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ABSTRACT

We present the fabrication and characterization of all-carbon phototransistors made of graphene 

three terminal devices coated with atomically precise graphene quantum dots (GQD). Chemically 

synthesized GQDs are the light absorbing materials, while the underlying chemical vapor 

deposition (CVD)-grown graphene layer acts as the charge transporting channel. We investigated 

three types of GQDs with different sizes and edge structures, having distinct and characteristic 

optical absorption in the UV-Vis range. The photoresponsivity exceeds 106 A/W for vanishingly 

small incident power (<10-12 W), comparing well with state of the art sensitized graphene 

photodetectors. More importantly, the photoresponse is determined by the specific absorption 

spectrum of each GQD, exhibiting the maximal responsivity at the wavelengths corresponding to 

the absorption maxima. Overall this behavior can be ascribed to the efficient and selective 

absorption of light by the GQDs, followed by a charge transfer to graphene, a mechanism known 

as photogating effect. Our results suggest the use of graphene/GQD devices as valuable 

photodetectors for application where color sensitivity is required.
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1. INTRODUCTION

The high carrier mobility of graphene is an appealing characteristic for the realization of opto-

electronic converters1, since it ensures that the charges created by the light rapidly reach the 

electrodes, thus minimizing the recombination effect and efficiently converting the incoming 

photons into an electric signal.  Furthermore, since graphene is a material with zero band gap, 

charges can be generated by the absorption of light over a wide energy spectrum, from the short-

wavelength terahertz to the more energetic photons in the UV range2. However, the direct use of 

pristine graphene is limited due to its atomic thickness and hence transparency. Several ways to 

improve the absorption of electromagnetic radiation of graphene have been proposed and tested3. 

A convenient approach to achieve photon detection even at very low intensity is to combine 

conductive graphene with photo-active sensitizing systems, such as colloidal nanocrystals4, 

nanoparticles5 and other two dimensional materials such as MoS2
6, that absorb light very 

efficiently. Following the photon absorption, either electrons or holes are transferred to graphene, 

while the other type of charge remain trapped into the photo-active center, thus working as an 

effective local electrostatic gate for the graphene sheet, where charges are recirculated many times 

from source to drain. This mechanism is known as photo-gating effect7 and it is characterized by 

high gain (i.e. multiple electrical carriers are detected per incident photon), thus leading to high 

sensitivity. In these previous works the light absorption spectra are usually broad and feature a 

threshold, which depends on the size of the nanocrystals and nanoparticles on top of graphene or 

on the magnitude of the energy band gap in the case of MoS2 layers. 

In this context, the possibility to realize color-sensitive photodetectors, that is devices that 

respond to a specific wavelength only, would be extremely valuable and it has been actually 

proposed for a wide set of applications including sensing and energy harvesting, where the energy 
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selectivity can be exploited as an additional functionality or for the optimization of the efficiency, 

or as component in neural / bio -inspired networks8,9. Color sensitive devices have been realized 

by enhancing the light absorption by plasmonic effects10 or by making use of photo-chromic 

molecules that undergo reversible photo triggered isomerization between metastable states11.

Ideally, color detection and high sensitivity can be combined by functionalizing graphene with 

light-absorbing molecules with a well-defined and narrow absorption spectrum. An intriguing 

possibility is to use graphene quantum dots (GQDs), which are nanoscale fragments of graphene, 

with non-zero energy gaps due to the quantum confinement effect12-14. Depending on the sizes and 

structures of the graphene fragments, they absorb and emit light at different wavelengths and are 

therefore attracting increasing attentions for applications in opto-electronic devices15-17. In 

addition, they are also metal-free, low-cost and environment-friendly. However, previous attempts 

to realize graphene/GQD photodetectors made use of undefined GQDs, without a precise control 

over their chemical structures, such as shapes and edge configurations. This resulted in broad 

absorption spectra, unsuitable for color-selective optical sensors18. Bottom-up chemical synthesis 

provides access to atomically precise GQDs, which are also called nanographenes or graphene 

molecules19-20. Various atomically precise GQDs have thus been synthesized, demonstrating 

structure-specific opto-electronic properties, with well-defined optical absorption spectra21-24. 

Although pristine, hydrogen-terminated GQDs are insoluble due to the strong π- π stacking 

interactions, it is possible to install solubilizing alkyl chains at the edges through proper synthetic 

designs25, without altering the optical properties that remain determined mostly by the aromatic 

core structure26. Such precisely designed and bottom-up-synthesized GQDs can thus be soluble in 

organic solvents and processed from solutions, allowing for facile integration into opto-electronic 

devices. 
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Here we use atomically precise GQDs with three different chemical structures and optical 

properties as selective light absorbing material to realize all-carbon phototransistors, showing both 

color-selectivity and high photoresponsivity. The easy deposition from solution and the tunability 

of the GQD absorption properties make them suitable for sensitive photodetectors based on 

graphene (or other two-dimensional materials) when color-sensitive applications are required27-29. 

2. EXPERIMENTAL SECTION

2.1. Preparation of graphene quantum dots. We selected three different atomically precise 

GQDs for this study, namely C60-8-C12 consisting of 60 sp2 carbon atoms in the aromatic core 

that is functionalized with eight n-dodecyl (C12H25) chains30, 6,14-bis{3,4,5-

tris(dodecyloxy)phenyl)dibenzo[hi,st]ovalene (DBOV-TDOP)31, and “tetra-zigzag” hexa-peri-

hexabenzocoronene (TZHBC)32, whose chemical structures are shown in Figure 1a. These three 

GQDs were bottom-up synthesized using techniques of synthetic organic chemistry, as described 

in our previous reports30-32. The peripheral functionalization groups are added to increase the 

dispersibility of the molecules in organic solvent, while their effects on the optical properties 

remain negligible26,30-32.UV-VIS absorption spectra of the three GQDs in solution displayed 

distinct profiles with onsets at ~580, ~640, and ~700 nm for C60-8-C12, DBOV-TDOP, and 

TZHBC, respectively (Figure 1b).

2.2. Device fabrication and characterization. We used large-area monolayer graphene 

produced by chemical vapor deposition (CVD) and transferred on a chip of p++ bulk Si, covered 

by 300 nm of SiO2, which is used as the common backgate, following a reported procedure33. 

Devices were fabricated through Electron Beam Lithography to etch the graphene sheet and pattern 
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the gold pads for electrical contacts. The GQDs, namely C60-8-C12, DBOV-TDOP, and 

TZHBC, were deposited on the device by drop casting. The procedure of deposition was done as 

follows: 5 mg of GQD powder was dispersed in 100 mL of dichloromethane and sonicated until 

the dispersion had an uniform color without any visible aggregate. 100-200 µL of the dispersion 

was then deposited on the devices by using a micropipette. In order to accelerate the evaporation 

of the solvent, the chip has been kept on a hot plate at 75°C during the deposition. In the following 

we use the same code as for the GQDs (that is C60-8-C12, DBOV-TDOP, TZHBC) to label the 

corresponding devices.

The structural characterization has been done with optical microscope and Scanning Electron 

Microscope (SEM), while (photo-)electrical characterizations were done by using Lake Shore 

probe station at room temperature and in vacuum (pressure of 10-4 mbar). The source-drain voltage 

Vds, the backgate voltage Vg and the measurements of the current Ids of the graphene devices were 

carried out by a Keithley 2636B double channel source-meter. The devices were illuminated with 

a white light lamp placed directly on top of the probe station. Alternatively, for the wavelength 

selective investigations, we either placed a monochromator in front of the lamp or employed two 

lasers with wavelengths 638 and 374 nm, respectively. The corresponding illumination power was 

estimated with a calibrated photodiode placed at the sample position. 

3. RESULTS AND DISCUSSIONS

3.1. Electrical and opto-electrical characterization. Figure 1c shows our typical devices. 

Thanks to the large area of CVD-grown graphene, on a single chip it was possible to fabricate c.a. 

100 junctions per chip. The final substrate was cut into more parts in order to make different GQD 

depositions. The results shown here are representative of the observed general behavior.
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Figure 1d displays typical transfer characteristics Ids vs Vg of the pristine graphene (black curve) 

along with those taken after the deposition of TZHBC with (red curve) and without (blue curve) 

light illumination. Note that the neutrality point is not visible in the gate voltage range of ± 60 V 

suggesting large p-doping of our pristine graphene layer. For pristine graphene the light does not 

affect the transfer characteristic, thus confirming the low efficiency of light-charge conversion of 

pristine graphene as largely reported in literature2,3. The mobility μ of our pristine conducting layer 

can be estimated through the expression for field-effect-transistors in the linear region34,35: 

μ = [ dIds/dVg]·[ L/(D CiVds )]

where dIds/dVg is extracted from a linear fit of the transfer characteristics; L and D are, 

respectively, the length and the width of the conductive channel of our device; Ci is the gate 

capacitance and Vds the applied drain-source voltage. Taking L = 4 μm (the distance between 

source and drain) and D = 10 μm, (the width of the graphene sheet), we can estimate μ ~400 

cm2/V∙s. After the deposition of the molecules, the mobility μ decreases to values ranging from 

170 to 130 cm2/ V∙s. The mobility reduction after the deposition has been observed also in similar 

devices5 and can be related to the additional disorder induced by the GQDs. Upon illumination 

(white light with intensity of  24.7 mW/cm2) we observe that the Ids vs Vg curve is rigidly shifted 

towards higher backgate values, corresponding to a significant current increase larger than 20% 

and a similar mobility. 

 

3.2. Photoresponse. Figure 2a shows typical current photoresponse of our devices. Here Vds and 

Vg are constant at 100 mV and +40 V respectively, while the light wavelength is 561 nm. After an 

initial delay needed to stabilize the response, light is repeatedly turned on and off (green dashed 

line in Figure 2a). The inset in Figure 2a zooms on the on/off switches of the light. The time scale 
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of minutes evidences a slow photoresponse, as it is found in sensitized graphene photodetectors 

characterized by a disordered interface36,37 and other composite materials38. From off to on-state, 

after a rapid increase, the current reaches the full saturation value in a timescale of minutes; from 

on to off the process is even slower and the current typically recovers the initial value (before the 

light pulse) in tens of minutes. Over long (hour) time scales, the observed behavior is stable and 

the light can be turned on-off for an indefinite number of times with no evident signs of degradation 

of the electrical signal or the optical response.

Figure 2b exhibits the photoresponsivity R of the different GQDs-based phototransistors as a 

function of the illumination power (P). R is defined as the photocurrent (evaluated by taking the 

difference of Ids when the light is on and off) divided by P. The sensitive surface of the device was 

estimated considering the active area of the channel with L and D as the lateral dimensions as 

introduced before. For illumination power ranging between 10-8 to 10-10 W, the measurements are 

done with white light, while for P = 10-12 to 10-13 W measurements are done with monochromatic 

light, with the wavelength set at the corresponding maximum in the absorption spectra of each 

GQDs (see Figure 1b). We observe that for incident powers lower than 2 ×10-13 W, the TZHBC 

device exhibits a responsivity R ~ 2.5×107 AW-1 (measured with Vds = 100 mV and Vg = +40 V). 

Such value gives a Noise Equivalent Power (NEP) ~10-14 W, assuming the current noise as ~10-7 

A for an integration time of 1 s (Figure 2a). We notice that performances of our devices are of the 

same order of magnitude of values reported in literature for hybrid devices using nanocrystals4, 

nanoparticles5 or MoS2
6. Moreover, the power dependence of the photo-responsivity follows a 

similar phenomenological scaling law f(P) = c1/(c2 + P), where c1 and c2 are the fitting parameters 

(c2 corresponds to a saturation value) and P is the illumination power4,5.
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Figure 3 displays the photoresponsivity as a function of the wavelength of the incident light for 

the three different GQDs, taken with Vds = 100 mV, Vg = 0 V and power P ~ 10-12 W. Within the 

accuracy of our monochromator (we estimate ±20 nm the spread of the wavelengths around the 

central line), we observe that the photoresponsivity is related to the absorption spectrum of each 

GQD deposited on the graphene channel. For a direct comparison, the spectra (the same reported 

in Figure 1b) are also shown as continuous lines in the figure. C60-8-C12 and TZHBC exhibit an 

enhancement of the photoresponsivity around 450 nm where they actually present a peak in their 

optical absorption spectra, along with additional structures centered at 500 nm and 600 nm for 

C60-8-C12 and TZHBC, respectively. DBOV-TDOP shows a maximum in the absorption 

spectrum at 625 nm when measured in solution, while the measured photoresponsivity of the 

corresponding device exhibits a maximum at a shorter wavelength (~550 nm). This is probably 

due to the aggregation of the GQDs on top of the graphene sheet. Indeed, the absorption spectrum 

of DBOV-TDOP in a thick film (red line in Figure 3b) exhibits broader and blue shifted peaks 

with respect to the spectrum measured in solution (blue line). 

In Figure 3c we also show measurement taken at different gate voltages (Vg = -40 V, 0 V, +40 

V), observing that the photoresponse tends to be slightly higher for positive gate voltages, but the 

effect is very weak and within our experimental accuracy. This behavior, reported here for the case 

of the TZHBC molecule, is general and does not depend on the specific GQD used. The finding 

of a weak gate dependence of the photocurrent apparently differs from previously reported results 

on other sensitized graphene photodetectors, where the photoresponse is fully tuned by the gate 

voltage.4,5 We ascribe our observation to the large p-doping of our graphene sheet itself, as 

evidenced in Figure 1d. In the whole range of backgate voltage values, the devices are always far 

from the neutrality point and the Ids vs Vg dependence is linear. Upon illumination, the transfer 
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characteristics are rigidly shifted towards more positive backgate values: as a consequence, the 

photocurrent values and hence the photodetector properties are only weakly dependent from the 

backgate voltage. 

3.3. Time dependence of the photoresponse. We now discuss in more details the time 

dependence of the photoresponse. Figure 4 shows the profile of the current upon switching on / off 

the (white) light (power ~10-9 W) for the case of the DBOV-TDOP compound (the other 

molecules show qualitatively similar results), where it is evident that the time evolution of the 

photocurrent is different when the light is turned on or off. Turning the light on, the photocurrent 

reaches 65% of the saturation value in ~2 s then it increases more slowly eventually reaching 

saturation. This observation suggests that two mechanisms with different time scales take place 

and we consider a double exponential function to fit the Ids vs time curves:

                            y0 + A1∙ + A2∙ 𝑦(𝑡) =  𝑒
 ( ―(𝑡 ― 𝑡0)

𝜏1)
𝑒

 ( ―(𝑡 ― 𝑡0)
𝜏2)

When the light is switched off, the current comes back to the initial value in a time scale of tens 

of minutes. In this case a stretched exponential of the type:

                                                I0 + A∙ 𝑦(𝑡) =  𝑒
―(𝑡

𝜏)
𝛽

better fits the experimental data, suggesting that this relaxation process takes place in a 

disordered system, likely with the contribution of different mechanisms. 

3.4. Mechanism of the photoresponse. Based on the previous observations, we sketch in Figure 

5 the functioning model of our devices, that qualitatively accounts for the reported behavior, in 

agreement with related works reported in the literature3. We expect that the charge current 

preferentially flows in the graphene channel which has higher mobility with respect to the GQD 
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layer. Since the pristine graphene is p-doped (see Figure 1d), the carriers forming the current I1 are 

thus represented as holes in Figure 5a (up panel). When the light is turned on (Figure 5a, bottom 

panel), photons are absorbed by the GQDs, with an efficiency that is related to the characteristic 

absorption spectrum of each GQD, creating electron-hole pairs. These may induce two effects on 

the graphene channel:

1) The GQDs which are in contact with the graphene layer transfer the holes to the conductive 

graphene sheet, inducing an increase of the free carrier density and therefore of I2 > I1.

2) The photo-induced electrons remain trapped in the GQDs, creating a local electric field. In 

practice, they act as a second gate voltage near the flowing carriers (photogating effect3).

A simple estimation of the first effect indicates that it is almost negligible for the measured 

photocurrent. Indeed, for an incident light intensity equal to 1 mW/cm2 and a photon energy 

3.2×10-19 J (c.a. 2 eV, ~600 nm), the resulting photons flux Φ on the GQDs is:

1 mW/cm2 = 1×10-3 J/s∙cm2 = 1×10-3/3.2×10-19 photons/s∙cm2  ≈ 3×1016 photons/s∙cm2

Since the area of our devices is of the order of tens of μm2, the flux of photons on the device is 

from 109 to 1010 photons/s. Even if we assume a perfect efficiency (i.e. each photon is converted 

in one electron), this flux would correspond to a photocurrent of nA (multiplying the flux by the 

electron charge). This value of current is far below the lowest photocurrent that we measured (c.a. 

1 μA). This implies that the number of holes injected in the graphene layer are negligible for the 

determination of the photocurrent. Conversely, the photogating effect usually leads to a significant 

gain  >> 1, since the electrons remains trapped in the GQDs for a time τlifetime that is long compared 

to the time needed by the holes to transit through the device. This timescale is defined as τtransit and 

it is proportional to ~ L2 / µ Vds, where L is the distance between electrodes, µ is the charge mobility 

and Vds is the applied source-drain bias. Indeed, the photogating gain GPh is usually defined as the 
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ratio between this two timescales: τlifetime / τtransit. To assess the consistency of this simple model 

we relate the measured responsivity R with the estimated gain GPh. At a given power: R = GPh × 

QE × q/hν, where q is the electron charge, hν the photon energy and QE is the external quantum 

efficiency accounting for both the light absorption efficiency and the charge transfer efficiency. 

Under our experimental conditions, QE can be evaluated by a simple parallel plate capacitor 

model5. Referring to the results shown in Figure 1d, we observe that a light power of ~10-9 W, 

corresponding to a flux ~1018 photons/s∙cm2, induces a positive shift of the device transfer curve 

of ~50 V. Since the backgate capacitive coupling is 7 × 1010 cm-2V-1 this implies that, during 1 s, 

a negative charge density of ~1012 cm-2 is accumulated on the GQD. At this power, the efficiency 

of our device is thus 10-6. To calculate the gain GPh = τlifetime / τtransit, we consider L = 4 µm, µ = 

200 cm2/Vs, Vds = 0.1 V yielding τtransit ~ 10-8 s; the lifetime of the photoexcited trapped states on 

the GQD can be evinced by the data of Figure 3c (still performed with a light power of ~10-9 W), 

giving τlifetime ~ 102 s. This leads to GPh ~ 1010 and R ~ 104 A/W for a photon wavelength ~ 600 

nm, that is in agreement with the measured value at the light power which we considered for this 

case.   

In Figure 5b we report the photoconductive mechanism from the point of view of the energy 

levels. The scheme is corroborated also by the published values of the GQD highest occupied 

molecular orbital (HOMO) energy levels, as calculated by density functional theory, from which 

we can estimate the GQD work function to be > ~5 eV32,39, that is higher than the graphene work 

function, also when it is heavily p-doped40, as in our case. As the absorbed photons create electron-

hole pairs, the electrons remains trapped on an excited energy level of the GQDs, while the holes 

are transferred to the graphene. The built-in electric field (electrons) and the transferred charges 

(holes) correspond to a photo-doped charge transport in the graphene sheet.
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Finally, we summarize the properties of the different compounds in Table 1. 

4. CONCLUSIONS

In summary, we realized all-carbon (graphene - graphene quantum dots) photodetectors made 

of a large scale CVD graphene and atomically defined graphene quantum dots. For low impinging 

radiation power (< 10-12 W) the photoresponsivity attains 107A/W. The corresponding detectivity 

D* (D* = (A × BW)0.5 / NEP, where A is the device area, BW the bandwidth and NEP the noise 

equivalent power) is estimated as 6×109 Jones (cm Hz1/2 W-1), considering an area of 40 μm2 and 

a bandwidth of 10-2 Hz. With respect to the state of the art values5, our devices are limited mainly 

by the slow dynamic. We believe that the long time response can be largely reduced by increasing 

the quality of the conducting graphene sheet and by the optimization of the deposition of the GQDs 

(for instance by using the electro-spray41 technique). This will allow to tune efficiently the 

photoresponse with the backgate thus speeding up the response of the devices through the use of 

voltage pulses5.

The main point of our work is that the peculiar absorption spectra of each GQD is reflected in 

the spectral dependence of the device photoresponse. These characteristics can be exploited for 

different applications. For instance, the use of tailor made light-absorbing molecules can be 

considered for the optimization of energy harvesting performances of photo-current converters. 

Alternatively spectral selective responses can be used in light operational devices, such as bio-

inspired (neuromorphic) circuits, where the sum of two or more laser signals are selectively 

converted to an electrical digital signal. 
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FIGURES

 Figure 1. a) Chemical structures of three different GQDs and (b) their corresponding UV-VIS 

absorption spectra measured in toluene (C60-8-C12 and DBOV-TDOP) and tetrahydrofuran 

(TZHBC) at a concentration of 10-5 M. The corresponding molar extinction (absorption) 

coefficients at their maximum absorption wavelength are ~9.7 × 104 M-1cm-1, ~3.9 × 105 M-1cm-1 

and ~2.0 × 104 M-1cm-1, for the C60-8-C12, DBOV-TDOP and TZHBC compounds, respectively.   

c) Optical image of the graphene junctions. The horizontal size is 80 μm.  d) Comparison between 

the transfer characteristics before and after the deposition of TZHBC. (White light with intensity 

24.7 mW/cm2, corresponding to a power ~10-9 W). 
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Figure 2: a) Typical time evolution of the photocurrent as measured on a TZHBC device, Vds = 

100 mV and Vg = +40 V. The inset shows a zoom in the region where the light is turned on and 

off repeatedly. Light at 561 nm (3 μW/cm2) from the monochromator has been used in this case. 

b) Responsivity as a function of the illumination power. The solid lines are the best fit to the data 

using the typical phenomenological function used in literature4,5: f(P) = c1/(c2 + P), where c1 

and c2 are free fitting parameters and P is the light power. Here c1 = 7×10-6 A; 12×10-6 A; 1×10-5 

A; and c2 = 6×10-12 W; 2×10-12 W; 3×10-13 W for C60-8-C12; DBOV-TDOP; TZHBC, 

respectively. 
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Figure 3. Photoresponsivity (dots, left Y-axis) of the G/GQD devices as a function of the incident 

light wavelength for C60-8-C12 (a), DBOV-TDOP (b) and TZHBC (c). For comparison, also the 

corresponding absorption spectra taken on the molecule in solution (continuous lines, right Y-axis) 

are superimposed. Experimental conditions: Vds = 100 mV; Vg = 0 V; power P ~ 10-12 W. For the 

DBOV-TDOP molecule in b) also the absorption spectra of the thick film is shown (red line), 

evidencing a blue-shift and a broadening of the absorption maximum. For clarity, the error bars 

are showed only for the first data point of each set, but they are to be considered also for the other 

points (with the same size).  
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 Figure 4. a) Photocurrent response of DBOV-TDOP device (white light with power ~10-9 W). b) 

The on light response is fit with a double exponential function of the type y(t) ~  + 𝑒
 ( ―𝑡

𝜏1)
𝑒

 ( ―𝑡
𝜏2)

, where  and . c) When the light is turned off the photocurrent is fit with a 𝜏1~ 1 s 𝜏2 ~ 10 s

stretched exponential  function y(t) , where  ~ 90 s and . ~ 𝑒 ―(𝑡
𝜏)

𝛽

𝜏 𝛽 ~ 0.6
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Figure 5. a) Functioning scheme of the device with the light off (up) and on (bottom). I1 is the 

(hole) current of the device with no light excitation. I2 is the enhanced current due to the 

photoexcitation. Electrons remains trapped in the GQDs, while holes are transferred to the 

graphene sheet. b) Corresponding scheme of the energy diagram, showing the photoexcitation 

mechanism. 
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Graphene 
Quantum Dot 

sensitizer

Wavelength for 
Absorption 
Maximum

Wavelength for 
Photoresponsivity 

Maximum

Photoresponsivity 
@ 10-13 W

Decay time τ

C60-8-C12 ~ 400 nm ~ 400 nm ~106 A/W 60 s

DBOV-TDOP ~ 600 nm ~ 550 nm ~5 × 106 A/W 90 s

TZHBC ~ 400 nm ~ 400 nm ~107 A/W 300 s

Table1. Summary of the three GQD compounds used in this work. The wavelength corresponding 

to the absorption maximum has been measured for the molecule in solution, while that for the 

photoresponsivity maximum is the direct measurements of the device (Graphene functionalized 

with GQD) photoresponse. The decay time τ has been measured after turning off the light (power 

~ 10-9 W) following the same procedure described in Figure 4c.  
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