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Photoelectric conversion of critically coupled quantum well devices
in the strong coupling regime
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Abstract: To enhance the net photoelectric conversion efficiency of quantum well infrared photodetectors, this study in-
vestigates the matching conditions between radiative dissipation and coupling strength in devices operating in the strong
light-matter coupling regime. A critical coupling model distinct from the conventional intrinsic and radiative dissipation
matching is proposed. Through an analytical model, the contributions of intrinsic thermal dissipation and coupling
strength to the critical conditions are quantified. The results indicate that, with optimized matching parameters, the net
photoelectric absorption efficiency, excluding thermal dissipation, can exceed 95%. Moreover, under the synergistic
regulation of the strong coupling mechanism and critical coupling conditions, the photodetection response can be en-
hanced by up to 160%. This work highlights the importance of optimizing dissipation and coupling parameters under
strong coupling conditions, providing theoretical and design guidance for improving photoelectric conversion efficiency
and enhancing the performance of quantum well infrared photodetectors.
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Fig. 1 Schematic Diagram of the Photodetector Device and Energy Level Distribution. : (a) Schematic diagram of the device: input opti-

cal field S; and output optical field S, ; radiative dissipation coefficient I, and nonradiative dissipation coefficient I' ; cavity mode electric field E,

and vacuum Rabi frequency Q. (b) Schematic of the energy level distribution: ground state E |, first excited state E |, collective excitation electronic

energy level £,, Fermi level £, and extraction level E.
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Fig. 2 Reflectance and Absorption Efficiency of the Photode-

tector. : (a) Reflectance spectrum under the conditions of E, =

130meV, g=0,~11meV, w,; =141 (b) Absorption efficiency
spectrum under the same conditions, with the shaded area representing
A(w). The blue line denotes 1 = R(w), and the red line denotes n(w);
(¢) Reflectance spectrum mapping obtained by varying the cavity mode
frequency E; (d) Absorption efficiency mapping obtained by varying

the cavity mode frequency E .
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Fig. 3 Relationship Between Net Absorption Efficiency, Ra-
diative Dissipation, and Coupling Strength. : (a) Variation of the
maximum absorption efficiency 1 (@) with the radiative dissipation coef-
ficient I, where the red dot represent theoretical predictions of the
peak value.(b) Distribution of the maximum absorption efficiency under
different radiative dissipation coefficients I, and coupling strengths g .
The blue solid line represents the numerical results, while the red
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Fig 4 Analysis of Maximum Photodetection Response with
Tunneling Effect and Critical Coupling. : (a) Maximum photode-
tection response versus extraction energy level w;, at g = 11 meV: blue
line considers tunneling and critical coupling, orange line considers tun-
neling only, and red line ignores tunneling.(h) Percentage improvement
in response with tunneling versus without tunneling. (¢) Percentage im-
provement under new critical coupling versus tunneling only.(d) Heat-
map of response improvement under the new critical coupling versus

conventional critical coupling as g varies.
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