Quantum Dot Efficiency in Display Technologies

1 Quantum Dots: Achieving 90% Quantum Efficiency

To demonstrate exactly how quantum dots achieve ~90% quantum efficiency, we’ll perform a detailed

numerical calculation using realistic parameter values from the literature.

1.1 Quantum Efficiency Formula
The quantum efficiency (QE) is defined as:
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Where:
e k, is the radiative recombination rate
e k,. is the total non-radiative recombination rate
The non-radiative rate can be broken down into its components:
knr = knr surface + EAuger + Kdefect + Kother
Where:
® Eur surface is the non-radiative rate due to surface traps
® kauger is the Auger recombination rate
® kgefect is the rate due to internal defects

® koiher represents other minor non-radiative pathways

1.2 Parameter Values for Core-Shell CdSe/ZnS Quantum Dots

For a high-quality CdSe/ZnS core-shell quantum dot with a core radius of 2.5 nm and a shell thickness

of 1.5 nm:

1.2.1 Radiative Recombination Rate

In bulk CdSe, the radiative recombination rate is approximately &, pyir /5 X 107 s~ 1.

The enhancement due to quantum confinement is:
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With the exciton Bohr radius for CdSe ag = 5.6 nm and core radius R = 2.5 nm:
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Therefore:
krop =11.24 x5 x 10" s71 = 5.62 x 10® s7*



1.2.2 Surface-Related Non-Radiative Rate

For an unpassivated CdSe quantum dot, the surface-related non-radiative rate is approximately knr sur face,unpassivated =
2 x 109 s71.
With a ZnS shell of thickness t4ne; = 1.5 nm, the suppression factor is:

Suppression factor = ¢~ 2*tshelt (6)

For the CdSe/ZnS interface with a conduction band offset of 0.9 eV and effective mass of 0.28my:

\/2 % 0.28 x 9.11 x 1031 kg x 0.9 eV x 1.602 x 1019 J/eV
e
h2 (7)
~49%x10°m ' =49 nm™!

Therefore: o
Suppression factor = e~ 2X4:9 nm xL5nm _ =147 o 4 1 51077 (8)

The surface-related non-radiative rate with the shell is:
Enr surface = 4.1 x 1077 x 2 x 107 s71 ~ 820 57! (9)

However, this calculation assumes perfect shell coverage. In practice, shell growth is not perfect, and
some surface states remain. Accounting for imperfect shell coverage and remaining surface states, a more
realistic value is:

knr,surface ~ D X 107 S_l (10)

1.2.3 Auger Recombination Rate

At low excitation levels (single exciton regime), the Auger recombination rate for core-shell quantum
dots with optimized interfaces is approximately:

kAuger ~ 1 x 107 s71 (11)
1.2.4 Defect-Related Non-Radiative Rate
For high-quality core-shell quantum dots with minimal internal defects:

kdefect /5 X 106 871 (12)
1.2.5 Other Non-Radiative Pathways
Other minor non-radiative pathways contribute approximately:

other ~ 1 x 105 71 (13)

1.3 Quantum Efficiency Calculation

The total non-radiative recombination rate is:

knr =5 x 107 +1 x 107 +5 x 105 + 1 x 10°

=6.6x 10" s™* (14)
Therefore, the quantum efficiency is:
ky 5.62 x 108
QF = — X
ky +knr  5.62 x 108 +6.6 x 107
(15)
_5.62 x 108

= o8 108 ~ 0.895 or 89.5%

This calculation demonstrates how well-engineered core-shell quantum dots achieve quantum efficien-
cies of approximately 90%.



2 OLEDs: Quantum Efficiency Calculation

For OLEDs, the quantum efficiency calculation is different because they are electroluminescent rather
than photoluminescent devices. The external quantum efficiency (EQE) of an OLED is:

EQE = X ng/1 X ey X Nout (16)
Where:
e 7 is the charge balance factor (fraction of injected charges that form excitons)
e 7g/7 is the fraction of excitons that can radiatively decay (spin statistics)
® q.;s is the effective radiative quantum efficiency of the emitter

® 7oyt is the light outcoupling efficiency

2.1 Parameter Values for a State-of-the-Art Phosphorescent OLED
2.1.1 Charge Balance Factor
In well-optimized OLEDs with good charge injection and transport layers:

v~ 0.95 (17)

2.1.2 Spin Statistics Factor

For phosphorescent emitters that can harvest both singlet and triplet excitons:

775’/T =1.0 (18)
For fluorescent emitters that can only use singlet excitons:
ns/r = 0.25 (19)

2.1.3 Effective Radiative Quantum Efficiency
The intrinsic radiative quantum efficiency of a phosphorescent emitter like Ir(ppy)s is:
Qint =~ 0.95 (20)
However, in the OLED device, this is reduced by quenching effects:
gefr ~ 0.85 (21)

2.1.4 Light Outcoupling Efficiency
Due to total internal reflection, waveguiding, and absorption losses:

Nout = 0.3 (22)

2.2 EQE Calculation for Phosphorescent OLED

EQE =0.95 x 1.0 x 0.85 x 0.3
= 0.243 or 24.3%

2.3 Internal Quantum Efficiency Calculation
The internal quantum efficiency (IQE) excludes the outcoupling factor:
IQE =7 X ns/r X qesy
=0.95x 1.0 x 0.85 (24)
= 0.808 or 80.8%

This shows that while OLEDs can achieve high internal quantum efficiencies (~81%), their external
quantum efficiencies are limited by outcoupling losses to around 24%.



3 Organic Fluorophores: Quantum Efficiency Calculation

For organic fluorophores, the quantum efficiency is determined by the competition between radiative and
non-radiative decay pathways, similar to quantum dots but with different underlying mechanisms.

3.1 Quantum Efficiency Formula
k.

E=——1—
Q kr+knr

Where:
e k., is the radiative decay rate

e k., is the non-radiative decay rate

3.2 Parameter Values for a High-Performance Organic Fluorophore (Rho-
damine 6G)

3.2.1 Radiative Decay Rate

For Rhodamine 6G in solution:
k. ~2.5x10%s7! (26)

3.2.2 Non-Radiative Decay Rates
The non-radiative decay includes several mechanisms:
1. Internal conversion: k;. ~ 5 x 107 s—!
2. Intersystem crossing: kis. ~ 1 x 107 71
3. Vibrational relaxation: ky;p ~ 2 x 107 s~1
4. Solvent interactions: kg, =~ 1 x 107 571

Total non-radiative rate:

knr =5 %107 +1x 107 +2 x 10" + 1 x 107

27
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3.3 Quantum Efficiency Calculation
2.5 x 108
QF = k. _ 5 x 10
ky + knr 2.5 x 108 +9 x 107
(28)
25 % 108

=31 0.735 or 73.5%

This calculation shows that high-performance organic fluorophores typically achieve quantum effi-
ciencies of 70-75%, which is good but still lower than well-engineered quantum dots.

4 Comparative Analysis

Let’s summarize the quantum efficiency calculations for the three technologies:

4.1 Why Quantum Dots Achieve Higher Efficiency

1. Enhanced radiative rates: Quantum confinement increases oscillator strength
2. Effective surface passivation: Core-shell structure dramatically reduces surface traps
3. Reduced Auger recombination: Engineered interfaces minimize Auger processes

4. Minimal internal defects: High-quality synthesis minimizes defect-related losses



Technology Quantum Efficiency Key Limiting Factors

CdSe/ZnS Quantum Dots 89.5%
Phosphorescent OLEDs (internal) — 80.8%
Phosphorescent OLEDs (external) 24.3%
Rhodamine 6G Fluorophore 73.5%

Remaining surface states, Auger recombination
Quenching effects, charge imbalance

Light outcoupling losses

Internal conversion, vibrational coupling

Table 1: Comparison of quantum efficiencies across different display technologies
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