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Abstract: This paper presents a near-infrared (near-IR) photodetector based on a gold nanoparticles-
doped (AuNPs-doped), single-walled carbon nanotube–germanium (SWCNT/Ge) heterojunction.
The responsivity, detectivity, and response time of the AuNPs-doped, SWCNT/Ge heterojunction
photodetector measured 476 mA W−1 (a 291% improvement), 1.0 × 1012 cm Hz1/2 W−1 (a 208%
improvement), and 8 µs, respectively. The mechanism of the enhanced performance originated from
the surface modification by gold doping, which effectively improved the work function of the carbon
nanotube films and thus increased the barrier height between the heterojunctions, as measured by
the contact potential distribution (CPD) and open circuit voltage (Voc) of the SWCNT/Ge interface.
In addition, we investigated the effect of various particle sizes on the performance and stability of
the photodetector. The results demonstrate the promising prospects of the presented heterojunction
photodetector for infrared detection applications.

Keywords: SWCNT/Ge heterojunction; near-infrared photodetector; gold nanoparticles-doped

1. Introduction

The complex and expensive fabrication process of traditional semiconductor detectors
limits the development of new infrared photodetectors [1–6]. As an ideal optoelectronic
material, carbon nanotubes (CNTs) have unique optical, electrical, thermal, and mechanical
properties [7–11], which make them a promising candidate for photoelectric conversion
devices, such as photoelectric sensors [12], photodetectors [13], and solar cells [14]. CNTs
change the status quo by either forming PN junctions with semiconductor nanomaterials
or Schottky junctions with metallic nanomaterials [15–20]. Currently, various carbon nan-
otube and semiconductor heterostructure photodetectors have been proposed, including
CNT–silicon [21], CNT–germanium [22], CNT–gallium arsenide [23], etc. Our former
study [22] presented an ozone-treated, SWCNT/Ge heterojunction, near-IR detector. The
ozone treatment improved the conductivity of the SWCNT films and formed an oxide
layer at the interface, where the responsivity and detectivity were 362 mA W−1 and
7.22 × 1011 cm Hz1/2 W−1, respectively. However, the treated ozone was mainly adsorbed
on the surface, and the performance of the SWCNT/Ge photodetector was unstable, so it
was necessary to find a better doping method.

Au is a stable metal with a relatively low Fermi level compared with CNTs, so it can
be used as a p-type dopant [24–27]. AuNPs can effectively improve the work function
and the conductivity of carbon nanotube films [28–32], which enhances the performance
of the photodetector. It has been previously demonstrated that by introducing AuNPs
on the surface of a CNT photodetector, the photocurrent can be improved by more than
three times [33]. Liu et al. [34] exhibited a photodetector based on a AuNPs-modified
carbon nanotube with enhanced photodetector responsivity. Chen et al. [35] fabricated a

Photonics 2022, 9, 615. https://doi.org/10.3390/photonics9090615 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics9090615
https://doi.org/10.3390/photonics9090615
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics9090615
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics9090615?type=check_update&version=1


Photonics 2022, 9, 615 2 of 9

photodetector composed of a Au nanoparticle/double-walled carbon nanotube film/TiO2
nanotube array/Ti multilayer heterojunction with a responsivity of 15.41 mA W−1 at a
wavelength of 532 nm, which was about 1.91 times higher than the pristine material. Gold
nanoparticles are known to locally enhance the incident electromagnetic radiation. These
effects are referred to as plasmonic phenomena or plasmonics, and have been suggested
for use in photovoltaics to enhance the sensitivity through incident field enhancement; it
has also been applied for use in photodetectors; gold nanoparticles in particular have been
used to enhance infrared detection [36,37].

In this paper, we report a set of SWCNT/Ge heterojunction photodetectors, deposited
with a thin layer of gold nanoparticles through the vacuum evaporation method. Ge,
with its bandgap of 0.67 eV, plays a vital role in spectral absorption in the near-infrared
region; SWCNT films, with their high conductivity and optical transmittance, serve as a
highly conductive network for charge transport and provide a transparent window for
light illumination. Due to the favorably improved work function and conductivity of
the carbon nanotube film using AuNPs doping, the photovoltaic performance of single-
walled carbon nanotube–germanium (SWCNT/Ge) heterojunction photodetectors is greatly
enhanced. The responsivity, detectivity, response time, and recovery time of the AuNPs-
doped SWCNT/Ge photodetector were 476 mA W−1, 1.0 × 1012 cm Hz1/2 W−1, 8 µs,
and 8 µs, respectively. These results provide an efficient method for the fabrication of
high-performance near-IR photodetectors.

2. Materials and Methods
2.1. SWCNT Film Synthesis and Treatment

Following a floating catalyst chemical vapor deposition process, the SWCNT films
were synthesized on a horizontal furnace, using xylene as the carbon source and ferrocene
(0.36 mol L−1) and sulfur (0.036 mol L−1) as the catalyst precursors. An automatic syringe
pump controlled the carbon source at a feeding rate of 30 µL min−1. After being introduced
into the quartz tube, the prepared mixture was transferred to the reaction zone, which had
a temperature ranging from 1150 to 1170 ◦C; the transfer was conducted through a gas
mixture of H2 (400 sccm) and Ar (2000 sccm). The as-prepared SWCNT films were collected
by nickel foil and placed at the end of the quartz tube.

2.2. Device Assembly

N-type Ge wafers (2~4 Ω·cm) were soaked in a diluted HF solution to remove the
surface oxide layer (GeO2). The Ge wafers were then washed with deionized water and
dried with nitrogen gas. Sellotapes with 0.5 cm internal diameter circuits were cemented to
the periphery of the treated Ge wafers to form the insulation layer. Afterwards, the floating
SWCNT films on the water surface were transferred onto one of the N-type Ge wafers.
Eventually, silver paste was coated between the copper foil and SWCNT films to form an
ohmic contact, where the SWCNT films served as the upper electrode. A layer of gold
nanoparticles was deposited onto the SWCNT/Ge photodetector surface using a heated
thermal evaporator device (TEMDS500, Beijing Technol Science Co., Ltd., Beijing, China)
with a vacuum pressure of 2 × 104 Pa and at an evaporation rate of ~0.1 Å s−1.

2.3. Characterization

The morphologies of the SWCNT/Ge microstructure were characterized by a scanning
electron microscope (SEM, Helios G4 CX, FEI, Hillsboro, OR, USA). The conductivity of a
SWCNT film was tested by a digital source meter (2612B, Keithley, OH, USA). The current–
voltage (I–V) characteristics were measured by using a semiconductor device analyzer
(B1500A, Keysight, Santa Rosa, CA, USA) with a 1500 nm laser source (25 ◦C). The contact
potential distribution (CPD) of the photodetector was measured by the scanning Kelvin
probe microscopy technique (SKPM, cypher VRS, Oxford, OXF, UK).
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3. Results
3.1. Characterization of the AuNPs-Doped SWCNT/Ge Photodetectors

The fabrication process of the AuNPs-doped SWCNT/Ge photodetector is shown in
Figure 1a. The SWCNT film was transferred to the Ge substrate to form a heterojunction,
and AuNPs were deposited on the surface of the SWCNT/Ge photodetector by a heated
thermal evaporator device. The surface morphologies of the AuNPs-doped SWCNT/Ge
were revealed by the SEM technique (Figure 1b,c). The analysis showed that the deposited
AuNPs formed a very compact dense film. As shown in Figure 1d, the statistical particle
size distribution showed the morphology of the AuNPs, with an average diameter of
~8 nm and a relatively narrow diameter distribution (ranging from 5 nm to 11 nm). The
conductivity of the AuNPs-modified SWCNT films was enhanced by 19.6% compared to
the pristine material, as shown in Figure 1e. This result is consistent with the observation
from the scanning electron microscopy, where the AuNPs are attached to the CNT films to
enhance the conductivity of the carbon nanotube’s network structure.
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Figure 1. (a): Schematic illustration of the AuNPs-doped SWCNT/Ge photodetector; (b,c): SEM
image of the AuNPs-modified SWNT/Ge interface; (d): Statistical particle size distribution of the
AuNPs; and (e): I-V curves of the SWNT films with and without gold nanoparticles.

3.2. The Photoelectric Properties of the AuNPs-Doped SWCNT/Ge Photodetectors

Responsivity (R) and detectivity (D*) are two important parameters to characterize
the device quantitatively, and are expressed by the following equations [38]:

R = Ip/Popt (1)

D* = A1/2 R/(2qId)1/2 = A1/2(Ip/Popt)/(2qId)1/2 (2)

where Ip, Popt, q, A, and Id are the photocurrent, incident optical power, unit of elementary
charge, active detection area, and dark current, respectively. The responsivity measures the
sensitivity of the photodetector, while the detectivity of the photodetector represents the
ability of detection under weak optical power. The responsivity (R) and detectivity (D*)
were calculated to be 476 mA W−1 and 1.0 × 1012 cm Hz1/2 W−1 under the light power of
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0.49 mW, without an external bias voltage. In addition, we observed that the value of the
response current was 0.02 mA under the condition of a weak light power of 32 µW.

Ip∝Popt
θ (3)

Figure 2a shows that the photocurrent increased with the increase of bias voltage.
Specifically, the photocurrent increased from 19.5 µA to 0.75 mA when the optical light
power rose from 32 µW to 3.17 mW. Note that because it is a self-powered photodetector,
the photocurrent comes from generating and separating photogenerated carriers without
the influence of an external power supply. The photocurrent curve vs. the optical light
power, as shown in Figure 2b, can be fitted with Equation (3). The fitted result of the θ is
0.81, and the photogenerated current was nearly proportional to the optical light power.
The transient response of the CNT/Ge photodetector was assessed under a 1 Hz light
pulsed illumination at zero voltage. As exhibited in Figure 2c, the device’s on and off
currents were estimated to be 0.75 mA and 0.14 µA in the switching state, yielding an
on–off ratio as high as 5.4 × 103.
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Figure 2. (a) The incident photovoltaic characteristics of the AuNPs-modified SWCNT/Ge photode-
tector with a gradually increasing light power from 32 µW to 2.37 mW. (b) The fitting curve between
the photogenerated current and the optical power under a 1550 nm light illumination. (c) The turned
on and off photo responses of the AuNPs-modified SWCNT/Ge photodetector without an external
power supply under a 1550 nm illumination. (d) The normalized cycle measurement at 1 kHz for the
response time (τr) and recovery time (τf). (e) The energy band schematic of the AuNPs-modified
SWCNT/Ge photodetector.
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Figure 2d shows a single cycle of the photo response under a 1 kHz light illumination,
where the rise time (τr, increasing from 10% to 90% of the peak value) and fall time (τf,
decaying from 90% to 10% of the peak value) were estimated to be 8 µs and 8 µs, respectively.
These results show that the AuNPs-modified SWCNT/Ge photodetector is effective and
rapidly separates the photogenerated carriers by forming an efficient Schottky junction.

The InJ–V characteristics of the SWCNT/Ge heterojunction can be described by the
thermionic emission diode equation [39]:

J = Js [exp (qV/ηKT) − 1] (4)

Js = A*T2 exp (−qΦB/KT) (5)

ΦB = WCNT − χGe (6)

where JS is the reversed saturated current density across the interface, A* is the effective
Richardson constant (≈66 A K−2 cm−2 for N-type Ge) [40], V is the applied voltage, η
is the ideality factor, k is the Boltzmann constant, and T is the absolute temperature.
According to these equations, ΦB can be estimated from the linear fit of the InJ–V plot. The
saturated current density of AuNPs-doped SWCNT/Ge photodetector was estimated to be
~0.196 mA, while ΦB was calculated to be ~0.62 V. Equation (6) represents the relationship
between the work function of the CNT (WCNT) and the electron affinity energy (χGe) of
Ge. Figure 2e shows the energy band diagrams of the AuNPs-modified SWCNT/Ge
heterojunction, where the Schottky junction was formed at the interface of the SWCNT
films and N-type Ge. After the AuNPs doping, the increased work function of the carbon
nanotube film enhanced the built-in electric field of the SWCNT/Ge junction, which
facilitated the separation of photogenerated electron-hole pairs.

3.3. Enhancing the Photoelectric Properties of the SWCNT/Ge Photodetectors with AuNPs Doping

To investigate the effect of the AuNPs modification on the photodetector, Figure 3a
shows the I–V curves of SWCNT/Ge photodetector before and after AuNPs modification,
revealing the prominent photovoltaic characteristics of the AuNPs-modified SWCNT/Ge
junction. After AuNPs deposition, the JSC of the SWCNT/Ge photodetector significantly
enhanced from 0.081 mA to 0.23 mA under a 0.49 mW light power illumination, while
the Voc of the SWCNT/Ge photodetector increased from 41 mV to 62 mV. Figure 3b
shows the Voc of AuNPs-decorated SWCNT/Ge device, which also largely improved and
reached 78 mV under the illumination of 3.17 mW light power. The spectral response of the
SWCNT/Ge photodetector is shown in Figure 3c. After covering with AuNPs, there was a
large enhancement of the optical response in a spectral range from 1250 nm to 2000 nm;
this enhancement can be attributed to the fact that AuNPs improve the work function and
surface plasmon resonance.

3.4. CPD Measurement before and after AuNPs Modification

The effect of Au nanoparticle doping on the surface potential of the SWCNT/Ge
interface was characterized by the SKPM analysis, which measured the strength of the
electrostatic forces between a conductive probe and the device. Figure 4a shows that
an obvious interface between the Ge and CNT was observed due to the different work
functions of the Ge and CNT. Figure 4b shows the pixel-wise histogram distributions of
the SWCNT/Ge surface potential, and Figure 4c exhibits the CPD of the SWCNT/Ge
heterojunction. The distinction of the work function between the CNT and Ge was obtained
using the following equations [40]:

ePCNT = Wtip − WCNT (7)

ePGe = Wtip − WGe (8)

WCNT − WGe = ePGe − ePCNT (9)
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where WGe, WCNT, and Wtip are the work functions of the Ge, CNT, and conductive
probe, respectively; e is the electronic charge, PCNT is the surface CPD between the SKPM
probe tip and CNT, and PGe is the surface CPD between the SKPM probe tip and Ge,
respectively. The potential distribution of the CNT and Ge was ~720 mV and ~870 mV,
with a potential difference of ~150 mV. Figure 4d shows the potential difference (~180 mV)
of the SWCNT/Ge heterojunction after AuNPs deposition, and the CPD between SWCNT
and Ge increased the number by approximately 30 mV. The above result is consistent with
the change in contact with the Voc (which increased by ~27 mV).
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3.5. The Doping Effect of Particle Size and Stability of the AuNPs SWCNT/Ge

Figure 5a demonstrates that the size of AuNPs dramatically affects the SWCNT/Ge
photodetector performance. The responsivity of the SWCNT/Ge heterojunction was en-
hanced ~2.91 times with AuNPs at the size of ~8 nm. The doping effect became more
significant as the thickness of the Au layer increased with larger Au nanoparticle sizes and
higher surface coverage, resulting in an improved responsivity of the SWCNT/Ge pho-
todetector. However, introducing excess AuNPs also led to a decrease in transmittance as
the thickness increased. Therefore, the size and coverage of the AuNPs on the SWCNT are
vital for obtaining an excellent photodetector performance. Figure 5b compares the stability
of the SWCNT/Ge photodetector with ozone and AuNPs doping. We observed that the
responsivity of the ozone-treated SWCNT/Ge photodetector declined from 349 mA W−1

to 192 mA W−1 (decreasing by 45%) after one week, while the responsivity of the AuNPs-
doped SWCNT/Ge photodetector only decreased by 10% relative to the original device
and obtained a more stable performance one week later. Due to the non-volatile dopant
that are AuNPs, the SWCNT/Ge photodetector exhibited a higher stability than with ozone
molecule treatment.
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SWCNT/Ge photodetector.

4. Conclusions

To summarize, we demonstrated an effective method to improve the SWCNT/Ge
photodetector performance by introducing AuNPs. The doped AuNPs not only enhanced
the conductivity of the SWCNT films, but also improved the work function of the SWCNT
films, which further enhanced the built-in electric field and enhanced the performance of
the photodetectors. As a result, the responsivity and detectivity of the AuNPs-modified
SWCNT/Ge photodetector were estimated to be 476 mA W−1 (increased by 291%) and
1.0 × 1012 cm Hz1/2 W−1 (increased by 208%), respectively. The results revealed that the
AuNPs-doped SWCNT/Ge photodetector holds great potential in the emerging optoelec-
tronic applications.
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