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The paper presents the study of band distributions and thermoelectric properties of self-doping Si,_,Ge,/Si multiquantum well
material for infrared detection. The simulations of different structures (including boron doping, germanium concentrations, and
SiGe layer thickness) have been conducted. The critical thickness of SiGe layer grown on silicon substrate has also been illustrated
in the paper. The self-doping Si,_,Ge,/Si multiquantum well material was epitaxially grown on SOI substrate with reduced
pressure chemical vapor deposition. Each layer of the material is clear in the SEM. The I-V characterizations and temperature
resistance coefficient (TCR) tests were also performed to show the thermoelectric properties. The TCR was about —3.7%/K at room
temperature in the experiments, which is competitive with the other thermistor materials. The material is a low noise material,

whose root mean square noise is 1.89 mV in the experiments.

1. Introduction

Bolometer, one of uncooled infrared detectors, has been
widely developed since 1992, when the “bridge structure”
was reported by Honeywell. Bolometers are thermal infrared
sensors that absorb electromagnetic radiation (8-14 ym) and
thus increase their temperature [1-4]. The materials with
high TCR (temperature resistance coefficient) are preferred
to increase the sensitivity. Vanadium oxide and amorphous
silicon are the most successful materials and occupy the
major commercial market share [5]. The bolometer pixel size
is developed to 17 ym, while the resolution is to 1920 x 1080
or even more [6, 7]. As a result of technical development,
the next generation of bolometer should be combined with
standard CMOS based integrated circuits to decrease the cost.
However, vanadium is one of deep level pollution elements
for the IC process [8, 9]. The special process line should be
provided for vanadium oxide manufacture, which would be
expensive in bolometer development. As a result, more and
more researches have focused on the novel material with high

TCR, which can also be compatible with IC industry. Various
semiconductor materials are the most suitable materials
among them. Si,_, Ge, /Si multiquantum wells (MQWs) have
been proposed recently as a new thermistor material [10, 11].
Though the material has shown achieved good performance,
it leads to some difficulties because of the practical growth
process. With the rising complexity in this process, the cost
and difficulties also increase to maintain the lattice quality.

In our previous works, the high TCR material with self-
doping Si,_,Ge,/Si MQWs films was presented to solve
the problems. The material has a thin buffer layer, where
a proportion of boron atom diffusion is allowed [12]. This
structure simplifies the process and can also promise a high
lattice quality through epitaxial growth processes, such as
the reduced pressure chemical vapor deposition (RPCVD)
and molecular beam epitaxy (MBE). The works subsequently
focus on the relationships between the energy bands mod-
eling and doping distributions. The epitaxial processes were
optimized and more characterizations about material noise
were taken.



In the paper, the modeling of quantum well structures
is introduced firstly. The band distributions of MQW s with
different structures are calculated and illustrated in the
part. The section also presents the epitaxial processes and
characterization experiments. The SEM and electrical tests
were conducted and shown in Section 3. The results show
that the lattice of self-doping Si;_, Ge,./Si multiquantum well
material has good quality and the TCR is —3.7%/K, which is
high compared with other material in the reports [13].

2. Energy Bands Modeling and Design

The resistance is temperature dependent for semiconductor.
There is a close relationship between energy bands distribu-
tions and thermoelectric properties. The study of energy bans
modeling is helpful to determine the MQWs structure. For p-
type semiconductor, the carriers concentration follows [14]

PO — Nvef(Efny)/kT’ (1)

where E is Fermi level, E, is valence band, k is Boltzmann’s
constant, T' is temperature, and effective carriers concentra-
tion, N, , is followed by
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where m,, is effective mass and h is PlancK’s constant.

Equation (1) illustrates the relationship between p-type
semiconductor resistance and the temperature. The material
TCR is defined as

OR/0T
o= BT ©
R

where R is the resistance of the material, which is inversely
proportional to the hole concentration, p,, for the p-doped
semiconductor. Equation (4) can be derived by (1) to (3) as

1 /3
a=- (SKT+E,-E,). (4)
Equation (4) indicates the critical principle between the
energy bands and the electrical properties of p-type semicon-
ductors. As shown in (4), TCR increases with the rise of the
distance from the Fermi level to the valence band.

The structures of Si/SiGe multiquantum wells and the cor-
responding valence energy bands are illustrated in Figure 1.
The valence bands are split to heavy hole (HH), light hole
(LH), and spin-split-off (SO) bands, where each band has
two states, that is, spin-up and spin-down [15]. For cooled
infrared detector, the photons transit from HH to LH or other
energy levels, where the energy differences are consistent with
the wavelength of infrared incidence. The process is a kind
of photon-electrical effects, which needs pretty low working
temperatures (e.g., 77 K) to depress the thermal noises [16].
For uncooled infrared detector, there is no effective photon-
electrical process for the corresponding infrared incidence.
The studies focus on increasing the energy gap between Fermi
level and the valence band.
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FIGURE 1: The structures of Si/SiGe multiquantum wells and the
corresponding valence energy bands.

The valence barrier (silicon layer) is about 30 nm. It is
big enough and there are few influences for quantum wells
adjacently. Three points should be taken into account in
Si/SiGe multiquantum wells design, which are listed as below:

(1) Boron doping distributions in quantum well struc-
tures.

(2) Quantum well, SiGe layer thickness of the material.

(3) Germanium concentration in SiGe layer.

The simulations results of valence energy bands with
different boron doping distributions are carried out with the
software NextNano®, and the results were shown as Figure 2.
In the simulation, the thickness and doping concentration
(for both boron and germanium) of barriers and quantum
well were defined. The simulation was conducted with no
bias voltage. For self-doping structures, the boron doping
distributions are similar in both Silayers and SiGe layers. The
bands are curved due to high boron doping. The structures
with lower doping (10'® cm™) obtain bigger differences
between Fermi level and the valence band. The energy gap
in Figure 2(a) is about 0.18 eV and the value is about 0.25 eV
in Figure 2(b). The high boron doping only in SiGe layer
achieves better performance. The energy gap is 3.6eV in
Figure 2(c) with 10" cm™ boron doping only in Si layer.
However, it is impossible to achieve because the diffusion will
happen in epitaxial process (process temperature is more than
600°C). The energy gap decreases when the boron doping
decreases in SiGe layer as shown in Figure 2(d).

The thickness and the Ge concentration in SiGe layer are
another two critical parameters to enhance TCR. The TCR
increases with the increasing of Ge concentration and SiGe
layer thickness as shown in Figure 3(a). High germanium
achieves high TCR effectively. However, the lattice mismatch
between silicon and germanium leads to strain or even
dislocation or defects during epitaxial process. The epitaxial
SiGe layer should be thinner than the critical thickness
with corresponding Ge concentration on silicon substrate.
The relationship between germanium concentration and the
critical thickness is illustrated in Figure 3(b).



Journal of Sensors

1 1 1 1 1 1
=
L
o)
5
z
L
S -03
-0.4
_0.5 T T T T T T
0 10 20 30 40 50 60 70
Position (nm)
— Heavy hole bands
—— Light hole bands
—— Spin-split-off bands
--- Fermi level
@
1 1 1 1 1 1
0.1+
0.0 F—T === === = mm e —
S -0.1 A
2
o)
i’ -0.2 4
B
oo
5
& —0.3 A
—-0.4
-0.5 T T T T T T
0 10 20 30 40 50 60 70
Position (nm)
—— Heavy hole bands
— Light hole bands

—— Spin-split-off bands
--- Fermi level

(©)

Energy level (eV)

—-0.4 1
-0.5 T T T T T T
0 10 20 30 40 50 60 70
Position (nm)
— Heavy hole Bands
—— Light hole bands
—— Spin-split-off bands
-~ Fermi level
()
1 1 1 1 1 1
0.1
0.0 f— -~ —
S -0.1 A
2
E
L -0.2 4
S
on
g I
& 0.3 -
—-0.4 4
-0.5 T T T T T T
0 10 20 30 40 50 60 70
Position (nm)
—— Heavy hole bands
— Light hole bands

—— Spin-split-off bands
--- Fermi level

(d)

FIGURE 2: Valence energy bands of Si/SiGe quantum well with different boron doping: (a) 10" cm™ boron doping both in Si and in SiGe
layers; (b) 10'® cm ™ boron doping both in Si and in SiGe layers; (c) 10" cm™ boron doping only in SiGe layer; (d) 10'® cm™ boron doping

only in SiGe layer.

3. Fabrication and Test

According to the design consideration described in Section 2,
the SiGe layer with 10 nm and 30% germanium concentration
is a compromising design for both performance and lattice
quality. The Si/SiGe cycles with low boron doping achieve
better energy bands bending and higher TCR. The self-
doping Si,_, Ge,/Si multiquantum well material was grown
on SOI substrate with reduced pressure chemical vapor
deposition (RPCVD). In pretreatment, the samples were

cleaned by CRA-clean method. Before the epitaxial growth
processes, the temperature of the pretreatment chamber was
raised to 950°C after filling it with a protective gas (H,) until
the pressure reached 10~* Pa to remove the natural oxide layer
on the top of the substrate wafers. In the epitaxial process,
the disilane, germane, and borane were employed as sources
and H, acted as diluent gas. The parameters in the process are
listed in Table L

After epitaxial processes, characterizations have been
conducted to test thermoelectric properties of the materials.
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FIGURE 3: (a) The TCR of the structures with different germanium concentration and well thickness [11]; (b) the critical thicknesses with

germanium concentration of SiGe layer growth on silicon substrate.

TABLE 1: Epitaxial process parameters of Si/SiGe MQW s with RPCVD.

Steps Temperature ("C) Sources Flow (sccm) Time Comments

1 600 Si,H¢/BH;/H, 6/1/80 30 min High boron doping Si, 200 nm
2 600 Si,H¢/H, 6/60 9 min Buffer layer, 60 nm

3 600 Si,H,/GeH,/H, 6/2.6/80 100s Si/SiGe cycles (30 nm/10 nm)
4 600 Si,Hy/H, 6/60 4.5 min

5 600 Si,H¢/BH;/H, 6/1/80 30 min High boron doping Si, 200 nm

The test structures were processed and bonded as shown in
Figures 4(a) and 4(c). The material was etched with SFq till
high boron doping Si layer for electrical connection between
two pads. The high boron doping silicon layer acted as
electrical connection layer in the test and the current path is
shown as illustrated in Figure 4(b). After that, Au wires were
bonded on electrode pads to the packaging shell. I-V tests
were conducted, and the results are shown as Figure 6.

4. Results and Discussion

The SEM of self-doping Si;_,Ge,/Si multiquantum well
material was shown as Figure 5. The material was grown
on SOI substrate. In the figure, SiGe layers, which are only
10 nm thick for each layer, are shown clearly. The silicon layers
without boron doping are 30 nm, which function as barrier
layers in the quantum well structures. Buffer layer is about
35nm and the boron atoms diffused into the multiquantum
well structures in high temperature epitaxial process. High
boron doping layers are about 150 nm as shown in the figure.

The noise tests were conducted and the lower frequency
noise is dominant, such as 1/ f noise and DC noise [17, 18]. The
noise voltage is about 8 mV/+/Hz in low frequency and less
than 0.01mV/+/Hz in high frequency. The root mean square
noise is 1.89 mV as calculations as shown in Figure 6.

Electrical characterizations have been conducted for
thermoelectric properties of the materials after packaging.
The I-V tests have been performed with different sized
samples. The voltage was changing from -2V to 2V and
the step is 0.04V for each point. The experiments were
performed at the room temperature. The results have been
illustrated in Figure 7(a). The resistance decreases when
the bias voltage rises. It is because the transient joule heat
increases with higher bias voltage. The resistance increases
with the decreasing of the sample size, which also follows the
resistance law for multiquantum well structures.

The relationship between temperature and resistance of
the samples is shown in Figure 7(b). The experiments were
conducted at room temperature, which is also the working
temperature for uncooled infrared detector. The sample
with smaller size has better thermal-sensitive characteristics
compared with the larger one as the results. The TCR of
the samples are —3.7%/K and -3.1%/K, respectively, as the
calculations with (3). It is high compared with other material
in the reports [12].

5. Conclusions

The paper presents the modeling and design of self-doping
Si,_,Ge, /Si multiquantum well material. The design with
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FIGURE 4: (a) The 3D profiler image of test structures after processes; (b) the current path in the I-V test experiments; (c) bonding with Au
wire in the packaging.

5 §urzace O! sag!p!e g

g ———— .
High boron doping Ial\"ersSIGe IaYEe
Buffer layers

—

Buffer layers
yers
High boron doping layers

S-4800 5.0kV 6.6mm x70.0k SE(M) 500nm
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FIGURE 7: (a) I-V relationships with different sizes samples; (b) resistances with different temperature from 27°C to 30°C in TCR tests.

self-doping structure simplifies the process and can also
promise a high lattice quality in epitaxial processes. Com-
pared with our works previously, the band distributions
and bends were discussed in the paper. The relationship
between energy bands modeling and boron doping distri-
butions, quantum well thickness, and Ge concentrations
was illustrated in Section 2. The experiments of material
epitaxial processes and thermoelectric characterizations were
performed. The SEM in the paper shows the good quality
of the material growth by RPCVD. The material has good
thermal-electrical and low noise performances, which were
proved by experiments. The TCR of the samples are —3.7%/K
and -3.1%/K, respectively, in the experiments. The noise
power spectral density experiment was conducted, and the
RMS is 1.89mV as calculations. The material with high
TCR and low noise is also promising to apply in the other
exothermic reactions detection.
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