-phased silicon film. Consequently,
we believe that the mixed-phase silicon material can be potential to
replace a-Si:H,B as thermo-sensing layers in infrared detectors.

4. Conclusion

Boron doped hydrogenated mixed-phase silicon films were de-
posited by the RF-PECVD process. The films were structurally char-
acterized by Raman spectroscopy and it was found that the structure of
the films changed from highly crystalline to a completely amorphous
phase with a large variation in the [BoHg]/[SiH,4] flow ratio from 0.002
to 0.012. The mixed-phase structure, an intermediate structure between
the crystalline and amorphous structure, was obtained at a gas ratio
value between 0.006 and 0.007. The electrical properties (as dark
conductivity and sheet resistance) as well as the temperature coefficient
of resistance (TCR) measurements showed that the mixed-phase silicon
films had high TCR in range of 2.5-2.8% K™ with moderate sheet re-
sistance in the range of 10-40 MQ sq~*. As a result of the formation of
nano-sized crystalline grains, the mixed-phase silicon films generate
lower noise compared to a-Si:H,B and consequently, they are poten-
tially useful materials for thermo-sensing layers in infrared detectors.
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