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Abstract. Despite great improvements in traditional inorganic photodetectors and 

photovoltaics, more progress is needed in the detection/collection of light at low-level 

conditions. Traditional photodetectors tend to suffer from high noise when operated at 

room temperature; therefore these devices require additional cooling systems to detect 

weak or dim light. Conventional solar cells also face the challenge of poor 

light-harvesting capabilities in hazy or cloudy weather. The real world features such 

varying levels of light, which makes it important to develop new strategies that allow 

optical devices to function when conditions are less than optimal. In this work, we 

report an organic/inorganic hybrid device that consists of graphene quantum 

dot-modified poly(3,4-ethylenedioxythiophene) polystyrene sulfonate spin-coated on 

Si for the detection/harvest of weak light. The unique hybrid configuration provides 

the device with high responsivity and detectability, omnidirectional light trapping, and 

fast operation speed. To demonstrate the potential of this hybrid device in real world 

applications, we measured near infrared light scattered through human tissue to 

demonstrate oximetry-like photodetection, as well as characterized the device’s 

photovoltaic properties in outdoor (i.e., weather-dependent) and indoor weak light 

conditions. This new organic/inorganic device configuration demonstrates a 

promising strategy for developing future high performance low-light compatible 

photodetectors and photovoltaics. 
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Introduction  

 In photodetection and photovoltaic applications, the pursuit of weak and 

omnidirectional light detection/harvest has become one of the major goals in 

developing next-generation photo-optical devices1-3. For example, traditional 

photodetectors (PDs) tend to have high noise under low-light conditions that are 

often typical of imaging and bio-sensing applications.4 For developing 

high-performance optical communication devices, it is also important to design PDs 

with omnidirectional and weak light detectors in order to increase the sensitivity and 

signal quality.5 Under an overcast sky, over 90% of the total incident solar radiation 

is diffused through the cloud layer, so it cannot be successfully harvested, limiting 

the efficiency of solar cells.6 To improve the practicality of these technologies, it is 

essential to develop a new strategy that enables these devices to perform well even 

under omnidirectional and low-light conditions. 

 For the past several decades, inorganic PDs have dominated applications in 

photodetection. For example, GaN-, Si-, and InGaAs-based PDs have been used to 

detect ultraviolet (250 nm to 400 nm), visible (450 nm to 800 nm), and infrared (900 

nm to 1700 nm) wavelengths of light, respectively4. In recent years, researchers have 

successfully fabricated various types of inorganic PDs for different functions, such as 

atomically thick 2D devices with omnidirectional detection and ultrahigh gain, and 
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Ga2O3/SiC-based materials for harsh electronics and transparent solar-blind 

detection7-11. However, in order to increase the sensitivity and reduce noise levels, 

particularly for low-light conditions, a cooling system is usually required, which 

increases the cost and complexity of the inorganic PD design12. In addition, inorganic 

PDs often require a high operation voltage and have limited ranges of wavelengths 

that they can detect, which inhibits the practical application of these technologies. 

Nanostructure-based PDs, such as those that use CdS and PbS quantum dots, have 

demonstrated ultra-high sensitivity with low power consumption in weak light 

environments13,14. However, the fabrication of Cd- and Pb-based quantum dots 

requires toxic materials and is therefore not a sustainable solution. 

 To satisfy the requirements for future communication, image- and 

biological-sensing applications, new broadband, high-detectivity PDs are needed that 

are also low-cost, operate at low-voltage, and can detect weaker sources of light 

without the need for a cooling system. Many researchers have turned to organic-based 

PDs to achieve these aims. For example, Gong et al.5 reports an organic PD design 

that demonstrates performance comparable to inorganic PDs by using a multilayer 

polymer structure that helps reduce the dark current noise for detectivities of up to 

1012 Jones, as well as a wide spectral response from 300 nm to 1450 nm5. 
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Solution-processed organic-inorganic hybrid perovskite materials have also been used 

to develop PDs with high detectivity15-17.  

However, the response time of organic-based PDs is usually slower than that of 

inorganic ones due to the lower carrier mobilities of organic materials. Moreover, the 

faster charge carriers in organic PDs must wait for the slower charge carriers at the 

interface before recombination, which further limits the response time of the device.18 

In addition, the detectivity of organic-based PDs is still relatively low in certain 

wavelength regions5, 15-17. In previous work, we have proposed a promising method of 

using a graphene quantum dot (GQD)-modified organic layer to achieve concurrent 

improvement in optical and electrical properties in order to simultaneously increase 

the mobility and light trapping capability of the organic layer. The photon 

downconversion behavior of the GQDs can be utilized to harvest additional ultraviolet 

photons to improve the absorption of the device. In the meantime, the highly 

conductive GQD also improves the conductivity of the organic layer19. 

For photovoltaic devices, researchers have applied various photon management 

techniques that enable omnidirectional and weak light harvesting, such as hierarchical 

surface engineering, graded refractive index antireflective coatings, and the 

employment of colloidal nanospheres or periodic nanopillar arrays20-24. However, 

these omnidirectional light-harvesting methods are often achieved using complex 
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fabrication processes, which usually come with unwanted defects, recombination sites, 

and contaminations that deteriorate the device‘s performance and thus require 

additional treatment procedures20-24. To overcome these issues, we need to develop 

simpler techniques, such as solution processing, to construct new devices that enable 

omnidirectional harvesting of light under outdoor and indoor low-light conditions.  

Pure inorganic photodetectors usually perform well at normal light power, while 

pure organic photodetectors are good at weak light. To develop omnidirectional PDs 

and photovoltaics that function at normal- to low-light levels, we have combined the 

advantages of inorganic (i.e., stability) and organic materials (i.e., low-cost and facile 

solution-processing) into a single device. By dispersing GQDs in a 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) solution that 

was subsequently spin-coated on a micro-textured Si substrate, we were able to 

fabricate high-detectivity PDs and photovoltaic devices that demonstrated excellent 

omnidirectional light harvesting capability, even at weak-light conditions. Compared 

with planar Si PDs, the detectivity and responsivity of our hybrid PD device exhibited 

a ~3-fold enhancement under 532 nm illumination at a light power of 25.2 μW. At 

large angles of incidence (AOIs), our hybrid device exhibited more than 2.5-fold 

enhancement in responsivity compared to the planar Si PD control, demonstrating this 

technology’s potential for omnidirectional light-detection applications.  
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We performed real-world type measurements using this hybrid device, including 

photodetection of near infrared light scattered through human tissue, which is widely 

used for non-invasive oximetric measurements, as well as photovoltaic 

characterization in outdoor weather-dependent and indoor weak light conditions. We 

show that the hybrid device exhibits a far superior photo-to-dark-current-ratio (PDCR) 

compared to that of planar Si PDs used in human finger tissue measurements, 

demonstrating an over 2-fold PDCR enhancement when the scattered light is detected 

at 1 cm from the light source. In addition, in real-world weak light photovoltaic 

measurements, the hybrid device had an enhanced fill factor (FF) in all weak light 

conditions, resulting in better power conversion efficiency (PCE) than that of planar 

Si solar cells. Accordingly, the high-detectivity, low-cost, and omnidirectional 

properties of these hybrid devices, along with their practical real-world compatibility, 

provides new possibilities for the next-generation of photosensing, bioimaging, and 

energy harvesting applications. 

Results 

Preparation of the hybrid device. First, we began by fabricating a 

micropyramidal textured surface on the top of an n-type Si substrate using a chemical 

etching process25 (Fig. 1a). The detailed fabrication procedure is provided in the 
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Methods section. Such micro-features (~10 μm) have been shown to improve the 

harvesting efficiency of incident broadband, omnidirectional photons6.  

Next, we synthesized GQDs by microwave-assisted annealing of glucose in a 

deionized water solution26. We used transmission electron microscopy (TEM) to 

characterize the size and distribution of the as-prepared GQDs (Fig. 1b). A 

high-resolution TEM image shows the enlarged structure of a single GQD, which 

exhibits 0.213 nm fringes that correspond to the d spacing between the graphene 

layers27 (inset of Fig. 1b). A photographic image of the GQDs in deionized water has 

also been provided to demonstrate the pale yellow color of the suspension as a result 

of GQD formation26. We measured the size distribution of the GQDs from TEM 

images (Fig. 1c) and determined that the average size was 3.2 nm, which corresponds 

to 15 layers of graphene in each QD. In addition, the full-width-at-half-maximum of 

the fitted Gaussian curve of the size distribution was 0.5 nm, demonstrating that we 

can well control the size of the GQDs by adjusting the annealing time.  

 The as-prepared GQDs were added to a commercial PEDOT:PSS solution and 

then spin-coated on the micropyramidal-structured Si substrate and annealed in a 

N2-rich glove box at 165 °C for 10 min. Ag and Al contact electrodes were thermally 

evaporated on the top and back sides of the sample, respectively, to form the hybrid 
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PD device. Commercially available micropyramidal and planar Si solar cells with 

SiNx antireflective layers were used as controls in our experiments. 

PD characterization. We measured the I-V characteristics of the hybrid PD in 

the dark and under 532 nm illumination at different power intensities and an AOI of 

0° (Fig. 2a). We also characterized the control micropyramidal (Fig. 2b) and planar 

(Fig. 2c) Si devices. Under 532 nm illumination and at power intensities above 25.2 

μW, all three devices exhibited similar photocurrents within a voltage range of -1 V to 

0.75 V. However, the dark current of the hybrid PD was an order of magnitude smaller 

than that of the two control PDs, especially near 0 V, demonstrating a significantly 

low level of noise for low-light conditions (<1 mW). The low noise level can be 

attributed to the fact that the PEDOT:PSS material is an ideal electron blocking layer 

that can effectively prevent unwanted hot carriers from reaching the top electrode, 

even at room temperature. For conventional (i.e., inorganic) PDs, increased sensitivity 

of the device at low-light levels is usually achieved with the aid of a cooling system.  

 Because the hybrid PD has low noise, it also exhibited the highest responsivity 

for a power intensity below 1 mW among all three PD devices (Fig. 2d). At 2.52 μW, 

the responsivity of the hybrid PD increased to 1.02 A/W, which is about 2 orders of 

magnitude higher than recently published results for PEDOT:PSS/Si devices (~18 

mA/W)28. This suggests our hybrid PD would be superior for self-powered (since the 
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responsivity can be measured at zero bias), low-light photosensing applications. For 

low-light PD characterization, the noise equivalent power (NEP) is usually calculated 

with equation (1):  

*2/1 /)(NEP DfA∆=            (1) 

in which A is the effective area of the detector in cm2, Δf is the electrical bandwidth in 

Hz, and D* is the detectivity measured in units of Jones, which can be calculated with 

equation (2):  

 2/1* )2/( dqJRD =             (2) 

in which R is the responsivity in A/W, q is the absolute value of the electron charge, 

and Jd is the dark current. At zero bias, the calculated detectivity of the hybrid PD 

increased from 3 × 1011 Jones to 8 × 1011 Jones as the power intensity decreased from 

8 mW to 25.2 μW. The detectivities within this power intensity region are one order of 

magnitude larger than a previously reported high-detectivity, low-light PD5. The 

self-powered, cooling system-free, and low-light detection properties of these  

hybrid PDs are expected to be well-suited for ultra-low power, room temperature, and 

ultrasensitive biological imaging applications, which will be demonstrated later in this 

work. 

 However, in real-world photodetection and photovoltaic applications, light can 

be incident from all directions. For example, the angle at which sunlight strikes the 
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earth varies across the day (Fig. 2f). Therefore, we characterized the AOI-dependent 

photodetection properties of the hybrid and planar Si PDs (Fig. S1). Since scattered 

infrared radiation is typically used in optical communications5 and clinical 

applications, such as to monitor a patient’s blood oxygen levels using an oximeter27, 

we used 850 nm light for this AOI-dependent characterization experiment. Due to the 

micropyramidal surface structure, the responsivity of the hybrid PD was enhanced for 

all AOIs studied (0° to 75°) compared with the planar Si PD, which had only a 

polished surface. The enhanced responsivity of the hybrid PD was further revealed by 

calculating the enhancement (ER) of the hybrid PD with respect to the planar Si PD 

device according to equation (3): 

           (3) 

in which Rhybrid and RSi,p-n are the responsivities of the hybrid and Si PDs, respectively. 

Under high AOIs (± 75°), the enhancement of the responsivity of the hybrid PD was 

up to 2.5-times greater than the planar Si PD (Fig. 2g), demonstrating that the hybrid 

device has excellent omnidirectional photodetection properties. We attribute this 

omnidirectional photodetection capability to the micropyramidal structures at the 

PEDOT:PSS/Si interface, which help scatter rather than immediately reflect photons 

from the hybrid device’s surface. Moreover, it has been demonstrated that GQDs can 

absorb light at shorter wavelengths and subsequently emit longer-wavelength light 
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that can be reabsorbed by the device24. This emittance of longer-wavelength light by 

GQDs is expected to be completely omnidirectional, thus giving rise to the superior 

omnidirectional photodetection of the hybrid device. 

 We also characterized the temporal resolution of the hybrid PD in terms of the 

rise and fall times of the photoresponse, which were ~80 μs and ~70 μs, respectively 

(Fig. 2h,i). Typically, the carrier mobility of organic materials is much slower than 

that of inorganic materials, resulting in a slow reaction time. However, by using a Si 

substrate with only a ~30 nm thick GQD-PEDOT:PSS layer deposited on its surface, 

the response time of the device was retained due to the fast operation time of the Si. 

The response time of the micropyramidal Si PD was also characterized and shown in 

Fig. S2 of the Supplementary Information. Therefore, using an organic/Si hybrid 

design enabled us to achieve low-cost, omnidirectional, and high-detectivity 

photodetection without sacrificing the temporal resolution of the device. The ultrafast 

response time of the hybrid PD may be of use for high-speed optical communication 

applications. 

Real-world PD demonstration. To demonstrate a real-world case, we designed 

an oximetry-like experiment to detect infrared light propagated/scattered through 

human finger tissue (Fig. 3a). As infrared light enters the tissue, it encounters 

epidermis, dermis, and subcutaneous layers, generating ballistic, quasi-ballistic, and 
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diffuse photons. The intensities of the ballistic and quasi-ballistic photons are high. 

However, for concentrated tissue media, these types of photons are scarce and their 

interaction with biological tissue is weak, leading to poor resolution. Therefore, 

diffuse photons are preferred for biological imaging. Since diffuse photons interact 

strongly with the surrounding tissue, their intensity is usually weak, and the incident 

angle to the PD is high, and thus omnidirectional, low-light PDs are required. We 

measured the I-V characteristics of the hybrid PD at different detection distances (Fig. 

S3). The detection distance is defined as the length between the light source and the 

PD (Fig. 3a), with larger distances resulting in a weaker signal. The self-powered 

hybrid PD exhibited enhanced PDCR as compared with the planar Si PD for a 

detection distance shorter than 3 cm at 0 V (Fig. 3b). The PDCR of the hybrid PD at a 

detection distance of 1 cm was nearly 100, which was twice as much compared to the 

planar Si PD. Accordingly, the self-powered hybrid PD showed excellent low-light 

and omnidirectional photon collection capability, which demonstrates its effectiveness 

for low-light level biological imaging applications. 

Low-light photovoltaic operation of the hybrid PD device. The hybrid PD 

exhibits self-powered, omnidirectional, and low-light detection properties. These 

intriguing characteristics are also desired for next-generation photovoltaic devices. In 

the past several years, researchers have reported omnidirectional PEDOT:PSS/Si 
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hybrid solar cells with efficiencies as high as 11% using hierarchical surface 

engineering (e.g, nanowires on micropyramids) and thin oxide passivation strategies25. 

Moreover, solution processing offers the possibility of employing chemical additives, 

such as quantum dots, in order to expand the absorption of solar cells to the UV 

region6. Despite the development of organic/inorganic hybrid solar cells as more 

cost-effective devices, researchers have typically neglected their underlying potential 

at low-light conditions. In the J-V curves shown in Fig. 1a, we observed that the 

hybrid device features a current at 0 V, which indicates photovoltaic behavior. 

Additionally, the spectral responsivity of the three devices at 0 V is shown in Fig. S4. 

Compared to the planar Si device, the micropyramidal Si and hybrid devices show 

enhanced spectral responsivity throughout the range of wavelengths of solar 

irradiance due to superior photon management by the micropyramidal surface that 

was shared on both devices, as well as the concurrent improvement of the optical and 

electrical properties of the hybrid device by the GQD additive in the PEDOT:PSS 

layer. It is expected that under 1-sun AM 1.5G solar irradiation, the photovoltaic 

performance of the Si solar cells will be superior to that of the hybrid device (Fig. S5). 

However, for low-light conditions, surface and bulk recombination in the Si become 

more serious due to unfilled defects, resulting in decreased FF values. In contrast, for 

the hybrid device, the PEDOT:PSS layer is an efficient hole transporting (i.e., electron 
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blocking) material. Therefore, we hypothesized that for low-light conditions, the FF 

of the hybrid device could increase tremendously.  

 To demonstrate real-world low-light conditions, we measured the hybrid device 

under three light settings (Fig. 3c) and compared the results with the micropyramidal 

Si device (Fig. S6-S8). The three conditions included: (i) an outdoor measurement on 

a sunny day; (ii) an outdoor measurement on a cloudy day; and (iii) an indoor 

light-emitting diode (LED) measurement with a power density of 3.5 mW/cm2. The 

comparison of the open-circuit voltage (VOC), short-circuit current (JSC), FF, and PCE 

of the hybrid and micropyramidal Si devices measured under conditions (i), (ii), and 

(iii) are shown in Fig. 3d-g, Fig. 3h-k, and Fig. 3l-o, respectively. The maximum value 

indicated in these figures is the highest value for each photovoltaic parameter (VOC, 

JSC, FF, and PCE) at each condition (sunny, cloudy, and indoor). Under these three 

low-light conditions, the micropyramidal Si device had higher VOC and JSC values. 

However, the hybrid device showed significantly higher FF for all three conditions, 

leading to higher PCE values overall. These real-world style tests demonstrate that 

due to the omnidirectional and low-light harvesting characteristics of the hybrid 

device, it showed impressive photovoltaic performance and thus could be competitive 

in the solar marketplace. 

Discussion 
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In summary, the hybrid device made using a GQD-PEDOT:PSS/Si configuration 

has been demonstrated to be highly effective for low-light applications in 

photodetection and photovoltaics due to its self-powered, low-noise, high-detectivity, 

omnidirectional, and high-speed properties, which could not otherwise be achieved 

using an inorganic or organic semiconductor device alone. Under 532 nm illumination, 

the detectivity of the GQD-PEDOT:PSS/Si hybrid device was as high as 8 × 1011 

Jones without the application of a bias voltage. We also performed infrared low-light 

detection at 850 nm to demonstrate the capability of this device for high-speed optical 

communication and biological imaging applications. In addition, we characterized 

photovoltaic behavior using outdoor weather dependent and indoor weak light 

conditions to demonstrate the superior PCE of the hybrid cells in all weak light 

conditions via an enhanced FF due to efficient hole transport (i.e., electron blocking) 

of the PEDOT:PSS layer, as compared to all-inorganic Si solar cells. We believe the 

unique combination of these properties in the hybrid device meet real-world 

requirements and therefore holds promise for the application of this technology in 

biological imaging and low-light energy generation and photodetection. 
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Methods 

Preparation of micropyramidal structured Si. Monocrystalline n-type (100) Si 

wafers with a resistivity of 5–10 Ω-cm were immersed in an isotropic etching solution 

consisting of potassium hydroxide, isopropyl alcohol, and H2O with a volume ratio of 

1:1:17 at 85 °C for 20 min. 

Synthesis and characterization of GQDs. First, we prepared an 11.1 wt% 

glucose solution in deionized water. Then we siphoned ~2.5 mL of that solution into a 

glass bottle and tightly closed it. The glass bottle was heated with a conventional 

microwave oven at 700 W for 11 min. The microwave power, heating time, 

concentration, and solution volume can be adjusted to control the size of the GQDs. 

During the microwave heating process, the solution changes in color from transparent 

to pale yellow as a result of the formation of GQDs. Subsequently, the glass bottle 

was cooled to room temperature for characterization. TEM measurements were 

performed on a JEOL JEM-2100F microscope at an operation voltage of 200 kV. 

Preparation of the hybrid device. Commercially available PEDOT:PSS 

solution (PH 500, Clevios) was used with 5 wt% dimethyl sulfoxide (Sigma-Aldrich) 

and 0.1 wt% Triton X-100 surfactant (Sigma-Aldrich) as intrinsic additives. 0.5 wt% 

GQD solution was added to this PEDOT:PSS mixture, and the resulting 

GQD-PEDOT:PSS material was subsequently spin-coated on the micropyramidal 
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structured Si substrate and annealed in a N2-rich glove box at 165 °C for 10 min. 

Finally, Ag and Al contact electrodes were thermally evaporated on the top and back 

sides of the sample, respectively, to form the hybrid device. 

Device measurement. Electrical measurements were carried out on a 

probe-station and measured with a Agilent B2902A sourcemeter, along with a 532 nm 

laser and 850 nm LED illumination. The AOI-dependent measurements were 

completed by adjusting the angle of the sample stage with a protractor. The spectral 

responses were measured using an Enlitech QE-R spectal response system. The 

photodetection of light scattered through human tissue was performed by placing the 

850 nm light source and the PD at a specified distance apart along a human fingertip. 

The PD was packaged using copper wire connected to the source meter and silver 

paste, and covered with glass slides. Photovoltaic characterization was carried out by 

placing the device in an outdoor open space or under an LED with a power density of 

3.5 mW/cm2. The outdoor conditions included: (i) a sunny day, which occurred at 

25°1’7” N and 121°32’31” E at 17:30 on April 26th, 2014; and (ii) a cloudy day, 

which occurred at 25°1’7” N and 121°32’31” E at 13:00 on April 27th, 2014. 
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Figure 2 
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Figure 3 
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Figure Legend 

Figure 1 | Design and characterization of the hybrid device. (a) The schematic, 

scanning electron microscopy (SEM) image, and fabrication process of the hybrid 

device. Scale bar, 1 µm. (b) TEM and high resolution TEM (inset) images of the 

GQDs and a photograph of the GQD solution. Scale bar, 20 nm. Inset scale bar, 2 nm. 

(c) The diameter distribution of the sampled GQDs (~100) as measured from TEM 

images. The black line in (c) is the Gaussian fitting curve.  

 

Figure 2 | Device characterization. (a-c) I-V characteristics of the hybrid, 

micropyramidal Si, and planar Si PDs measured in the dark and under 532 nm 

illumination with varying light power intensity. (d,e) 532 nm laser 

intensity-dependent responsivity and detectivity of the hybrid, micropyramidal Si, and 

planar Si PDs measured at 0 V. (f) Schematic of angular dependent photodetection of 

the sun. (g) Enhancement of responsivity of the hybrid PDs measured at 0 V under 

850 nm light. (h,i) The rise and fall time of the hybrid PDs measured at 0 V under 850 

nm light illumination. 

 

Figure 3 | Photodetector and photovoltaic characterization under practical 

conditions. (a) Schematic of the detection of 850 nm light propagating through 

human finger tissue. (b) PDCR of the hybrid PD as a function of the 850 nm light 
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propagation distance through human finger tissue. The light intensity (Ilight) was 0.3 × 

104 W/m2. (c) Photographic images of the real-world low-light measurement 

conditions. Comparison between the micropyramidal Si and hybrid devices in terms 

of their maximum VOC, JSC, FF, and PCE photovoltaic parameters on (d-g) a sunny 

day (condition i), (h-k) a cloudy day (condition ii), and (l-m) under an LED with a 

power density of 3.5 mW/cm2 (condition iii). 
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