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A P P L I E D  P H Y S I C S

Flexible graphene photodetectors for wearable  
fitness monitoring
Emre O. Polat1, Gabriel Mercier1, Ivan Nikitskiy1, Eric Puma1, Teresa Galan1, Shuchi Gupta1, 
Marc Montagut1, Juan José Piqueras1, Maryse Bouwens1, Turgut Durduran1,2, 
Gerasimos Konstantatos1,2*, Stijn Goossens1*, Frank Koppens1,2*

Wearable health and wellness trackers based on optical detection are promising candidates for public health uses 
due to their noninvasive tracking of vital health signs. However, so far, the use of rigid technologies hindered the 
ultimate performance and form factor of the wearable. Here, we demonstrate a new class of flexible and trans-
parent wearables based on graphene sensitized with semiconducting quantum dots (GQD). We show several 
prototype wearable devices that are able to monitor vital health signs noninvasively, including heart rate, 
arterial oxygen saturation (SpO2), and respiratory rate. Operation with ambient light is demonstrated, offering 
low-power consumption. Moreover, using heterogeneous integration of a flexible ultraviolet (UV)–sensitive 
photodetector with a near-field communication circuit board allows wireless communication and power 
transfer between the photodetectors and a smartphone, offering battery-free operation. This technology 
paves the way toward seamlessly integrated wearables, and empowers the user through wireless probing of the 
UV index.

INTRODUCTION
The skin provides a unique interface for electronic devices to assess 
the current wellness and health status of our body (1–3). Almost all 
wearable devices for wellness monitoring and performance tracking 
use this window into the body to measure vital signs. The wearable 
electronics market currently encompasses a variety of device types 
and form factors, from smartwatches and smart clothing to head-
mounted displays (4–7). While chemical and electrical interfaces have 
been brought forward (8), devices based on optical detection mech-
anisms offer the least invasive personal health tracking and hence 
have seen a very large adoption in the consumer market (9–11).

Optical vital sign monitoring is typically performed through 
photoplethysmography (PPG), which is a powerful, noninvasive 
technique that operates by sending light of a certain wavelength into 
the skin, optically detecting the volume change of blood vessels due 
to the cardiac cycle (12). PPG has already been implemented in com-
mercial consumer devices to measure heart rate (HR) and arterial 
oxygen saturation (SpO2) (13, 14) and could, in principle, also be 
used for blood pressure (15–17), cardiac output (18, 19), and many 
health signs that have vital information for personal well-being (20).

Aforementioned commercial PPG-based wearables are made out 
of discrete, rigid silicon photodiodes that cannot interface conform-
ably with the skin and thereby reduce the accuracy of the data and 
limit the positions on the body where the wearable can be used. In 
the case of nonconformal optical measurements, motion of human 
body interferes with the pulse signal, leading the user to extract er-
roneous estimation of HR and related vital signs. Although alter-
nate designs have been reported to prevent the motion artifacts, 
such as PPG ring on finger (9), HR sensor on the ear lobe (21), and 
forehead-mounted SpO2 sensor (22), devices using bulky readout 
electronics and rigid sensors create the stigma about wearing a thick, 

visible device that monitor the wellness of the user (23–25). All these 
factors markedly lower the functionality and consumer adoption of 
these devices and create a high demand for sensing technologies with 
unique form factors and extended functionality. Therefore, conform-
able sensors with an aesthetically pleasing appearance that noninvasively 
measure a complete set of vital signs are the holy grail for the wearable 
field. To that end, many advancements have been reported such as 
artificial tattoo-like conformable electronic devices that provide wireless 
electrocardiogram monitoring (1), electronic skin that maps the strain 
(26), and stretchable memory and logic devices for wearable electronics 
(27). However, wearables where the active sensing components are 
completely flexible and transparent remained a great challenge.

Being transparent and flexible, graphene emerges as a viable material 
for wearable sensors. In particular, GQD (graphene sensitized with 
semiconducting quantum dots) photodetectors (PDs) (28) offer key 
benefits such as broadband wavelength sensitivity (300 to 2000 nm) 
and high responsivity due to a built-in photoconductive gain. This 
intrinsic photoconductive gain allows a design freedom that the non-
transparent and bulky readout electronics can be placed away from 
the sensor, and therefore, transparency and form factor of the active 
sensing area can be preserved. We previously reported implementa
tion of the GQD PD technology in broadband image sensors (29) and 
operation at submillisecond speeds and >80% efficiencies (30). Here, 
we integrate these PDs on flexible substrates and demonstrate a 
number of prototypes benefiting from the flexibility and the high 
and broadband sensitivity to light.

The assembly of chemical vapor deposition (CVD) graphene and 
a thin film of PbS colloidal quantum dots (QDs) (30 nm in thick-
ness) forms the basis for the flexible PDs demonstrated in this work 
(Fig. 1, B and C). The flexible detectors are semitransparent (maxi-
mum recorded absorbance is 25% at 633 nm), and the resulting 
transparency can be tuned by changing the thickness of the QD layer 
controlling the trade-off between detector responsivity and trans-
parency. While illuminated, absorbed photons create electron-hole 
pairs in the QD layer, which are then separated by the built-in electric 
field formed at the graphene-QD interface. One type of the separated 
carriers transfers to graphene, while oppositely charged carriers 
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remain trapped in the QD layer. This yields a measurable change in 
resistance (photoconductivity). We emphasize the photoconductive 
gain where the QD layer leads to the recycling of multiple charges in 
the biased graphene. For this reason, the responsivity of these PDs 
reaches high numbers, in this case of the order of 105 A/W.

This paper presents a number of flexible prototypes based on 
seamless integration of GQD PDs into health-tracking wearables, 
on a mobile phone screen and near-field communication (NFC) 
circuitry, to monitor vital health signs and the ultraviolet (UV) skin 
exposure wirelessly. We will first give an outlook of the prototypes 
and their real-time operation on human skin. Then, we will discuss 
in more detail the performance and durability of the flexible PDs 
and the prototypes based on them.

RESULTS
Flexible and transparent health patch
We have demonstrated the integration of a flexible PD in a flexible 
bracelet (Fig. 1, A and E) and on the mobile phone screen (Fig. 1, 

G and H), allowing users to track HR and respiration rate (RR) 
from a range of body locations. Prototypes shown in Fig. 1 are con-
nected to external readout electronics to bias the PD and amplify 
the registered photo signal. In this way, we monitor and store the 
vital sign data in a connected device (i.e., smartphone, tablet, or 
computer). Demonstrated prototypes are able to operate in two dif-
ferent modes: transmission and reflectance PPG. In the reflectance 
mode, light sourced from an integrated green light-emitting diode 
(LED; 535 nm, 0.4 mW total optical power) is coupled into the skin 
(Fig. 1, D and E). The cardiac cycle changes the volume of the micro
vessels, which modulates the amount of the backscattered light 
reaching the PD (Fig. 1D). This modulation is registered by the 
PD and data are processed and monitored by an external readout 
circuit. We used the reflectance mode PPG to extract the HR of the 
user from the wrist (Fig. 1E and movie S1). On the other hand, we 
used the transmission mode PPG to monitor the HR of the user 
from a finger placed on the health patch (Fig. 1, G and H, and movie 
S2). In this case, the health patch uses the ambient light passing 
through the tissue, which then reaches the PD (Fig. 1F). Because of 

Fig. 1. Health-tracking prototypes based on GQD PDs. (A) Photograph of the flexible and transparent GQD PD integrated in HR monitoring bracelet. (B) Zoomed-in 
photograph of the flexible PD containing a 1-mm2 graphene channel on the PEN substrate that is completely covered by a thin layer of PbS QDs (30 nm in thickness). The 
detector is visibly transparent and mechanically flexible. (C) Schematic illustration of the assembly of graphene and QDs on a flexible substrate. (D) Schematic of photo
plethysmogram (PPG) in reflectance mode. Volumetric changes in the microvessels modulate the backscattered light reaching the GQD PD. (E) HR monitoring bracelet 
based on reflection mode PPG to extract vital signs from wrist. (F) Schematic of transmission mode PPG. Transmissive ambient light is modulated by the cardiac cycle and 
reaches the PD. (G and H) Photograph of the health patch on the mobile phone screen that uses transmission mode PPG to extract HR from finger. (I) Normalized PPG 
readings for transmission and reflectance modes of operation. High sensitivity and mechanical flexibility of GQD PDs allow health patches to operate accurately for long 
periods in both modes. Photo credit: Alina Hirschmann, ICFO–Institut de Ciencies Fotoniques.
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the broadband wavelength sensitivity of the GQD PD, the health 
patch can operate in transmission mode using solely ambient light 
because light of higher wavelength penetrates further into the skin. 
This allows a wearable device to detect vital signs that require con-
tinuous tracking over a long time. Because of the absence of an 
external light source, the power consumption of the integrated 
wearables is very low and limited to the dissipation in the PD and 
the readout electronics. The recorded PPG signal for both modes 
and various light conditions is shown in Fig. 1I and fig. S1.

Graphene and QD assembly as a flexible PD
Here, we provide a detailed electro-optic characterization of the flex-
ible GQD PDs. We have demonstrated a number of flexible device 
types including a macroscale PD on polyethylene terephthalate (PET) 
(Fig. 2A), a high-sensitivity PD on polyethylene naphthalate (PEN) 
(Fig. 2B, inset), and a PD on polyimide (Fig. 2D). For the latter, a 
gate that controls the carrier density in graphene was implemented, 
and therefore, the photoresponse can be tuned and optimized. We 
investigated the photosensitivity of all three devices and the mechanical 
robustness (see table S1). The PDs were lithographically patterned 
1 mm × 1 mm GQD channels, and the change in photocurrent was 
measured while applying a constant DC bias voltage (Vbias = 1 V) 
through the metal contacts on both edges of the channel (see an 
example on a PEN substrate in Fig. 2B, inset). We measured the resist
ance R and extracted the photo-induced relative resistance change R/R 
(Fig. 2B), and we found a clear power law: R/R scales to the 0.88th 
power of irradiance. Beyond the linear threshold, there is a soft saturation 
effect that extends the dynamic range of the detector by several or-
ders of magnitude (fig. S2). The observed dynamic range of the flex-
ible PDs is limited by the noise of the measurement electronics, but 
we can deduce a lower bound of the linear dynamic range above 20 dB 
and a full dynamic range above 50 dB. The main noise contribu-
tion for GQD PDs is 1/f noise, which is empirically described by 
the Hooge relation (29). For our device, this noise was measured to be 
R/R = 4.4 × 10−7 at 1 Hz (fig. S3). From this, we infer a noise-
equivalent irradiance (NEI) value of 3.7 × 10−11 W cm−2 (at 633 nm). 
To put this into context, starlight conditions correspond to an NEI 
of ~10−10 W cm−2.

The mechanical stability of the flexible PDs was investigated 
through a protocol where we applied uniaxial tensile strain by bend-
ing them to 16 mm radius of curvature, up to 2000 active bending 
cycles. We recorded the photoresponse several times after multiple 
cycles (Fig. 2C). A slight initial change in the photoresponse (~15%) 
was observed for the first 50 cycles, which then reaches a relatively 
constant state (within ~10%) up to 2000 cycles. We expect that us-
ing thinner substrates would yield PDs with more flexibility.

To improve the sensitivity, speed, and tunability of the GQD 
PDs on flexible substrates, we implemented local gate control. As 
shown in (28–30) for gated devices on rigid substrates, a gate can 
control the speed and the efficiency of the charge separation at the 
QD-graphene interface. To use the gated PDs on flexible substrates, 
the 50-nm-thick aluminum gate metal was deposited directly on a 
polyimide substrate, which is then covered by 100-nm-thick Al2O3 
through an atomic layer deposition process, and subsequently, 
the GQD PDs were fabricated on top (Fig. 2D). We observed strong 
tunability of the responsivity (Fig. 2E) and a maximum responsivity 
of ~105 A/W near charge neutrality point (CNP), allowing the de-
tection of light intensities down to ~pW. We note the asymmetrical 
modulation of the responsivity because the gate tunes the graphene 

transconductance and the graphene-QD interface Schottky barrier 
at the same time (fig. S4) (28, 30).

The dynamic response was investigated by sweeping the light 
modulation frequency at a fixed gate voltage (Fig. 2F and fig. S5). 
We observed that GQD PDs sustain high-frequency operation with 
a typical cutoff frequency in the order of 10 kHz. The inset in Fig. 2F 
shows a temporal response of a flexible GQD PD at 1 Hz, from which 
a response time of 50 s is extracted (fig. S6).

Vital sign monitoring via GQD health patches
We now proceed to provide in more detail the extraction of various 
vital signs by using transmission mode PPG depicted in Fig. 1 
(F to H). To provide a complete mobile readout, we connected the 
health patch to a Bluetooth module that processes and sends the data 
to a mobile phone wirelessly (Fig. 3A). As a daily life object, smart-
phones represent a regularly preferred platform to individual data 
loggers in the context of personal heath monitoring (23). We devel-
oped a software that allows the user to monitor HR by placing the 
finger on the sensor that is integrated on the mobile phone screen 
(Fig. 3B and movie S2). When ambient indoor light transmits through 
the finger, it is modulated by the volumetric change of the blood 
vessels and then reaches the detector. In this way, we can provide 
accurate measurements of HR, SpO2, and RR continuously over 
long periods.

To optically extract the SpO2, we recorded the pulse of an indi-
vidual for visible (633 nm) and near-infrared (940 nm) wavelengths. 
For the wavelengths of 660 and 940 nm, the difference in the extinction 
coefficient between the oxygenated and non-oxygenated hemoglobin 
is highest, allowing a precise extraction of the SpO2 from the blood 
pulse traces in Fig. 3C (31).

Next, we evaluated the accuracy in HR measurements, by taking 
simultaneous HR measurements from both the GQD health patch 
(HRGQD) and a state-of-the-art (HRSoA) PPG sensor used in the 
clinical setting (Fig. 3D). We correlated the simultaneous HR mea-
surements by using an algorithm to identify and count blood pulse 
peaks registered by both measurements. We found a strong linear 
correlation with a concordance correlation coefficient of  = 0.98 
over continuous 5-min measurement. We further examined the 
accuracy by a Bland-Altman plot analysis (Fig. 3E). The variations in 
between the limit of agreement (±LoA) state the high probability that 
the methods do not disagree. Our data fall predominantly within 
these limits.

From the photodetection signal, we could also extract the RR 
simultaneously with the HR. RR provides information on the respi-
ratory status, which can be an important indicator to determine 
various complications from respiratory depression to tract infections 
(32). The act of respiration has a strong effect on PPG measurements, 
changing the baseline amplitude modulation periodically (fig. S8), 
and thus can be detected from a frequency analysis, as shown in 
Fig. 3F. The observed high-intensity peaks in the Fourier transform 
of the PPG signal correspond to dominant RRs and HRs of the indi-
vidual, respectively, 17 breaths per minute and 72 bpm (Fig. 3F). 
Dynamic changes in RR and HR reveal themselves as harmonics 
around the dominant peaks in the Fourier transform (fig. S9). By using 
an algorithm, we monitored a dynamic RR range of 12 to 20 breathe 
per minute and an HR range of 60 to 80 bpm for this particular 
measurement (Fig. 3F). A Bland-Altman plot for the extracted RR 
(Fig. 3G) yields a good agreement together with the correlation plot 
(Fig. 3G, inset). Extraction of the RR is done by an algorithm that 
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divides the 5-min measurement into frames of 100 s and identifies 
the change in the frequency of dominant RR peaks. We believe that 
with more efficient algorithms, the RR correlation between the 
state-of-the-art capnograph and the GQD health patch would yield 
values closer to 1 as for the HR measurement.

Heterogeneous integration and wireless UV  
exposure monitoring
A very important aspect of flexible GQD PD technology is its capa-
bility of integration on previously fabricated flexible Printed circuit 
board (PCBs). To show the promises of the approach, we integrated 
the GQD PD with a commercially available flexible NFC circuit board 
to demonstrate a UV skin exposure monitoring patch. The integrated 
system allows battery-free operation and wireless transfer of data 
and power between smartphone and PD.

Heterogeneous integration of the GQD PD on NFC circuitry has 
been realized with the incorporation of a conformal thermoplastic 
layer in between the PD and the substrate (Fig. 4A). Then, 50-nm-
thick Ti/Au lines are deposited to both ends of the GQD PD to provide 
the electrical contact to the built-in circuitry including a micro-
processor, a digital converter, and an NFC antenna. As shown in Fig. 4B, 
the system maintains a two-way communication in between the UV 

patch and the mobile phone, allowing battery-free operation and 
data transfer. The environmental UV intensity changes are regis-
tered by the integrated GQD assembly, causing a resistance modu-
lation in graphene, which is then converted into a digital signal and 
modulated by the built-in microcontroller to be sent wirelessly to a 
mobile phone via amplitude shift key (ASK) modulation. The mob
ile phone receives the digitalized data and then processes and dis-
plays it on the screen. The power needed to operate the GQD 
assembly and the built-in electronics of the patch is sent wirelessly 
by using coupled antennae coils through a high-frequency (13.56 MHz) 
electromagnetic field for both power and data transfer (Fig. 4B). 
The UV patch operates with a low-power consumption (140 A/MHz, 
16 A on standby), offering a highly efficient UV detection system 
that can be attached to clothing or skin for monitoring the harmful 
effects of the sun on the skin. We encapsulated the integrated patch 
with a plastic PET cap including a flexible short-pass light filter to 
block the unwanted light spectrum (>400 nm) and to provide extra 
protection against the mechanical stress (Fig. 4C). The developed 
mobile app displays the actual UV index of the environment and 
the remaining recommended exposure time on smartphone’s screen 
when the phone is brought into close proximity to the UV patch 
(Fig. 4C).

Fig. 2. Electro-optical and mechanical characterization of the GQD PDs on flexible polymer substrates. (A) Photograph of macroscale PD on the PET substrate. Scale 
bar, 5 mm. (B) Photo-induced resistance change (R/R) with respect to irradiance at 633 nm. Horizontal dashed line represents the noise floor of the device, which is 
measured to be 4.4 × 10−7 and corresponds to an NEI value of 3.7 × 10−11 W cm−2. Inset shows an individual GQD PD on the PEN substrate. Scale bar, 500 m. (C) Mechan-
ical stability of the flexible PD on the PEN substrate. Change in photoresponse due to applied uniaxial strain is minimal over 2000 cycles. (D) Photograph of the gated PDs 
on polyimide. Series of PDs were implemented on a gate structure containing a 50-nm Al covered by a 100-nm Al2O3 dielectric layer. Contact electrodes are extended 
along the substrate for interconnects. Inset shows a zoomed-in image of the GQD channel on the gate structure. Scale bar, 50 m. (E) Responsivity versus applied gate 
voltage. Gate provides control on the speed, responsivity, and the transferred charge type. (F) Dynamic response of the detector for fixed gate voltages. Flexible PDs 
sustain high-frequency operation with a typical cutoff frequency on the order of 104 Hz. The inset shows the temporal response at 633 nm from which the response time 
is extracted to be 50 s. Photo credit: Emre O. Polat, ICFO–Institut de Ciencies Fotoniques.
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UV radiation is often classified as UVA, UVB, and UVC, which 
correspond to wavelength intervals of 315 to 380 nm, 280 to 315 nm, 
and 200 to 280 nm, respectively. Direct skin absorption of shortwave 
UV (UVB-UVC) creates genotoxic substances due to the associated 
high energy (4 to 6 eV) (33). Using the integrated PD, we performed 
measurements at 285 nm to mimic the radiation that causes sun-
burn, and correlated the irradiance scale to the UV steps of 25 mW/m2 
according to the Diffey weighted average (34). The UV patch is able 
to register the irradiance changes with a resolution of 0.1 mW/m2, 
and the output NFC signal of the UV patch exhibits a linear depen-
dence with respect to intensity of incident UV light (Fig. 4D). In this 
way, we wirelessly monitor the active UV index changes in the sur-
rounding environment.

DISCUSSION, CONCLUSION, AND OUTLOOK
GQD PDs in flexible and wearable devices and integration of them 
with predesigned electronic components unlock a new platform for 

detecting vital signs (such as HR, RR, and SpO2) noninvasively on 
skin, as well as probing the environmental UV index wirelessly. The 
ability of inconspicuous integration makes the flexible GQD assembly 
a strong contender for incorporation in garments, jewelry, headwear, 
and footwear. This also enables sensing applications on curvy sur-
faces in which the detector must detect a portion of the light while 
still transmitting most of it, such as detectors on flexible displays.

We report a number of prototype devices such as health patches 
integrated on a mobile phone screen and in the transparent bracelets 
that are able to that are able to provide real-time and continuous PPG 
reading. Operation with ambient light has been demonstrated, allowing 
low-power consumption in the integrated wearables and therefore 
monitoring of health markers continuously over long periods. Moreover, 
we demonstrated a wearable UV patch by the heterogeneous inte-
gration of the GQD PDs onto the NFC antenna circuitry. The UV 
patch enables wireless transfer of both power and data, and thus 
battery-free operation to sense the environmental UV index. In 
general, our technology provides a scalable route for integration of 

Fig. 3. HR and RR measurements by GQD health patches. (A) Flexible and transparent health patch on the mobile phone screen. Software is in an idle state. (B) Blood 
pulse monitoring from the user’s finger. Two-terminal health patch connects to a mobile readout unit, which processes and sends the data to the mobile phone via 
Bluetooth. The developed software allows monitoring of the HR in real time and displays the PPG trace. (C) PPG trace for visible and near-infrared wavelengths. Multi-
wavelength absorption of the GQD channel presents compatibility for optical measurements of SpO2. (D) Correlation plot of measurements from the health patch (HRGQD) 
and a state-of-the-art PPG sensor used in the clinical setting (HRSoA) (Nellcor OxiMax SpO2 module, Medtronic Capnostream 20p). The data from the two devices yield a 
concordance correlation coefficient of 0.988, representing a high correlation in between two simultaneous measurements. (E) Bland-Altman plot analysis of the health 
patch. The green line represents the mean difference (HMean) of simultaneous measurements taken from both devices with a value of −0.078. The top and bottom blue 
lines represent the SD of both measurements (±1.96) that set the limit of agreement (LoA) of the measurements with the values of (−1.48, 1.18). The variations in between 
the limit of agreement (±LoA) state the high probability that the methods do not disagree. (F) Fourier transform of the recorded PPG. High-intensity peaks at 0.29 and 1.20 Hz 
represent the dominant RR and HR of the individual over 5 min of recording, which correspond to 17 breathe per minute and 72 bpm respectively. Harmonics at 0.25 and 
0.33 Hz correspond to RRs of 15 and 20 bpm, and HR harmonics at 1.16 and 1.22 Hz correspond to 69 and 73 bpm. (G) Bland-Altman plot analysis for the extracted RR proving the good 
agreement with the values of HMean = 0.39 and LoA = (−1.79, 2.53) for the GQD health patch and state-of-the-art capnograph in the clinical setting (Medtronic Capnostream 20p). Inset 
shows the correlation plot showing the linear agreement with a concordance correlation coefficient of 0.8421. Photo credit: Stijn Goossens, ICFO—Institut de Ciencies Fotoniques.
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graphene into fully flexible wearable circuits to enhance form, feel, 
durability, and function.

The built-in gain of our detectors bypasses the current require-
ment of the presence of an amplifier at close proximity. This allows 
a large degree of design freedom while performing precise measure-
ments on the finger and the arm but potentially also on the fore-
head, foot, or even the chest. The broad wavelength detection range 
enables extending the number of vital signs that can be measured. 
We envision sensing even more vital signs such as hydration (35–38) 
and muscle microvascular blood oxygenation (39–42).

Recent progress in two-dimensional (2D) semiconductors such 
as MoS2 and WS2 for logic and analog electronics opens up a prom-
ising pathway toward the realization of a fully integrated flexible plat-
form that is constructed purely from (flexible) 2D materials. MoS2 
transistors can be potentially used as multiplexer switches (43–45) 
to address different sensors and as preamplifiers for the data acqui-
sition system, while graphene-based materials can function as the 
RFID (radio-frequency identification) or Bluetooth antennae (46–48). 
Currently, the final transparency and flexibility of the GQD PD in-
tegrated system may be hindered by the readout electronics consisting 
of relatively opaque and rigid circuitry. An all-2D material–based 

wearable would provide a monolithic system with an advanced 
form factor that benefits from enhanced flexibility and (semi-)
transparency of 2D materials while maintaining exceptionally high 
(opto-)electronic quality. Mass-produced and low-cost devices are 
within reach for this flexible wearable platform, as it is fully compatible 
with scalable CVD growth and roll-to-roll transfer processes (49–52).

MATERIALS AND METHODS
Fabrication of flexible PDs and the health patch prototypes
Metal contact pads were formed on 125-m-thick biaxial oriented 
PEN (Teijin Teonex PEN films) by electron-beam evaporation 
of 2-nm Ti and thermal evaporation of 20-nm Au in high vacuum 
(10−7 torr; Lesker LAB18 evaporation system) followed by a lift-off 
process. Then, CVD-grown graphene on copper (4 cm × 6 cm; 
Graphenea S.A.) was transferred from the deionized water surface 
using a polymethyl methacrylate (PMMA) support layer and dried 
overnight to remove trapped water. PMMA residues were removed 
by hot acetone and mild solvent stripper. Samples were rinsed in 
isopropyl alcohol (IPA) and water and then dried in a vacuum des-
iccator. We investigated the quality and the uniformity of graphene 

Fig. 4. Wireless and battery-free UV monitoring patch. (A) Photograph of the GQD-UV patch. GQD assembly was heterogeneously integrated onto a commercially 
available NFC patch (TIDM-RF430-TEMPSENSE, Texas Instruments), and the electrical connection between PD and the chip is obtained by deposited metal lines. Scale bar, 
10 mm. (B) Block diagram of the wireless and battery-free UV monitoring system. NFC provides two-way communication by inductively powering the patch and wirelessly 
sending the data to smartphone. (C) Mobile UV index monitoring via UV patch placed on the arm. The patch uses a flexible short-pass filter on the front side that blocks 
the wavelengths greater than 400 nm, allowing an accurate monitoring of the environmental UV index. The developed software displays the actual UV index and informs 
the user about recommended remaining exposure time. (D) Modulation of output NFC signal with respect to irradiance at 285 nm. High sensitivity of 1 mW/m2 allow 
accurate and wireless UV index measurement. The color scale shows the severity of the UV exposure according to the Diffey weighted average. Photo credit: Alina 
Hirschmann, ICFO-Institut de Ciencies Fotoniques.
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on flexible polymer substrates by large-area Raman mapping (fig. S10), 
which indicates that the intrinsic quality is reasonable (i.e., mo-
bility, ~1000 cm2/Vs). Lithographic masks for graphene channels 
were fabricated by laser writing. Oxygen plasma etching was used 
to pattern and isolate the graphene channels. The sensitizing thin film 
of PbS colloidal QD layers was formed by spin coating on top of the 
graphene layer, followed by a 1,2-ethanedithiol ligand exchange. The 
synthesis of PbS colloidal QDs was performed using a Schlenk line 
under inert conditions (53). GQD channels in the demonstrated 
prototypes were laminated with a conformable PET cap to prevent 
any mechanical damage that may arise from skin interaction.

Fabrication of gated flexible PDs
A 125-m-thick polyimide sheet (DuPont Kapton HN) was surface-
cleaned in acetone and IPA and then dried overnight at 80°C in the 
laboratory oven. Then, the 50-nm-thick Al gate metal was thermally 
evaporated in high vacuum through a shadow mask. We deposited 
by atomic layer deposition a 100-nm-thick Al2O3 dielectric layer at 
250°C with a base pressure of 250 mtorr using trimethylaluminum 
(TMA) as a precursor. Ti (2 nm) and Au (50 nm) were evaporated 
as electrical contacts on top of Al/Al2O3 layers. Then, CVD graphene 
was transferred and patterned through oxygen plasma. Samples 
were annealed at 350°C in H2 environment to remove the PMMA 
residues of wet transfer. Then, the photosensitizing QD layer fabri-
cation was applied as indicated above.

Electro-optic characterization
Flexible PDs were characterized in an optical probe station by ap-
plying 1 V of source-drain voltage under the illumination of various 
light intensities. Diode lasers (633 and 1150 nm) were connected to 
an attenuator to achieve a broad range of intensities. During the 
photosensitivity measurements, a drain amplifier was used to im-
prove the output signal amplitude and a low-pass filter was used to 
reduce electronic noise (fig. S3).

UV index measurements
A 285-nm UV LED was used as a light source. Various intensities 
were obtained through natural density filters. The corresponding UV 
indices were calculated using the Diffey weighted average (34). Each 
intensity step was measured individually and calibrated with a UV 
power meter (S120VC, Thorlabs Standard Photodiode Power Sensor). 
Then, GQD UV patches were tested under various intensities at cer-
tain distances from the light source. Interference of higher wave-
lengths (>400 nm) was blocked with optical filters and cover shields.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/9/eaaw7846/DC1
Fig. S1. PPG readings of GQD Health Patch under various light conditions for the same  
applied bias.
Fig. S2. Flexible and transparent GQD assembly on PEN and the dynamic range of flexible  
GQD PDs.
Fig. S3. Noise characteristics of flexible GQD PDs.
Fig. S4. Gate modulation of flexible gated GQD PDs.
Fig. S5. Photosensitivity for various operation frequencies.
Fig. S6. Temporal response of the flexible GQD PD at 633 nm.
Fig. S7. Photoresponse of flexible GQD PDs at near-infrared wavelength.
Fig. S8. Continuous PPG reading by GQD health patch.
Fig. S9. Simultaneous measurements of GQD health patch and state-of-the-art capnograph.
Fig. S10. Large-area Raman spectroscopy mapping of graphene on flexible polymer substrates.
Table S1. Demonstrated device types and their specifications.

Movie S1. GQD bracelet (reflection mode PPG).
Movie S2. GQD health patch on the mobile phone screen (transmission mode PPG).
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