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Abstract: Nanocrystals are now established light sources, and as synthesis and device integration 
have gained maturity, new functionalities can now be considered. So far, the emitted light from a 
nanocrystal population remains mostly driven by the structural properties (composition, size, shape) 
of the particle, and only limited post-synthesis tunability has been demonstrated. Here, we explore 
the design of light amplitude modulators using a nanocrystal-based light-emitting diode operated 
under reverse bias. We demonstrate strong photoluminescence modulations for devices operating 
in the visible and near telecom wavelengths using low bias operations (<3 V) compatible with 
conventional electronics. For a visible device based on 2D nanoplatelets, we demonstrate that the 
photoluminescence quenching is driven by the field-induced change of non-radiative decay rate and 
that the field is less involved than the particle charging. This work demonstrates that a simple diode 
stack can combine several functionalities (light emitting diode, detector, and light modulator) simply 
by selecting the driving bias. 
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INTRODUCTION 

 

Nanocrystals (NCs) synthesis has now gained maturity, allowing one to obtain a broad range of 
materials with shape control while mixing them into complex heterostructures. Thus, their integration 
becomes possible in a large variety of optical and optoelectronic devices, including light 
downconverters for display and farming,1 single photon emission,2,3 light emitting diodes (LED), 
lasers,4 field effect transistors (FET)5,6 solar cells7 and cameras.8,9 

However, among devices that remain underexplored, there is light modulator. In such devices, the 

input light is modulated in amplitude, phase, or frequency through an electrical knob. A common 

strategy to design such a light modulator relies on the Stark effect across a quantum well 

heterostructure. Applying an electric field across a confined heterostructure induces both a spectral 

redshift and a broadening of the spectrum, while the low charge displacement enables high-speed 

(several tens of GHz10) operations. In colloidal confined nanocrystals,11 the Stark effect has also 

been implemented to observe potential propagation along nerves12,13 or as a strategy to tune the 

spectra.14 However, its effect in nanocrystals remains weak as the linewidth of the optical feature, 

which is mainly driven by inhomogeneous broadening (i.e., particle size distribution), is large 

compared to the Stark effect-induced spectral shift.14 

It remains that this large electric field regime of operation where the Stark effect is at play is also 

relevant for LEDs, since it corresponds to their high current injection regime where the efficiency 

droop takes place. Wood’s and Bulovic’s15,16 group, at an early age of the NC-based LEDs, 

investigated the field-induced quenching of the luminescence as a possible mechanism to explain 

why NC-based LEDs were initially presenting low external quantum efficiency. In this case, the effect 

of the field was considered detrimental since it limited the LED performances. More recently, Xie et 

al.17 reported the observation of strong photoluminescence (PL) quenching by a factor of 200 in a 

diode stack operated under reverse bias. However, the effect was only observed under a large 

negative bias (-20 V), which is incompatible with traditional CMOS electronics. Though certainly 

unoptimized, this device demonstrated that a single diode stack could provide multiple functionalities 

from electroluminescence (EL) under forward bias, to detector, typically around 0 V, and finally, as 

a light modulator under negative bias. This work further raises the question of how general this 

approach was and what strategies should be used to reduce the operating bias or expand the 

spectral wavelength of operation. 

In this work, we start by investigating how a reverse bias operation of LEDs based on 2D 

nanoplatelets (NPLs) can be used as a light photoluminescence amplitude modulator. Among 

nanocrystals, 2D NPLs offer a reduced inhomogeneous broadening18 compatible with the 

observation of a spectral shift induced by the Stark effect. By designing a diode stack around these 

NPLs, we demonstrate bias-induced PL quenching while only driving the device under 3 V. We then 

investigate the mechanism beyond the operation of the modulator. Using a combination of time-

resolved PL, k.p modelling, and a model device without charge conduction, we concluded that the 

observed PL quenching is not driven by a Stark effect mechanism but results from the NPLs 

charging. In the last part of the paper, we also explore the potential of this strategy in the design of 

infrared modulators, and we also observe significant PL quenching (at least 80 %), while biases as 

low as 2 V are used to drive a LED operated near telecom wavelengths. 

  



DISCUSSION AND RESULTS 

We start by growing CdSe NPLs with a 4.5 ML thickness presenting an exciton at 510 nm. The 

synthesis parameters are chosen to minimize the lateral extension (around 15x15 nm2, see Figure 

1a) of the NPL, which presents two benefits. First, this preserves the colloidal stability of the NPL 

and eases the fabrication of a pinhole-free layer. Secondly, it has been observed empirically that 

NPLs with smaller lateral extensions have a higher photoluminescence quantum yield (PLQY)19. We 

then overcoat the NPLs with a thin ZnS shell (1 nm thick20,21), see the inset of Figure 1a. This last 

procedure shifts the band edge emission to around 630 nm, see Figure 1d. 

These NPLs are then introduced into a diode stack, initially proposed for core-shell NCs22 and later 

applied to NPLs.23 In this stack, a NPL layer is sandwiched between an Ag/ZnO electron injector 

layer and a polyTPD/PVK/PEDOT:PSS/ITO hole injector stack, see a schematic in Figure 1b and 

energy diagram in Figure S1. Under forward bias applications, the LED displays a bright red 

luminescence (Figure 1c), with a spectrum matching the PL spectrum of the NPL,20,24 see Figure 

1e. This LED displays a modest electroluminescence quantum efficiency, around 2.5 % (see Figure 

S2), compared to state-of-the-art NPL-based LEDs.24 However, it presents a reduced turn-on 

voltage (below 2 V) since this diode shows a sub-bandgap operation,25,26 see Figure 1f, meaning 

that the bias drop is mostly occurring over the active layer (i.e., ETL and HTL resistivity and thickness 

avoid useless bias drop). 

 

Figure 1. NPL-based LED stack. (a) Transmission electron microscopy image of CdSe/ZnS NPLs. 
The inset is a schematic of a single core-shell NPL. (b) Schematic of the NPL-based LED stack. (c) 
Image of the LED stack under forward bias highlighting the emission of the red electroluminescence 
signal. (d) Absorption and photoluminescence spectra of the CdSe/ZnS NPL. (e) 
Photoluminescence spectrum of the CdSe/ZnS NPL and electroluminescence spectrum from the 
NPL-based LED stack. (f) Current and luminance from NPL-based LED stack as a function of the 
applied bias. 

 



We have also checked that under 0 V operation, the diode stack can be used as a photovoltaic light 

detector, see Figure S3, even though the performances are sub-optimal due to the low absorption 

of the structure. 

More interestingly, we tested the potential of this LED stack as a PL modulator. To do so, a blue 

(405 nm) laser is shone on the LED, and reverse bias is applied on the pixel, see Figure 2a-b and 

video S1. We observe a strong PL quenching on the corresponding pixel, see Figure 2b-c. Under -

3 V, the PL drop can reach a factor 30 (Figure 2d). 

 

Figure 2. LED stack used as a light modulator. (a) schematic of the LED stack used to modulate 
the PL magnitude. (b) Images of the NPL-based LED stack under illumination by a blue laser, while 
various reverse bias voltages are applied on the pixel highlighted by an arrow. The larger the applied 
reverse bias, the weaker the PL signal from this area. (c) Change in the PL signal resulting from the 
application of a negative bias pulse as a function of time. (d) Modulation of the PL amplitude (ratio 
of the signal with and without bias) as a function of the applied reverse bias for various frequency 
modulations. (e) PL spectra, coming from the pixel area, under various applied reverse biases. Also 
see Figure S4 for normalized spectra. 

 

Beyond the obvious drop of the magnitude (Figure 2d), the PL spectrum appears to be marginally 

affected. The normalized spectra (Figure S4a-b), in particular, do not display a significant redshift, 

as would have been anticipated if the Stark effect was at play. Under reverse bias application, the 

PL decay becomes faster, see Figure 3a-b and S5. However, the decay time is only 4 times faster 

under -3 V, whereas the PL magnitude drops by a factor of 30. The PL efficiency, being related to 

the ratio of radiative and non-radiative lifetimes, may directly be affected by a field-induced change 

of the wave function overlap. Using k.p simulations27 (see supporting information section 6), we 



have determined the excitonic wave function (Figure 3c-d and S9) in these core-shell NPLs under 

zero field and a large field F=2 MV.cm-1, a value 10 times larger than the average electric field to 

account for possible field inhomogeneity. Under an electric field application, both electron and hole 

wave functions tend to localize in the triangular parts of their respective wells, reducing their overlap. 

Since the radiative decay rate scales with this overlap, we expect the radiative lifetime to increase 

with the field application, see Figure 3e. However, this lifetime increase is weak in practice: around 

1 % at 200 kV.cm-1 (average field assuming 3 V is applied) and around 15 % at 2000 kV.cm-1 (a 

value 10 times larger than the average field to consider an inhomogeneous energy drop in the 

structure). Firstly, the experimental shortening of the PL decay time is contradictory with a Stark 

effect-mediated increase of the radiative lifetime. Meanwhile, the weak shift for the exciton energy 

resulting from the simulation, as shown, see Figure 3e, is consistent with the lack of experimental 

shift, as observed in Figure 2e and S4b. 

Secondly, the lengthening of the radiative lifetime (less than 15 %) is too small to account for the 

significant drop in the PL quantum yield. Together, these points suggest that the decrease in PL 

quantum yield is primarily the result of the shortening of the non-radiative lifetime. Third, though the 

effect is too small to explain the PL quenching under reverse bias, the longer radiative recombination 

time is definitely a mechanism at play also under forward bias and involved in the LED external 

quantum efficiency (EQE) droop observed under large current injection. 

 



Figure 3. Impact of the electric field on the carrier dynamics. (a). PL signal as a function of time for 
various applied reverse biases. (b). Time for the PL magnitude to drop by one order of magnitude 
as a function of time for various applied reverse biases. (c) (resp (d)) Conduction and valence band 
energy profiles (in grey), as well as the electron (blue) and hole (green) wavefunctions for the 
CdSe/ZnS NPL under null (resp 2 MV.cm-1) electric field perpendicular to the NPL plane. For the 
sake of clarity, the wavefunctions have been shifted to their eigenenergy. (e) Simulated exciton 
energy and ratio of the radiative lifetime (see discussion in SI) under a given electric field over the 
radiative lifetime under zero field as a function of the effective electric field along the NPL thickness. 

 

The bias-induced modulation of the PL magnitude appears to be driven by the change in the non-

radiative decay process. Concomitant with the change of the wavefunction overlap, the field pushes 

the wave functions toward the surface of the nanocrystals, making them experience surface traps. 

Though this contribution may be drastically reduced in a core-shell structure, such an effect will also 

compete with particle charging. To disentangle the effect of pure electric field from particle charging 

resulting from a current injection, we compare the effect of bias application in the LED stack and in 

a model system, where the same electrodes are used but where the diode stack is replaced by a 

blend of NPL in a transparent dielectric medium (here PMMA). The field can be applied in the latter 

structure, but the current passing through the structure decreases below the setup resolution, as 

shown by the IV curves of the two devices, see Figure 4a. In the previous diode stack, apparent PL 

modulation is observed under a moderate electric field, while in the case of the NPL embedded in 

the dielectric, no PL modulation is observed even under large field. We can thus conclude that, in 

this structure, PL quenching is connected to charge injection, which contrasts with the result by Xie 

et al., for which the higher driving voltage enables a more effective Stark effect17. Charging may also 

induce fast Auger recombination (100 ps in CdS NPL), that can be faster than our dynamics setup 

resolution, which may explain why the drop in dynamics appears smaller than the one of the PL 

efficiency. 

The involvement of charging is further reinforced by the moderate speed of the PL switch, see 

Figure 2d, which presents a cut-off frequency between 100 kHz and 1 MHz. This cut-off frequency 

seems incompatible with the expected fast operation of a Stark in which there is no charge injection. 

From previous study, based on X ray photoemission, the NPL made of CdSe/ZnS structure have 

been shown to present a n-type character,28 with a Fermi level in the upper part of the band gap. 

Thus, the formed charged species are likely negative trions and higher order multi exciton. 

 

Figure 4. Pure effect of the electric field. (a) IV curves for the NPL-based LED stack and for a device 
made of the same contacts but in which the inner layer is made of a NPL/PMMA mixture. (b) PL 
spectra when the negative bias is turned on and off for the NPL-based LED stack. (c) PL spectra 
when the negative bias is turned on and off for the device made of the same contacts but in which 
the inner layer is made of a NPL/PMMA mixture. 



 

In the last part of the paper, we have explored if this concept of LED stack operated under reverse 

bias as a light modulator can be extended to the infrared. In this case, we use the diode stack 

proposed by Qu et al.29, in which the active medium is made of HgTe NCs presenting emission at 

around 1.3 µm. The aforementioned stack is inspired from previous work by Pradhan et al.30 The n- 

and p-sides of the junction rely respectively on well-established layers of ZnO and EDT-capped PbS 

NCs, which are commonly used for solar cells.31,32 The active layer is made of a blend of HgTe (see 

Figure S6) and ZnO NCs. This blend forms a bulk heterojunction in which the ZnO carries electron 

and HgTe the holes. The ratio of the two materials is used to adjust the charge balance.29 A scheme 

of the structure is proposed in Figure 5a.  

The diode shows EL signal under forward operation as shown by an infrared image of the diode 

under positive bias application, see top left image of Figure 5c and S7 for additional characterization 

of the infrared LED. Under illumination, we also observe a PL signal modulation as reverse bias is 

applied, see movie S2. The latter already reaches 80 % under -2V, see Figure 5b-c and S8. This 

last result further confirms that light modulators can be obtained from most diode stacks operated 

under reverse bias. 

 

Figure 5. Infrared light modulation in a narrow band gap LED stack. (a) Schematic of the LED stack 
in which the emitting medium is made of HgTe NCs. (b) Relative modulation of the PL signal as a 
function of the applied reverse bias. (c) Images of the HgTe NC-based LED stack, obtained from an 
InGaAs camera (NIT 1601), under illumination by a 405 nm laser, while various reverse biases are 
applied on the pixel highlighted by an arrow.  



CONCLUSION 

We demonstrate light modulators presenting strong light modulation (a factor of 30 in the visible and 

80 % in the IR) under low bias operation (3 V and below) from a conventional LED stack. In the case 

of a NPL-based LED, we demonstrate that the PL quenching is mainly driven by the change of the 

non-radiative decay dynamics. Moreover, we show that the PL quenching is less dictated by the 

electric field magnitude than by the current passing in the structure. This clearly suggests that the 

additional non-radiative decay pathway at play under reverse bias operation is connected to the 

formation of charged species. This mechanism enables large current modulation under low field 

operation but comes at the price of a slower dynamics compared to more conventional Stark 

modulators. 
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