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Note S1. The intrinsic trade-off between polarization ratio (PR) and light extraction efficiency 
(LEE) in LP-LEDs based on manipulating the dipole orientation of anisotropic emitters 

 
Figure S1. Principles of TDM orientation and polarization in a typical bottom-emitting 
LED structure that is widely used for QLEDs, NR-LEDs and NPL-LEDs. (a) Schematic 
architecture of a typical solution-processed bottom-emitting LED used as a model system. 
(b) Illustration of transverse magnetic (TM) and transverse electric (TE) polarized light 
interacting with a planar interface. E and S represent the electric field and Poynting vectors, 
respectively. (c, d) Simulated radiation patterns for a (c) horizontal dipole and (d) vertical 
dipole, illustrating their distinct emission profiles. (e) A table summarizing the key properties 
of horizontal and vertical dipoles and their corresponding fraction of vertically-oriented 
transition dipole moments (ΘV). 

 

The prevailing strategy for creating solution-processed LP-LEDs involves controlling the dipole 
orientation of anisotropic emitters, such as nanorods1-3 (NRs) and nanoplatelets4 (NPLs). However, 
this material-centric approach encounters a fundamental severe trade-off between achieving a high PR 
and a high LEE. Here, we elucidate the physical origins of this trade-off by analyzing a typical 
solution-processed bottom-emitting LED architecture which is widely used for high-performance 
quantum-dot (QD) LEDs (QLEDs)5, NR-LEDs6 and NPL-LEDs7 (Fig. S1a), which serves as a 
representative model system. 
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The interaction of light with the planar interfaces within an LED stack is polarization-dependent. 
Emitted light can be decomposed into transverse magnetic (TM) and transverse electric (TE) modes 
(Fig. S1b). The electric field oscillation directions of both TM and TE modes are perpendicular to the 
direction of energy propagation (Poynting vector). The crucial distinction is that the electric field of 
the TM mode oscillates within the plane of incidence (XZ plane), while the TE mode’s electric field 
oscillates perpendicular to it. For light propagating normal to the interfaces (θ = 0), the electric fields 
of both modes are parallel to the interfaces. In this case, the modes are indistinguishable to the layered 
structure, and their optical response are identical. Conversely, for light at large propagation angles 
(grazing incidence, θ → 90°), the TM electric field has a significant component perpendicular to the 
interfaces while the TE field remains parallel. This geometric difference leads to a maximal divergence 
in their optical response, which is the foundational requirement for polarization splitting. 

This polarization-dependent optical response must be considered in conjunction with the radiation 
patterns of the emitters themselves. The orientation of an emitter’s transition dipole moment (TDM) 
dictates its emission pattern. This can be understood by considering two limiting cases: purely 
horizontal dipoles (TDM parallel to the device plane/interface, Fig. S1c) and purely vertical dipoles 
(TDM perpendicular to the device plane/interface, Fig. S1d). The fraction of vertically-oriented TDMs 
in an ensemble, ΘV, quantifies this orientation, where ΘV = 0 for a perfectly horizontal alignment and 
ΘV = 1 for a perfectly vertical alignment (Fig. S1e). It is important to note that for typical isotropic 
emitters, such as near-spherical QDs, the TDM orientation is random. In a Cartesian coordinate system, 
the dipole moments are equally distributed along the X, Y, and Z axes, resulting in an ensemble average 
of ΘV = 1/3. 

Synthesizing these concepts reveals an intrinsic dilemma. A high PR requires maximal 
differentiation between TE and TM modes, which only occurs at large emission angles (θ → 90°). 
Such a radiation pattern is characteristic of vertically aligned dipoles (ΘV → 1). However, light emitted 
at these high angles is highly susceptible to total internal reflection (TIR), causing it to be trapped in 
waveguide modes in substrate (marked in SG) and functional layers in LED (marked in WG), leading 
to a drastically reduced LEE. Conversely, achieving a high LEE requires suppressing these trapped 
modes by favoring vertical emission (θ → 0), the characteristic pattern of horizontally aligned dipoles 
(ΘV → 0). At these near-normal angles, however, the TE and TM modes are optically equivalent, 
resulting in nearly unpolarized emission (PR ≈ 1). This analysis aligns perfectly with experimental 
reports on NR-LEDs and NPL-LEDs, where high-efficiency devices require horizontally-aligned 
NRs6,8 or face-down NPLs7,9 (ΘV → 0, LEE > 30%) and high-PR devices require vertically-aligned 
NRs1 or edge-up NPLs4 (ΘV → 1), but at the cost of low efficiency (LEE < 5%). 
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Figure S2. Simulated trade-off between LEE and PR in a typical bottom-emitting LED 
structure that is widely used for QLEDs, NR-LEDs and NPL-LEDs. (a, b) Simulated 
emission angle θem-resolved EL intensity as a function of dipole orientation ΘV for (a) TM 
and (b) TE modes. (c, d) θem-dependent EL intensity and PR for two limiting cases: (c) a 
purely horizontal emitter system (ΘV = 0) and (d) a purely vertical emitter system (ΘV = 1). 
(e) Simulated power distribution into different optical channels as a function of ΘV. The out-
coupled (OC) mode fraction is equivalent to the LEE. (f) Simulated PR as a function of θem 
for various values of ΘV. (g) The fundamental trade-off relationship between the calculated 
LEE and the peak achievable PR as a function of ΘV. 
 
To quantitatively validate this trade-off, we performed a comprehensive optical simulation using 

Setfos. The emission angle θem- and TDM orientation ΘV- dependent EL intensity maps for both TM 
and TE modes (Figs. S2a, S2b) confirm our qualitative analysis. They show that for any given ΘV, the 
EL intensity generally decreases with increasing emission angle θem. Besides, the overall EL intensity 
is strongest for horizontally-oriented emitters (ΘV → 0) at near-normal angles (θem → 0) and reduces 
as the TDMs become more vertical (ΘV → 1). The TM and TE intensities are comparable at near-
normal angles (θem → 0) and only diverge significantly at grazing incidence. This behavior is clearly 
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illustrated by the two limiting cases. For a purely horizontal emitter system (ΘV = 0, Fig. S2c), the EL 
is intense and peaks at θem = 0, but because the TM and TE intensities are similar, the PR remains 
below 1.5 across all angles. Conversely, for a purely vertical system (ΘV = 1, Fig. S2d), the overall 
emission is extremely weak, yet the PR increases dramatically with θem as the TM and TE intensities 
diverge, reaching a theoretical maximum of PR = 86 at θem = 90°. 

The mode distribution analysis (Fig. S2e) reveals the origin of this phenomenon: as ΘV increases 
from 0 to 1, the fraction of power lost to WG mode rises, while the out-coupled (OC) mode fraction, 
which is equivalent to the LEE, decreases from a peak of 30.4% to a minimum of 0.42% (see Fig. S14 
for a detailed description of all optical modes). Furthermore, achieving a high PR requires extreme 
vertical alignment (ΘV → 1), with the PR remaining below 2 for all θem unless ΘV > 0.9 (Fig. S2f). For 
isotropic emitters with ΘV = 1/3 (red curve), the PR curve almost overlaps with that for ΘV = 0 (black 
curve). The direct, inverse relationship between LEE and peak PR is illustrated in Fig. S2g, which 
encapsulates this intrinsic dilemma. Our simulation results are consistent with previous experimental 
reports1,4,6-9: in a typical solution-processed LED architecture like that in Fig. S1a, a ΘV close to 0 
achieves high-efficiency EL with almost no linear-polarization characteristic, while a ΘV close to 1 
achieves a high PR only at the cost of drastically reduced efficiency. Achieving a PR above 10 in a 
typical solution-processed LED structure via TDM alignment would reduce the LEE to less than 0.8%, 
a severe loss compared to the 20–40% LEE of unpolarized LEDs5,7. This conclusion underscores the 
fundamental limitations of relying solely on TDM manipulation of anisotropic emitters. 
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Note S2. Methodology of back focal plane (BFP) imaging  

The schematic of the optical system for BFP imaging was shown in Fig. S3a. A 405 nm diode 
laser was focused onto the printed QDs film using an oil-immersion objective (CFI Apo TIRF 60XC 
Oil). The sample was prepared on a cover slide with a thickness of 0.17 mm. The fluorescence emitted 
from the nanoplatelets was collected in the epi-fluorescence configuration through the same objective. 
The emitted signal was then directed through a dichroic mirror, passed through the 200 mm focal 
length tube lens of the inverted microscope (Nikon Ti-U), and further relayed via an additional 50 mm 
focal length lens. A polarizer was placed in the optical path before the fluorescence was finally 
captured by a monochrome CCD camera (Retiga R6). 

 
Figure S3. BFP imaging. (a) Schematic of the optical system for BFP imaging. (b) Four-
layer and (c) three-layer structures involved in BFP imaging for the determination of ΘV. 

 

The BFP imaging simulations are based on previous works10,11. The optical intensity distribution 
in momentum space is calculated as: 
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where C is a constant determined by experiment conditions, ��|�|� is the Einstein coefficient for 
electric dipoles and the relative ratio of ����|���|�  and ����|���|�  determines the angle of the 
macroscopic dipole with the film’s plane, and � is the density of electromagnetic modes. 

The simulation of QDs on TFB is considered as a four-layer structure consisting of air, QDs, TFB 
layer and substrate (Fig. S3b), whereas QDs on substrate is considered as a three-layer structure 
consisting of air, QDs layer, and the substrate (Fig. S3c). The density of electromagnetic modes for 
four-layer and three-layer structure can be written as equations 2 and 3, respectively: 
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where �QD and �TFB are the thickness of the QDs layer and TFB layer, respectively. Multiple 
reflections are taken into account by the Fabry-Pérot model defined as equations 5. The Fresnel 
coefficients are defined as equations 6. IP (in plane) dipole consists of x and y components. Since they 
have rotational symmetry, we need to only analyze the x component of the pattern.  

Comparison of the experimental PL intensity profile (extracted along the dashed line in Fig. 1d) 
with simulation results is shown in Fig. 1e. Fitting yields a fraction of vertical transition dipole 
moments ΘV of ~0.33, indicative of a macroscopic isotropic TDM distribution in the QDs film which 
is deposited onto TFB.  
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Note S3. Comparative analysis: CIPS LP-LED platform vs. traditional TDM manipulation 

 

Figure S4. Comparative analysis of the type-B CIPS LP-QLED platform versus the 
traditional TDM manipulation in control QLED. (a) A 3D plot visualizing the 
performance landscape, comparing the LEE and peak PR as a function of the emitter’s TDM 
orientation ΘV for the CIPS-enabled LP-QLED (red) and control QLED (black). (b) A 2D 
projection showing peak PR as a function of ΘV, highlighting the CIPS platform’s ability to 
achieve exceptionally high PR across all TDM orientations, in contrast to the control QLED. 
(c) A 2D projection showing the direct trade-off between LEE and peak PR. The CIPS 
platform (red) operates in a performance regime superior to that of the TDM manipulation 
approach (black), far exceeding the previous experimental record for solution-processed LP-
LEDs (peak PR ~6.84). 

 

As established in the main text and Note S1, the prevailing strategy for creating LP-LEDs relies 
on controlling the TDM orientation of anisotropic emitters. This material-centric approach, however, 
is bound by a severe, intrinsic trade-off between the PR and LEE. Specifically, within a standard device 
architecture, a meaningful peak PR (>10) is only achievable when the fraction of vertical dipoles ΘV 
approaches unity (ΘV ≥ 0.99). This requirement not only necessitates exceptionally challenging 
materials synthesis and processing to achieve near-perfect dipole alignment but also fundamentally 
limits the LEE to less than 0.8%. This inherent dilemma is a primary reason why the record PR for 
solution-processed LP-LEDs has remained limited (6.84), lagging far behind their epitaxial12 and 
organic13 counterparts. 



 9 / 35 

In contrast, the CIPS platform developed in this work effectively decouples the pursuit of a high 
PR from the difficult tasks of anisotropic material synthesis and TDM alignment. By shifting the origin 
of polarization from the emitter to the optical microcavity, the CIPS approach demonstrates remarkable 
general applicability, showing high performance with emitters ranging from perfectly horizontal (ΘV 
= 0) to perfectly vertical (ΘV = 1), including the macroscopically isotropic QDs with ΘV ~ 1/3 used in 
our devices.  

While the CIPS platform also exhibits a trade-off between LEE and PR (as shown in Figs. 4c and 
S4), it operates in a performance regime vastly superior to that of the traditional TDM manipulation 
method. A comprehensive comparison of the two strategies is presented in Fig. S4. Although the 
control QLED can theoretically achieve a higher maximum LEE, this only occurs in a nearly 
unpolarized state (Fig. S4a). The superiority of the CIPS platform becomes evident when considering 
the achievable PR. As shown in Fig. S4b, the CIPS LP-QLED consistently yields a theoretical peak 
PR exceeding 3000 for any TDM orientation. In contrast, the control QLED only begins to show a PR 
greater than 9 when ΘV ≥ 0.99, a regime of extreme and often impractical material engineering. For 
isotropic QDs (ΘV ~ 1/3), the control device is nearly unpolarized, with a peak PR of only ~1.4. 

The most critical comparison is the direct relationship between LEE and peak PR, shown in Fig. 
S4c. While the control QLED offers a high LEE for low ΘV values (ΘV ≤ 0.9), it does so at the cost of 
a negligible PR. In the regime where the control device can produce any meaningful polarization (e.g., 
a peak PR of ~9 at ΘV = 0.99), its LEE has already plummeted to just 0.72%. For a given LEE, the 
CIPS platform would yield a PR two to three orders of magnitude higher. For example, using near-
isotropic QDs (ΘV ~ 1/3), the CIPS device achieves a theoretical peak PR of ~3952 with an LEE of 
~1.7%. Even for a completely horizontal emitter (ΘV = 0), the CIPS device still provides a peak PR of 
~3920 with a respectable LEE of ~2.0%. 

In conclusion, the CIPS platform can improve the overall performance of LP-LEDs by overcoming 
previous limitations. It not only eliminates the need for challenging TDM engineering for anisotropic 
emitters but also provides a superior balance between PR and LEE, enabling the use of readily 
available isotropic emitters to achieve state-of-the-art polarization performance. 
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Note S4. Theoretical framework and physical origin of the CIPS Effect, and MATLAB code. 

The CIPS effect originates from the angle- and polarization-dependent optical response of the 
complete vertical microcavity, which includes the top Al mirror, the bottom DBR, and all intermediate 
functional layers in QLED. However, the dominant contribution to the polarization splitting itself 
comes from the DBR. The Al mirror has a relatively weak polarization dependence at the high angles 
of interest (see Fig. S11), and the thin carrier transport and QDs layers primarily contribute to the 
overall phase thickness of the cavity. Therefore, to elucidate the fundamental physical origin of the 
CIPS effect in the clearest possible way, it is sufficient and instructive to analyze the optical properties 
of the DBR in isolation. By studying how the DBR alone interacts with TE and TM polarized light, 
we can derive the essential physics of the polarization-dependent band-edge shift, which is the core 
mechanism exploited in our device. This DBR-centric model provides a direct and quantitative 
understanding of the splitting phenomenon, which is the foundation upon which the full device 
performance is built. 

We model the DBR as an infinite periodic stack of two alternating dielectric layers: a high-index 
layer (H) with refractive index nH and thickness dH, and a low-index layer (L) with nL and dL. The 
analysis begins with the transfer matrix method (TMM). 

For a plane wave of angular frequency ω propagating through a layer j, the electric (E0) and 
magnetic (H0) field at its front interface (z = 0) and back interface (z = dj) are related by a characteristic 
matrix Mj: 
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Here, kx = k0n0sinθ0 is the in-plane wavevector, which is conserved across all layers. The optical 
admittance ηj is the crucial polarization-dependent term. For TE waves, the electric field is 
perpendicular to the plane of incidence. The admittance is:  

,
,

0

z j
j TE

k



           (3) 

For TM waves, the magnetic field is perpendicular to the plane of incidence. The admittance is:  
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A DBR unit cell consists of an H-L pair. Its transfer matrix is the product of the individual matrices:  
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For a wave propagating in an infinite periodic structure, the fields after one period (Λ = dH + dL) 
must be related to the initial fields by a Bloch phase factor e±iKΛ, where K is the Bloch wavevector. 
This means e±iKΛ must be the eigenvalues of the unit cell matrix Munit. The sum of the eigenvalues is 
equal to the trace of the matrix, Tr(Munit).  
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From Euler’s formula and Equation (5), we can get: 

11 222 cos( ) 2cos cos sin sinL H
H L H L

H L

K m m     
 


      

 

  

1cos( ) cos cos sin sin
2

L H
H L H L

H L

K     
 


       

    (6) 

This is the dispersion relation for the infinite DBR. 

The photonic stopband (the high-reflectivity band) exists when the wave cannot propagate, 
meaning the Bloch wavevector K is complex. This occurs when |cos(KΛ)| > 1. The band edges are 
precisely where |cos(KΛ)| = 1. 

Let’s examine the polarization-dependent term in Equation (6):  

1
2

H L
pol

L H

X  
 

      
 

Substituting the definitions of admittance for each polarization (normalized for simplicity): 

For TE modes:  

1 cos cos
2 cos cos

H H L L
TE

L L H H

n nX
n n

 
 

      
        (7) 

This term depends on the cosine of the propagation angles. 

For TM modes: 

1 / cos / cos 1 cos cos
2 / cos / cos 2 cos cos

H H L L H L L H
TM

L L H H L H H L

n n n nX
n n n n

   
   

                 
   (8) 
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This term depends on a ratio involving the inverse of the cosines. 

At normal incidence (θj = 0, cosθj = 1), XTE = XTM, so the dispersion relations are identical, and 
the stopbands do not split. However, for any non-normal incidence (θj > 0, cosθj < 1), the values of 
XTE and XTM diverge. Since the band-edge condition depends directly on these terms, the spectral 
positions of the stopband edges for TE and TM modes will diverge. This differential shift, which 
increases with the angle of incidence, is the quantitative origin of the CIPS effect. 

Below is the MATLAB code for CIPS analysis on DBR: 

% --- MATLAB script for detailed DBR analysis --- 
% This script analyzes a DBR stack assuming incident from air, by: 
% 1. Plotting angle-resolved reflectance spectra with band edges overlaid. 
% 2. Analyzing and plotting the splitting of the photonic stopband edges and center. 
% 3. Calculating and plotting the transmittance at 537 nm vs. angle. 
 
clear; clc; close all; 
 
%% --- 1. Define simulation and DBR parameters --- 
lambda_range_nm = 400:0.5:700;       % Wavelength range for spectra (nm) 
theta_deg = 0:0.5:85;              % Incident angle range (degrees) 
theta_rad = deg2rad(theta_deg);    % Incident angle in radians 
 
% --- Material dispersion data (wavelengths in nm) --- 
lambda_high_nm = [310, 410, 510, 610, 710, 810]; 
n_high_data = [2.51652, 2.29018, 2.21599, 2.18412, 2.16784, 2.15847]; % Ta2O5 
lambda_low_nm = [310, 410, 510, 610, 710, 810]; 
n_low_data = [1.48534, 1.46911, 1.4618, 1.45777, 1.45509, 1.45325]; % SiO2 
 
% Create interpolation functions for refractive indices 
n_H_func = @(l) interp1(lambda_high_nm, n_high_data, l, 'pchip'); 
n_L_func = @(l) interp1(lambda_low_nm, n_low_data, l, 'pchip'); 
 
% --- DBR stack definition --- 
n_incident = 1.0;  % Refractive index of incident medium (air) 
n_exit = 1.46;     % Refractive index of exit medium (quartz substrate) 
d_H = 66.3;        % Thickness of Ta2O5 (nm) 
d_L = 99.4;        % Thickness of SiO2 (nm) 
num_pairs = 16; 
 
% Pre-allocate matrices 
R_tm = zeros(length(lambda_range_nm), length(theta_rad)); 
R_te = zeros(length(lambda_range_nm), length(theta_rad)); 
 
%% --- 2. TMM calculation loop --- 
for i_lam = 1:length(lambda_range_nm) 
    lambda_nm = lambda_range_nm(i_lam); 
    n_H = n_H_func(lambda_nm); 
    n_L = n_L_func(lambda_nm); 
    for i_ang = 1:length(theta_rad) 
        theta0 = theta_rad(i_ang); 
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        R_tm(i_lam, i_ang) = calculate_DBR_reflectance(lambda_nm, theta0, 'tm', 
n_incident, n_exit, n_H, n_L, d_H, d_L, num_pairs); 
        R_te(i_lam, i_ang) = calculate_DBR_reflectance(lambda_nm, theta0, 'te', 

n_incident, n_exit, n_H, n_L, d_H, d_L, num_pairs); 
    end 
end 
 
%% --- 3. Band-edge and splitting analysis --- 
reflectance_threshold = 0.8; 
upper_edge_tm = NaN(size(theta_deg)); lower_edge_tm = NaN(size(theta_deg)); 
upper_edge_te = NaN(size(theta_deg)); lower_edge_te = NaN(size(theta_deg)); 
 
for i_ang = 1:length(theta_deg) 
    [upper_edge_tm(i_ang), lower_edge_tm(i_ang)] = find_band_edges(R_tm(:, i_ang), 

lambda_range_nm, reflectance_threshold); 
    [upper_edge_te(i_ang), lower_edge_te(i_ang)] = find_band_edges(R_te(:, i_ang), 

lambda_range_nm, reflectance_threshold); 
end 
 
splitting_upper = upper_edge_tm - upper_edge_te; 
splitting_lower = lower_edge_tm - lower_edge_te; 
splitting_center = (upper_edge_tm + lower_edge_tm)/2 - (upper_edge_te + 

lower_edge_te)/2; 
 
%% --- 4. Visualization --- 
% Figure 1: DBR angle-resolved reflectance spectra with band-edges 
figure('Name', 'Figure 1: DBR reflectance with band-edges', 'Position', [50, 600, 1200, 

400]); 
% TM Plot 
subplot(1, 2, 1); 
imagesc(theta_deg, lambda_range_nm, R_tm);  
set(gca, 'YDir', 'normal'); colorbar; colormap('jet'); caxis([0 1]); 
hold on; 
plot(theta_deg, lower_edge_tm, 'w--', 'LineWidth', 1.5, 'DisplayName', 'TM band-edge'); 
plot(theta_deg, upper_edge_tm, 'w--', 'LineWidth', 1.5, 'HandleVisibility', 'off'); 
xlabel('Incident angle \theta_{in} (°)'); ylabel('Wavelength (nm)'); title('TM 

reflectance'); 
yline(537, '--k', 'LineWidth', 1.5); 
set(gca, 'FontSize', 12); 
 
% TE Plot 
subplot(1, 2, 2); 
imagesc(theta_deg, lambda_range_nm, R_te); 
set(gca, 'YDir', 'normal'); colorbar; colormap('jet'); caxis([0 1]); 
hold on; 
plot(theta_deg, lower_edge_te, 'w--', 'LineWidth', 1.5, 'DisplayName', 'TE Band Edge'); 
plot(theta_deg, upper_edge_te, 'w--', 'LineWidth', 1.5, 'HandleVisibility', 'off'); 
xlabel('Incident angle \theta_{in} (°)'); ylabel('Wavelength (nm)'); title('TE 

reflectance'); 
yline(537, '--k', 'LineWidth', 1.5); 
set(gca, 'FontSize', 12); 
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sgtitle('Angle-resolved reflectance of DBR with band-edges overlaid', 'FontWeight', 
'bold'); 
 
 
% Figure 2: Transmittance at 537 nm (QD EL peak) 
target_lambda = 537; 
[~, lambda_idx] = min(abs(lambda_range_nm - target_lambda)); 
T_tm_537 = 1 - R_tm(lambda_idx, :); % T = 1 - R (assuming lossless) 
T_te_537 = 1 - R_te(lambda_idx, :); 
 
figure('Name', 'Figure 2: Transmittance', 'Position', [100, 100, 700, 500]); 
plot(theta_deg, T_tm_537 * 100, 'r-', 'LineWidth', 2, 'DisplayName', 'TM Mode'); 
hold on; 
plot(theta_deg, T_te_537 * 100, 'b-', 'LineWidth', 2, 'DisplayName', 'TE Mode'); 
grid on; xlabel('Emission angle \theta_{em} (°)'); ylabel('Transmittance (%)'); 
title(['Transmittance at ' num2str(target_lambda) ' nm']); 
legend('show', 'Location', 'northwest'); set(gca, 'FontSize', 12); ylim([-5 105]); 
 
% Figure 3: Band-edge and center splitting analysis 
figure('Name', 'Figure 3: Splitting analysis', 'Position', [850, 100, 700, 500]); 
plot(theta_deg, splitting_upper, 'r-', 'LineWidth', 2, 'DisplayName', 'Upper edge 

splitting (\Delta\lambda_14)'); 
hold on; 
plot(theta_deg, splitting_lower, 'b-', 'LineWidth', 2, 'DisplayName', 'Lower edge 

splitting (\Delta\lambda_{lower})'); 
plot(theta_deg, splitting_center, 'k--', 'LineWidth', 2, 'DisplayName', 'Center 

wavelength splitting (\Delta\lambda_{center})'); 
grid on; xlabel('Incident angle \theta_{in} (°)'); ylabel('Wavelength Splitting (nm)'); 
title('TM-TE stopband splitting analysis'); 
legend('show', 'Location', 'northwest'); set(gca, 'FontSize', 12); 
 
%% --- TMM function for DBR reflectance --- 
function R = calculate_DBR_reflectance(lambda_nm, theta0_rad, polarization, n_incident, 

n_exit, n_H, n_L, d_H, d_L, num_pairs) 
    N = n_incident; d_nm = inf; 
    for i = 1:num_pairs 
        N = [N, n_H, n_L]; 
        d_nm = [d_nm, d_H, d_L]; 
    end 
    N = [N, n_exit]; d_nm = [d_nm, inf]; 
     
    film_indices = 2:(length(N)-1); 
    M_total = eye(2); 
    for j = film_indices 
        Nj = N(j); dj = d_nm(j); 
        cos_theta_j = sqrt(1 - (N(1)/Nj * sin(theta0_rad))^2); 
        delta_j = (2*pi/lambda_nm) * Nj * dj * cos_theta_j; 
        if strcmpi(polarization, 'tm'), eta_j = Nj / cos_theta_j; else, eta_j = Nj * 

cos_theta_j; end 
        Mj = [cos(delta_j), 1i/eta_j * sin(delta_j); 1i*eta_j * sin(delta_j), 

cos(delta_j)]; 
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        M_total = M_total * Mj; 
    end 
    cos_theta_s = sqrt(1 - (N(1)/N(end) * sin(theta0_rad))^2); 
    if strcmpi(polarization, 'tm'), eta_0 = N(1) / cos(theta0_rad); eta_s = N(end) / 

cos_theta_s; 
    else, eta_0 = N(1) * cos(theta0_rad); eta_s = N(end) * cos_theta_s; end 
    m11=M_total(1,1); m12=M_total(1,2); m21=M_total(2,1); m22=M_total(2,2); 
    r_num = (eta_0 * m11 + eta_0 * eta_s * m12) - (m21 + eta_s * m22); 
    r_den = (eta_0 * m11 + eta_0 * eta_s * m12) + (m21 + eta_s * m22); 
    r = r_num / r_den; 
    R = abs(r)^2; 
end 
 
function [upper_edge, lower_edge] = find_band_edges(R_spectrum, lambda_vector, 

threshold) 
    above_threshold = R_spectrum >= threshold; 
    edges = find(diff([0; above_threshold; 0])); 
    if numel(edges) < 2, upper_edge = NaN; lower_edge = NaN; return; end 
    [~, max_idx] = max(edges(2:2:end) - edges(1:2:end-1)); 
    start_idx = edges(2*max_idx - 1); 
    end_idx = edges(2*max_idx) - 1; 
    lower_edge = lambda_vector(start_idx); 
    upper_edge = lambda_vector(end_idx); 
end 
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Figure S5. Photoluminescence (PL) and electroluminescence (EL) characteristics of QDs with 
CdZnSe/ZnSe/ZnxCd1-xS core/graded layer/shell structure and control QLED. 

 

 
 

(a) Normalized PL spectrum of the QDs on quartz and the EL spectrum of the control QLED under 
a 3.5 V bias. 

(b) Time-resolved PL (TRPL) decay of the QDs. The single-exciton PL lifetime (τX) is 10.6 ns. 
The near-single-exponential decay, with a coefficient of determination (R2) > 0.999, indicates a near-
unity photoluminescence quantum yield (PLQY) 15.  

(c) Normalized EL spectrum from (a) on a logarithmic scale. The inset shows the device 
architecture of the control QLED. 

(d) Measured luminance and external quantum efficiency (EQE) of the control QLED as a function 
of applied bias. The device achieves a peak EQE of approximately 14%. 
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Figure S6. Transmission electron microscopy (TEM) images of QDs and analysis of QD 
diameter distribution. 
 

 
 

(a, b) Dark-field and (c, d) bright-field TEM images of the QDs.  

(e) Histogram of the QD diameter distribution. The solid line represents a Gaussian fit, where the 
mean diameter (μ) and standard deviation (σ) are determined to be 11 nm and 0.9 nm, respectively, 
demonstrating a pronounced monodispersity of the QDs. 
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Figure S7. Back focal plane (BFP) imaging of QDs film on glass. 

 

 

 

(a) Experimental BFP image of the QDs film on glass. 

(b) Comparison of the experimental PL intensity profile (extracted along the dashed line in Fig. 
S7a) with simulation results. Fitting yields a ΘV of ~0.33, indicative of a macroscopic isotropic TDM 
distribution in the QDs film on glass. 
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Figure S8. The structure of three types of QLEDs: control QLED, type-A and type-B LP-
QLEDs. 

 

 

 

Schematic of the device structures for the (a) control QLED, (b) type-A LP-QLED, and (c) type-
B LP-QLEDs.  

(d) A summary of the functional layers and corresponding layer thicknesses for each device 
configuration.  
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Figure S9. Experimental setup for polarization- resolved PL and EL measurement. 
 

 
 

 (a) Schematic of the experimental setup for polarization-resolved PL measurement. The sample is 
mounted on a rotation stage to control the emission angle θ and is excited by a 355 nm laser (CNI, 
MPL-FN-355). A long-pass filter with cut-on wavelength of 405 nm blocks the pump laser, followed 
by a rotational linear polarizer (LBTEK, FLP25-VIS-M, with a high extinction ratio above 10000 at 
green and red wavelengths) to select the polarization angle φ. The signal is then collected and analyzed 
by a high-sensitivity spectrometer (Flight, FLA6500) and a PC connected to it. 

(b) Schematic of the experimental setup for polarization-resolved EL measurement. The setup is 
analogous to the PL system, where the sample is an electrically driven QLED, and consequently, the 
pump laser and long-pass filter are removed. 
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Figure S10. Refractive indices of the materials involved in this work. 

 

 

 

The refractive indices (n and k) of above materials are characterized by ellipsometer (TF-UVISEL, 
Horiba).  
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Figure S11. Simulated angle-resolved reflectance spectrum of the 16-pair Ta2O5/SiO2 DBR and 
100-nm-thick aluminum thin film. 

 

 
 

 (a-c) Reflectance spectra of the 16-pair Ta2O5/SiO2 DBR for (a) unpolarized, (b) TM-polarized, 
and (c) TE-polarized incident light with different θin.  

(d-f) Reflectance spectra of a 100-nm-thick Al thin film for (d) unpolarized, (e) TM-polarized, 
and (f) TE-polarized incident light with different θin.   

The green dashed lines indicate the peak EL wavelength (537 nm) of the control QLED. 
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Figure S12. Characterization of the 16-pair Ta2O5/SiO2 DBR on quartz (normal incidence). 

 

 
 

(a, b) A comparison between simulated (black solid curves) and experimentally measured (red 
dashed curves) spectra at normal incidence (incident angle θin = 0°). The reflectance spectrum reveals 
a photonic stopband with a maximum reflectance (Rmax) at ~579 nm. The measured high-reflectance 
(≥ 99.9%) band spans from 524 to 649 nm. 

(c) The transmission spectra, shown on a logarithmic scale, confirms a deep attenuation within the 
stopband. 

(d) Transmission spectra from five fabricated DBR samples illustrate the high reproducibility of 
the DBR. 
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Figure S13. EL polarization characteristics of the type-A LP-QLED at various emission angles. 

 

 
 

(a-d) Experimental (solid lines) and simulated (dashed lines) EL spectra for both TM and TE 
modes, measured at emission angles θem of (a) 66°, (b) 67°, (c) 68°, and (d) 72°. The corresponding 
experimental PR is indicated in each panel.  

(e) θem-dependent simulated (solid line) and experimental (open circles) PR values, showing a 
peak near 70°. 
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Figure S14. Analysis of power dissipation and mode distribution in type-A LP-QLED. 

 

 
 (a) Schematic cross-section of the type-A LP-QLED. The propagation of light is described by its 
wavevector k and the angle θ relative to the interface normal (z-axis). The in-plane component of the 
wavevector, kx , is defined by 

0sin sinxk k nk  


 

where n is the refractive index of the medium and k0 = ω/c is the wavevector in free space. ω and c are 
the angular frequency and velocity of light in vacuum, respectively. The kx provides information on 
the propagation angle θ as well as the medium where the wave propagates both inside and outside of 
the LED. The analysis can be simplified by using the effective refractive index neff, which is defined 
by  

0/ sineff xn k k n    

 (b) Schematic dispersion diagram (ω−kx) for the LP-QLED, which is divided into distinct optical 
channels by light lines. The light lines represent the maximum possible in-plane wavevector kx in a 
given medium (e.g., ω = ckx/nmedium), and they are used to distinguish each region in the dispersion 
diagram. Light that can escape into the air is termed the out-coupled (OC) mode, existing in the region 
where 0 ≤ neff < 1. Light that is trapped within the quartz substrate via total internal reflection (TIR) is 
the substrate-guided (SG) mode, occupying the region 1 ≤ neff < nquartz (where nquartz ≈ 1.46 at green 
wavelengths). Similarly, light confined within the high-index functional layers (e.g., ITO, 
PEDOT:PSS, TFB, QDs, ZnMgO NPs. The n for these materials at green wavelengths are 
approximately 1.69, 1.52, 1.72, 1.93, 1.54, respectively) by TIR constitutes the waveguide (WG) 
modes, which exist for nquartz ≤ neff < nQD. Finally, surface plasmon polariton (SPP) modes are non-
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radiative modes confined to the metal-dielectric interface, occurring at high in-plane wavevectors (neff 
≥ nQD). The frequency-dependent wavevector for the SPP mode is given by  

0
m d m d

SPP
m d m d

k k
c

    
   

 
   

where εm is the complex dielectric function of the metal, and εd is the complex dielectric function of 
the dielectric layer attached to the metal. Since the SPP dispersion curve does not intersect the light 
lines, it cannot couple to radiative modes and are eventually dissipated as absorption losses in the metal 
cathode, representing a loss channel. 

(c, d) Simulated power dissipation spectra as a function of wavelength and neff for (c) TM- and (d) 
TE-polarized light in the type-A LP-QLED. The power is distributed into the different optical channels 
defined by neff : 

 0 ≤ neff < 1: OC mode and associated absorption loss (AL) mode; 

 1 ≤ neff < nquartz: SG mode and associated AL mode; 

 nquartz ≤ neff < nQD : WG mode in the functional layers (PEDOT:PSS, TFB, QDs, ZnMgO NPs); 

 neff ≥ nQD : SPP mode. 

(e) Wavelength-dependent mode distribution in type-A LP-QLED, summarizing the fraction of 
power coupled into each optical channel. 

(f) Wavelength-dependent LEE for total unpolarized (black), TM-polarized (green), and TE-
polarized (blue) light. The resulting polarization ratio (PR, red dashed line), calculated as 
LEETM/LEETE, is also plotted. In the green spectral region, the LEETE is strongly suppressed while the 
TM mode can be effectively extracted, leading to a large calculated PR that peaks at approximately 
2.48×105 at 541 nm. 
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Figure S15. Comparison of the Purcell effect in type-A and type-B LP-QLEDs. 

 

 
 

Simulated Purcell factor (FP) as a function of wavelength for the type-A (solid black line) and 
type-B (solid red line) LP-QLEDs. The intrinsic EL spectrum of QDs in control QLED is given for 
reference (green shaded area).  

The type-B device exhibits a significantly enhanced FP (~1.81) compared to the type-A device 
(~0.97) at the primary green emission band. This enhancement of the spontaneous emission rate is 
crucial for maintaining high EL efficiency and brightness16. Additionally, the suppression of the FP at 
off-peak red wavelengths in the type-B device contributes to higher emission color purity. 
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Figure S16. Comparison of simulated angle-dependent reflectance spectra for ITO-on-DBR 
and IAI-on-DBR. 

 

 
 

(a) Angle-resolved reflectance spectra for the type-A LP-QLED’s ITO-on-DBR, showing TM 
(top) and TE (bottom) modes.  

(b) Corresponding reflectance spectra for the type-B LP-QLED’s IAI-on-DBR.  

The comparison clearly shows that replacing the ITO with the IAI multilayer significantly 
broadens the high-reflectivity stopband for both polarizations across all incident angles θin. This 
enhancement is crucial for suppressing off-peak parasitic emission while maintaining the strong 
polarization splitting required for the CIPS effect. The white dashed lines indicate the QD’s 
intrinsic EL peak at 537 nm. 
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Figure S17. Analysis of power dissipation and mode distribution in type-B LP-QLED. 
 

 
(a, b) Simulated power dissipation spectra as a function of wavelength and neff for (a) TM- and (b) 

TE-polarized light in the type-B LP-QLED. 

(c) Wavelength-dependent mode distribution in type-B LP-QLED. 

(d) Wavelength-dependent LEE for unpolarized (black), TM-polarized (green), and TE-polarized 
(blue) light. The wavelength-dependent PR curve (red dashed line) is also plotted. The calculated peak 
PR for the type-B device reaches approximately 9.11×105 at 541 nm, which is more than three times 
higher than the peak value of 2.48×105 for the type-A device (see in Fig. S14f). 
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Figure S18. Comparison of measured EL spectra for type-A and type-B LP-QLEDs. 

 

 
 

The figure contrasts the measured TM (top) and TE (bottom) polarized EL spectra for the (a) type-
A at θem = 68° and (b) type-B LP-QLEDs at θem = 71°. Insets show the LP-QLEDs operating under 3.5 
V bias (active area is 0.04 cm2). Note that the TE spectra in both panels are magnified by a factor of 
40 for visibility.  

The type-A device exhibits noticeable parasitic side peaks in its TM-polarized spectrum and a 
relatively strong TE-polarized emission. In contrast, the type-B device shows a significantly cleaner 
TM-polarized spectrum and a strongly suppressed TE-polarized emission, providing direct evidence 
for the effective mitigation of both parasitic emission and TE-mode leakage.  

 
 
 
 

  



 31 / 35 

Figure S19. EL polarization characteristics of the type-B LP-QLED at various emission angles. 

 

 
 (a-f) Experimental (solid lines) and simulated (dashed lines) EL spectra of type-B LP-QLED for 
both TM and TE modes, measured at emission angles θem of (a) 75°, (b) 73°, (c) 71°, (d) 69°, (e) 68° 
and (f) 67°. The corresponding experimental PR is indicated in each panel. 

 (g) θem-dependent simulated (solid line) and experimental (open circles) PR values, showing a 
peak near θem = 71°. 
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Figure S20. Emission polarization characteristics of a commercial 532 nm diode-pumped solid-
state (DPSS) laser. 

 
(a, b) Measured emission spectra for two orthogonal linear polarization states, plotted on a linear 

scale (a) and a logarithmic scale (b). The logarithmic plot reveals the high extinction between the 
maximum and minimum intensity signals, yielding a PR of approximately 260. 

 (c, d) Polarization-dependent EL intensity as a function of the polarizer angle φ. Open circles 
represent the experimental data, while the solid red lines are fits, confirming the strong linear 
polarization of the DPSS laser emission.  
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Table S1. Performance benchmark of reported LP EL devices categorized by emitter type. 

 
The PR and degree of polarization (DOP) are calculated using the maximum (Imax) and minimum 

(Imin) intensities measured through a rotating linear polarizer, according to the formulas:  

max minPR /I I  and max min max minDOP ( ) / ( )I I I I    

The experimental PR of ~351 achieved in this work represents a new benchmark for solution-
processed devices based on perovskite and Cd-based colloidal nanocrystals, surpassing the previous 
record of 6.84 by over 50 times. The full citations for the references1-4,12,13,17-46 listed can be found in 
the final reference page.  
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