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Abstract
Embedding quantum dots (QDs) in a solid-state matrix represents a promising hybrid platform that offers great flexibility 
and tunability. However, the lack of clear underlying designing principle and presence of large design space make the design 
process heavily relies on trial-and-error methods. Here we present a new principle that can drastically tailor the light-matter 
interaction of matrix by matrix-mediated QD interactions. We show that conducting matrices like P3HT can mediate a non-
perturbative inter-QD interactions that lead to qualitatively distinct properties, including the enhanced carrier lifetime and 
enhanced binding energies with increased QD densities, which cannot be explained by conventional perturbative scattering 
theories and in sharp contrast to independent embedded QDs in an insulating matrix like PMMA. An effective quantum-field-
theory is developed, showing qualitative agreement with experiments. Our study serves as a foundation for the predictive 
design of advanced hybrid materials aimed at optimizing functionalities.
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1  Introduction

Hybrid materials composed of 3D defects, such as quantum 
dots (QDs) and nanoparticles, embedded in a solid matrix 
material, have garnered widespread interest due to their 
distinctive properties and potential applications in various 
fields. Such 3D defects in solids can be used to tailor electri-
cal and optical [1–11], magnetic [12–19], and thermal prop-
erties [20–24], with huge potential benefits for applications 
such as solar energy harvesting [1–4, 25–28], battery [29], 
sensing [30–35], and thermoelectrics [36, 37]. As break-
throughs in material science continue to drive technological 
revolutions, the exploration of such hybrid structures opens 
new frontiers for next-generation functional materials. With 
large tunability and great versatility, the 3D defect-solid 
matrix structure presents a new class of hybrid materials 
with novel material phases and superior performance, far 
beyond what is achievable through chemical doping [38]. 
QDs, in particular, exhibit exceptional luminescent prop-
erties, including narrow emission bandwidths, adjustable 
emission wavelengths, and high photoluminescent quantum 
yields (PLQY). Recent studies emphasize the crucial role 
of the matrix in modulating the optical properties of QDs. 
For instance, the type of matrix significantly influences the 
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photoluminescence (PL) emission intensity and lifetime 
of embedded QDs. Surface passivation and defect mitiga-
tion through matrix interactions are pivotal for enhancing 
light-matter coupling [39–41]. These findings highlight the 
importance of designing matrix-mediated QD interactions 
to tailor light-matter interactions, offering new opportunities 
in hybrid material design. This emerging paradigm under-
scores the transformative potential of 3D defect-solid matrix 
structures in advancing material science.

Semiconductor nanocrystals are typically synthe-
sized through the bottom-up routes such as hot-injection 
and supersaturated recrystallization or top-down method 
of the ball-milling method [42] or liquid-phase exfolia-
tion [43]. Both top-down and bottom-up syntheses aim to 
reduce the sizes of materials. The continuous energy level 
of bulk materials becomes discrete after their sizes reduce 
to nanometer scale. When confining the size of a semicon-
ductor at a nanoscale level, the continuous energy level of 
bulk materials becomes discrete. The quantum confinement 
effect results in an increased energy bandgap. The quantum 
confinement effect is induced as the size of nanocrystals is 
smaller than their Bohr excitonic radius [44, 45]. Different 
from other types of quantum dots, namely the IV, III–V, 
II–VI, IV–VI, I–III, and VI2 family, the energy level of per-
ovskite quantum dots (PQDs) can be manipulated not only 
by their size but also by their chemical composition. That 
allows another degree of freedom for PQDs to tune their 
energy bandgap and cover the entire visible band. Inheriting 
from bulk perovskite, the PQDs exhibit “high defect toler-
ance” [46]. It implies the intrinsic defects in PQDs do not 
serve as electron or hole annihilation sites, and it confers 
PQDs to perform near-unity photoluminescence quantum 
yield (PLQY) [47, 48]. Regarding QD-semiconductor matri-
ces, colloidal PbS QD has been implemented into perovskite 
to construct a quantum dot-in-perovskite solid [27]. The QD 
in such a system plays not only an epitaxial site for crystal-
lization but also a carrier collection site that prolong the 
carrier lifetime. In addition to carrier transfer property, an 
evolution of thermoelectric property of QD-semiconduc-
tor matrix has also been reported. Conductive polymer of 
PEDOT can achieve an outstanding thermoelectric property 
with power factor of 63.1 μW/mK2, being the highest record 
for PEDOT-metal composite, with assistance of silver quan-
tum dot embedding [49]. Yet, the beneath mechanism of 
how QDs interact with the embedding matrix is still unclear 
and lacks solid principle toward performance optimization.

To realize a new functional material, simulations such as 
density-functional theory are often implemented. However, 
in the case of QD-matrix hybrid, the involvement of at least 
tens of thousands of atoms leads to an unbearably high com-
putational cost, posing a significant challenge in guiding the 
materials design. A few semi-empirical models have been 
established to deal with the interaction of 3D defects with 

internal structures. Coulomb-scattering [50–54], Mayadas-
Shazkes model [55, 56], and hard-sphere model have been 
established for revealing the interaction about one-dimen-
sional dislocation, two-dimensional grain boundaries, and 
nanoparticle scattering [57]. Although some quantities can 
be extracted, these models share severe limitations. The pre-
dictions based on the pre-assigned physical process that is 
destined to happen are difficult to frame and are close to 
the reality of the entire system from these models. Also, 
the first-order theories and single-particle models can not 
reveal the many-body correlation and higher-order scatter-
ing. That is the Achilles’ heel for semi-empirical models 
because the correlation effect associated with the internal 
excitations is a key to many exotic phenomena, such as the 
Kondo effect [58] or the Coulomb blockade [59]. These high 
order effects are the trigger for driving the system toward 
qualitative changes that confer another degree of freedom 
to tune the physical properties.

In this work, we aim to study the effect of 3D QD defects 
with internal structure and random spatial distribution to 
the properties to the solid-state matrix. We demonstrate two 
systems for quantum dots embedded matrices to discuss the 
light-matter interaction differences between CsPbBr3 QD-
embedded P3HT (quantum dot-in-semiconductor matrix, 
QD-P3HT matrix) and CsPbBr3 QD-embedded PMMA 
(quantum dot-in-insulator matrix, QD-PMMA matrix) as 
a reference. Surprisingly, the QD-P3HT with conducting 
matrix shows a number of unexpected phenomena and QD 
density dependence in terms of carrier lifetime and binding 
energy. The phenomena of how the exotic impurities tailor 
the relaxation time and self-energy of electron–hole pairs 
are described by an effective quantum field theory, show-
ing a non-perturbative nature. That perfectly matches with 
experimental observation and offers a clear guideline for 
exotic 3D QD defects to other degrees of freedom for giant 
property tuning.

2 � Experimental section

2.1 � Synthesis of CsPbBr3QD

To synthesize CsPbBr3 quantum dots (QDs), Cs-oleate pre-
cursors were first prepared. Specifically, 2.5 mmol Cs2CO3 
(0.814 g, 99.5%, Acros) was transferred into a three-necked 
flask along with 40 mL of octadecene (C18H36, 90%, Thermo) 
and 2.5 mL of oleic acid (C18H34O2, 90%, Sigma-Aldrich). The 
reactants were degassed at 120 °C for 1 h. After degassing, 
the reactor was maintained at 150 °C until all the Cs2CO3 was 
capped with oleic acid and dispersed in the solvent. For the 
synthesis of CsPbBr3 QDs, 0.087 g of PbBr2 (98 + %, Alfa 
Aesar) was transferred into another three-necked flask with 
0.5 mL of n-oleylamine (C18H37N, C18-content 80–90%, 
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Acros), 0.5 mL of oleic acid, and 5 mL of octadecene, and 
the mixture was heat-treated at 120 °C for 1 h under vacuum. 
Subsequently, the temperature was increased to 150 °C to dis-
solve the PbBr2 into the solution. 0.4 mL of the hot Cs-oleate 
solution was swiftly injected, and the reactor was immediately 
placed into an ice bath to quench the temperature to room 
temperature. Finally, 10 mL of methyl acetate (C3H6O2, 99%, 
Acors) was added to precipitate the product, which was then 
collected by centrifugation. To be compatible with polymers 
of P3HT (M.W. ∼ 60,000 Da) and PMMA (M.W. ∼ 120,000 
Da, Sigma-Aldrich), the collection was further redispersed into 
anhydrous chlorobenzene with concentration about 30 wt.%.

2.2 � Preparation of CsPbBr3/PMMA or P3HT

A desired concentration of 1 wt.% of P3HT or PMMA were 
prepared by 100 mg of polymer dissolved into 9900 mg of 
anhydrous chlorobenzene (C6H5Cl, > 99%, ACROS) into a 
20-mL vial bottle, respectively as pristine polymer solutions. 
For CsPbBr3 quantum dot mixed polymer solutions, concen-
trated solution of 10 wt.% to polymer solute was prepared first 
and noted as 10.0 wt.% QD in polymers. To obtain the desired 
concentration of QD in polymers, the concentrated QD in 
polymer solution were mixed with pristine polymer solution 
and obtain the desired precursor solution from 1.0 wt% QD to 
5.0 wt% QD in PMMA or P3HT.

2.3 � Characterization

Microstructure was observed via a spherical-aberration cor-
rected field emission transmission electron microscope (JEOL 
JEM-ARM200FTH). The optical characteristics are explored 
through photoluminescence spectroscopy with a 405-nm and 
532-nm diode laser (LDH-PC-375, PicoQuant). The tempera-
ture-dependent PL spectra were carried out in a well-confined 
chamber with a quartz observation window. The PL spectra of 
quantum dots embedded either PMMA or P3HT were charac-
terized with a 405-nm diode laser. On the other hand, the PL 
spectra of P3HT matrices were examined by a 532-nm diode 
laser. The temperature varied from room temperature of 303 to 
103 K being the limitation of in-house liquid-N2 cooling system 
and the spectra were collected every 20 K. The binding energy 
of both quantum dot and P3HT were all extracted from the inte-
grated emission intensity of PL spectra. The information about 
binding energy can be revealed based on Arrhenius’s equation.

3 � Result and discussion

3.1 � Characteristics of QDs

QDs have emerged as key components due to their unique 
optical and electronic properties. Among various types, 

cesium lead tribromide (CsPbBr3) QDs have earned sig-
nificant attention for their potential applications in light-
emitting devices, solar cells, and photodetectors. The 
hot-injected CsPbBr3 QD showed well-dispersity in the 
non-polar solvent of toluene or chlorobenzene. Owing to 
the adsorbed ligand at the ending facet of QD, the shape 
and size of QD can be effectively controlled by the assis-
tance of the applied ligand. Ligand-mediated nanocrystal 
synthesis has been reported as a feasible strategy to tune 
the shape and size of nanoparticles. The reduced surface 
energy for a certain facet of ligand-adsorbed nanoparti-
cles makes nanoparticles tend to grow in a certain shape. 
As shown in Fig. 1a, the QD synthesized with the assis-
tance of long alky chain ligands of oleylamine and oleic 
acid tended to grow in a cubic shape. HR-TEM of the 
QD was shown in Fig. 1b. The particle size distribution 
(Fig. 1c) further quantifies this information, offering sta-
tistical insight into the uniformity and control achieved 
during the synthesis process. The clear lattice was indica-
tive of the preferred orientation in (200) and high crystal-
linity of QD. The calculated d spacing was 2.93 Å, which 
is referred to as the plane (200) of QD. After optimizing 
the reaction duration (5 s) and temperature (150 °C), the 
particle size was homogenously distributed with an aver-
age size of 5.80 nm as shown in Fig. 1c. The high-resolu-
tion TEM image (Fig. 1d) provides the crystalline lattice 
of the QDs, showcasing their well-defined structure. This 
level of detail is crucial for understanding the quantum 
confinement effect that governs the optical properties 
of QDs. Complementing this, the diffraction patterns 
(Fig. 1e) confirm the crystalline phase and purity of the 
CsPbBr3 QDs, serving as a fingerprint of their structural 
integrity. The specific area in HR-TEM was selected for 
d spacing calculation and the corresponding depth profile 
was shown in Fig. 1f. This analysis reveals the periodicity 
and spatial distribution of atoms within the QDs, provid-
ing deeper insights into their crystal structure. Figure 1 
g shows the crystal structure of CsPbBr3. The detailed 
examination of the crystal structure of CsPbBr3 lays the 
foundation for understanding the relationship between 
structure and optical properties. The optical character-
istics of CsPbBr3 QDs are further explored through pho-
toluminescence (PL) spectra (Fig. 1h). The PL spectra 
offer a glimpse into the electronic band structure and the 
recombination processes of charge carriers within the 
QDs. Accompanying the spectra, photos of various QD 
solutions under UV light demonstrate the tunability of 
their emission colors, a property that is highly desirable 
for optoelectronic applications (Fig. 1i). In conclusion, 
the comprehensive analysis of CsPbBr3 QDs through 
TEM imaging, particle size distribution, diffraction pat-
terns, and PL spectroscopy reveals the intricate details 
of their structural and optical properties. These insights 
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are invaluable for tailoring the synthesis and application 
of QDs in advanced nanotechnology applications, paving 
the way for novel devices with enhanced performance and 
efficiency.

3.2 � Phenomena of QD‑embedded matrices

In a shared solvent system, QDs can be effectively dispersed 
and homogeneously mixed with polymers in a non-polar 
solvent, such as chlorobenzene. This enables the successful 
embedding of QDs into PMMA films with minimal aggre-
gation. Unlike the amorphous polymer PMMA, P3HT is 
a semi-crystalline polymer, resulting in films containing 

both crystalline and amorphous phases. The crystallinity of 
P3HT influences the carrier mobility and conductivity of 
the film. For QD-embedded PMMA matrices, photolumi-
nescence (PL) solely originates from the embedded QDs. 
The PL intensity increases as QD concentration rises, and 
PL emission peaks shift according to QD concentration in 
the QD-PMMA matrices. At low concentrations, embed-
ded QDs are isolated by the insulating PMMA polymer 
matrix, resulting in a pronounced quantum confinement 
effect. This effect manifests as a noticeable blue shift in the 
1.00 wt% QD-PMMA matrix compared to the 10.00 wt% 
QD-PMMA matrix, as shown in Fig. 2a. In contrast, the PL 
emission of QD-P3HT matrices behaves differently than that 

Fig. 1   Characteristic of as-synthesized quantum dots: a TEM image, 
b high-resolution TEM images, c statistic particle size distribution, d 
high-resolution TEM image for dspacing and plane observation, e dif-

fraction pattern, f the depth profile for dspacing calculation, and g crys-
tal structure of CsPbBr3. h PL spectra, and i photos of various QDs 
solutions
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of QD-PMMA matrices. QD exhibits minor PL emission 
when the concentration is below 10.00 wt%, as shown in 
Fig. 2b. Comparing QD-PMMA and QD-P3HT matrices, PL 
intensity from QDs in PMMA is strongly proportional to the 
numbers of QD in such matrices, as depicted in Fig. 2c. For 
QD-P3HT matrices, however, PL intensity evolves rapidly 
between 1.00 wt% and 10.00 wt%, as shown in Fig. 2d. This 
can be attributed to the carrier transfer between QD and 
P3HT matrices, which reduces the recombination of excited 
electron–hole pairs and energy release through photons in 
QD. In PMMA matrices, radiative recombination of QDs 
prevails over electron–hole pair transfer, leading to a linear 
relationship between PL intensity and QD concentration. 
When examining the carrier lifetime of QDs in both poly-
mer matrices, the lifetime gradually approaches the pris-
tine QD lifetime of 1.35 ns. The extended lifetime at low 
concentrations stems from the isolation effect of QD, while 
the reduced lifetime at high QD concentrations is due to 

QD aggregation in the PMMA matrix, as shown in Fig. 2e. 
Though P3HT matrices display a different lifetime trend in 
Fig. 2f, the lifetimes still approach the pristine QD value of 
1.35 ns at a 10.00 wt% concentration. The well-dispersed 
distribution of QDs in P3HT matrices facilitates elec-
tron–hole pair transfer, resulting in a shorter QD lifetime.

To gain deeper insight into the effects of QD concen-
tration, a series of QD-polymer matrices with concentra-
tions ranging from 1.00 wt% to 5.00 wt% were prepared 
to observe the behavioral differences between insulating 
and conductive matrices, as shown in Fig. 3. Consistent 
with Fig. 2c, the emission peak of QD shifts noticeably 
with changes in concentration. As the QD concentra-
tion in PMMA increases, the blue shift of the emission 
peak disappears and returns to the wavelength emitted by 
the QD, around λ = 505 nm, as illustrated in Fig. 3a. A 
high concentration of QD in the matrix results in a dense 
QD distribution. The dense QD distribution causes the 

Fig. 2   CsPbBr3 QD-embed-
ded insulator (PMMA) and 
semiconductor (P3HT) polymer 
matrices: a PL spectra of QD-
PMMA matrices, b PL spectra 
of QD-P3HT matrices, c PL 
intensity of QD-PMMA matri-
ces, d PL intensity of QD-P3HT 
matrices, e carrier lifetime of 
QD-PMMA matrices, and f 
carrier lifetime of QD-P3HT 
matrices
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subtle isolation effect to produce a minor bandgap enlarge-
ment, resulting in a similar photoluminescence emission 
as the pristine QD at 505 nm. The PL intensity change 
is expected to be proportional to the QD concentration 
embedded in PMMA matrices, gradually increasing as 
the QD concentration rises. The relationship between the 
embedding concentration of QD in PMMA matrices and 
their carrier lifetime is depicted in Fig. 3b. The carrier 
lifetime of QD-PMMA matrices is clearly correlated with 
both concentration and PL intensity. The greater the dis-
tance between QDs, the higher the probability of carrier 
recombination through a slow process due to the long dis-
tance between adjacent QDs.

In contrast, for QD in a conductive P3HT matrix, the situ-
ation differs from the previous results. In Fig. 3c, the PL 
intensity of P3HT is significantly quenched when a small 
amount of QD is embedded into the P3HT matrices. The 
potential carrier transfer between P3HT and QD prevents the 
electron–hole pairs from recombining in the QD through a 
radiative pathway. When the QD concentration exceeds 2.00 
wt%, the PL emission from QD becomes pronounced and 

exhibits a rapid increase. The carrier lifetime of these matri-
ces is presented in Fig. 3d. The carrier lifetime deviates from 
the low concentration condition when the concentration sur-
passes 3.00 wt% (QD > 3.00 wt%). The carrier lifetime is 
markedly extended by around 40% compared to carriers in 
low concentration P3HT matrices (QD < 3.00 wt%).

To elucidate the behavior of carriers in matrices made of 
PMMA or P3HT, the binding energy (Eb) of quantum dots 
(QDs) was examined using temperature-dependent photo-
luminescent spectroscopy (Temp-PL). The Temp-PL meas-
urements are presented in Figure S1 and S2. The exciton 
binding energy was estimated from Temp-PL results and 
calculated by Arrhenius equation [60]:

where I(T) and I0 are the integrated PL intensities at tem-
perature T and 0 K; A is the ratio of the radiative to non-
radiative times; Eb is the exciton binding energy, and kB is 
the Boltzmann constant. As QDs tend to recombine through 

(1)I(T) =
I0

1 + Ae
−

Eb

kBT

Fig. 3   Photoluminescence spectra and carrier lifetime of CsPbBr3 quantum dot (QD) in an insulator or a conductive matrix: a PL spectra and b 
carrier lifetime of QD-PMMA matrices; c PL spectra and d carrier lifetime of QD-P3HT matrices
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radiative routes, they exhibit a higher Eb than three-dimen-
sional perovskite materials with identical chemical composi-
tion. The calculated Eb values are shown in Fig. 4. The Eb 
of QDs in PMMA matrices decreases with increasing QD 
concentration. This can be attributed to the isolation effect 
of QDs in insulated PMMA matrices, where the carriers are 
confined and undergo radiative recombination. On the other 
hand, highly concentrated QD matrices exhibit behavior 
similar to pristine QD films, resulting in an Eb value similar 
to the intrinsic value of QD, as reported in Table 1.

Similarly, the Eb values of QDs in P3HT matrices pro-
vide insights into the energy required to separate excited 
electron–hole pairs to free carriers. The series of QD bind-
ing energy in P3HT matrices were studied using Temp-PL 
equipped with 405-nm and 532-nm pulse lasers, as illus-
trated in Figure S2 and S3. When the QDs concentration is 
low, the homogenous mixing of QDs with conductive P3HT 
reduce the Eb of QDs, indicating effective separation of 
excited electron–hole pairs. Conversely, as QD concentration 
exceeds 3.00 wt%, the Eb of QDs in P3HT matrices increases 
by 40% compared to low concentrations, approaching the Eb 
of pristine QD. This suggests that the interaction between 
conductive matrices and QD became less significant, and 
high QD concentrations in such matrices tend to aggregate, 
mimicking the behavior of pristine QD.

Furthermore, Fig. 4c and Table 2 presented the Eb values 
of P3HT matrices acquired from Temp-PL. For a pristine 
P3HT matrix, the Eb value was calculated to be 76.54 meV. 
As the QD concentration decreases below 3.00 wt%, the Eb 
value of P3HT matrices dramatically drop. Surprisingly, a 
sudden increase in Eb occurs between 2.00 and 3.00 wt% QD 
concentration, followed by a plateau region as QD concen-
tration further increases.

3.3 � Constructed field theory and mathematical 
calculation

The proposed carrier mechanism in these matrices is illus-
trated in Fig. 5. For QD-PMMA matrices (Fig. 5a), the 
dispersity of QD in PMMA matrices influences the car-
rier behavior. At low concentrations, the QDs are isolated 
and exhibit a significant energy level expansion due to 
quantum confinement. In contrast, at high concentrations, 
QD aggregation leads to bulk properties and a decrease 
in energy bandgap due to minor energy level discrete, 
as depicted in Fig.  5b. Focusing on conductive P3HT 
matrices, QDs are confined within and surrounded by the 
amorphous regions of semi-crystalline P3HT matrices, as 
shown in Fig. 5d. The close contact between QDs and 
amorphous P3HT enables efficient charge carrier trans-
fer from QDs to P3HT matrices through the potential 

Fig. 4   Binding energy (Eb) evolution of QD in polymer matrices: a Eb of QD in PMMA matrices, b Eb of QD in P3HT matrices, and c Eb of 
P3HT matrices

Table 1   Binding energy of QD in different polymer matrices

QD con-
centration 
(wt%)

Eb of QD in a 
QD-PMMA matrix 
(meV)

Eb of QD in a 
QD-P3HT matrix 
(meV)

Eb of pristine 
QD (meV)

100.00 - - 54.48
1.00 188.77 18.50 -
2.00 119.57 20.11 -
3.00 93.18 27.58 -
4.00 63.05 30.80 -
5.00 55.07 34.87 -

Table 2   Calculated binding energy of P3HT with QD embedding

QD concentration (wt%) Eb of P3HT with QD 
embedding (meV)

0.00 76.54
1.00 35.47
2.00 36.23
3.00 47.69
4.00 49.30
5.00 52.70
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difference at the interface (Fig. 5e). The high carrier den-
sity and suitable built-in potential (Ebi) at the interface 
might be the reason for the decreased Eb of carriers in 
P3HT matrices at embedded concentrations below 3.00 
wt%. Due to the ease of carrier transfer from QDs to 
P3HT, the Eb of QDs in P3HT matrices also exhibits a 
relatively low value (Table 1). However, a high QD con-
centration in P3HT matrices may result in aggregation or 
even phase separation, rather than a uniform dispersion 
within the amorphous P3HT matrices. This hinders effec-
tive carrier transfer from QDs to P3HT matrices, causing 
both materials to exhibit their intrinsic properties with 
minimal interaction or interference between them.

To realize the scenario of QDs in semiconductor matri-
ces from quantum physics point of view, we provide a self-
contained theoretical framework to describe the phenomena 
of embedded QDs into the matrix solid. The non-interacting 
action of the matrix solid S0 can be written as

(2)S0

[
−
� , �

]
=
∑

kn�

(
−ikn +

(
�k� − �

))
�nk��nk�

where kn = (2� + 1)nkBT  is the Fermionic Matsubara fre-
quency, and the summation over n is over Matsubara fre-
quency, σ is the spin/band index, and �nk�  and ψnkσ are 
the field operators [61, 62]. Similarly, for a bunch of QDs 
j, j = 1,2, ...,ND centered at the locations Rj and energy lev-
els E�� , the QD action SD can be written as

where dna�(R) and dnaσ(Rj) are the fields representing the 
QDs. Then, we consider the interaction term between QDs 
and matrix solid

where tk��(Rj) is the transition amplitude between the matrix 
electron with momentum k to the QD located at position Rj . 
Performing explicit functional integral calculation, we have 
the effective action written as

(3)SD

[
d, d

]
=
∑

jna�

(
−ikn + Ea�

)
dna�

(
Rj

)
dnao

(
Rj

)

(4)
ST

[
d, d,� ,�

]
=
∑

knja�

[
tka�

(
Rj

)
�nk�dna�

(
Rj

)
+ t∗

ka�

(
Rj

)
dna�

(
Rj

)
�nk�

]

Fig. 5   Proposed scenarios QD in polymer matrices: a illustration, b 
proposed mechanism, and c calculated relaxation time of QD-PMMA 
matrix; d illustration, e proposed mechanism, and f calculated relaxa-
tion time of QD-P3HT matrix [55–57]. The calculated relaxation time 
for c PMMA and f P3HT is based on several assumptions and simpli-
fications. The change of the relaxation time with respect to the QD 

concentration matches the experimental observations at least qualita-
tively which indicates the importance of the embedded QD’s interac-
tions with the different conduction matrix. The t represents the aver-
aged transition amplitude, while the curves reveals that the increase 
of transition amplitude will reduce the relaxation time in varying 
degrees
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where the scattering term S1
[
� ,�

]
that contains the crucial 

o b s e r v e d  n e w  p h y s i c s 
Vkqn� = −Ld

∑
j�

E��

E2
��
+k2

n

�
t∗
k��

(Rj)tk+q��(Rj)
�
. With the help of 

self-averaging under the effective field similar to the impu-
rity averaging, we construct the QD-averaged Green’s func-
tion to study the transport properties [62, 63].

Taking q → 0 . The second-order Green’s function 
G

(2)
� (k, k�, ikn) can be writtne as

where G0
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(k, ikn) is the free-electron Green’s function for 

matrix solid only, V
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 means the connected part 
of scattering with respect to QDs averaging with normal dis-
tribution. The QDs’ distribution satisfied the normal distri-
bution with average t0k�� and covarience matrix Σk�� . After 
some math, we have the self energy
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This can fully describe the effect of different QD con-
centration embedded semiconductor matrices of P3HT and 
insulator matrices of PMMA. The explicit expression of the 
self-energy implies the important role of the QD’s energy 
levels, which appear in the denominator. With the help of 
some assumptions and simplifications, the calculated relaxa-
tion time is presented in Fig. 5c and 5h. We can see the 
relaxation time of the carrier for P3HT increase with the QD 
concentration while the relaxation time for PMMA would 
decrease with the increasing QD concentration. This result 
at least qualitatively matches what we observed from the 
experiments. Detailed derivation and the explanation should 
refer to the supplementary information.

4 � Conclusion

This study explores the utilization of constructive quantum 
field theory to explain the non-perturbative behavior of 
quantum dot (QD)-embedded matrices in different solid-
state systems. Conducting P3HT matrices can mediate 
a non-perturbative QD interactions that lead to qualita-
tively distinct properties, including the enhanced carrier 
lifetime and enhanced binding energies. The remarkable 
changes of both properties can be observed within the 
QD concentration range of 2.00 to 3.00 wt.%. In a sharp 

(5)
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contrast, the binding energy and carrier lifetime observed 
in QD-embedded PMMA matrices are highly dependent 
on QD-embedded concentration. The proposed new prin-
ciple, derived  from the second-order expansion of the 
QD-averaged Green’s function, leverages matrix-mediated 
QD interactions to tailor the light-matter interaction within 
the matrices. It turns the table on the lack of clear under-
lying designing principles and alleviates heavily reliant 
on trial-and-error methods. The phenomena, which can-
not be explained by conventional perturbative scattering 
theories, demonstrate qualitative agreement with experi-
mental observations. The effective theory constructs a sim-
plified yet robust framework to provide the generalized and 
fundamental insights into the physics systems, with only a 
large bulk matrix, the randomly dispersed quantum dots, 
and their interactions. It relies on certain assumptions, 
such as treating the matrix as a weakly correlated Fermi 
system and considering the quantum dots to be randomly 
distributed with discrete energy levels due to their small 
size. Despite these assumptions, the theory demonstrates 
remarkable generality and provides deep insights through 
indicating the possible interacting mechanism between 
bulk matrices and dispersed quantum dots observed 
through experiments. This makes it a powerful tool for 
exploring a wide range of materials properly under the 
effective field framework such as carrier transport and per-
haps electron–phonon coupling, magnetism in the future. 
Overall, this work provides a foundation for the predictive 
design of advanced hybrid materials, aiming to optimize 
their functionalities. The findings contribute to the field's 
understanding of quantum dot-embedded matrices and 
pave the way for future investigations into the underlying 
principles and potential applications of such systems.
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