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ABSTRACT: Micro light-emitting diodes (LLEDs) are expected to revolutionize the display
technology due to their advantages over the current LCD and OLED technology and the possibility
to use them in micro displays, visible light communications and optogenetics. One of the main
challenges of this emergent technology is the efficiency drop with the reduction of LED size due
to sidewall defects. In this paper, we study the size and shape dependence of the external quantum
efficiency (EQE) by cathodoluminescence measurements at room temperature and 10 K. Our
results show that, for small pLEDs (between 2.5 and 10 pm width), there is an optimal intermediate
LED size for which the light emission is maximized, which we attribute to a competition between
the light extraction efficiency (which decreases with LED size) and the internal quantum efficiency
(which increases with LED size). In contrast to most prior studies that typically examine either
IQE or LEE with respect to size for larger LEDs, our work stands out by examining the interplay
between IQE and LEE for pLEDs below 10 um. These results are of high relevance for the design
of nLED arrays and show the need for understanding the evolution of light extraction efficiency

and sidewall non-radiative recombination with LED geometry and size.



Introduction:

I since the

Light emitting diodes (LEDs) have become the most efficient artificial light source
development of the blue LED in 1988, with common chip sizes of (300 x 300) pm? or larger.
Nowadays, a significant interest is directed towards the miniaturization of LEDs below (100 x
100) pm? down to 1 pm? because of their many possible applications: improvement comparted to
current LCD (Liquid Crystal Display) and OLED (Organic LED) display technologies, augmented
and virtual reality, visible light communication (VLC) or optogenetics.’”” However, one of the
main challenges of this emerging technology is the decrease of device efficiency with the reduction
of LED size due to the non-radiative recombination through defect energy levels introduced during
the etching process.®’ Although many studies have been carried out to study LED performance

dependence with size,'*!?

most of the literature focuses on relatively large LEDs, from
(500 x 500) pm? down to (10 x 10) pum?. The majority of papers investigate the size dependence
of the external quantum efficiency (EQE), which depends on two factors: the internal quantum
efficiency (IQE), affected by the radiative and non-radiative recombination, and the light
extraction efficiency (LEE) from the device. Two approaches!# are often employed in order to
increase the efficiency of LEDs: increasing IQE through the reduction of sidewall defects using

15-19 and/or improving light extraction by using a favorable LED design.?*-

post-etching passivation
23 However, the interplay between IQE and LEE as a function of LED size is difficult to
decorrelate.®** In this paper, we study the dependence of light emission of square and circular-
shaped LED mesa structures of various sizes (2.5, 5, 7.5 and 10 pm) through cathodoluminescence,
which enables us to map the light emission with nanometric resolution. By performing
measurements on the same mesas at room temperature (RT) and 10 K (where the defect-related
energy states are inactive), we were able to separate the LEE and IQE contributions to the EQE

and find their respective dependence with size and geometry, which paves the way towards the

efficient miniaturization of LEDs.
Experimental methods:

InGaN based LED structures were grown on 200 mm diameter Si(111) substrates by metalorganic

vapor phase epitaxy (MOVPE) using an AIXTRON Crius-R200 growth tool. The structure



consists of an AIN nucleation layer, AlGaN buffer layers, and 600 nm of non-intentionally doped
GaN. This was followed by 1 um of n-type GaN, doped with silicon at 5x10'® cm™, an active
region consisting of five InGaN multiple quantum wells (MQW) of 2.5 nm separated by 8 nm GaN
barriers, a 20 nm thick Alo.15Gao.ssN electron blocking layer (EBL) and finally 200 nm p-type Mg-
doped GaN with a 20 nm p+ highly doped layer. A transparent p-contact is fabricated by ITO
(Indium tin oxide) deposition. The epi-LED stack is then partially etched using chlorine based ICP
(Inductively Coupled Plasma) process. In an additional step suitable for cathodoluminescence
(CL) measurement, the remaining hard-mask and ITO layer on top of the LED pixel are removed

by wet process (HF + HCI 37%)).

Cathodoluminescence measurements were performed using an Attolight CL microscope.
The sample was excited by an electron beam with an acceleration voltage of 10 keV and a beam
current of 12 nA. This primary beam acceleration voltage was chosen in order to probe the multi-
quantum well region of the mesa structures (Monte Carlo simulation with Casino® software). The
luminescence was collected through an integrated light microscope (Numerical Aperture: 0.72)
embedded within the electron objective lens, giving an optical collection of 200 um around the
excited area. We assume negligible crosstalk in our GaN-on-Si epi-LEDs. Unlike GaN on
sapphire, where light propagates through the sapphire substrate, in our case, the Si substrate
absorbs the light, effectively suppressing crosstalk.?® By scanning the sample, the optical spectra
of each pixel of the secondary electrons (SE) image are recorded on a CCD camera through a
dispersive spectrometer (focal length: 320 mm, grating: 150 grooves/mm). Four circular and four
square mesa structures of different sizes were measured at room temperature (5 and 10 ms/px,
respectively) and 10 K (1 ms/px). Intensities are normalized to the highest value for each mesa
shape to avoid instrumental variability between the two geometry series and highlight the impact
of mesa size. The CL intensity maps obtained at both temperatures were aligned with reference to

their SE images using a Python routine developed at CEA.
Results and discussion:

Fig. 1 shows the integrated intensity maps over the MQW emission peak (from 390 to 520 nm) at
room temperature for four square and circular epi-LED mesa structures of different sizes. Fig. 2
shows the integrated intensity profiles, averaged over the area marked as red rectangles in Fig. 1

in the vertical direction, and the maximum and mean intensity (over the central area of the



rectangle) with its standard deviation. Both series of circular and square mesas have the same
widths (approx. 2.5, 5, 7.5 and 10 um) in order to be able compare their behavior, as the Shockley-
Read-Hall (SRH) recombination depends on the perimeter-to-surface ratio.?’ As expected, we
observe a reduction of the CL signal near the edge of the mesas due to non-radiative recombination
through sidewall defect energy levels. For the largest mesas, the maximum CL intensity is reached
between 3 and 3.5 um from the edge, a distance which is much greater than the minority carrier
diffusion length in GaN (typically ranging from 100 nm to 1 um)?-% or InGaN.3! However, it is
consistent with the values reported for high quality InGaN QWSs® and AlGaN.*® Indeed, similar
CL studies carried out on mesa structures without an AlGaN EBL showed that the detrimental
effect in the light emission due to the edges occurred over a smaller distance (around 800 nm).3*
Therefore, for the two smaller mesas, the whole volume is affected by non-radiative recombination
through sidewall defects. We should note that the measured CL intensity values for the circular
mesa with a size of 7.5 um have a broad distribution; the observed intensity fluctuations in Figs.
1 and 2.a, along with the higher standard deviation presented in Fig. 2.b, suggest caution in
interpreting and drawing firm conclusions from this specific dataset. These fluctuations could
potentially arise from various factors, including dislocations®® point defects®” and/or lateral
epitaxial inhomogeneities. Both mesa geometries show the same trend: as expected, the emitted
light increases with the size of the mesa, ranging from 2.5 to 7.5 um. This rise can be attributed to
the diminishing detrimental effect of sidewall defects with the decrease of perimeter-to-surface
ratio. However, a sudden intensity drop occurs for the largest mesa, as clearly seen in Fig. 2.b. A
favorable EQE peak for green uLEDs with diameter below 10 um has been previously reported,*

but this phenomenon still lacks interpretation.
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Figure 1. Integrated MQW cathodoluminescence intensity maps at room temperature for four

square and circular mesas with different widths (2.5, 5, 7.5 and 10 pm). Mesas of the same
geometry are presented using the same color scale that covers the intensity range of the mesa

showing the highest intensity value within the series.
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Figure 2. a) Integrated MQW cathodoluminescence profile at room temperature, normalized to
the highest value for each shape, and averaged in the vertical direction over the area marked as red
rectangles in Fig. 1, for four different sized square/circular mesas. b) Maximum (filled markers)

and mean intensity over the central area of the mesas (empty markers) obtained from graph a.



This striking result can be understood by separating the two factors contributing to the CL signal,

which are directly related to the EQE, which can be expressed as:
EQE = IQE - LEE

In order to examine the LEE component, we performed the same measurements at 10 K to reduce
the non-radiative recombination. When approaching 0 K, SRH recombination is avoided and the
IQE tends to 1. Therefore, the light emission measured at low temperature (LT) is governed by the
LEE. The integrated intensity maps over the MQW emission peak, the averaged intensity profiles
and the mean intensities (over the central area of the mesas) and maxima at 10 K are shown in
Figs. 3, 4.a, and 4.b, respectively. The first observation is that, aside from occasional variations,
the CL signal maintains a uniform distribution across the mesa (see Figs. 3, 4.a), contrary to the
measurements at RT, in which there was a considerable signal reduction near the edge. This
confirms that the non-radiative recombination through defect energy states on the mesa edges is
practically nullified at low temperature. However, the intensity fluctuations over the mesa remain
observable at LT. This could be attributed to the fact that we are not operating at 0 K, causing these
defects to remain partially unfrozen, or to non-radiative recombination through tunneling-assisted
transitions.> Alternatively, for dislocations, the variations in intensity might relate to exciton
dissociation prompted by the surface piezoelectric field. This could also explain why the
fluctuations are shorter-range compared to sidewall defects, as the former are not related to the
carrier diffusion length.*® For square mesas, the two smallest mesas have a similar maximum light
intensity (better appreciated in Fig. 4), and the larger ones show a linear decrease with the epi-
LED structure size. This result is in agreement with reported simulations of LEE comparing square
and circular mesa geometries, predicting a plateau for small square LEDs.?* However, the circular
mesas exhibit different behavior, with a CL signal reduction that occurs between the 2.5 um and
5 um mesas, before stabilizing between the 7.5 um and 10 pm size mesas, also in agreement with

LEE simulations for circular LEDs.!>24
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Figure 3 Integrated MQW cathodoluminescence intensity maps at 10 K for four square and
circular mesas with different widths (2.5, 5, 7.5 and 10 um). Mesas of the same geometry are

presented using the same color scale that covers the intensity range of the mesa showing the highest

<

intensity value within the series.
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Figure 4. a) Integrated MQW cathodoluminescence profile at 10 K, normalized to the highest
value for each shape, and averaged in the vertical direction over the area marked as red rectangles

in Fig. 3, for four different sized square/circular mesas. b) Maximum (filled markers) and mean

intensity over the central area of the mesas (empty markers) obtained from graph a.



Finally, we obtained the ratio of the CL intensity at RT and 10 K, which is governed by the IQE
(considering that the IQE at LT tends to 1 and assuming that LEE does not depend on temperature).
The resulting maps and profiles of this ratio are shown in Figs. 5 and 6, respectively. For both
geometries, the I(RT)/I(LT) ratio increases from 2.5 up to 7.5 pum, corresponding to the mesas
where the entire volume or nearly the entire volume is affected by the SRH recombination through
sidewall defects due to extensive carrier diffusion (around 3.5 pm).*! In the case of the square
mesas, there is a subsequent attenuation of this increase as the relative importance of SRH
recombination diminishes with the surface-to-perimeter ratio. A sudden decrease in I((RT)/I(LT) is
observed for the 10 um circular mesa. However, as stated previously, the CL intensity values
measured for the 7.5 um size at RT exhibit a broad distribution, as seen in the mean and standard
deviation presented in Fig. 4.b. Consequently, caution must be exercised in drawing conclusions
regarding whether this decrease represents a genuine decline or a dampening effect similar to that

observed in the case of square mesas.

2.5 um

2.5 um 5um 7.5 um 10 um

1um 1um 1um 2 um

Figure 5. MQW I(RT)/I(LT) maps (color scale normalized to the maximum value of each
geometry series) for four square and circular mesas with different widths (2.5, 5, 7.5 and 10 pm).
Mesas of the same geometry are presented using the same color scale that covers the value range

of the mesa showing the highest value within the series.
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Figure 6. a) MQW I(RT)/I(LT) profile from normalized intensities, averaged in the vertical
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direction over the area marked as red rectangles in Fig. 5, for four different sized square/circular

mesas. b) Maximum (filled markers) and mean value over the central area of the mesas (empty
markers) obtained from graph a.

These analyses show that the optimal light emission for the intermediate-sized 7.5 pm mesa
structures at RT can be explained by an interplay between the LEE and the IQE for both
geometries: the LEE decreases with the size of the mesa, while the IQE is governed by non-
radiative recombination through sidewall defects, which affects the mesas with higher perimeter-
to-surface ratio the most. It is worth noting that the reported results, obtained at a specific charge

carrier density (excitation at 10 kV), are subject to the dependency of the maximum EQE on this

quantity as per the ABC model.

Conclusion:

In this paper, we studied the dependence of light emission in micro epi-LED mesa structures with
different widths (2.5, 5, 7.5 and 10 um) and geometries (square and circular). The results show an
optimal intermediate mesa size, with a diameter lower than 10 um, as a consequence of a
competition between the light extraction efficiency (which decreases with size and shows a
different trend for square and circular geometries) and non-radiative recombination on the mesa

edges (which is greater for LEDs whose distance from the center to the edge is shorter or near the



minority carrier diffusion length). These findings illustrate the importance of understanding the
relationship of IQE and LEE with respect to LED size and geometry in the path towards pLED

array design.
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