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1. Introduction

Rapidly developing modern optical com-
munication systems demand small-scale 
electro-optic devices with large and fast 
changes in optical properties. Such nano-
scale devices can be used, for example, 
as optical interconnects for data-storage 
or on-chip data links.[1] Over the past few 
decades, a particularly promising role in 
high-speed optical networks has been sug-
gested for electro-absorption (EA) modula-
tors based on quantum-well structures.[2,3] 
Utilizing the quantum confined Stark 
effect (QCSE), the optical properties of 
these materials can be modulated via an 
external electric field along the confine-
ment axis, that is, via skewing the poten-
tial well. As a consequence of such “tilted” 
valence and conduction bands, the associ-
ated lowest energy electron and hole wave-

functions will localize at opposite sides of the potential well, 
hereby leading to a modification of the absorption spectrum in 
the vicinity of the band gap. Typical signatures of such a field-
induced modulation are a reduced overlap integral between the 
wavefunctions, a reduced oscillator strength of the associated 
optical transitions and a decreased transition energy which is 
manifested in a red shifted absorption edge.[4–6]

State-of-the-art EA modulators based on the QCSE mainly 
consist of epitaxially grown multiple quantum-well struc-
tures with a maximum bandwidth of 23 GHz,[7] data rates of 
40 Gb s 1− ,[8] and extinction ratio of 10 dB. The modulation speed 
and signal contrast in such modulators is fundamentally lim-
ited by the time scale necessary to change the electric field and 
the optimization of the RF electrodes, respectively.[9] In addi-
tion, the extent to which the quantum states can be manipu-
lated by increasing the AC electric field strength is limited by 
the dielectric breakdown of the material. Naturally, a route to 
overcome these physical limits is to use high frequency THz 
wave-forms as a driving field, to implement a Tbit s−1 system[10] 
whilst avoiding dielectric breakdown owing to the low duty 
cycle. Moreover, largest modulation of the energy levels can 
be achieved for structures with a strong confinement resulting 
in large exciton binding energies, leading to sharp absorp-
tion features. Such prominent peaks can translate to large 
changes in absorption, even for small energy shifts. Therefore, 
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low-dimensional materials like quantum dots (QDs) are prom-
ising candidates for EA modulators.

In a pioneering work,[11] Hoffmann and coworkers reported 
on sup-ps optical absorption switching in an InGaAs/GaAs 
QD-based saturable absorber mirror, induced by an incident 
THz pulse. A few years later, Pein et al.[12,13] demonstrated THz-
field induced QCSE in CdSe/CdS colloidal QDs. However, due 
to difficulties to generate THz radiation with an electric field 
strength in the MV cm−1 range, necessary to alter the QD band 
gap and to change the optical transmission, a micro-slit array 
consisting of parallel gold lines was employed as a THz field 
enhancing structure. Consequently, the resulting THz field is 
inhomogeneous and additional processes, such as electrode 
driven charge injection, cannot be entirely decoupled from 
the QCSE, introducing systematic errors in the description of 
the underlying physical mechanisms. To date, generation of 
intense THz pulses with large electric field amplitudes in the 
MV cm−1 range becomes more and more feasible,[14–18] which 
allows on-demand control of the properties of matter.

In this work, to the best of our knowledge, we report for 
the first time on a direct all optical encoding of a free space 
THz signal onto an optical probe signal in semiconductor QDs 
without any field enhancing structures. This simple approach 
reveals several advantages. First, the possibility to manipu-
late optical properties of nano-scale semiconductors by direct 
THz radiation significantly simplifies the experimental setup 
and device design, opens new perspectives in studying THz 
induced QCSE in a large variety of samples and excludes pos-
sible artifacts introduced by field enhancing structures. Second, 
experiments can be performed on colloidal CdSe/CdS core/
shell QDs, which allows for facile solution processing of the EA 
material. The achieved change in absorption exceeds 15% when 
the short THz pulse and sub-50 fs optical probe temporally 
overlap, outperforming previously reported modulators based 
on solution processed materials.[19] Furthermore, we investigate 
the interplay between the spectral bandwidth and pulse dura-
tion of the probe pulse with respect to the modulation contrast 
and demonstrate that by controlling the THz waveform, an 
extinction ratio of more than 6 dB can be achieved, which is on 

a par with state-of-the-art epitaxial quantum-well EA modula-
tors. Because the energy band structure acts on the EA modula-
tion efficiency,[20] we employ a simple theoretical model which 
matches the experimental data remarkably well and identifies 
the most suitable energy band alignment. The results demon-
strate a possibility for high speed optical communication sys-
tems with Tbit s−1 data rates and suggest a route to optimize EA 
modulation by band gap engineering of colloidal QDs.

2. Results and Discussion

2.1. Sample Preparation and Characterization

The CdSe/CdS core/shell QDs are synthesized following the 
well established procedure described by Chen et  al.[21] with 
minor modifications. Details on the synthesis method can be 
found in the Supporting Information (Section S1). Essential 
in this procedure is that the high-temperature injection of 
trioctylphosphine selenide (TOPSe) and the chosen ligands 
octadecylphosphonate (ODPA) allow to make a wurtzite CdSe 
core. In combination with a slow shell growth using hex-
anethiol, highly uniform shell coating is enabled and secondary 
nucleation of CdS QDs is prevented. The resulting QDs con-
sist of a CdSe core with an average diameter of 4.1 nm and a 
CdS shell with a thickness of 2.4 nm. A transmission electron 
microscopy (TEM) image is shown in Figure S1 in Supporting 
Information, revealing a size distribution of 8.9 ± 0.8 nm in 
diameter. The colloidal QDs are deposited on a glass substrate 
by simple drop casting, forming a thin film of limited homoge-
neity (see inset of Figure S1b, Supporting Information).
Figure  1a displays the absorption spectrum, measured 

with a UV–Vis–NIR spectrophotometer (Cary 5G) (blue dots), 
and a fit (red line) consisting of multiple Gaussian compo-
nents and a polynomial cubic background term describing the 
absorption continuum[22,23] (green dashed lines). The red side 
(edge) of the absorption spectrum of the CdSe/CdS QD film 
is dominated by two lowest-energy transitions denoted as X1 
and X2, corresponding to the transitions 1S3/2(h) → 1S(e) and 

Adv. Optical Mater. 2022, 10, 2102407

Figure 1.  a) Measured optical density of the QD film (blue dots) and fit function (red line). The green dashed lines present the decomposed fit func-
tion consisting of a cubic background and two discrete Gaussian energy transitions (X1 and X2). b) Photoluminescence spectrum when the QD film 
is excited with 515 nm pulses of different energies (see legend). At low excitation energy, the exciton emission is centered at 640 nm. At higher pump 
energies, a second peak appears at slightly higher photon energies, which corresponds to biexciton emission, implying a quasi Type II band structure.
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2S3/2(h) → 1S(e), respectively, labeled by a principal quantum 
number, an angular momentum state and a total angular 
momentum term.[24] Labels e and h denote the electron and 
hole states. The band gap is associated with the X1 transition, 
centered at 626 nm.

Photoluminescence (PL) spectra are shown in Figure  1b 
when the sample film is excited with 250 fs pulses, centered 
at 515 nm. The PL intensity is recorded for different pump 
pulse energies (see legend). At a low excitation pulse energy of  
0.52 μJ, the exciton emission is centered at 640 nm (indicated  
by the dashed line labeled X). At higher pulse energies, a 
second peak appears at slightly shorter wavelengths, origi-
nating from amplified spontaneous emission (ASE) arising 
from biexciton emission (XX).[25–28] The onset of ASE is further 
confirmed by the superlinear dependence of the PL intensity on 
the pump energy[29] as shown in Figure S1 in Supporting Infor-
mation. When a biexciton is annihilated, it decomposes into a 
photon and a single exciton EXX → ℏω + EX, wherein the energy 
of the photon ℏω = EX − Eb differs from the exciton energy by 
the biexciton binding energy Eb. Thus, the wavelength shift cor-
responds to the biexciton binding energy Eb = 2EX − EXX, with 
EXX as the biexciton energy and EX the exciton energy.[30] The 
amount and sign of Eb allows to infer the band alignment of 
the core/shell structure. The electrons and holes can be either 
confined in one region (attractive exciton–exciton interaction, 
Eb  > 0), or separated between the core and the shell material 
(repulsive interaction, Eb  < 0). For the former case, the QDs 
are called Type-I nanocrystals, while the latter corresponds 
to Type-II band alignment.[31] If the electrons are delocalized 
within the entire QD while the hole states are confined in the 
core material, neither exciton–exciton repulsion nor attraction 
is supported. The sample exhibits a border-line band structure 
of Type-II, referred to as quasi Type-II band alignment.[27,32] It 
strongly reduces the confinement of the electron and allows it 
to penetrate the shell. The band offset for the hole in CdSe/CdS 
is always positive (0.31–0.48 eV), which implicates that the hole 
is always localized in the CdSe core. In contrast, the reported 
band offset of the electron varies from −0.25 to +0.27 eV in 
dependence on the morphology, crystal structure of CdSe and 
CdS, core and shell dimension, and resulting stress or strain 
on the crystal lattice.[33] The biexciton emission presented in 
Figure 1b reveals a small blue shift of −8.5 meV with respect to 
the single exciton emission, indicating a quasi Type-II energy 
band structure.

2.2. THz Waveform Sensitive Electro-Absorption

We first examine THz field induced changes to the transmis-
sion of a probe pulse centered at 622 nm, corresponding to a 
photon energy larger than the band gap. When the THz and 
probe pulses spatially and temporally overlap, the QDs exhibit 
reduced absorption, leading to a negative change in optical den-
sity. The intense THz pulse is generated by optical rectification 
of mid-IR fs-pulses in the organic crystal DAST (4-N,N-dimeth-
ylamino 4′-N′-methyl-stilbazolium tosylate) with a repetition 
rate of 20 Hz, as previously reported in ref. [34] Details on 
the pulse characterization are found in the Experimental Sec-
tion and in Supporting Information (Section S3). A THz field 

transient measured with electro-optic sampling (EOS) and the 
corresponding THz spectrum are shown in Figure  2a, with a 
peak intensity at 1.9 THz and spectral bandwidth of 2.5 THz 
at full-width half-maximum. By taking into account the THz 
pulse energy of 8.14 μJ, measured with a calibrated pyroelectric 
detector, and a beam radius of ∼110 μm at 1/e2 level, measured 
with the knife-edge method, the maximum THz field strength 
at the focus position is evaluated to exceed 10 MV cm−1.  
Note that, the electric field felt by the QD is substantially 
smaller than the applied electric field due to reflection losses 
and dielectric screening, as it is described in Supporting Infor-
mation (Section S2). If not stated otherwise, the THz field 
strengths specified within this manuscript correspond to the 
incident THz electric field at the focal position. The blue area 
in Figure  2b represents the square of the THz field ampli-
tude. The red line is the THz induced change in transmission 
of the QDs sample, which evidently follows the THz electric 
field dynamics, demonstrating the feasibility of ultrafast spec-
tral manipulation in a sub-ps time scale and consequently  
the possibility of an all-optical EA modulator with data rates in 
the range of Tbit s−1. However, when the THz field crosses zero, 
the normalized change in transmission does not reach zero. 
The maximum contrast between the ON–OFF signal is around 
50%. In analogy to optical transmitters used for digital com-
munication, wherein the extinction ratio is defined as the ratio 
between the energy (power) used to transmit a logic level “1” 
and energy used to transmit a logic level “0,” a modulation con-
trast of 50% corresponds to an extinction ratio of 3 dB. The rela-
tively small contrast is fundamentally limited by the duration 
and spectral width of the probe pulse. In principle, one might 
expect that the contrast could be improved by utilizing shorter 
probe pulses. However, in practice, shorter pulses lead to a 
broader spectrum containing spectral components above and 
below the QD band edge, hereby covering electro-absorption 
modulations of opposite sign and hence, eventually diminishing 
the modulation contrast. In turn, a narrow probe spectrum 
results in a longer pulse duration and therefore smears the 
time resolution. Thus, the modulation speed can be increased 
at the expense of the modulation contrast, and vice versa. In 
order to shape the THz field and elongate the oscillation period, 
a long pass filter with a cut-off frequency at 2 THz (Swiss Tera-
hertz LLC) is inserted into the THz path. The resulting THz 
field and intensity spectrum are shown in Figure  2c. Because 
a fraction of the spectrum of the THz pulse is lost, the max-
imum incident THz field drops down to ∼5.5 MV cm−1,  
causing an inferior signal-to-noise ratio of the measured QD 
signal (see Figure 2d). However, the contrast between the THz 
periods is substantially increased, leading to an extinction 
ratio of 6.8 dB, which is comparable with that of quantum-well 
electro-absorption modulators operating in the GHz range.

2.3. Dependence on the THz Field Strength

Pein and coworkers[12] reported that above threshold THz 
field-induced luminescence of QDs indicates the existence of 
charged states which persist for longer than 1 ps.[13] As a conse-
quence, modulation of the absorption spectrum could be tem-
porally smeared by such longer-lived QD states. To assure that 

Adv. Optical Mater. 2022, 10, 2102407
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the poor modulation contrast in the case of a high frequency 
THz field is caused by the short THz period, rather than the 
strong electric field (which can potentially lead to the appear-
ance of charged states), we repeat the experiment for different 
THz field strengths in the case of the THz transient shown in 
Figure  2a. The 3D plot constructed from normalized pump–
probe signals (see Figure  3a), demonstrates that the shape 
of the QD response does not change significantly with the 
applied field strength. This reveals an absence of additional 
field dependent dynamics and illustrates that the modulation 
of the absorption spectrum originates solely from THz induced 

electro-absorption effects, corresponding to changes in oscil-
lator strength, as well as the position and the width of the 
absorption spectrum. Moreover, the magnitude of change in 
absorption, given by the lock-in signal in mV (see Experimental 
Section), exhibits a quadratic dependence on the incident THz 
field (see Figure 3b), as it is expected in the case of the QCSE, 
and rules out field ionization mechanisms.[35]

When we assign the acquired signal from the lock-in ampli-
fier to a certain change in the sample transmission, as described 
in Supporting Information, we find a 8.8% change in transmis-
sion, corresponding to ∼37 mOD optical density change, when 

Adv. Optical Mater. 2022, 10, 2102407

Figure 3.  a) 3D plot of the normalized absorption changes at 622 nm for different strengths of the incident electric field. b) Peak amplitudes of the 
change in absorption, expressed in terms of the detected Lock In signal in mV, with respect to the incident electric field.

Figure 2.  a) THz-field transient and calculated corresponding spectrum (inset). Satellite pulses at around ±1.3 ps originate from the surface reflections 
at the EOS crystal. b) Normalized change in transmission of the QD sample at 622 nm (red line) and THz intensity (blue area), obtained by taking a 
square of the field transient shown in (a). The right y-axis indicates the modulation depth. c,d) present the same as (a) and (b), respectively, but with 
a long pass filter having a cut-off frequency of 2 THz inserted into the THz path.
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the probe pulse, centered at 622 nm, temporally overlaps with 
the maximum of an applied THz field of 10.2 MV cm−1. Meas-
urements with a THz field strength of 13.3 MV cm−1 reveals 
a change in transmission of groundbreaking 15.8% (optical 
density changes of ∼64 mOD), which confirms the quadratic 
dependence of the absorption changes on the incident THz 
electric field strength in Figure  3b. Although similar changes 
of ∼50 mOD were reported in the case of the optical Stark 
effect in CdSe colloidal quantum wells, driven by 170 fs, 730-nm 
pulses,[36] to the best of our knowledge, our results represent 
the highest value of electro-absorption modulation by intense 
THz radiation ever reported for solution processed materials at 
room temperature.

2.4. Analysis of Electro-Absorption Spectra

Finally, we qualitatively discuss the QCSE by analyzing pump-
probe spectra measured by tuning the central wavelength of 
the probe pulse across the band gap of the QD film , as it is 
illustrated in Figure 4a. For each central wavelength, we sample 
the THz induced change in transmission with respect to the 

time delay between the THz pump and visible probe pulse, and 
evaluate a change in optical density with the time integrated 
signal of the resulting transmission modulation transients. 
The results of two separate measurements with different field 
strengths are presented in Figure  4b by green and red dots. 
In order to identify the origin of the THz induced modulation 
of the absorption spectrum, we perform simulations on the 
underlying modifications of the electronic states in the case of 
various energy band structures.

In analogy to electro-absorption spectroscopy (also known as 
Stark spectroscopy), the optical density can be described with 
respect to the optical frequency ν as

/ vc
2

OD sν ν µ ν( ) ( )∼ 	 (1)

with the electric transition dipole moment rvc v ce µ = Ψ Ψ  from 
valance band state |Ψv〉 to conduction band state |Ψc〉, funda-
mental electric charge e, position state operator r  and normal-
ized line shape function s(ν).[37–39] In the presence of an external 
electric field F the absorption spectrum can be expressed as

/ vc

2
OD sF F Fν ν µ ν( ) ( )∼ 	 (2)

In the case when the line shape function does not change sig-
nificantly under the influence of the external field, it can be 
approximated by sF(ν) ≈ s(ν  − νst), with hνst being the Stark 
energy shift,[37] accounting for the energy shift of the electronic 
levels when an external electric field is applied. The change in 
absorption amplitude is mainly caused by the altered transition 
dipole moment vc

Fµ  which is dominated by the overlap integral 
of electron and hole wavefunctions |e hϕ ϕ .[40,41]

Stark spectroscopy was originally applied to an ensemble of 
molecules, where field-induced alignment/orientation is pos-
sible. However, to date it is also successfully utilized on con-
fined structures, such as layered hybrid perovskites[19] or CdSe 
nanocrystals,[35] where orientational effects are unlikely since 
the films are rigid. The principal requirement for the validity of 
the Stark formalism is that the electronic states of the system 
are discrete,[35] as they are in QD structures. When Liptay first 
theoretically formulated Stark spectroscopy,[37] he used pertur-
bation theory to account for the change in transition dipole 
moment as well as for the energy shift. However, when the 
applied electric fields are in the MV cm−1 range, which is the 
case of this particular work, the assumption of small perturba-
tions is not valid anymore. For the case of strong electric fields, 
Pein et al.[13] used an elaborate full-atomic, semi-empirical tight 
binding model in order to describe the electron and hole states. 
Here, we exploit an effective 1D approach to obtain envelope 
wave functions. Despite the simplified concept, our calcula-
tions reproduce the results from Pein and coworkers surpris-
ingly well, emulate Liptay’s model for small fields and provide 
a qualitative insight into the physical behavior of the QDs. A 
detailed description of the theoretical model used for the cal-
culations is given in the Supporting Information (Section S4). 
Here, we highlight main assumptions and considerations. First 
of all, due to the strong confinement, an individual Hamilto-
nian for electrons and holes is sufficient to describe excitons.[42] 
Second, in the model, the energy surface of the CdSe/CdS het-
erostructure is introduced as a step-like external potential, and 

Adv. Optical Mater. 2022, 10, 2102407

Figure 4.  a) Optical density (green line) and normalized probe spectra 
(areas) tuned across the band edge. b) Measured Stark spectra (dots) for 
two different field strengths experienced by the excitons, and simulated 
changes in optical density (lines) for 0.7 (red) and 0.6 MV cm−1 (green).
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an effective Hartree operator, caused by the Coulomb potential, 
is used to describe interactions. The external electric field is 
introduced by V̂ eFzF = ± , where F denotes the applied electric 
field along the z-direction. Although the energy states of this 
model reproduce the measured ones within a few percent, 
in order to improve comparability, a small shift was added. 
Because optical properties are very sensitive to the quantum dot 
parameters, as well as to the dielectric environment originating 
from surrounding ligands,[43–45] such a slight shift can be justi-
fied. Finally, the higher-energy transitions were not included in 
the model based on their negligible contribution in the probed 
spectral range, due to both higher energy and the inverse 
dependence of the transition dipole moment on the energy gap.

Measured and simulated Stark spectra are depicted in 
Figure  4b for two different THz field strengths acting on the 
QDs. In order to compare the results of the measurements and 
the calculations, the spectra are normalized. The two sets of 
experimental data presented in Figure 4b are fitted by varying 
the strength of the electric field experienced by the QDs. The 
best match between experiment and theoretical model are 
found for an electric field strength between 0.6 (green) and 
0.7 MV cm−1 (red) (for details see Supporting Information). 
The negative optical density changes around 2 eV are attrib-
uted to a reduction of the normalized overlap integral at the 
band gap with respect to the overlap integral of the unper-
turbed QD. According to the simulations, the induced positive 
optical density changes on the red side of the pump–probe 
spectrum (1.87 eV–1.95 eV) originate from a red shift of the 
first transition energy (denoted as X1 in Figure  1a). Spectral 
broadening of the transition is not taken into account in the 
model. The positive change in optical density on the blue side 
of the energy band gap (> 2.02 eV) is caused by the transition 
1P3/2(h) → 1S(e), which is originally forbidden when no external 
field is applied due to the symmetry of the wave-functions. 
The applied electric field breaks the symmetry and increases 
the absorption for shorter wavelengths. Unfortunately, the 
blue spectral range cannot be experimentally resolved due 
to the limited tunability of the probe pulse (610–800 nm).  
In the case of stronger electric fields (> 0.8 MV cm 1− ), both 
transitions are shifted to even longer wavelengths, such that no 
changes in optical density can be observed on the blue side of 
the energy band gap, as discussed in Supporting Information. 
A discrepancy between the calculated and the measured data 
at lower photon energies is attributed to the broad spectrum 
and finite pulse duration of the probe pulse, which drastically 
reduces the spectral sensitivity of the central wavelength, as 
well as intensity fluctuations. Although a full 3D model would 
improve the accuracy of the calculated energy states, a suffi-
ciently good overlap between the measured data and simula-
tions validates the simple model and justifies further discus-
sions on the energy band structure.
Figure 5 shows the square of the overlap integral, its relative 

change, as well as the Stark shift with respect to the applied 
electric field, simulated for three types of band alignments. As 
it follows from the simulations, the strongest change of the 
overlap integral and the largest Stark shift, especially at small 
and moderate electric field strengths, is expected for Type-II and 
quasi Type-II band structures, when the relatively loosely con-
fined de-localized electrons travel the furthest possible distance 

away from the holes, leading to a large spatial separation of both 
charge carriers. Our findings are further supported by observa-
tions from Bozyigit et  al.,[46] who attributed PL quenching in 
colloidal CdSe/CdS QDs to the spatial separation of electron 

Adv. Optical Mater. 2022, 10, 2102407

Figure 5.  a) Calculated square of the overlap integral of the electron and 
hole wavefunction, and b) relative change as a function of the electric 
field strength for three different energy band alignments (see legend). 
c) Stark shift for different electric field strengths. Dashed vertical lines 
indicate a field strength of 0.65 MV cm−1, which is relevant to the data 
presented in Figure 4b.
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and hole wave-functions (causing the optical transition matrix 
element to decrease), rather than to the field induced charging 
of the QDs. Largest reduction of the PL in ref. [46] was observed 
for QD band structures with relaxed confinement potentials, 
wherein the reduced band offset of the conduction band at the 
core/shell-interface allows a strong separation of the electron 
and hole.

Although the relative changes are similar for Type-II and 
quasi Type-II in the case of strong electric fields exceeding  
1 MV cm−1, a Type-II energy band alignment reaches signifi-
cantly larger values for smaller electric fields, as depicted in 
Figure  5b. Such a band structure can be attained with a very 
thick shell, which allows the electrons to delocalize freely over 
the entire QD volume, while the holes are confined in the 
core.[27] Accordingly, the separation between electron and hole 
wavefunctions becomes even more pronounced for thicker 
shells due to the reduced confinement of the electron. Thus, 
for an absorption spectrum with sharp and well pronounced 
features, a Type-II structure can be beneficial since small fields 
can lead to large energy shifts, in addition to a reduced overlap 
integral, resulting in a drastic change in absorption. However, 
although it was predicted by simulations[47,48] that the magni-
tude of the QCSE shifts of the electron and hole levels increase 
monotonically with the well width in quantum well structures, 
an upper limit on the scalability of the QCSE is given by the 
exciton Bohr radius.[5] Increasing the width of nano-devices 
diminishes the quantum confinement and reduces the exciton 
binding energy, such that the exciton eventually field-ionizes 
and the bulk electric field response would be expected.

3. Conclusion

In summary, we demonstrate a route for direct THz induced 
sub-ps modulation of the optical density in colloidal CdSe/
CdS QDs in the visible spectral range, at room temperature, 
without any field enhancing structures, and with an extreme 
change in transmission of 15%. The modulation shape and 
depth can be controlled by the shape of the THz transient and 
leads to an extinction ratio exceeding 6 dB at a potential data 
rate in the Tbit s−1 range. The fact that we can access the QCSE 
directly without field enhancing structures, allows us to study 
a large variety of samples and excludes possible artifacts from 
the enhancement structure. Supported by theoretical simula-
tions, we attribute the large Stark signal to a significant change 
of the overlap integral promoted by the beneficial band align-
ment of the CdSe/CdS quantum dots, originating from the 
small conduction band offset between the core/shell interface. 
We further suggest that Type II QDs are promising materials 
for EA modulators with extremely high modulation signals. 
The fact that CdSe/CdS QDs can be tuned between the Type-I 
and Type-II regime by varying the core radius and shell thick-
ness,[27,29] makes it possible to precisely adjust the energy 
band structure. The possibility to further tune the absorption 
spectrum of QDs from the visible to the telecommunication 
wavelength by an appropriate choice of composition, size and 
barrier width, along with their solution processability makes 
them excellent candidates for applications in high-speed 
optical communication systems.

4. Experimental Section
THz Pulse Generation and Characterization: The experimental setup 

resembles a conventional electro-optic sampling arrangement (see 
Figure S2, Supporting Information). THz radiation was generated in the 
organic crystal DAST by optical rectification of high-energy mid-IR pulses 
centered at 3.9 μm, from an optical parametric chirped pulse amplifier 
(OPCPA). Details on the generation scheme are reported in ref. [34] For 
the characterization of the generated THz pulse, THz radiation was 
seperated from the mid-IR pump with several long pass filters and 
focused on a 50 μm thick GaP crystal. The probe pulse was generated in 
a white light seeded non-collinearly pumped optical parametric amplifier, 
producing shorter than 50 fs pulses with a tunable central wavelength 
from 610 to 850 nm. The intensity of the probe pulse was controlled 
with a variable neutral density filter. After the EOS crystal, the probe 
was steered through a quarter wavelength retardation plate (QWP) and 
a Wollaston prism (WP). The THz induced change in polarization with 
respect to the position of the delay stage was detected with a balanced 
detector, consisting of two photo diodes labeled PD A and PD B. The 
output of the mid-IR OPCPA was chopped at 10 Hz with an optical 
chopper which was synchronized with the laser system. The repetition 
rate of the chopper further provided the trigger to the lock-in amplifier, 
which registered a difference between the signals from PD A and PD B. 
A boxcar integrator was installed in-between the balanced detector and 
the lock-in to further reduce noise and amplify the detectable signal.[49]

THz-Pump Visible-Probe Setup: In order to measure THz-induced 
changes in transmission of the probe pulse, the CdSe/CdS QD sample 
was placed at the position of the GaP crystal. The setup was slightly 
reconfigured by intercepting the probe beam after the sample with a flip 
mirror to avoid propagation through the QWP and WP (see Figure S2, 
Supporting Information). In addition, a fraction of the probe beam was 
reflected with a beam splitter before the sample and used as a reference 
beam. It was steered to PD A for the reduction of noise originating from 
intensity fluctuations. In the absence of THz radiation, the signal on the 
detector was balanced with a variable attenuator made of a Glan–Taylor 
polarizer and a half waveplate, installed before the detector PD A. To 
reduce THz absorption by water molecules in ambient air, the whole 
setup was purged with nitrogen, resulting in <3% relative humidity.

Assignment of the measured signal to absolute changes in 
transmission was performed via a calibration procedure involving 
electro-optic modulation of a reference beam with a known modulation 
amplitude and measurement of the resulting signal with a lock-in 
amplifier (for details see Section S3, Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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