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A B S T R A C T

Mobile medical devices provide great promise for self-health monitoring and preventive medicine. Especially,
photodetectors (PDs) based on two-dimensional (2D) materials have attracted the wide interest in biomedicine
and healthcare. In this review, we summarized the research progress of PDs based on 2D materials, and de-
scribed the important applications of these devices in the wearable and implantable devices. We also analyzed
their various properties such as sensitivity, mechanical flexibility, robustness and biocompatibility of the
wearable and implantable devices. The typical biomedical application, such as UV-radiation monitor, pulse
oximeters and retinal prosthesis were reviewed. We also discussed some of the technical challenges in wearable
and implantable device and possible solutions. The state of art, non-invasive devices show great promising for
real-time pathological monitor, health management and tracking.

1. Introduction

Breakthroughs in fundamental science often follow from advances
in technology and methodology. PDs convert the absorbed optical sig-
nals into measurable electrical signals, which are of central importance
to many applications (Dhanabalan et al., 2016; Buscema et al., 2015; Xu
et al., 2016a; Lin et al., 2017), such as optical communications, bio-
medical imaging and environmental monitoring. At the same time, 2D
materials have received wide attention in the field of optoelectronic
devices thanks to the excellent photoelectric and structural properties
(Chitara et al., 2011a; Wang et al., 2015a; Zhang et al., 2016a). More
recently, the research on PDs has mainly focused on the fabrication of
devices using various 2D optoelectronic materials (Zeng et al., 2018;
Chen et al., 2018; Li et al., 2017a; Mingjin et al., 2018; Wang et al.,
2018; He et al., 2019; Long et al., 2019). To date, through various
optimization measures such as preparing a hybrid structure of hetero-
junctions, not only can the light absorption capacity of the device be
enhanced, but also the detection spectrum range can be extended to
ultraviolet (UV) to infrared and even terahertz bands (Long et al., 2019;
Lu et al., 2019; Cao et al., 2019; Vellampatti et al., 2019; Yang et al.,
2019). The performance of PDs based on 2D materials has achieved

impressive results, and the performance has been continuously im-
proved, including responsivity, detectivity and spectral response range
(Alsaif et al., 2019; Tian et al., 2019; Liu et al., 2019a). Hence, the wide
band, ultra-sensitive and ultra-fast response photoelectric detection is
realized. 2D materials, such as graphene and transition metal dichal-
cogenides (TMDs), have greatly improved atomic utilization compared
with bulk materials. Through thickness control and element doping, the
band structure and optoelectronic properties can be more easily con-
trolled. One of the advantages of 2D materials is the excellent me-
chanical strength, flexibility and high transparency, which has an at-
tractive prospect in the fields of wearable intelligent devices and
flexible energy storage devices. Therefore, PDs based on 2D materials
have been gradually studied and applied in wearable and implantable
biomedical fields.

The growing demand for more effective, specific and safer treatment
methods in the biomedical domain has broadened the horizons of the
research and turned it to more innovative therapies. Technologies that
combine electronic components with the human body are now able to
restore function and monitor health conditions (Schwartz et al., 2013;
Gao et al., 2015; Wang et al., 2014). However, conventional PDs con-
tain rigid, flat and fragile semiconductor wafers as supporting
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substrates, thereby limiting the ways the devices are used. To some
extent, the research applied in biomedical field is pushed by the po-
tential alternative application of integrating thin film devices on flex-
ible substrates. It is worth noting that if the PDs are applied to bio-
medical fields, such as retinal prosthesis, electronic skin and even pulse
oximeter, higher requirements are put forward for the device including
flexibility, robustness, stability and biocompatibility. These character-
istics provide the possibility for the application of the device in bio-
medicine.

The attractive capabilities and related research advances of modern
wearable biosensors have been highlighted in several recent reviews
(Kim et al., 2019; Heikenfeld et al., 2019; Jin et al., 2017; Yang and
Gao, 2018; Sabu et al., 2019), with a focus on the wearable biosensors
for minimally invasive or non-invasive measurements of analytes in
biological fluids. Unlike wearable biosensors, the PDs reviewed here for
biomedical applications, provide an overview of health monitoring and
disease regulating by recognizing physiologically relevant indicators.
Non-invasive wearable PDs avoids painful and dangerous blood sam-
pling procedures, monitor health through real-time continuous phy-
siological information, and alert users or medical staff for disease pre-
vention. As a highly sensitive optical sensor, the implantable PDs can be
used to detect the optical signals inherent in living brain tissue to
prevent and diagnose diseases. Despite rapid progress in photodetection
technology over the past few years, we are only at the beginning of
understanding how wearable and even implantable photodetection
technologies can improve health and performance. Past research and
progress have paved the way for future wearable and implantable
photodetection technologies, enabling real-time pathology monitoring,
health management and tracking in the biomedical fields for a wide
range of healthcare applications.

In the following review, we outline an overview of the key advances
in 2D material-based PDs in the biomedical fields and discuss the po-
tential of the wearable and implantable devices in biomedical appli-
cations. First, we introduce various properties of flexible PDs based on
2D materials, including robustness, stability and biocompatibility, in-
dicating their potential for successful application in biomedical appli-
cations. Pioneering studies of the invasive and non-invasive PDs that
have had a major impact on the biomedical field were subsequently
reviewed. Finally, we discuss the importance and future direction of
wearable and implantable PDs in the biomedical field, highlighting
existing bottlenecks and presenting insights into the prospects of this
exciting research area.

2. PDs based on photoelectric materials

2.1. PDs based on graphene

Graphene is a monatomic-thick 2D system, comprising carbon
atoms arranged in a hexagonal honeycomb lattice (Li et al., 2017b), as
shown in Fig. 1a. Since the key advance in graphene synthesis was
explored in 2004 (Novoselov et al., 2004), it has attracted wide interest
in terms of the graphene-based photodetection devices due to its nu-
merous attractive electronic, optical, mechanical and thermal proper-
ties (Patil et al., 2013; Echtermeyer et al., 2014; Chitara et al., 2011b;
Withers et al., 2013; Guo et al., 2016; Fang et al., 2017; Li and Zhu,
2016). For instance, it has broad spectrum absorption characteristics
from UV to far infrared, ultra-high carrier mobility at room tempera-
ture, very large surface area, good mechanical flexibility and excellent
biocompatibility (Novoselov et al., 2004; Wang et al., 2008), which
have gained extensive research in physics, chemistry and industry
(Echtermeyer et al., 2014; Chitara et al., 2011b; Withers et al., 2013;
Hossain et al., 2017a; Liu et al., 2015a). Additionally, the high mobility
of electrons and holes in graphene can greatly improve the response
speed of infrared detectors and exhibit an attractive prospect for de-
velopment of ultra-fast infrared detectors. However, unlike conven-
tional semiconductor materials, pristine single- and few-layer graphene

materials have no band gap (Craciun et al., 2011; Khodkov et al., 2012),
which leads to low responsivity and photoelectric efficiency. Thus, the
performance of such graphene-based PDs is greatly limited by weak
light absorption and low responsivity. Much effort has been devoted to
improve the optoelectronic properties of graphene materials and to
optimized the performance of graphene-based PDs (Craciun et al.,
2011; Khodkov et al., 2012; Ohta et al., 2006; Li et al., 2008). One
strategy is to functionalize graphene through materials engineering
such as creating band gap in graphene by doping, using graphene oxide
(GO), reduced GO (RGO), shaping graphene to nanoribbons (GNR), and
so on (Ohta et al., 2006; Li et al., 2008; Chang et al., 2010, 2013; Shen
et al., 2013). The responsivity of PDs based on RGO and GNR is ∼10
times and ∼3 times higher than that of the ordinary graphene devices,
respectively (Chitara et al., 2011b). Another effort to achieve high-
performance has focused on the development of graphene hybrid
structure such as graphene/semiconductors (Hossain et al., 2017a;
Zhang et al., 2014b; Li et al., 2016), graphene/polymer (Bao et al.,
2010) or graphene/quantum dots (QDs) (Konstantatos et al., 2011; Liu
et al., 2014a; Yu et al., 2016). To date, a variety of 2D semiconductor
materials have been used to form heterojunction photodiodes with
graphene, such as Ti2O3 (Yu et al., 2018; Cheng et al., 2019), MoTe2 (Yu
et al., 2017; Li et al., 2019a), MoS2 (Xu et al., 2018a; De et al., 2016;
Hua et al., 2014), WS2 (Tan et al., 2016), and ZnO (Dang et al., 2015;
Duan et al., 2017; Liu et al., 2015b; Boruah et al., 2015, 2016).

As shown in Fig. 1b, the Si QDs/graphene/Si PDs are fabricated (Yu
et al., 2016), and Si QDs on the top of graphene cause the built-in
potential of the graphene/Si Schottky junction to increase. Both of the
electrical and optical contributions of Si QDs enable us to demonstrate
graphene/Si Schottky-junction PDs with record-high responsivity of
∼0.495A/W (Fig. 1c), record-short response time of< 25 ns, and ex-
cellent specific detectivity of ∼7.4×109 Jones. Fig. 1d demonstrated a
hybrid MoTe2/graphene PD in which multilayer MoTe2 acts as the
photoactive layer, and monolayer graphene as a highly efficient
pathway for photocarriers as well as an encapsulation layer (Yu et al.,
2017). The device achieved a high responsivity of ∼970.82 A/W (at
1064 nm) and broadband photodetection (visible∼ 1064 nm), as
shown in Fig. 1e. Moreover, flexible devices based on the MoTe2/gra-
phene heterostructure on flexible substrate also retains an excellent
photodetection ability after thousands of times bending test (1.2%
tensile strain) (the inset of Fig. 1f), with a high responsivity of ∼60 A/
W at 1064 nm at VDS= 1 V (Fig. 1f), which provides a promising plat-
form for highly efficient, flexible, and low cost broadband NIR PDs.
Fig. 1g demonstrates the PD with high responsivity in the mid-infrared
regime using the hybrid graphene/Ti2O3 structures (Yu et al., 2018),
achieving a responsivity of 300 A/W in a broadband wavelength range
up to 10 μm (Fig. 1h). It hinges upon the highly efficient broadband
absorption of Ti2O3 nanoparticles and the fast carrier transport in
graphene, which shows ∼2 orders of magnitude higher than that of the
commercial mid-infrared PDs. The PD based on gold-patched graphene
nano-stripes (the inset of Fig. 1i) shows an ultra-broad bandwidth with
high-responsivity ranging from 0.6 A/W at wavelength of 800 nm to 8
A/W at 20 μm (Fig. 1i), which has the ultra-wide photodetection
bandwidth with the ultra-high responsivity due to the use of gold-pat-
ched graphene nanostripes.

2.2. PDs based on layer 2D TMDs

In addition to graphene, very recently, other 2D materials, usually
indicated by graphene-like 2D materials, are also emerged as important
materials in electronics and optoelectronics (Zhu et al., 2015; Gupta
et al., 2015; Zhu et al., 2017; Xu et al., 2013; Sun and Chang, 2014;
Chiu and Xu, 2017). Specifically, promising graphene-like 2D materials,
such as hexagonal boron nitride (h-BN) nanosheets, layered transition
metal dichalcogenides (TMDs), and transition metal oxides, show 2D
structures similar to graphene but have much different electronic and
optical properties. In addition, due to the distinct properties and high
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specific surface areas, these 2D materials are important in various ap-
plications such as optoelectronics, catalysts, chemical and biological
sensors and other specific applications (Zhu et al., 2017; Chen et al.,
2015a; Liu et al., 2019b; Pumera and Loo, 2014; Yang et al., 2013).
Recently, PDs based on graphene-like 2D materials, especially layered
TMDs such as MoS2, WSe2, GaTe, WS2 and their nanocomposites, have
received widespread attention for their special electronic structure (Li
and Zhu, 2016; Liu et al., 2016; Jariwala et al., 2017; Novoselov et al.,
2016; Ajayan et al., 2016; Hafeez et al., 2016; Kang et al., 2015). It is
worth noting that, the band structures of 2D TMDs is different from that
of bulk crystals. As the material becomes thinner from the bulk to
monolayer, the band structure of TMDs would transform from the in-
direct band gap to direct band gap due to quantum confinement effects
(Yun et al., 2012; Kuc et al., 2011). And it also has a mobility of as high
as 200 cm2/V with an on-off ratio of about 108 at room temperature, all
showing a great potential for optoelectronic applications.

MoS2, as a typical 2D layered metal chalcogenide, has been widely
investigated for the excellent structure and optoelectronic properties
(Zhang et al., 2017; Kwak et al., 2016; Sun et al., 2016; Li et al., 2017c;
Zhao et al., 2017; Velický et al., 2016). MoS2 is cheap and shows an
electron mobility comparable to silicon, which is suitable for the op-
toelectronic devices. It has also been found that the photoluminescence
of single layer structure is much better than that of multilayer structure

(Tongay et al., 2013; Splendiani et al., 2010), which shows that the
excellent optoelectronic property of 2D layered structure of single layer.
Unlike optoelectronic devices based on gapless graphene, MoS2 can
freely control the switches of devices, which will show the wide ap-
plication prospect in many fields such as new photoelectric detection
and sensing (Geim and Grigorieva, 2013).

Initially, PD based on monolayer MoS2 is prepared (Fig. 2a), and it
exhibits high responsivity up to 880 A/W (Fig. 2b) due to the direct
band gap (Oriol et al., 2013). Recently, several strategies have been
developed to improve the performance of MoS2 PDs (Zhang et al.,
2016b; Wang et al., 2015b, 2017; Tan et al., 2017; Huo et al., 2017;
Xiao et al., 2018; Wen et al., 2016; Gomathi et al., 2017; Pak et al.,
2018; Huang et al., 2018; Ding et al., 2018). For example, a vertical
multilayered n-MoS2/n-Si homotype heterojunction PD (Fig. 2c) is
fabricated by Zhang and his colleagues (Zhang et al., 2016b), which
exhibits excellent responsivity up to 11.9 A/W and high detectivity of
2.1× 1010 Jones. It is worth noting that the device shows a high-speed
response rise time of 30.5 μs, as well as a small fall time of
70.6 μs (Fig. 2d), remarkably faster than those reported for MoS2-based
PDs. Afterwards, PD with an ultra-thin p-GaTe/n-MoS2 van der Waals p-
n junction structure was constructed, as shown in Fig. 2e. The p-n
junction shows strong gate- and temperature-tunable rectification
characteristics and photovoltaic effects. As a result, it achieves a

Fig. 1. (a) The structure diagram of graphene. (b) Schematic diagram of a typical Si-QDs/graphene/Si PD. (c) Responsivity of the graphene/Si and Si-QD/graphene/
Si PDs under the bias of −1 V. (d) Schematic diagram of the MoTe2/graphene PD. (e) Responsivity and photocurrent versus incident light power at 1064 nm of the
MoTe2/graphene PD. (f) Responsivity versus bending times under the same illumination condition (1064 nm, 112.3 μW). Inset: Schematic diagram of the device after
bending. (g) Schematic diagram of hybrid graphene/Ti2O3 nanoparticle PD. (h) Responsivity versus different illumination wavelengths in the mid-infrared regime of
the hybrid graphene/Ti2O3 PD. (i) Responsivity of the PD at an optical power of 2.5 μW and bias voltage of 20mV. Inset: Schematic diagram of a PD based on gold-
patched graphene nano-stripes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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response of up to 21.8 A/W and a high detectivity of 8.4× 1013 Jones
(Fig. 2f). The photoresponse can be greatly enhanced by using the type-
II band alignment of vertically stacked WS2/MoS2 semiconducting
heterobilayers (Fig. 2g), as recently reported by Tan and his colleagues
(Tan et al., 2017). With this unique design, the device shows sig-
nificantly improved responsivity - by ∼2 orders of magnitude - to 103

A/W compared with monolayer devices of WS2 and MoS2, as shown in
Fig. 2h. The improvement of performance is due to the strong Coulomb
interaction between WS2 and MoS2 layers. Huo et al. demonstrated
hybrid 2D QD PD based on MoS2 and HgTe QDs (the inset of Fig. 2i).

(Huo et al., 2017) The detectivity is ∼1012 Jones (Fig. 2i) in the short-
wave infrared of 2 μm and responsivity up to 106 A/W under a weak
optical power density of 0.35 μWcm−2 (Fig. 2j). Lately, a structurized
3D heterojunction of RGO–MoS2/pyramid Si (Fig. 2k) is demonstrated
(Xiao et al., 2018), and in the device, the Si pyramid structure improves
optical absorption, the imperfect crystallinity narrows the band gap of
MoS2 and the inserted RGO enhances charge separation/transportation.
As a results, the hybrid PD shows excellent performance with a re-
sponsivity of 21.8 A/W and extremely ultra-high detectivity of
3.8× 1015 Jones (Fig. 2l).

Fig. 2. (a) 3D schematic view of the single-layer MoS2 PD. (b) Responsivity versus incident power of the MoS2 PD. (c) Schematic diagram of the vertical multilayered
MoS2/Si heterojunction. (d) Time response characteristics of the heterojucntion under different pulsed light illumination (650 nm,≈ 90mW cm−2). (e) Schematic of
the GaTe/MoS2 van der Waals p−n junction PD. (f) Photocurrents under various light intensities with different gate voltages. (g) Schematic 3D and side views of
Graphene–WS2/MoS2–Graphene PD. (h) Responsivity versus irradiation power. (i) Wavelength dependence of the measured detectivity (at 1 Hz modulation fre-
quency). The inset is the schematic diagram of the MoS2/TiO2/HgTe hybrid PDs. (j) Wavelength dependence of the responsivity of MoS2, HgTe and hybrids PDs,
respectively. (k) Schematic diagram of the 3D RGO–MoS2/pyramid Si heterojunction PD. (l) The responsivity and detectivity versus the light power.
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2.3. PDs based on metal oxide semiconductors

Metal oxide semiconductors, including ZnO and TiO2, have become
popular materials in UV PDs owing to their unique optoelectronic
properties (Fang et al., 2011; Ning et al., 2018a; Leung et al., 2018; Li
et al., 2019b). Metal oxide semiconductor nanostructures with large
surface-to-volume ratio can significantly increase the number of surface
trap states and prolong the lifetime of photo-generated carriers (Devan
et al., 2012), which leads to the high photoconductive gain and re-
sponsivity of the PDs. On the one hand, these surface effects reduce the
response speed of PDs due to the slow oxygen adsorption/desorption
process on the metal oxide semiconductor surface (Hsu et al., 2012). On
the other hand, the optical absorption is limited in the UV region be-
cause of the wide band gap in nature. Both limit their application in
photoelectric detection. In order to break the trade-off between im-
proving responsivity and increasing spectral response range, several
strategies have been proposed, including the development of novel PD
structures (Schottky barrier (Zhang et al., 2016c; Patel et al., 2017; Zhu
et al., 2018) and heterojunction (Chong et al., 2015; Ouyang et al.,
2017, 2018)), surface modification, and construction of specific geo-
metric structures.

A broadband PD was fabricated by spinning perovskite (MAPbI3)
QDs on TiO2 nanotubes (NTs) array (Fig. 3a), which realize photo-
detection range from UV to full visible spectrum (Zheng et al., 2017).
Compared with pure TiO2 PDs, the sensitivity of heterostructure devices
is enhanced by ∼3 orders of magnitude in the visible range (Fig. 3b).
Moreover, the detectivity of heterostructure can reach ∼1011 Jones in
the visible range as shown in Fig. 3c. When was exposed to moist air for
72 h or heated to 100 °C, it was found that the optoelectronic perfor-
mance hardly decayed (Fig. 3d and e), demonstrating the excellent
stability. Then a novel self-powered UV PD based on ZnO homojunction
was prepared by simply connecting pure ZnO and Ag-doped ZnO na-
nofibers to form p-n junction (Ning et al., 2018b). The device shows a
high responsivity of 1×103 μA/W and can simultaneously realize a
relatively short rise/decay time of 3.90 s/4.71 s (Fig. 3f). Thus it can
achieve a perfect balance between sensitivity and response time due to
the Schottky contact between Ag metal and ZnO. Afterwards, fiber-
shaped ZnO/graphene PDs based on Schottky junction are constructed
(Zhu et al., 2018), as shown in Fig. 3g. The device exhibits excellent
performance with responsivity as high as 1.92 A/W due to the combi-
nation of the interface and strain engineering. Moreover, the re-
sponsivity enhances by 12.5% under −0.33% compressive strain
(Fig. 3h), which was attributed to the high Schottky barrier height.
Recently, high performance bismuth oxychloride (BiOCl) nanosheets/
TiO2 nanotube arrays heterojunction UV PDs have been prepared
(Fig. 3i). (Ouyang et al., 2018) The heterojunction in the BiOCl na-
nosheets are beneficial to the separation of photo-generated carriers
and regulate the transmission of electrons, thus improving the optoe-
lectronic performance of the device. As can be observed from Fig. 3j
and k, the device simultaneously achieves the high responsivity of
41.94 A/W, the high detectivity of 1.41× 1014 Jones and the ultra-fast
decay speed of 0.81 s. These results demonstrate that the rational design
of the novel heterojunctions show great potential for improving the
performance of PDs.

2.4. PDs based on black phosphorus (BP)

As a novel 2D layered semiconductor material, BP exhibits high
carrier mobility (1000 cm2V−1s−1) (Liu et al., 2014b), anisotropic
optoelectronic properties (Ling et al., 2016), tunable direct band gap
(Yuan et al., 2015; Zhang et al., 2014a) and high on/off ratios (Li et al.,
2014), thus it is considered as one of the ideal materials for manu-
facturing high-performance PDs (Buscema et al., 2015; Poya et al.,
2015; Weinan et al., 2015; Chen et al., 2015b). Following the first re-
port of broadband BP-based PDs using few-layer of BP sheets (Buscema
et al., 2014), 2D heterostructure p-n diodes (Yuan et al., 2015; Deng

et al., 2014) and chemically modified BP-based PDs (Xiang et al., 2015)
were constructed, resulting in continuous improvement of device per-
formance.

Xu et al. reported that selenium-doped BP, it was found that op-
toelectronic performance shows ∼20 times higher than that of original
BP (Xu et al., 2016b). Despite the great achievements of BP-based PD,
the stability of BP is still a serious challenge. Afterwards, Ren et al. have
prepared self-powered PDs based on large-sized 2D BP nanosheets (Ren
et al., 2017), as shown in Fig. 4a, which exhibit preferable responsivity
and environmental robustness under light irradiation (Fig. 4b and c).
The excellent photoresponse performance was from excellent durability
of BP nanosheets in a specific KOH solution. To further improve the
responsivity and detectivity, Ye et al. demonstrated broadband PD
using a vertical photogate heterostructure BP-on-WSe2 (Ye et al., 2017),
as shown in Fig. 4d. The responsivity can reach up to ∼103 A/W and
∼5×10−1 A/W respectively, and the detectivity can reach up to
∼1014 and ∼1010 Jones respectively in visible and infrared light
(Fig. 4e). These high performances suggest that the PDs based on
photogate structure provide an opportunity for infrared detection. At
present, the integration of silicon-on-insulator waveguides with BP-
based PDs (Fig. 4f) were realized by Huang and his colleagues (Huang
et al., 2019). At the bias of 1 V, the BP-based PD achieved a responsivity
of 23 A/W and 2 A/W at 3.68 μm and 4 μm, respectively (Fig. 4g),
which is the ultra-high among the waveguide-integrated IR detectors.

3. Biomedical applications

3.1. Wearable biomedical PDs

At present, medical concepts begin to favor active prevention, early
diagnosis and treatment of diseases. The large-scale medical equipment
used in hospitals obviously cannot meet the daily physical sign mon-
itoring, so wearable intelligent health monitoring equipment came into
being. Wearable medical PDs may play an important role in reducing
the cost of medical care. The thin film electronic device tightly attached
to the skin is equipped with electronic components for health mon-
itoring and information technology. When the electronic device is
worn, the mechanical flexibility and stretching ability of the thin film
device helps to minimize stress and discomfort associated with wearing
because of their compliance and flexibility. The demand for wearable
optoelectronic technology in biomedicine is increasing, which requires
innovative technologies to fabricate flexible, compact and wearable
high-performance PDs.

Solar radiation, especially UV radiation, is closely related to human
life. A reasonable dose of UV radiation is beneficial for vitamin D
synthesis and bone development. Excessive UV radiation intake will
cause skin aging, wrinkles and even skin cancer in severe cases
(Narayanan et al., 2010; Araki et al., 2016; Kim et al., 2016a). There-
fore, real-time monitoring of UV radiation can reasonably utilize UV
rays and prevent skin diseases caused by excessive UV exposure.
Wearable UV PDs can monitor UV radiation in real time and protect
human health. An et al. prepared a highly flexible PD based on RGO-
ZnO (An et al., 2018) (Fig. 5a). The device can be conformably attached
to skin and monitor UV rays. Through photocurrent response to mul-
tiple UV on/off cycles (Fig. 5b), the device shows consistent and re-
peatable output current and indicates good response recovery perfor-
mance. By further patterning the bendable mica substrate, the device is
bent by 0°, 90° and 180°, respectively (Fig. 5c). It is found that even if it
is bent to 180°, there is only a very slight current drop (Fig. 5d), proving
the mechanical flexibility and stability of the device. Excellent flex-
ibility allows it to be in close contact with human hands and used as a
wearable PD for health monitoring. The photocurrent still hardly drops
after 500 bending-unbending cycles with the bending angle of 180°
(Fig. 5e), indicating the excellent mechanical stability and reliability,
which is essential for wearable PDs.

Subsequently, Xu et al. prepared a wearable, fiber-shaped and self-
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powered UV-radiation monitor based on a high performance p-CuZnS/
n-TiO2 PD (Xu et al., 2018b), as shown in Fig. 5f and g. The flexible
fiber-shaped PD exhibits fast response time of less than 0.2 s, as in-
dicated in Fig. 5h. And the performance remains almost unchanged
when it is bent at an angle of 50°, indicating the great potential as
wearable electronic devices. Moreover, a maximum responsivity of
2.54mA/W is obtained at 0 V bias under 300 nm UV illumination
(Fig. 5i). As a wearable real-time UV monitor, the optoelectronic
characteristic under a small bias were measured, and the results are
depicted in Fig. 5j. The fiber-shaped device exhibits an outstanding
responsivity of 640 A/W and a high external quantum efficiency of
2.3× 105% at bias of 3 V, which exhibit the high performance of the
flexible and wearable PDs in preventing skin cancer and protecting
human health.

Heart rate and blood oxygen saturation are two of the important
physiological indexes of human body, the continuous and accurate
monitoring can effectively judge the health status of human body and
prevent cardiovascular diseases. Pulse oximeter is a non-invasive

medical sensing method used to measure pulse rate and arterial blood
oxygen saturation (King, 2002). However, the conventional pulse oxi-
meter based on inorganic optoelectronics is limited by the bulk, rigidity
and area scaling. The abnormality of heart rate and blood oxygen sa-
turation often occurs suddenly, and wearable pulse oxygen monitoring
equipment can obtain the physical sign data of the tested person at any
time. To date, the “skin-like” characteristics of wearable devices are
proposed (Kim et al., 2016b) and a series of wearable pulse oximeters
based on medical PDs have been investigated (Bansal et al., 2015;
Lochner et al., 2014; Yokota et al., 2016).

A wearable all-organic pulse oximeter was fabricated, as shown in
Fig. 6a, composed of an OLED and a flexible organic PD (OPD), where
two OLED arrays and two OPD arrays are placed on opposite sides of a
finger. The device can accurately measure pulse rate and oxygenation
with errors of 1% and 2%, respectively (Lochner et al., 2014). The
performance of OLED and OPD is both crucial to measurement quality
of oximeter. Fig. 6b exhibits the OPDs were flexed with radii of around
5mm and 9mm, respectively, which represent the wide range of

Fig. 3. (a) Schematic view for co-electrospinning TiO2 NTs array and schematic process of spin-coating MAPbI3 QDs on TiO2 NTs array. (b) Logarithmic form of
spectroscopic responsivity and (c) detectivity under a light with intensity of 26.8 mW/cm2 for TiO2 NTs/MAPbI3 QD and TiO2 NTs, respectively. Photocurrent of TiO2

NTs/MAPbI3 QDs device which (d) was exposed to wet air ranging from 0 to 72 h and (e) was exposed to dry air at 25, 50 and 100 °C for 350 nm light illumination. (f)
Switching characteristics of three devices (pure ZnO and Ag-doped ZnO nanofibers p-n junction, pure ZnO photoconductor, and Ag-doped ZnO photoconductor) at
zero bias. (g) Device structure of the fiber-shaped ZnO/Graphene PDs. (h) The responsivity of the PD under different compressive strain. (i) Schematic diagram of the
BiOCl–TiO2 UV PD. (j) Responsivity and (k) detectivity versus wavelength of BiOCl–TiO2 heterojunction PDs.
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human finger sizes, and the ambient noise is reduced by 79% and 93%,
respectively. The flexible OPD is able to conform around the human
body thus improves the versatility of pulse oximeter.

Tomoyuki et al. prepared ultra-flexible and conformable polymer
light-emitting diodes (PLEDs) and OPDs to realize optoelectronic skins
(oe-skins) (Yokota et al., 2016), which can be sensed and displayed on
the skin surface of human body as shown in Fig. 6c. The device is ultra-
thin and ultra-light after combining with an elastomer substrate,
showing no performance degradation after 40% compression and 300
times stretching cycles (Fig. 6d and e), indicating its flexible and sta-
bility. Furthermore, the device can be used as a reflective pulse oxi-
meter (Fig. 6f) and show good stability in the air (Fig. 6g). Ultimately,
flexible organic optical sensors may be directly laminated on organs to
monitor the blood oxygen level during and after surgery.

3.2. Implantable biomedical PDs

In the last decade, in addition to wearable PDs, much effort has been
devoted to the development of high performance PDs for implantable
biomedicine. Retinal prosthetic devices can help patients with age-re-
lated macular degeneration and other eye diseases to restore vision
through artificial implantation devices physically placed on the retina
(Zrenner et al., 1999; Zrenner, 2002; Wang et al., 2012; Chow et al.,
2001). However, it is not suitable for long-term use due to the rigidity
of the silicon-chip microphotodiode-based implants and the electrode
dissolution, resulting subsequent decreased electrical activity (Chow
et al., 2001). Ridwan et al. designed and manufactured a flexible and
conformable large-format MoS2/graphene PD on polyimide substrate
(Hossain et al., 2017b) (Fig. 7a and b), and then conducted the pho-
toresponse characteristics, biocompatibility and strain-dependent
bending test of the device, respectively (Fig. 7d–g). The device shows a
high responsivity of 0.3 A/W, which is ∼103 times compared to the
other reports of heterostructures devices (F et al., 2014; Li et al., 2015).
The detectivity is measured to be 3.6×1010 Jones, which is

comparable to prior reports (Mukherjee et al., 2016). In addition, it
shows high biocompatibility with a cell survival rate of up to 98%. This
heterostructure still shows a high photo responsivity to incident ra-
diation at a large strain level. These properties pave the way for their
future application in retinal prostheses and age-related macular de-
generation.

Kang et al. reported PD based on crumpled graphene, which can not
only enhance the optical signals, but also have strain-tunable wave-
length selectivity (Kang et al., 2016), as shown in Fig. 7h. The crumpled
structure lead to increase in areal density of graphene and, thus, the
optical absorption. Compared with a flat graphene PD, the textured
device exhibited a 400% enhancement in responsivity once the largest
crumpling, as shown in Fig. 7i. At the same time, the method is also
applicable to other emerging 2D materials, such as MoS2. Subsequently,
the researchers replaced the substrate with silicone-based polymer with
high biocompatibility and flexibility, then applied a tensile bending
strain of 11.1% to the human brain model (Fig. 7j) and the human heart
model (Fig. 7k). It shows that the obtained current-voltage curve is
similar to that of the device on the plane (Fig. 7l). In addition, it also
shows excellent stability because no degradation of the responsivity
was observed over a thousand periods of cyclic tensile strains.

Monitoring of biological activities, such as gene expression (Shavtal
et al., 2004), metabolism (Gerich, 2006) and variations in ionic con-
centration (Grienberger and Konnerth, 2012), can be widely carried out
using optical measurement methods. On the one hand, measurement of
intrinsic optical signals reflects changes in cell volume (Jentsch, 2016),
which can be used to measure blood volume in the brain (Ma et al.,
2016) and to track the spread of neuronal excitation, hypoxia,
spreading depression (Fayuk et al., 2002). On the other hand, intrinsic
optical signals can also provide high resolution for localization of brain
activity. Therefore, the device for measuring intrinsic optical signals
can be used as an optical sensing platform for studying various phy-
siological and pathological events. Using independent PDs, optical
signals are converted into current signals and transmitted directly to the

Fig. 4. (a) Schematic diagram of the BP nanosheets-based PD. (b) Fitting curve and photoconversion efficiencies of BP under various power intensities in 0.1 m KOH.
(c) Time stability test of BP nanosheets-based PD with time duration of 1 h, 1 day, 1 week, and 1 month in 0.1 m KOH. (d) Schematic diagram and optical image of the
BP-on-WSe2 PD with photogate structure. (e) The dependence of the photogain and detectivity on the different wavelength illumination at 1 mW/cm2 incident
illumination power density and 0.5 V bias. (f) Zoom-in view of the output side of the waveguide-integrated on-chip system with BP-based PD. (g) Spectral re-
sponsivity of BP-based PD. Inset: Schematics of the waveguide-integrated on-chip system with BP-based PD.
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acquisition system, which provide the possibility to real-time detection
of electrical and optical signals under high resolution.

Choi et al. utilized an implanted micro-LEDs optical sensor as a two-
way emitter/detectors (Fig. 8a), through measuring localized changes
in reflectivity due to cerebral blood flow when attached to the surface
of the brain, to detect epileptic seizure events (Choi et al., 2018). The
device was fabricated on a 25 μm thick flexible substrate and it was a
potential epilepsy research solution that needs to be implanted sub-
cutaneously (Fig. 8b). Based on this, Shahab et al. prepared OPDs with a
simple structure (Fig. 8c), serving as a high-sensitivity optical sensor for
detecting intrinsic optical signals of living brain tissue (Rezaei-

Mazinani et al., 2018). In order to measure real-time changes of in-
trinsic optical signals in living tissues, a customized device is designed.
The brain tissue slices in perfusion bath are provided with electrodes for
recording and stimulating electrophysiological activities (Fig. 8d). In
the experiment, recording electrode and stimulation electrode were
implanted near CA1 and CA3 regions, respectively (Fig. 8e). Firstly, the
linear relationship between photocurrent density and optical density in
Fig. 8f exhibits high stability during electrophysiological recording
time, which is the reliability basis of the optical sensor. Later, OPD
detects optical changes during epileptic activity in adult mouse hip-
pocampal slices in Fig. 8g–i. It is proved that the epileptic discharge

Fig. 5. The wearable UV-radiation monitor based on PDs. (a) Schematic diagram of all RGO-ZnO hybrid-based PD. (b) Time-resolved photocurrent responses of
the PD to different UV illumination intensities. (c) Optical images of the flexible PD with bending angle of 0°, 90°, and 180°, respectively. (d) Time-resolved
photoresponse curves of the device at different bending angles. (e) Normalized photocurrent with respect to the bending-unbending cycles at 1 V bias, the bending
angle is 180°. (f) Schematic diagram of the device configuration of fiber-shaped p-CuZnS/n-TiO2 nanotube arrays. (g) Schematic diagram of the wearable PD as a real-
time UV monitor. (h) The on-off switching tests of the fiber-shaped PD at the virgin state and bent state (≈50°). (i) Responsivity of the fiber-shaped device at zero
bias. (j) Responsivity and external quantum efficiency of the fiber-shaped PD as a function of wavelength at 3 V.
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causes significant changes in tissue translucency due to cell swelling
and OPD clearly detects this effect, indicating the high feasibility to
study typical strong signals (more than 5% optical changes) of patho-
physiological events. Then the sensitivity of the device is studied to
monitor weak physiological related intrinsic optical signals caused by
neuronal activity, as can be seen in Fig. 8j–l. The results show that OPD
can simultaneously monitor low and strong amplitude optical signals.
Therefore, OPD exhibits high sensitivity and high temporal resolution,
providing potential electrophysiological method to detect optical
changes in brain tissue.

4. Conclusion and future prospects

This review summarized the research progress and some of the
important applications of PDs based on 2D materials in biomedical
field. Through the research on robustness, stability and biocompat-
ibility of various devices, PDs based on flexible substrates have been
proved to be feasible in wearable devices (such as UV-radiation
monitor, pulse oximeter, etc.) and implantable PDs (such as retinal
prosthesis, etc.). Despite the tremendous advances in the use of PDs in
the biomedical field, there are still many challenges that need to be
overcome to develop more accurate and secure systems in real-world
applications. Portability and long-term stability, as non-invasive

devices, are still challenges in current research of wearable PDs. On the
one hand, portable wearable devices need to be further miniaturized to
make it possible to integrate into the wearer's daily life. On the other
hand, wireless electronic devices need to be integrated to facilitate data
processing and secure signal transmission. As invasive PDs, future im-
plantable devices pay more attention to the stability of the long-term
implantation and the smaller immune response, ultimately enabling
safe and comprehensive medical diagnosis and performance evaluation.

Through the review of the research progress and the applications in
biomedical field of PDs based on 2D materials, the importance and
existing technical challenges of wearable and implantable photo-
detectors in biomedical field are understood, showing exciting pro-
spects in this research field. However, most of the researches on the
application of PDs in biomedicine, especially implantable devices, up to
now have only been proved its feasibility in experimental performance
research or theoretical research, but no further research has been done
on experimental mice, thus much more research effort is necessary to be
conducted before these devices really come into the clinical stage.
Therefore, the PDs, especially implanted devices, can be considered for
further study in vivo, thus taking a step towards clinical application. If
all of the above challenges can be overcome, the photodetector can be
transferred from the research phase to the clinical phase. Although the
research of PDs in biomedicine is still in its infancy, the known

Fig. 6. The wearable pulse oximeter based on PD. (a) Pulse oximetry sensor composed of two OLED arrays and two OPDs. (b) OPDs were flexed around 5mm and
9mm radius phantoms representative of small and large human fingers. (c) Schematic diagram of the oe-skins system based on PLED and OPD. (d) The open-circuit
voltage of the wrinkled OPD. (e) Cyclic stretching test of the OPD. (f) Device structure of the pulse oximeter and operation principle of the reflective pulse oximeter.
(g) Air stability of the photoplethysmogram (PPG) signal.
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outstanding properties of such devices provide excellent impetus for
expanding research activities in this fast emerging field. Given the
competitive research and huge commercial opportunities for wearable
and implantable PDs, they will offer a promising area of research in the
coming years. As a result, the market for wearable and implantable PDs
is expected to continue to grow rapidly, making health monitoring and
disease prevention possible in the near future and continuing to im-
prove people lives.
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Fig. 7. The implantable PDs. (a) 2D MoS2/graphene heterostructure PDs for resisting age-related macular degeneration printed on flexible substrates. (b) An actual
array of inkjet printed heterostructure devices on flexible polyimide film. (c) Schematic diagram of retinal implant. (d) The dependence of photocurrent and
responsivity on light intensity. (e) Detectivity as a function of light intensity. (f) Dead cell percentage of mouse embryonic fibroblasts cells on polyimide substrates.
(g) Photocurrent and responsivity as a function of curvature to measure the effect of strain at 22mW/cm2. Inset: Strain-dependent measurements of the devices
performed using 3D printed fixtures. (h) Schematic diagram of crumpled graphene PD. (i) Comparison of measured photocurrent of the textured graphene PD at the
varying strains over two cycles and measured photocurrent of a flat graphene PD. Inset: Optical microscope image of the textured graphene PD. (j) Highly stretchable
and conformal PD on the surface of a human brain model. (k) PD on the surface of human heart model. (l) Dynamic photoresponse of the stretchable PD on the
surface of human heart model. Measured photocurrent was normalized with that on flat surface.
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