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Graphical Abstract
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CF: conducting filament; EFD: electric-field doping
G-TCE: glass-film transparent conductive electrode

Abstract

Modern optoelectronic devices, including organic/inorganic solar cells and light-emitting diodes
(LEDs), require ultra-thin electrodes with a high electrical conductivity and wideband optical
transparency [1,2]. However, most conventional transparent conductive oxides (TCOs) are fragile
and electrically n-type materials with limitations with respect to their thickness, UV transparency,
and work function (WF) tuning. These limitations impede the band alignment and charge balance
when TCOs are used in a p-electrode [2]. Therefore, there has been a significant increase in the
demand for the successful tailoring of the WF in conventional ultra-thin TCOs without
compromising their innate electrical and optical characteristics.

To cope with these issues, we have proposed an electrically metal-doped glass-film electrode
with high transmittance, low resistance and properly-tuned work function. For instance, Ni-doped
ultrathin ITO films exhibited significantly low resistance and high transmittance. Furthermore, work
function values of such a Ni-doped ultrathin ITO have changed from 4.7 to 5.3 eV with an increase
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in Ni dopants, facilitating hole transport into the device active region. Similar changes were
observed for other TCOs such as aluminium-doped ZnO and fluorine-doped SnO films to show the
universality of the method. Finally, the proposed method is validated by applying these films to blue
and UV light-emitting diodes. This method offers a new paradigm for developing highly transparent
and low-resistant TCOs to bring efficiency breakthroughs in traditional photonic devices.

Keywords: Glass-film electrode; transparent conductive electrode; light-emitting diode; work
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