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Gate Tuning of Förster Resonance 
Energy Transfer in a Graphene - 
Quantum Dot FET Photo-Detector
Ruifeng Li1,*, Lorenz Maximilian Schneider2,*, Wolfram Heimbrodt2, Huizhen Wu1, 
Martin Koch2 & Arash Rahimi-Iman2

Graphene photo-detectors functionalized by colloidal quantum dots (cQDs) have been demonstrated 
to show effective photo-detection. Although the transfer of charge carriers or energy from the cQDs 
to graphene is not sufficiently understood, it is clear that the mechanism and efficiency of the transfer 
depends on the morphology of the interface between cQDs and graphene, which is determined by the 
shell of the cQDs in combination with its ligands. Here, we present a study of a graphene field-effect 
transistor (FET), which is functionalized by long-ligand CdSe/ZnS core/shell cQDs. Time-resolved photo-
luminescence from the cQDs as a function of the applied gate voltage has been investigated in order 
to probe transfer dynamics in this system. Thereby, a clear modification of the photo-luminescence 
lifetime has been observed, indicating a change of the decay channels. Furthermore, we provide 
responsivities under a Förster-like energy transfer model as a function of the gate voltage in support 
of our findings. The model shows that by applying a back-gate voltage to the photo-detector, the 
absorption can be tuned with respect to the photo-luminescence of the cQDs. This leads to a tunable 
energy transfer rate across the interface of the photo-detector, which offers an opportunity to optimize 
the photo-detection.

In recent years, graphene has been widely used for the development of new electro-optical devices such as trans-
parent electrodes1, photovoltaic modules2, optical modulators3 and plasmonic devices4–6. Graphene, with its 
remarkable electronic and optical properties, opens an important avenue on high performance photo-detection. 
A plethora of studies focus on graphene photo-detectors because of its broad spectral bandwidth and high 
electron mobility. However, the weak light absorption limits its application for visible-range photo-detection. 
Hence, a combination of graphene with an excellent light absorber is necessary for the fabrication of efficient 
photodetectors. Several approaches have been published including a graphene semiconductor heterojunc-
tion7–10, graphene p-n junction11, graphene-quantum dots hybrid detectors12–17, graphene-transition-metal 
dichalogenides-graphene heterostructures18,19 and many more. The colloidal quantum dots (cQDs) hybrid struc-
ture delivers a promising candidate among them, where cQDs provide wavelength tunablility as well as an effi-
cient light-absorbing capability, which will benefit the photo-detection, if one combines the optical advantages 
of cQDs together with the remarkable electrical properties of graphene. Such graphene-cQDs hybrid detectors 
are based on a layer of cQDs on top of the graphene, which absorb optical power and transfer the energy to the 
graphene. Such detectors can exhibit a high external quantum efficiency of up to 25%16. In this scenario, high gain 
is caused by a change of the carrier density in the graphene due to transfer of charge carriers or energy from the 
photo-excited cQDs across the interface with graphene. Nevertheless, the mechanism of transfer, especially the 
manipulation of transfer rates via an applied gate voltage, is not yet understood.

In general, the transfer consists of two parts: the charge transfer/Dexter transfer20 and the near field interac-
tion/Förster resonance energy transfer (FRET)21–23. The Dexter transfer originates from the overlap of molecular 
orbitals. In this case, the electron transfer is limited to short distances which are of the order of less than one 
nanometre. In contrast, the Förster transfer is based on a near-field Coulomb interaction between two media 
across an interface, in which the working distance can amount to several nanometres. Indeed, in a practical sys-
tem, both transfer mechanisms may coexist and contribute to the observed effects to a certain amount, but it is 
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understandable that for rather short or large distances, one type predominantly determines transfer processes. 
For instance, the transfer of energy from functionalized quantum dots to dye molecules has been under investi-
gation for many years. For such molecular assemblies, it has been shown that a modelling with a Förster transfer 
like model is possible24–26. Most recently, the case of transfer via short ligands dominated by Dexter transfer was 
investigated by Spirito et al.27. Naturally, in the intermediate regime, both mechanism of transfer have to be con-
sidered. In our work on a graphene-cQDs system, we investigate the contrasting case of long ligands expected to 
be dominated by Förster transfer.

Herein, we first built up a graphene field-effect transistor (FET) via a simple laser ablation method, which 
avoids a chemical photo-lithography process. We measured the time-resolved photo-luminescence (TRPL) on 
a graphene FET functionalized with CdSe/ZnS QDs at different back-gate voltages. A Förster transfer model is 
elucidated from the back-gate dependence of the PL lifetime. The optimization of the back-gate voltage for an 
efficient energy transfer is discussed together with a consideration of the device’s responsivity.

Results and Discussion
The cQDs employed exhibit a PL peak at 580 nm and the first exciton absorbance peak at 560 nm. The characteri-
zation of absorbance as well as the photo-luminescence of these cQDs in solution are provided in the Supporting 
Information (cf. Fig. SI1a). Moreover, the radiative lifetime was analysed (cf. Fig. SI1b). From such experiments, 
two time constants were extracted using a bi-exponential fit of the normalized transient. Here, we yield a short 
lifetime of τ1 =​ 30 ±​ 1 ns and a slow decay with τ2 =​ 7.0 ±​ 0.5 μ​s. A graphene FET was fabricated using laser 
ablation and electrical contacts (Ti/Au:20 nm/200 nm) were deposited using metal evaporation in combina-
tion with a laser-cut shadow mask. Figure 1a presents a microscope image of such a processed graphene device. 
In a consecutive step, the cQDs were drop-casted on the patterned graphene area between the two metal con-
tacts (see sample preparation in the method section). Thereafter, the FET has been contacted and time-resolved 
photo-luminescence measurements have been performed in dependency of the applied gate voltage (cf. Figs SI2, 
SI3 and the method section for further details). A schematic representation of the investigated cQDs-graphene 
system is shown in Fig. 1b.

To obtain insight into the transfer dynamics, three independent measurements with different but similar tran-
sistors were performed for the statistics, which demonstrate qualitative accordance. Indeed, those devices, which 
are based on the same design and are the result of the same fabrication technique, exhibited a similar structure 
as well as cQD coverage within fabrication tolerances (cf. Figs SI4 and SI5). The recorded transients were fitted 
with a mono-exponential decay (cf. Fig. SI3) neglecting the slow decay occurring at large delay times. We thereby 
found that the resulting lifetimes and the measured resistances in the graphene channel clearly depend on the 
gate voltage, as shown in Fig. 2a,b, respectively. The inset of Fig. 2 highlights a reduction of the short lifetime in 
transient PL data for cQDs on top of graphene at zero bias in contrast to pure cQDs. In each measured data set, 
for which individual TRPL measurements per gate-voltage setting were performed (cf. Fig. SI3), a drastic change 
of radiative lifetime is obvious. To be more specific, the difference between the shortest and the longest decay time 
amount on average to 266% relative to the fastest decay time. For any of the investigated cQD-covered transistors, 
one clearly obtains an increase in the lifetime for large positive applied gate voltages, while the corresponding 
resistance curve peaks at the Dirac-point of graphene.

Figure 1.  The graphene field-effect transistor structure. (a) Top view of the sample and the transistor 
geometry with labels projected onto a microscope image of one device. For clarity, the SiO2 region not covered 
by graphene is highlighted by a solid black line and the gate is highlighted by a dotted line. (b) Schematic three-
dimensional representation of a fabricated graphene transistor comprising of the substrate layers, its contact 
pads and the illuminated graphene gate with a light-absorbing cQDs layer deposited on top of it.
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Furthermore, the shift of the Fermi level depending on the optical power was investigated for one of the 
transistors representatively. The resistance-response curve was therefore measured at different optical powers 
P. We can observe a shift of the response curve at functionalization as well as at different light intensities, as 
shown in Fig. 3a. With the same aim as presented in the work of Spirito et al.27, we calculated the responsivity as 
R =​ (Iph −​ Idark)/(P), with Iph representing the current at given illumination (P), and Idark the FET current in the 
dark, respectively. Such responsivity curve is plotted in Fig. 3b. This chart shows that the performance of the 
device peaks at a back-gate voltage of ±​1.7 V and decreases for an increased back-gate voltage. Furthermore, we 
observe zero responsivity at gate voltages close to the Dirac point owing to the high resistivity of graphene at cor-
responding bias. In comparison to the results presented by Spirito et al.27, we have observed the same behaviour, 
however on a smaller scale, since we have been investigating a system tailored to obtain and study the less efficient 
Förster transfer.

Figure 2.  Gate-voltage dependent cQD photoluminescence lifetime and graphene resistance. Lifetimes 
of cQDs’ PL extracted from mono-exponential fits (cf. Fig. SI3) to the transients (a) and measured channel 
resistances (b) in dependence of the gating voltage, respectively, for three independent measurements on 
different transistors (red, green and blue symbols/curves, respectively). Error bars are displayed for the lifetimes 
according to the uncertainty parameter of the fit. In this study, the Dirac point of the transistors is slightly 
different in each case owing to a varying amount of cQDs deposited onto the gate region. The Dirac point is 
clearly observed for each transistor, and a slight asymmetry is obtained in the course of the recorded resistance. 
Furthermore, an increase of PL lifetime upon increased back-gate voltages is observed. Inset: Transients of cQD 
PL with (on FET at no bias) and without graphene, respectively.

Figure 3.  Responsivity of the graphene-based photo-detector structure. (a) Source-drain resistance response 
as a function of the back-gate voltage for the pure transistor (dark response only, dashed line) as well as for the 
cQD-functionalized transistor (dark response presented by dotted line) for different pump intensities (straight 
lines). The dark response of the functionalized Graphene with QDs is shifted relative to the pure graphene 
to negative voltages. For increasing optical power, the curve shifts back to higher voltages. The resulting 
responsivities as a function of the back-gate voltage are shown in (b). The point of zero responsivity is observed 
close to the Dirac point, where the curves in (a) cut the dark response curve. The point of highest responsivity is 
found at about ±​1.7 V and an additional decrease of responsivity is observed towards ±​2.0 V.
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Modelling.  Since we have been investigating a system with long ligands (oleic acid), we expect the trans-
fer to be dominated by a Förster-like energy transfer23. In the following, the main ideas of the Förster model 
shall be explained prior to theoretical modelling of the data using measurement-based parameters. This trans-
fer model is based on the near-field interaction between two dipoles. If an excited carrier in the QD is close 
enough (below ~10 nm) to an unexcited carrier, which can absorb the excitation energy, it can pass on its energy 
through a non-radiative near-field interaction. The transfer rate ωFRET is therefore proportional to the integral of 
the photo-luminescence of the quantum dots PLQD (a measure of the number of excited cQDs) and the absorb-
ance of graphene αGr (see equation (1)):

∫ω λ α λ λ λ∝ .PL d( ) ( ) (1)FRET QD Gr
4

This means that the transfer rate peaks, when the high absorbance of graphene overlaps with the PL energy 
of cQDs, and decreases, when the absorbance of graphene mismatches the PL energy of QDs at a certain energy 
detuning. If the back-gate voltage VBG is changed, the Fermi level EF in the graphene is being tuned and the 
absorbance changes accordingly. In other words, by changing the back-gate voltage, one shifts the absorbance 
of graphene with respect to the fixed radiative transition energy, i.e. PL line, of the cQDs. The absorbance of 
graphene α(ω) consists of two parts, as equation (2) presents: the frequency (ω)-dependent intraband absorbance 
αintra(ω) and the interband absorbance αinter(ω).

α ω α ω α ω=
+

+
+ .

ω

ω

−
Γ

−
Γ

( )
( )

q
( )

1
( ) ( )

(2)

E

E
inter intra

2

2

2

2

res

res





To include the effect of the exciton resonance, the interband absorbance has been multiplied by the fanofunc-
tion according to ref. 28 (see equation (2)) with Γ​ =​ 0.78, q =​ −​1, Eres =​ 5.02eV. The interband absorbance can be 
modelled by equation (3)28 with EF relative to the Dirac point in the frequency-dependent optical sheet conduc-
tivity σ(ω), with (π2e2)/(ch) comprising of natural constants (elementary charge e, speed of light c and Planck’s 
constant h, respectively) and kBT the thermal energy at room temperature:
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The intraband part can be modelled by a Drude model28. This has been calculated according to equation (4) 
with τs =​ 50 fs representing the momentum relaxation time at charge neutrality28:
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 to neglect geometrical parameters. The magnitude of experi-

mental conductivity times measured resistance (RExp(VBG) −​ RContact), which takes into account the estimated 
contact resistance of each device, is particularly used to estimate the uncertainty of the model values extracted 
for the absorbance.

The absorbance α(ω) given by equation (2) has been calculated in dependence of the gate voltage for wave-
lengths λ =​ 2πc/ω in the range of 530 nm to 640 nm (corresponding to the cQD emission line) and is plotted in 
Fig. 4a as a mean absorbance for this wavelength range. Thereby, a theoretical absorbance map is spanned as a 
function of the transistor’s source-drain resistance values RSD paired with Fermi energies. In addition, the dis-
played chart in Fig. 4a indicates the measured points, where transients were acquired. Here, the x-axis represents 
the relative Fermi energy, which equals zero at the peak of the resistance curves for each transistor. The corre-
sponding calculated absorbance values at these measured pairs of gate voltage, i.e. Fermi energy, and source-drain 
resistance RExp(VBG) are shown in Fig. 4b. Here, the spread of lines represents the estimated uncertainty of the 
calculated values. Note that, in accordance to literature, absorbance of graphene is not provided in units of 1/cm, 
but as =​ −log(I/I0) in units of πα =​ 0.023. Here, the relative absorbance only considering interband transisions 
amounts to 1, while α of equation (2) exceeds unity due to its intraband component.

The measured photo-luminescence intensity can be described by an effective lifetime τeff consisting of two 
parts similar to Niebling et al.24 (see equation (5) and (6)). It consists of the pure lifetime τQD,pure of the cQDs  
(cf. Fig. SI1b) in solution and the transfer rate ωFRET (see equation (1)), which was calculated as an integral over 
the aforementioned wavelength range of interest. In equation (6), NQD is a factor that corresponds to the number 
of excited carriers in the cQDs.
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From the calculated absorbance values, the effective radiative lifetime has been calculated according to equa-
tion (6) and plotted in Fig. 5 together with experimental data for all three devices. In order to compare experi-
mental with modelled data, here, both results have been normalized to the maximum of each curve. Remarkably, 
the model describes the modification of the lifetime well, suggesting that the transfer is indeed dominated by a 
Förster transfer process. The model predicts that a plateau of high transfer rate is expected in a small range around 
the Dirac point (cf. Figs 4a and 5b).

To put this into context with the photo-detecting properties of our device, it is important to note that this 
region corresponds to a high resistance of graphene, implying that carriers are transferred to the graphene, but 
cannot be efficiently extracted from the gate region. This indeed explains the low responsivity obtained around 
the Dirac point and its surrounding maxima (cf. Fig. 3b).

Moreover, the model predicts that the transfer vanishes at voltages higher then ±​2 V, for the considered 
cQD-graphene system. Comparing this outcome with the measured responsivity curve, we indeed observe a 
decay of responsivity at such high voltages. This model clearly predicts non vanishing transfer rates in the inter-
mediate regime between ±​2 V and the Dirac point, where the FET already exhibits low source-drain resistances 
of the graphene layer, which explains that the maximum responsivities locate at about ±​1.7 V in our case. The 
schematic picture of the cQD-graphene system representing the Förster-like energy transfer in that intermediate 
regime with variable gate voltages is shown in Fig. 5b.

Conclusion
To summarize, in our work, we studied the energy transfer between CdSe/ZnS QDs with long ligands and 
graphene in a functionalized field-effect transistor structure, demonstrating that transfer processes for such a sys-
tem can be indeed described by a Förster-like transfer model. We were able to explain the radiative-lifetime mod-
ification by a change in the Förster transfer rate between cQDs and the graphene channel of such FET structures. 
It can be concluded that by applying a back-gate voltage, we can alter the absorption of graphene with respect to 
the energy levels corresponding to photo-luminescence, i.e. radiative decay, of the cQDs. This gating principle 
indeed allows for an optimization of the efficiency of transfer to the graphene in such a FET device designed for 
photo-detection.

Methods
Sample Preparation.  Several monolayer graphene samples of high quality grown by chemical vapour dep-
osition (CVD) on silicon, similar to Kim et al.1, have been purchased from HEFEIVIGON TECHNOLOGY CO., 
LTD. The graphene was effectively isolated from the gate by a 280 nm silicon oxide layer grown on Si. A Nd:YAG 
laser and two PI motorized stages were employed to build a laser ablation setup29. Using this laser ablation 
setup, the graphene sample has been cut into 18 rectangles, with two of them pairwise connected by a graphene 
gate of approximately 140 μ​m by 100 μ​m size. Furthermore, a shadow mask has been fabricated from a 10 μ​m 
thick sheet of aluminium foil. This shadow mask has been used to deposit a 20 nm film of titanium following a 
200 nm thick gold film as electric contact (cf. Fig. 1b). CdSe/ZnS cQDs with oleic acid (OA) as surface ligands 
were purchased from the Chinese company NajingTec, which were realized by a successive ion layer adsorption 
and reaction (SILAR) technique and finally dissolved in toluene. An average size of (5.5 ±​ 1.1) nm with uniform 
shape and normal size distribution was obtained from a statistical analysis of a transmission electron microscopy 
(TEM) image for these cQDs. The experimentally obtained quantum yield of the cQDs amounts to 60–70%, 

Figure 4.  Absorbance of graphene. (a) Diagram of the mean theoretical absorbance of graphene from 
530 nm to 640 nm as a function of the Fermi level, relative to the Dirac point, and the resistance according to 
eqations 1–6. Furthermore, the chart indicates the measured points, where transients were acquired, from 
which corresponding absorbance values can be extracted. The absorbance is plotted in units of the theoretical 
absorbance of graphene corresponding to πα =​ 0.023. (b) Considering possible contact resistances for the 
estimation of uncertainties, the absorbance values are evaluated along those measured paths obtained in 
the overlap of data and model in (a). A plateau of high absorbance is found near the Dirac Point, which 
starts decreasing at about 1.1 eV. It reaches negligible absorbance at about 2 V. In the negative direction, the 
absorbance of two measurements start to decrease in the acquired data range, while one increases further.
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which was measured with an absorption spectroscopy setup, and compares well with the value of approximately 
60% provided by the supplier. Photoluminescence, absorbance and emission lifetime of the cQDs are provided 
in the Supporting Information (cf. Fig. SI1). From a 5.26 μ​molar solution, 2 μ​l were drop-casted on the sample 
and the solvent was evaporated (cf. Fig. SI2a). An analysis (cf. Fig. SI2b) shows that the film is thinner and more 
homogenous at its borders. A cross-sectional scanning electron microscopy (SEM) picture of a cQD-graphene 
FET sample shows a multilayer cQD coverage of graphene (cf. Fig. SI4). The ligand type was chosen to not bind 
covalently (the end group is a methyl group) in order to limit the modification of graphene’s electrical properties.

Experimental Setup.  The time-resolved photoluminescence (PL) measurements were performed using a 
frequency-doubled Nd:YAG laser (Quantel Brilliant) at 532 nm and 10 Hz repetition rate with 1.5 μ​J per Pulse. 
The optical signal was collected and focused onto a spectrometer (Oriel Instruments MS-257) with a blaze grating 
of 300/500. Using a gated intensified charge coupled device (ICCD), transients of PL were measured. For current 
and bias voltage control, respectively, two current meters (Keithley 617) were employed. One of them was used 
to apply a 50 mV source-drain bias voltage to monitor the resistance of the graphene channel, while the other 
device was used to set the back-gate voltage. The gold contact pads on the sample were electrically contacted by 
tungsten needles (cf. Fig. 1). For the pump-intensity dependent measurements, a white-light continuous-wave 
(CW) source was used. For each pump intensity, both current meters were used to measure a resistance-response 
curve. The spectrum of the white-light lamp was used to identify the amount of light with wavelengths lower 
than 560 nm. This fraction of light corresponds to the spectral components absorbed by the QDs, thus, specified 
intensities correspond to that fraction.

References
1.	 Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 457, 706–710 (2009).
2.	 Pospischil, A., Furchi, M. M. & Mueller, T. Solar-energy conversion and light emission in an atomic monolayer p-n diode. Nature 

Nanotechnology 9, 257–261 (2014).
3.	 Liu, M. et al. A graphene-based broadband optical modulator. Nature 474, 64–67 (2011).
4.	 Liu, Y. et al. Plasmon resonance enhanced multicolour photodetection by graphene. Nature Communications 2, 579 (2011).

Figure 5.  Gate tuning of Förster transfer at cQD-graphene interface. (a) Comparison of the normalized 
theoretical model for a Förster transfer based on measured parameters (lines) with the experimentally obtained 
data representing a measure of transfer rates (symbols). (b) Schematic picture of the effective Förster energy 
transfer. The photo excited carriers within the cQDs transfer their energy non-radiatively to the graphene, 
through the layer of ligands surrounding the excited core/shell structure, if the graphene can absorb it. The 
right part shows a sketch of the graphene band structure indicating the interband transitions that are feasible 
depending on the Fermi level.



www.nature.com/scientificreports/

7Scientific Reports | 6:28224 | DOI: 10.1038/srep28224

5.	 Koppens, F. H. L., Chang, D. E. & Javier Garcia De Abajo, F. Graphene plasmonics: a platform for strong lightmatter interactions. 
Nano Letters 11, 3370–3377 (2011).

6.	 Low, T. & Avouris, P. Graphene plasmonics for terahertz to mid-infrared applications. ACS NANO 8, 1086–1101 (2014).
7.	 Liu, C. H., Chang, Y. C., Norris, T. B. & Zhong, Z. H. Graphene photodetectors with ultra-broadband and high responsivity at room 

temperature. Nature Nanotechnology 9, 273–278 (2014).
8.	 Darbari, S., Ahmadi, V., Afzali, P., Abdi, Y. & Feda, M. Reduced graphene oxide/ZnO hybrid structure for high-performance 

photodetection. Journal Of Nanoparticle Research 16, 2798 (2014).
9.	 Liu, S. et al. Strain modulation in graphene/ZnO nanorod film schottky junction for enhanced photosensing performance. Advanced 

Functional Materials 26, 347–1353 (2016).
10.	 An, X. H., Liu, F. Z., Jung, Y. J. & Kar, S. Tunable graphene-silicon heterojunctions for ultrasensitive photodetection. Nano Letters 13, 

909–916 (2013).
11.	 Kim, C. O. et al. High photoresponsivity in an all-graphene p–n vertical junction photodetector. Nature Communications 5, 3249 

(2014).
12.	 Huang, Y. Q., Zhu, R. J., Kang, N., Du, J. & Xu, H. Q. Photoelectrical response of hybrid graphene-PbS quantum dot devices. Applied 

Physics Letters 103, 143119 (2013).
13.	 Zhang, D. Y. et al. Understanding charge transfer at pbs-decorated graphene surfaces toward a tunable photosensor. Advanced 

Materials 24, 2715–2720 (2012).
14.	 Kaniyankandy, S., Rawalekar, S. & Ghosh, H. N. Ultrafast charge transfer dynamics in photoexcited cdte quantum dot decorated on 

graphene. The Journal of Physical Chemistry C 116, 16271–16275 (2012).
15.	 Chiang, C. W. et al. Highly stretchable and sensitive photodetectors based on hybrid graphene and graphene quantum dots. ACS 

Applied Materials & Interfaces 8, 466–471 (2016).
16.	 Konstantatos, G. et al. Hybrid graphene-quantum dot phototransistors with ultrahigh gain. Nature Nanotechnology 7, 363–368 

(2012).
17.	 Tielrooij, K. J. et al. Electrical control of optical emitter relaxation pathways enabled by graphene. Nature Physics 11, 281–287 (2015).
18.	 Yu, W. J. et al. Highly efficient gate-tunable photocurrent generation in vertical heterostructures of layered materials. Nature 

Nanotechnology 8, 952–958 (2013).
19.	 Jeong, H. et al. Metal-insulator-semiconductor diode consisting of two-dimensional nanomaterials. Nano Letters 16, 1858–1862 

(2016).
20.	 Dexter, D. L. A theory of sensitized luminescence in solids. The Journal of Chemical Physics 21, 836–850 (1953).
21.	 Medintz, I. L. & Mattoussi, H. Quantum dot-based resonance energy transfer and its growing application in biology. Phys. Chem. 

Chem. Phys. 11, 17–45 (2009).
22.	 Clapp, A. R., Medintz, I. L. & Mattoussi, H. Förster resonance energy transfer investigations using quantumdot fluorophores. Chem 

Phys Chem. 7, 47–57 (2006).
23.	 Förster, T. Zwischenmolekulare energiewanderung und fluoreszenz. Annalen der Physik 437, 55–75 (1948).
24.	 Niebling, T., Zhang, F., Ali, Z., Parak, W. J. & Heimbrodt, W. Excitation dynamics in polymer-coated semiconductor quantum dots 

with integrated dye molecules: The role of reabsorption. Journal of Applied Physics 106, 104701 (2009).
25.	 Kantner, K. et al. Particle-based optical sensing of intracellular ions at the example of calcium–what are the experimental pitfalls? 

Small 11, 896–904 (2015).
26.	 Kaiser, U. et al. Multiplexed measurements by time resolved spectroscopy using colloidal CdSe/ZnS quantum dots. Applied Physics 

Letters 104, 041901 (2014).
27.	 Spirito, D. et al. UV light detection from CdS nanocrystal sensitized graphene photodetectors at kHz frequencies. The Journal of 

Physical Chemistry C 119, 23859–23864 (2015).
28.	 Mak, K. F., Ju, L., Wang, F. & Heinz, T. F. Optical spectroscopy of graphene: from the far infrared to the ultraviolet. Solid State 

Communications 152, 1341–1349 (2012).
29.	 Born, N., Gente, R., Al-Naib, I. & Koch, M. Laser beam machined free-standing terahertz metamaterials. Electronics Letters 51, 

1012–1014(2) (2015).

Acknowledgements
The authors acknowledge financial support by the German Research Foundation (DFG: SFB1083), by the 
Philipps-Universität Marburg, and by the Federal Ministry of Education and Research (BMBF) in the frame of 
the German Academic Exchange Service’s (DAAD) program Strategic Partnerships and Thematic Networks, and 
by the National Natural Science Foundation of China (Nos 61290305 and 11374259). We thank Mikko Wilhelm 
for technical assistance. The authors further thank the Micro-/Nano-structure Physics Group of Prof. Peter Klar 
at the Justus Liebig Universität Gießen for access to the MiNa cleanroom facilities, and Dr. Katharina Gries of the 
Materials Sciences Center Marburg for TEM pictures.

Author Contributions
H.W. and A.R.-I. initiated and guided the joint work on novel optical materials and devices based on the idea 
of R.L. to build a cQD-graphene based photo-detector. The graphene structure was designed and fabricated 
by L.M.S. and A.R.-I., the materials characterized by R.L., L.M.S. and H.W. The experiments were designed 
and conducted by R.L., L.M.S., W.H. and A.R.-I. and the results discussed with the support of all co-authors. 
Theoretical modelling was performed by L.M.S. The manuscript was written by R.L., L.M.S., M.K. and A.R.-I. 
with input from all co-authors. R.L. and L.M.S. contributed equally to this work.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Li, R. et al. Gate Tuning of Förster Resonance Energy Transfer in a Graphene - 
Quantum Dot FET Photo-Detector. Sci. Rep. 6, 28224; doi: 10.1038/srep28224 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Gate Tuning of Förster Resonance Energy Transfer in a Graphene - Quantum Dot FET Photo-Detector

	Results and Discussion

	Modelling. 

	Conclusion

	Methods

	Sample Preparation. 
	Experimental Setup. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The graphene field-effect transistor structure.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Gate-voltage dependent cQD photoluminescence lifetime and graphene resistance.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Responsivity of the graphene-based photo-detector structure.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Absorbance of graphene.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Gate tuning of Förster transfer at cQD-graphene interface.



 
    
       
          application/pdf
          
             
                Gate Tuning of Förster Resonance Energy Transfer in a Graphene - Quantum Dot FET Photo-Detector
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28224
            
         
          
             
                Ruifeng Li
                Lorenz Maximilian Schneider
                Wolfram Heimbrodt
                Huizhen Wu
                Martin Koch
                Arash Rahimi-Iman
            
         
          doi:10.1038/srep28224
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28224
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28224
            
         
      
       
          
          
          
             
                doi:10.1038/srep28224
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28224
            
         
          
          
      
       
       
          True
      
   




