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ABSTRACT In this study, an experimental investigation was conducted to explore Ge1−xPbxOy as a
candidate material for temperature-sensing layers in uncooled microbolometers. RF and DC sputtering
techniques were used to deposit Ge1−xPbxOy thin films with various oxygen concentrations on silicon
substrates at room temperature. The composition of the samples was experimentally analyzed using energy
dispersive X-ray spectroscopy (EDX) that showed various oxygen concentrations. Atomic force microscopy
(AFM) analysis showed excellent average surface roughness ranging from 0.6995 to 0.8660 nm. Increasing
the concentration of oxygen up to 31% improved the thermoelectric and optical characteristics of the prepared
Ge1−xPbxOy thin films. The highest temperature coefficient of resistance (TCR) of the fabricated samples
was −3.85%/K for the Ge0.94Pb0.06O0.31 thin film. By using Essential McLeod software, optical simulation
of the thin film samples was performed to assess the highest absorptance of the cavity microbolometer
structure, which was 81.88% for the Ge0.94Pb0.06O0.31 thin film.

INDEX TERMS Germanium-lead (GePb), microbolometer, temperature coefficient of resistance, sputter
deposition.

I. INTRODUCTION
The microbolometer is an uncooled resistive thermal detector
that is widely used in the scientific field, defense, and indus-
trial applications [1], [2], [3]. In general, a microbolometer
requires thermal sensing materials with a high temperature
coefficient of resistance (TCR) [4– [7] and a relatively high
infrared (IR) absorption, above 80%, in the −12 µm band
for effective IR detection [8]. Vanadium oxide (VOx) is
commonly used as a sensing layer of microbolometers due
to its high TCR of approximately 2– 4%/K [9], [10], [11].
Recently, many research groups have deeply addressed
the use of silicon and germanium derivative compounds
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as sensing layers for microbolometers. These compounds
possess unique features that are beneficial for IR detec-
tors, such as high TCRs and compatibility with silicon
CMOS technology [12], [13], [14]. TCRs have been reported
for some of these compounds, e.g., silicon-germanium
(a-SiGe, poly-SiGe, and a-GexSi1−xOy) showed TCR val-
ues from 2 to 8%/K [10]; amorphous germanium tin alloy
(a-Ge1−xSnx) showed TCR values up to 3.96%/K [15]; and
amorphous silicon tin alloy (a-Si1−xSnx) showed TCR values
in the range from 1.72 to 3.25%/K [16].

In this work, a novel thermal sensing material based on
group IV semiconductors alloys for uncooled microbolome-
ters is presented. The proposed sensor consists of thin films
of Ge1−xPbxOy, which are inherently CMOS compatible.
These thin films were synthesized by DC and RF sputtering
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in Ar and Ar:O2 environments. Atomic force microscopy
(AFM) and energy dispersive X-ray spectroscopy (EDX)
were used to analyze the morphological and compositional
properties of the prepared Ge1−xPbxOy thin films. Moreover,
ellipsometry was used to obtain the infrared optical constants
n and k of the deposited films. Thin film optical simulations
were performed to estimate the absorptance of the thin films
in a microbolometer cavity configuration. Sheet resistance
versus temperature measurements were performed and ana-
lyzed to predict the TCR and other electrical properties of the
Ge1−xPbxOy films.

II. EXPERIMENTAL STUDY
A. SAMPLE PREPARATION
Ge1−xPbxOy thin films were fabricated by co-sputtering pro-
cess using a 99.999% pure Ge target and a 99.99% pure Pb
target in Ar and Ar:O2 environments on SiO2(300 nm)/Si
substrates. All samples were deposited at room temperature
using AJA International sputter coater at a chamber base
pressure of 2 × 10−6 Torr and under an Ar or Ar:O2 plasma
pressure of 5 mTorr. To obtain thin films with different
oxygen concentrations, the oxygen flow was set with dif-
ferent rates [0, 0.8, 1, and 1.2 sccm]. The RF power of
the Ge target and DC power of the Pb target were held
at 280 W and 10 W, respectively, during the deposition
process.

The deposition time for each sample was adjusted to
keep the grown thin films thickness around 200 nm,
which was confirmed by using Veeco Dektak 150 surface
profiler.

B. CHARACTERIZATION METHODS
The local elemental information of thematerials was obtained
by using an EDX silicon drift detector (Oxford INCA)
attached to a JEOL 7600F FE-SEM. To perform accurate
compositional analysis limited to the top Ge1−xPbxOy thin
film, EDX analysis was carried out using a low-energy elec-
tron beam with an acceleration voltage of 4 kV only. The
surface roughness and grain size of the thin films were eval-
uated using a Veeco Multimode V atomic force microscope
in tapping mode. The analysis was conducted on all samples
to investigate the surface morphology of the prepared thin
films.

Ellipsometric measurements of Ge1−xPbxOy thin films
were performed using a SENDIRA infrared ellipsometer
in the wavelength range of 1.5 to 20 µm. Ellipsometric
parameters psi ψ and delta 1 were recorded at 70◦. The
Drude-Lorentz oscillator model with eight Lorentz oscillators
was used to fit the experimentally acquired ψ and1 parame-
ters in SpectraRay 3 software to extract the optical constants
of the Ge1−xPbxOy thin films [17], [18].
The operation of a microbolometer is based on the absorp-

tion of incident IR radiation by the thermal sensing layer.
Therefore, a change in temperature causes a change in
its electrical resistance [19]. Thermal characterization was

performed by measuring the temperature-dependent resistive
behavior of all samples, and Jandel’s four-point probe was
used in conjunction with a temperature-controlled hot plate.
The sheet resistance of the thin films was measured by
using a four-point probe while varying the temperature
from 20 to 70◦C in 2◦C steps. Then, the electrical parame-
ters of Ge1−xPbxOy thin film samples were calculated and
extracted.

C. SIMULATION OF THE MICROBOLOMETER
MULTILAYER DESIGN
The Essential McLeod thin film package is a comprehensive
tool for designing and analyzing optical thin film multilayer
structures [20]. Simulations were carried out within the LWIR
spectral range from 8 to 12 µm by using Ge0.94Pb0.06O0.06,
Ge0.94Pb0.06O0.22, Ge0.94Pb0.06O0.27, and Ge0.94Pb0.06O0.31
thin films as the thermal sensing layer, the atomic ratios
were obtained from EDX results, as will be discussed in the
following section. In the simulation, the cavity comprising
absorbing layers and an air gap was considered as thin film
multilayers stacked together to form cascaded Fabry-Perot
optical cavities, each with different thicknesses and complex
refractive index.

III. RESULTS AND DISCUSSION
A. COMPOSITIONAL AND MORPHOLOGICAL ANALYSIS
Fig. 1 shows that with the low-energy beam, acceleration
voltage of 4 kV, the Si peak at 1.74 keV was completely
absent. Hence, the oxygen signal was assumed to come
from the deposited film and not from the SiO2 underlayer.
Since Ge and Pb target conditions were fixed for all sam-
ples and only the oxygen flow rate was changed during
the deposition, the samples were expected to exhibit the
formula Ge1−xPbxOy with the same x for all samples and
different y. This was confirmed by the EDX quantitative
analysis; the Pb/(Pb+Ge) ratio was almost the same for all
samples (∼0.06). Oxygen was present in all samples, even
the sample with ‘‘zero’’ inserted oxygen. Therefore, the con-
tribution of post growth oxidation cannot be ignored, and
without intentional oxygen exposure, the Pb:O ratio is 1:1.
The atomic percentage of oxygen increases with increas-
ing inserted reactive oxygen until a Pb:O ratio of 1:5.2 is
reached at the highest oxygen concentration. Accordingly,
the formulas for the four alloy samples may be written as
Ge0.94Pb0.06O0.06, Ge0.94Pb0.06O0.22, Ge0.94Pb0.06O0.27, and
Ge0.94Pb0.06O0.31. All samples are partially oxidized semi-
conductor alloys. The atomic percentage (at. %) and weight
percentage (wt. %) for the samples elements are presented
in Table 1.
The surface roughness and grain size of the thin films

were analyzed by AFM, as shown in Fig. 2. The roughness
values show no trend. However, they lie in a narrow range
of 0.7-0.9 nm for average roughness. The Ge0.94Pb0.06O0.06,
Ge0.94Pb0.06O0.22, Ge0.94Pb0.06O0.27, and Ge0.94Pb0.06O0.31
films have rms surface roughness values of 0.8994 nm,
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TABLE 1. Atomic Percentage (at.%) and weight percentage (wt.%) of the samples elements.

FIGURE 1. EDX spectra of the Ge1−xPbxOy films grown at different
oxygen concentrations, shows the intensity with respect to the energy for
all compositions of the proposed materials.

1.1710 nm, 0.9466 nm, and 1.1050 nm, respectively.
In general, the films have excellent surface morphology with
very low roughness values.

B. ELLIPSOMETRY ANALYSIS
Ellipsometry was used to extract the optical properties of
the proposed materials. The extracted refractive index n
and extinction coefficient k of Ge1-xPbxOy thin films were
analyzed by spectroscopic ellipsometry in the wavelength
range of 1.5 to 20 µm, as shown in Fig. 3. The refractive
index n over the wavelength range decreases with increasing
oxide content in the samples. The extinction coefficient k of
all samples except for Ge0.94Pb0.06O0.31 decreases in the
wavelength range from 2 to 5 µm, and then, the extinction
coefficient k increases for higher wavelengths up to 20 µm.

FIGURE 2. 2D AFM images of the prepared films with four different oxide
percentages showing the (a) Ge0.94Pb0.06O0.06, (b) Ge0.94Pb0.06O0.22,
(c) Ge0.94Pb0.06O0.27 and (d) Ge0.94Pb0.06O0. films.

FIGURE 3. Refractive index (n) and extinction coefficient (k) as a function
of wavelength for the four different Ge1−xPbxOy films.

This increase in absorption was found to be associated with
the increase in the oxygen content in the Ge1−xPbxOy thin
film.
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C. OPTICAL SIMULATION
Fig. 4 shows the main structure layers of the proposed design,
which was simulated in the Essential Macleod (EM) simula-
tor environment. The main cavity microbolometer structure
has the traditionally usedmaterials adapted with the proposed
novel material in this study, which is utilized as the active
layer in the cavity microbolometer design. The obtained
optical properties were employed in the EM simulator to
analyze the cavity microbolometer structure. Because the
microbolometer operates in the longwave infrared range,
the analysis was performed to extract the absorptance of
the microbolometer as a function of the long wavelength
in the range from 8 to 12 µm. Fig. 5 illustrates that an
increase in the oxide concentration in the Ge1−xPbxOy thin
film enhances the absorptance of infrared radiation in the
microbolometer cavity. The absorptance reaches a max-
imum of 81.88% for Ge0.94Pb0.06O0.31 at a wavelength
of 12 µm.

FIGURE 4. The main structure layers of the proposed design are
simulated in the EM simulator.

FIGURE 5. Simulation results of the absorptance vs. wavelength analysis
of all proposed thin films.

D. ELECTRICAL CHARACTERIZATION
Jandel’s four-point probe and a temperature-controlled hot
plate were used to measure the sheet resistance RS of the
prepared thin films at the same time when varying the tem-
perature T from 20 to 70◦C in 2◦C steps. Fig. 6 shows
the resistivity versus temperature curves for all synthe-
sized Ge1−xPbxOy thin film samples. As seen from the
obtained results in Fig. 6, Ge0.94Pb0.06O0.31 shows a max-
imum value of 153.6 �.cm compared with the other three
samples.

The obtained results were adequately fitted using
an exponential decay function, indicating semiconduct-
ing behavior of the grown Ge1−xPbxOy thin films,
which followed the known Arrhenius relationship, as
in Equation (1) [21].

ρ (T ) = ρoexp

(
Ea/kT

)
(1)

where ρ is resistivity, ρo is the resistivity prefactor, Ea is
the activation energy and k is Boltzmann’s constant. The
activation energy Ea can be graphically determined by taking
the natural logarithm of the Arrhenius equation, which is
expressed as a line of the form y = a + bx. The TCRs of
the amorphous Ge1−xPbxOy thin films were calculated using
Equation (2) [21].

|TCR| =

∣∣∣∣ 1ρ dρdT
∣∣∣∣ =

Ea
kT 2 (2)

The values of the oxygen O2%, RS , ρ (RS × film thickness),
ρO, EA, and TCR at room temperature for the fabricated thin
films are summarized in Table 2. In general, the oxidation
of Ge1−XPbXOY contributes to a decrease in the carrier
mobility, so the sheet resistance, resistivity, and TCR of
these samples increase. Furthermore, these Ge1−XPbXOY

FIGURE 6. Resistivity versus temperature for the different Ge1−xPbxOy
thin film samples.
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TABLE 2. Summary of the electrical parameters of Ge 1−x Pb x O y thin
film samples.

films show high TCR values close to that of VOX mar-
tial which is currently used in the fabrication of uncooled
microbolometers.

IV. CONCLUSION
In this work, amorphous Ge1−xPbxOy is introduced as a
thermal sensing material in microbolometers. The sputter-
deposited Ge1−xPbxOy was fabricated and examined to val-
idate its use as a thermal sensing material in microbolome-
ters. RF and DC sputtering deposition techniques with
Ge and Pb targets in Ar and Ar:O2 atmospheres were
simultaneously used to produce room-temperature grown
Ge0.94Pb0.06O0.06, Ge0.94Pb0.06O0.22, Ge0.94Pb0.06O0.27, and
Ge0.94Pb0.06O0.31 thin films. The experimental results show
that the range of the TCR of the prepared samples is between
−1.48 and −3.85%/K. In addition, the resistivity ranges
between 5.36 and 153.6 �· cm. Moreover, the rms sur-
face roughness of these samples was extracted from AFM
measurements and found to range from 0.9 to 1.2 nm. Spec-
troscopic ellipsometry was used to extract the n and k of these
materials experimentally. These extracted n and k values were
used in a simulation study to find the absorptance of the
thin films. The simulation results show that the absorptance
increases with increasing oxide content of the samples. The
absorptance reaches 81.88% for Ge0.94Pb0.06O0.31 at 12 µm.
The Ge1−xPbxOy thin films have high TCR, acceptable resis-
tivity, high absorptance, and good surface roughness. These
properties make the proposed Ge1−xPbxOy materials practi-
cal for uncooled microbolometer technology.
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