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Abstract
Near-infrared detection is widely used for nondestructive and non-contact inspections in various
areas, including thermography, environmental and chemical analysis as well as food and medical
diagnoses. Common room temperature bolometer-type infrared sensors are based on
architectures in the μm range, limiting miniaturization for future highly integrated ‘More than
Moore’ concepts. In this work, we present a first principle study on a highly scalable and CMOS
compatible bolometer-type detector utilizing Ge nanowires as the thermal sensitive element. For
this approach, we implemented the Ge nanowires on top of a low thermal conducting and highly
absorptive membrane as a near infrared (IR) sensor element. We adopted a freestanding
membrane coated with an impedance matched platinum absorber demonstrating wavelength
independent absorptivity of 50% in the near to mid IR regime. The electrical characteristics of
the device were measured depending on temperature and biasing conditions. A strong
dependence of the resistance on the temperature was shown with a maximum temperature
coefficient of resistance of −0.07 K−1 at T=100 K. Heat transport simulations using COMSOL
were used to optimize the responsivity and temporal response, which are in good agreement with
the experimental results. Further, lock-in measurements were used to benchmark the bolometer
device at room temperature with respect to detectivity and noise equivalent power. Finally, we
demonstrated that by operating the bolometer with a network of parallel nanowires, both
detectivity and noise equivalent power can be effectively improved.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

The ever increasing demand for more compact and mobile
sensor systems intensifies the need for highly miniaturized
device architectures [1]. The same trend has been observed
before in the continuous downscaling of modern integrated
circuits (ICs), following Moore’s Law [2]. Today, transistors
have evolved to quasi 1D structures, which are also referred
to as nanowires (NWs) enabling superior electrostatic control
of the transistor channel and thus scaling of ICs to the 5 nm
technology node and below [3–5]. In this context, the
development of a NW based detector presents itself as an

obvious consequence, since this would allow the imple-
mentation of an additional functionality level into CMOS-
based technologies, enabling cost optimization and value-
added system solutions [6].

Among the manifold techniques for the detection of
electromagnetic waves, bolometric sensing represents a
highly versatile approach [7, 8]. It offers the ability of
detecting photons over a large spectral bandwidth and ideally
also at ambient temperatures [8]. Thus, in the IR bolometers
are widely used. This spectral band ranging from 700 nm to 1
mm plays an important role in manifold modern scientific and
commercial technologies including thermography, [7, 9, 10]
optical communication, [11, 12] observation of astronomical
phenomena [7, 13, 14] and foremost chemical sensing of
molecules. [1, 15].

Nanotechnology

Nanotechnology 33 (2022) 245201 (6pp) https://doi.org/10.1088/1361-6528/ac5aec

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

0957-4484/22/245201+06$33.00 Printed in the UK © 2022 The Author(s). Published by IOP Publishing Ltd1

https://orcid.org/0000-0002-9556-1550
https://orcid.org/0000-0002-9556-1550
https://orcid.org/0000-0001-5730-234X
https://orcid.org/0000-0001-5730-234X
https://orcid.org/0000-0001-5693-4775
https://orcid.org/0000-0001-5693-4775
mailto:alois.lugstein@tuwien.ac.at
https://doi.org/10.1088/1361-6528/ac5aec
https://doi.org/10.1088/1361-6528/ac5aec
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ac5aec&domain=pdf&date_stamp=2022-03-23
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ac5aec&domain=pdf&date_stamp=2022-03-23
http://creativecommons.org/licenses/by/4.0


The core parts of a bolometer are a broadband absorber
and a detector element whose resistance is strongly temper-
ature-dependent [16]. For the fabricated bolometer device the
radiation is absorbed by an impedance matched absorbing
(IMA) metal layer (see supplementary material available
online at stacks.iop.org/NANO/33/245201/mmedia). The
heat generated in the IMA is transferred to the sensing ele-
ment and the resulting change in conductivity is measured by
an electrical read-out circle. In this work, we present a Ge
NW bolometer on an Si3N4 membrane coated by an IMA as
absorbing layer. In the past, bulk Ge has often been used for
bolometers as it can be produced in high purity and due to its
physicochemical properties, particularly the high temperature
dependent resistance [17–19]. With regard to the embedding
of detectors in ICs already mentioned above, it is also
important here to mentioned that, Ge can be monolithically
integrated in silicon platform technology [20–22].

Here, we present a CMOS compatible, highly integrated
microbolometer device based on vapor–liquid–solid [23]
grown Ge NWs as the temperature sensing element on a Si3N4

membrane with a Pt based IMA for the IR regime [24].
Figure 1(a) shows the schematic of the fully featured device.
The Ge NW (details of NW growth can be found in the sup-
porting information) with a diameter of 15 nm is deposited on
a 50 nm thick Si3N4 membrane with the IMA on the back-side
consisting of a 5 nm thick Pt layer. Reliable electrical contacts
are achieved by a thermal induced exchange reaction with Al
pads, [25] further connected to macroscopic Au pads. The Ge
NWs are coated with a 20 nm thick Al2O3 passivation layer
(not shown in the schematic) to enhance the conductivity of
the channel and reduce the influence of acceptor-like surface

trap states, which are well known for dominating the electrical
behavior of bare Ge NWs [26, 27].

Figure 1(b) shows a SEM image of the fully featured test
device consisting of several contacted NWs atop of the sus-
pended Si3N4 membrane with an area of (800×800) μm2. In
the actual device the area of the Al leads contacting the
Al–Ge–Al NW heterostructure is small (<1%) compared to the
size of the IR absorbing membrane. Thus, the effect of optical
coupling via the Al leads may be considered to be negligible.

Figure 2(b) further shows a magnified view of an indi-
vidual Ge NW (red marked square in figure 1(b)) with the Ge
segment contacted by single crystalline Al leads. As already
mentioned above, the Al–Ge–Al heterostructure was formed
by a thermal induced exchange reaction, performed at the
very end of the processing. For this purpose, the device was
heated via rapid thermal annealing to 623 K. This temperature
is maintained for a certain period of time in order to adjust the
Ge segment length and to achieve reliable electrical contacts.
[25, 26, 28].

To generate a significant electrical signal change upon
temperature increase, the detector element of the bolometer is
required to exhibit a large temperature coefficient of resist-
ance (TCR) which is defined as follows:

( )TCR
R

dR

dT

1
1

0
= *

with R0 denoting the resistance at the operational temperature

and
dR

dT
the resistance change per Kelvin [8] as a semi-

conductor, Ge exhibits a negative TCR [16] of about −0.01 to
−0.06 K−1, depending on doping and crystallinity. [17–19]
figure 2 shows the resistance as a function of temperature
from a typical Al–Ge–Al heterostructure comprising a nom-
inally intrinsic, 15 nm thick and 730 nm long Ge NW seg-
ment, passivated by an about 20 nm thick Al2O3 layer. The
resistance was extracted from the linear region in the
respective I/V characteristics shown in the inset.

As the device shows a nonlinear I/V-behavior, the
R(T) data was acquired recording I/V curves in the temper-
ature range between T=40 K and 293 K and extracting the

Figure 1. (a) Schematic illustration of the Ge NW microbolometer.
The Al2O3 passivated Ge NW atop of a freestanding Si3N4

membrane is electrically contacted by monolithic Al leads. The
backside of the membrane is conformal coated with a thin Pt layer
acting as an IMA for the incident IR radiation. The resulting increase
of the membrane temperature due to IR exposure leads to a
conductivity enhancement in the NW which is detected electrically.
(b) SEM image of a fully featured NW bolometer. The NWs atop of
the membrane are electrically contacted via monolithic Al leads to
macroscopic Au pads at the surrounding of the membrane. The right
image shows a magnified view of an individual Ge NW with the
monolithic Al contacts.

Figure 2. Temperature dependent resistance of a 15 nm thick and
730 nm long Ge segment passivated with 20 nm Al2O3. The TCR
values determined at 293 K and 100 K are inserted. The inset depicts
the I/V characteristic at various temperatures.
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resistance in the linear part of the I/V characteristic by linear
fitting of the measured data. Starting from 40 K, upon
increasing temperature, the thermal generation of charge
carriers result in a strong decrease in resistance. The highest
TCR was observed at 100 K with a value of about −0.07 K−1.

Prior to the integration of the Al–Ge–Al heterostructure
in the bolometer device, heat transport simulations have been
performed to determine the optimal membrane size, which
essentially determines the overall temperature rise and the
temporal behavior of the bolometer. For this purpose, the
structure was evaluated using COMSOL Multiphysics® (see
supplementary material).

For such an optimized membrane with (800×800) μm2

a temperature increase of 4 K can be expected for the actual
IR excitation power of P=18 μW. With regard to the
temporal behavior of the bolometer, a thermal time constant τ,
which is defined as the −3 dB roll-off from the dc respon-
sivity [29] was calculated with≈35 ms.

To characterize the current responsivity Ri of the
microbolometer, the I/V characteristic of an individual NW
on top of the membrane was measured under IR illumination.
Therefore, the sample was placed in a cryostat (Oxford®

OptistatDry) with a CaF2 window and electrically connected
to a Semiconductor Analyzer (Keithley 4200 SCS). Homo-
geneous illumination was achieved using the Tungsten IR
globar of a FTIR (Bruker® Vertex 70) focused on the
microbolometer through a low pass filter and the above
mentioned IR transparent CaF2 window. Figure 3 depicts the
I/V characteristic with (red) and without IR illumination
(black). Notably, all measurements were performed in voltage
biasing mode with a current compliance of 1 μA [30].

This has two purposes: Firstly, it prevents the avalanche
like increase of the current, which would most probably
damage the device. Secondly, it avoids self-heating via Joule-
Heating. This limit however is a rigorous safety measure,
since previous spatial thermal analysis of our NWs showed,
that the onset of Joule heating for a Ge segment of 168 nm is
in the order of P=25 μW dissipated Joule heating power
(P=I * V ). [30].

What is immediately noticeable is the rectifying behavior
of the device which is in contrast to previous studies of Al2O3

passivated Ge NWs on oxidized Si wafers [25]. In contrast to
these, the bolometer device has a homogeneous Pt film on the
back of the membrane acting as the IMA. This large area
metal layer is separated from the Ge NW by only a 50 nm
thick Si3N4 dielectric layer and therefore acts as a very
effective floating gate.

The asymmetry in the I/V characteristics is commonly
misinterpreted as an evidence of non-ohmic metal-semi-
conductor interface. However, we argue that the asymmetry
observed in the I/V response is indicative of the channel
potential and the surface potential. This effect is related
to the NW geometry and is a direct consequence of the
channel pinch-off, which for p-channel devices can only
occur for negative bias voltages [31]. However, upon illu-
mination with an overall power of 18 μW, the current
increases both for negative and positive applied bias voltage.
The extracted corresponding responsivity is displayed in
the bottom right inset with the highest Ri at 1.1 V with 3.7
mAW−1 . As can be seen very clearly, a further increase in
the bias voltage should increase the Ri even further. How-
ever, it must be considered that this would lead to a self-
heating of the bolometer due to Joule heating effects, [30]
which would then have to be taken into account accordingly
in the evaluation of the performance. For the actual device,
the voltage bias operation of a Ge NW exhibiting a negative
TCR, would result in a positive electrothermal feedback
increasing both responsivity and time constant [32].
Although, as the thermal time constant of the device is
mainly dominated by the membrane an altered time constant
appears unlikely. From the data in the linear region and
using the TCR of −0.017 K−1 determined at room temper-
ature, we calculated a temperature increase of about 4.4 K,
which is in good agreement with the simulated temperature
increase of≈4 K.

To determine key performance parameters for a bol-
ometer, namely the Noise Equivalent Power (NEP), the
thermal time constant τ and the current noise spectral density
(In), lock-in (Zuerich Instruments® MFLI 500 kHz/5 MHz)
measurements were performed with a chopper modulating the
intensity of the IR beam. The NEP is defined in the case of
current sensing as the fraction of the current noise spectral
density and the responsivity, [16]

( )NEP
I

R
. 2n

i
=

Figure 3. I/V characteristic of a Ge NW in the dark (grey) and under
illumination with a tungsten globar (red). The bottom right inset
illustrates the extracted current responsivity with a peak value of
3.7 mAW−1 at 1.1 V. The bottom left inset shows the measured
frequency dependent response yielding a thermal time constant
of≈55 ms. The top left inset depicts the measured current noise
along the I/V characteristic at the corresponding colored points in
the main plot. The top right inset shows the frequency dependent
NEP and D* at the point of the highest Ri. The lowest NEP value
occurs at 37 Hz with 4.9*10–7 WHz−1/2 which corresponds to a D*

of 1.6*10 5 cmHz1/2 W−1.
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First we have investigated the frequency dependent
response by observing the current response at different
chopper frequency. This is depicted in the bottom left inset of
figure 3. For small chopping frequencies up to 7 Hz the
response of the device remains almost constant. In this region,
the device can reach thermal equilibrium resulting in a con-
stant response. At higher frequencies, the response decreases
and above 41 Hz it drops according a 1/f behavior. The
extracted time constant is τ ≈ 55 ms, which is higher than the
simulated value of τ ≈ 35 ms. This is most likely due to the
fact that we realized more than one NW device on the
membrane to investigate also NW arrays as discussed below
and that the sample has to be glued to a sample holder. Thus,
this increase of the thermal mass may increase the thermal
time constant. However, in accordance with previous works
by Piller et al [33], our simulations (see supplementary
material) have shown that τ can be effectively decreased
using smaller membranes even if at the cost of responsivity.

Finally, the current noise spectral density shown in the
top left inset was determined at the four points marked in the
I/V characteristic of the main plot in figure 3. The overall
noise in the observed range decrease by about 1.5 order of
magnitude when the bias is reduced from 1.1 V to 0.2 V.
Although a smaller bias voltage and thus current flow inside
the channel results in a noise reduction, we found that the
NEP in the investigated regime is mainly dominated by Ri. In
consequence, the lowest NEP was observed at the highest
investigated bias of 1.1 V with 4.9*10–7 W Hz − 1/2 at a
frequency of 37 Hz (top right inset in figure 3).

The most meaningful figure of merit for bolometers that
also includes the active absorbing area of the detector and the
signal bandwidth is the normalized detectivity (D*):

( )D
A f

NEP
. 3

d=
D

*

This is represented by the right axis in the top right inset in
figure 3 and characterizes the detector output signal-to-noise
ratio at 1 W of input IR radiation normalized to a detector
with a unit active area and a 1 Hz bandwidth. With an active
area of (800×800) μm2, this results in a D* of 1.6*105

cmHz1/2 W−1 at 37 Hz (top right inset in figure 3).
To improve the performance of the bolometer device in

terms of NEP and further D*, two possible approaches can be
conceived (equation 2): increasing Ri or decreasing In. As
already mentioned above, the responsivity Ri of the bolometer
could be increased very effectively by increasing the bias
voltage (see bottom right inset in figure 3). However, for a
future operation of a Ge NW microbolometer at higher cur-
rent levels one has to consider several additional aspects such
as the above mentioned Joule heating in the Ge NW, [30]
inducing a positive electrothermal feedback which further
impacts the responsivity and time constant [32] as well as the
overall increased noise [34].

With regard to a targeted reduction of noise, it is
important to note that in the case of NWs, this is mainly
determined by the large surface to volume ratio. It is well
known that electrical devices based on NWs show a

significant increase in electrical noise when compared to bulk
material [35]. This has been observed in a variety of materials
including Ge [36], Si [37], III–V [38] as well as metal oxide
NWs [39], with the excess noise mainly attributed to surface
charge trapping and de-trapping as well as surface scattering
related noise [36, 38, 39]. In consequence, the low frequency
noise in Ge NWs is dominated by random telegraph signals
and 1/f noise [36]. Other noise sources such as shot and
contact noise can be neglected at low current levels [40] and
the excellent quality [36, 41] of the monolithic Al–Ge con-
tacts respectively.

Therefore, an approach to increase responsivity via
increasing the current output [42], while simultaneously
increasing noise less than linear [40], would be to use an
ensemble of parallel NWs as detector element.

Having only a minor impact on the overall current noise,
the parallelization has a positive impact on the Johnson Noise
which only depends on the resistance of the circuit [16].
Further the 1/f noise originating from the above described
trapping events [36] should be uncorrelated and therefore
increase less than linear due to statistical averaging [40]. In
addition an increased current output should raise the Ri. To
determine the performance for a network of NWs we con-
nected four Ge NWs across the membrane area in a parallel
manner.

Figure 4 shows the comparison of IN (a), NEP (b) and D*

(c) for a bolometer device with one or four parallel NWs as
temperature sensing element. For the measurements with 4
parallel nanowires, components were selected which were far
apart from each other and having minimal length of the bulk
Al contacts to the Al–Ge–Al heterostructures to minimize
uncontrolled heat dissipation through the metal contacts.

The corresponding IN of the device with four NWs is
depict in figure 4(a) (red curve) alongside with the previously
determined In of a device with only one NW (blue curve).
Here, we measured a largely unchanged current noise for four
NWs at 530 nA in the observed bandwidth when comparing
to the noise levels for a single NW (figure 4(a)). This constant
current noise for the increased number of NWs can be dedi-
cated to the fact that the above described main noise source
(1/f-noise) of NWs is uncorrelated. In consequence, by using
a parallel array of NWs this will raise the intrinsic noise level
less than linear due to statistical averaging [40]. For the small
increase from one to four NWs we could not measure a

Figure 4. (a) The measured frequency dependent current noise for 4
NWs compared to the current noise of an individual NW. (b) A
comparison between the NEP of 4 NWs and a single NW. (c) A
comparison between the D* of 4 NWs and a single NW.
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significant elevation of the noise level. In contrast to the
current noise levels a noticeable increase of Ri from 3.8 mA
W−1 to 5.2 mA W−1 was observed due to an increase of the
transconductance of parallel NW networks compared to sin-
gle NWs. [42]. As a combined effect the measured NEP and
D* of the NW network are 1.7*10–7 WHz−1/2 and 5.4*105

cmHz1/2 W− 1 respectively. This corresponds to an
improvement by a factor of 2.8 and 3.3 respectively. Com-
paring the observed NEP and D* to a selection of previously
reported bolometer devices in the literature (see supplemen-
tary material), the presented microbolometer still requires
further improvement in terms of NEP/D* by 2 orders of
magnitude to reach a competitive sensitivity. A further
increase in the number of NWs connected in parallel should
lead to a corresponding improvement in performance. How-
ever, to generate a net improvement in NEP and D*, the
current noise has to be rather constant or at least show a
smaller increase than the corresponding Ri. For future inves-
tigations and applications, it is therefore necessary to develop
a top-down process that allows the production of thousands of
Ge NWs on the membrane. In this way, the doping and
passivation of the NWs can also be improved with the aim of
increasing the TCR and decreasing In respectively, leading to
a smaller NEP. Further, an improved thermal isolation to the
support structure can prevent temperature dissipation and thus
lead to increased responsiveness. This should result in a
smaller NEP, however most likely at the cost of an increased
τ. Finally, improved thermal isolation of the membrane chip
to the support structure can prevent temperature dissipation
and thus lead to increased responsiveness. This should result
in a smaller NEP, however again most likely at the cost of an
increased τ.

In conclusion, we demonstrated a CMOS compatible Ge
NW based microbolometer, which paves the way for future
highly integrated ‘More than Moore’ concepts. We showed
that a membrane based architecture can be effectively tuned
by altering the membrane area which influences both detector
speed and temperature increase in the NW. Furthermore, it
was shown that the performance of the bolometer can be
improved not only by an optimized component architecture
but also by the use of many NWs connected in parallel as
temperature-sensitive elements.
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