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We report on the light extraction efficiency of III-Nitride violet light-emitting diodes with a volumetric

flip-chip architecture. We introduce an accurate optical model to account for light extraction. We fabri-

cate a series of devices with varying optical configurations and fit their measured performance with

our model. We show the importance of second-order optical effects like photon recycling and residual

surface roughness to account for data. We conclude that our devices reach an extraction efficiency

of 89%. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903297]

III-Nitride light-emitting diodes (LEDs) have seen sig-

nificant performance progress in past decades and are now

the basis for efficient solid-state lighting. Further improve-

ment is necessary to support adoption of this technology and

the corresponding energy savings. The main figure of merit

for LED efficiency is the power conversion efficiency, also

called wall-plug efficiency, which is the product of the exter-

nal quantum efficiency (EQE, i.e., the ratio of emitted pho-

tons to injected electrons) and of the electrical efficiency.

The latter is controlled by the LED’s forward voltage and

can be improved by reducing contact and junction resistance.

The EQE is given by

EQE ¼ Cex � g; (1)

where Cex is the extraction efficiency and g is the internal

quantum efficiency. Understanding the breakdown of these

two components of EQE is crucial, as it provides guidance

for further performance improvements. However, disentan-

gling them is a difficult task: one can attempt to measure g
directly (with experimental procedures of limited accuracy)

or to predict Cex from an optical model.

In principle, predicting Cex is attractive because optical

models can achieve high accuracy. However, this is only the

case if all the relevant physics is included. In practice, few

published results report on Cex for high-performance LEDs.1–5

Often, the value of Cex is predicted but is not cross-correlated

with experimental data so that the accuracy of the model can-

not be assessed.

In this letter, we present an advanced optical model to

predict Cex and demonstrate its accuracy by consistently

matching the experimental performance of a series of LEDs

with varying optical configurations.

We begin with a short discussion of the optical model

and its implications. Standard raytracing is often employed

to model Cex.
6–11 In our case, however, this is not fully war-

ranted: we employ small-scale (�1 lm) surface roughness

(SR) to randomize photon trajectories,12–14 and ray optics do

not necessarily apply in such a regime.4,15,16

Rather, as discussed in Ref. 17, the optical behavior of

SR can be accurately modeled in a wave-optics framework. In

this approach, the scattering matrix (relating the amplitude of

incoming and outgoing waves) for a textured interface is pre-

dicted by solving Maxwell’s equation, and averaged over vari-

ous configurations to obtain statistical trends. The study of

Ref. 17 concludes that SR scattering has a non-trivial behav-

ior, different from an ideal Lambertian diffuser. In particular,

scattering depends on the angle of incidence of light as

sketched in Figs. 1(a) and 1(b): near normal incidence it is

mostly diffuse, but at large angle specular reflection domi-

nates. Reference 17 also shows that the scattering behavior

can be parametrized by a single parameter, the scattering

strength f of the SR, with f¼ 0 corresponding to a smooth

interface and f¼ 1 corresponding to maximally scattering SR.

FIG. 1. (a) and (b) Scattering properties of SR. For light impinging near nor-

mal incidence, (a) scattering is split between an extracted component (blue

cloud) and a mostly diffuse backscattered component (red cloud). At large

incidence angle, (b) extraction is weak and backscattering becomes mostly

specular. (c) Inclusion of the SR model into a raytracing model. Rays follow

standard raytracing propagation; when they impinge on the SR, new scat-

tered rays are generated according to the SR model.a)Electronic mail: adavid@soraa.com
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Once the scattering matrix for SR is computed, it can be

integrated into a raytracing code to generate Cex predictions

as shown in Fig. 1(c). A commercial code can be used; how-

ever, here we use a proprietary code for additional conven-

ience and performance. We include various relevant optical

effects: angle- and polarization-dependent reflectivity and

loss for all interfaces, Fresnel reflection for smooth interfa-

ces, accurate scattering results for SR interfaces, and the

angular radiation diagram from the light-emitting region.18

As discussed in Ref. 17, our realistic SR model has im-

portant implications: in contrast to a simple model (e.g., pho-

ton gas based on Lambertian diffusion1,19), it predicts that

large-angle light can remain trapped in an LED for many

bounces and eventually be absorbed. This effect is especially

limiting in conventional thin-film LEDs17 but can be miti-

gated by using so-called volumetric LEDs20 with a vertical-

to-horizontal aspect ratio close to unity. Volumetric LEDs

are enabled by the use of bulk GaN substrates. They let light

escape both from the top and side surfaces, thus addressing

the imperfect scattering by SR. Reference 20 predicts that,

with a volumetric approach, Cex can approach 90%, signifi-

cantly higher than values reported for thin-film chips.

In order to validate the accuracy of the optical model,

however, we must compare it to experimental results. To this

effect, we put the model to a demanding experimental test:

we fabricate a series of LEDs with varying optical properties

and seek to fit all their measured performance consistently.

The epitaxial layers used for the LEDs are grown on low

dislocation density bulk GaN substrates by metal-organic

chemical vapor deposition. They emit around k¼ 415 nm.

All devices use similar epi wafers. We fabricate volumetric

LEDs with a triangular shape and a flip-chip contact archi-

tecture. We vary the following parameters: p-mirror metal

(low-reflectivity Ni or high-reflectivity Ag); top surface

(smooth or rough); and sidewall surface (smooth or rough).

Fig. 2 shows an image of a device with roughened top and

sidewall surfaces. We combine all parameters in a 2� 2� 2

factorial design.21 The design with Ag p-mirror and rough-

ened side and top surfaces is representative of our production

devices.

For each LED design, we measure the EQE at room

temperature at a current density of 9 A cm�2 (corresponding

to peak EQE), both for emission in air and in a standard

encapsulant (nenc¼ 1.4). Here and in the following, we use

the indices air and enc for these respective values.

Therefore, we obtain 14 EQE values to be fitted by the opti-

cal model. We note that with respect to Eq. (1), experimental

EQEs are multiplied by an additional factor: the package ef-

ficiency (PE) of the package holding the die. PE represents

the fraction of light emitted by the die which escapes from

the test package; its contribution needs to be factored out to

analyze results. To this effect, we carefully model light prop-

agation from the chip into the package with raytracing.

We use measured values for the reflectivities of all package

interfaces in order to predict optical loss accurately. We

obtain PE¼ 94%. All the EQE data reported in the following

are normalized by this value. Fig. 3(a) shows the experimen-

tal EQEs. Qualitatively, the trends are as expected: EQE
increases with a more reflective p-contact and with the addi-

tion of SR.

To better understand the data, we now introduce the so-

called encapsulation gain (EG)

EG ¼ EQEenc

EQEair
¼ Cex enc

Cex air
: (2)

EG is an important quantity for two reasons. First, as seen

in Eq. (2), g cancels out in the expression of EG.22 Therefore,

even if g is unknown, it is possible to test an optical model by

comparing the predicted and measured values of EG.

Second, and more importantly, EG serves as a proxy

for optical loss in an LED. To understand this intuitively,

let us consider a simplistic model where light bounces N
times in an LED before extraction and undergoes an aver-

age single-bounce loss L. In this case, Cex¼ 1�N�L and

EG becomes

EG ¼ 1� Nenc � L

1� Nair � L
: (3)

It can be seen from Eq. (3) that EG is always larger than

1 (light bounces more before extraction into air than into an

encapsulant, i.e., Nair>Nenc). Moreover, EG decreases as L
decreases, reaching an ideal value of 1 for L¼ 0 (i.e.,

Cex¼ 1). Therefore, for a given device architecture, the value

of EG gives insight into the amount of optical loss; low val-

ues of EG are desirable as they are indicative of a low-loss

device. We stress that EG is routinely used for this purpose

in the LED industry, although it seems to have found little

usage in academic investigations. Although the model lead-

ing to Eq. (3) is simple, more accurate treatments result in

similar trends.

FIG. 2. (a) Scanning electron microscope image of a fabricated LED with

roughened top and side surfaces. (b) Corresponding device geometry.

231111-2 David et al. Appl. Phys. Lett. 105, 231111 (2014)
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Fig. 3(b) recasts the data in terms of EQEenc and EG;

this data is equivalent to that of Fig. 3(a), but the values of

EG provide additional intuitive insight.

As a preliminary exercise to fitting all experimental

data, let us focus on a simple device configuration: Ag p-mir-

ror and smooth top and side interfaces. In this simple case

the value of EG is easily predicted as the ratio of the extrac-

tion cones to air and epoxy, yielding EG ¼ n2
enc � 2. This

textbook value is in stark contrast to the experimental result:

EG � 1.45. To explain this discrepancy, we must account for

two non-trivial extraction effects.

First, photon recycling2,23 (PR) plays a large role in the

performance of our LEDs. Indeed, we employ thick light-

emitting layers to mitigate droop; this entails significant

single-pass absorption, as shown in Fig. 4. Our devices also

have a high g so that much of the absorbed light can be re-

emitted, leading to PR. This effect boosts Cex in all devices,

and is most pronounced for smooth devices (where much

light is trapped and prone to re-absorption). PR can be

included in the optical model as follows:

C�ex ¼
Cex

1� gA
; (4)

where Cex is the extraction without PR, C�ex is the extraction

with PR, and A is the net absorption by the light-emitting

layers. Cex and A are computed by the optical model, then

Eq. (4) yields C�ex for a given value of g. By including PR in

the model, we find that the predicted EG for smooth devices

drops from 2 to 1.68. This is closer to the experimental data,

albeit still too high.

The second factor which contributes to lowering EG is

unintentional surface roughness on the sidewalls of the

LEDs. Indeed, some amount of SR is induced by the die sin-

gulation process even when a smooth surface is sought.

Therefore, we must include a non-zero value for sidewall

roughness f smooth
side . Even though this SR is weak, it has a

strong impact on EG: a scattering strength of f smooth
side ¼ 2:5%

is sufficient to fit the experimental results. Fig. 5 illustrates

how the experimental data for the smooth LEDs is well fitted

by including PR and unintentional SR; both EG and EQEenc

are well fitted at the same time. Note that the top surface

roughness is kept at a value of zero, as this surface can be

made perfectly smooth.

This discussion illustrates that second-order effects

(PR and unintentional SR) play a large role even in a seem-

ingly simple device geometry. This has implications

in many practical cases. For instance, high EQE is

sometimes investigated in volumetric devices with no

intentional extraction features.9,24 In such devices, ignoring

second-order effects can lead to underestimating Cex by

15%–25%—a large difference which also has bearing on

the estimation of g. Likewise, in test structures with a pla-

nar device geometry,25,26 second-order effects can signifi-

cantly modify the predicted value of Cex.

FIG. 3. Experimental and modeled performance of the LEDs. (a) The EQE
in air and encapsulant and (b) re-casts the data as encapsulated EQE and

encapsulation gain. The small symbols are the experimental data (one point

per LED). The model results correspond to the large symbols (whose

size has been adjusted to approximate the experimental spread). The legend

indicates the device type: p-contact/top roughness/side roughness (s: smooth,

r: roughened).

FIG. 4. Single-pass absorption through the light-emitting layers. The nor-

malized emission spectrum, also shown, has significant overlap with the

absorption spectrum.
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Now that this simplest device configuration is under-

stood, we seek to fit all the experimental data. Our model

only has three free parameters: g and the scattering strengths

ftop and fside for the intentionally-roughened top and side

interfaces. We use the same three parameters to fit all device

results. After optimizing these parameters, we obtain the pre-

dictions shown in Fig. 3: they are in excellent agreement

with the experimental data. Since we are fitting 14 measure-

ments, the problem is significantly over-determined; in other

words, it is by no means trivial to fit all data with the same

parameters at once. Therefore, the agreement shown in

Fig. 3 is a clear indication of the accuracy of the model.

As an outcome of the fitting procedure, we obtain

g¼ 95% and Cex¼ 89% for the best devices (Ag p-contact

and roughened surfaces). These values are the highest

reported for commercial LEDs in any material system and

warrant our volumetric chip approach. In an upcoming publi-

cation,27 we will demonstrate how this chip architecture

yields very high overall efficiency. Additionally, the high

extraction presented here is obtained for violet devices

(k¼ 415 nm), for which optical losses are relatively high. In

the case of blue devices (k¼ 450 nm) where optical losses

are lower, our model predicts that a value as high as

Cex¼ 95% could be achieved. Both of these values are very

close to the practical limit in realistic devices.

In conclusion, we presented a light extraction model

based on an accurate treatment of surface roughness. We

used it to simultaneously fit the performance of a series of

LEDs with varying optical designs, thus validating the

model’s accuracy. We introduced encapsulation gain as an

important quantity to interpret optical performance. We

showed that non-trivial effects such as photon recycling and

unintentional roughness could largely impact the perform-

ance of LEDs. We demonstrated a state-of-the-art light

extraction of 89% in volumetric violet LEDs. In general, we

believe that such accurate optical modeling has broad applic-

ability and is of importance to guide research in optoelec-

tronic devices.
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