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Since theirintroduction to the marketin 1996, white light-emitting diodes
(LEDs) have greatly improved in performance, efficiency and manufacturing
cost. Understanding the extent and mechanisms of rapid progress in white

LED technology can provide valuable insights for accelerating innovation
in other demand-side clean energy technologies critical for reducing global
carbon emissions. Here we show, through cost and performance modelling
based on data from literature review, patent analysis and expertinterviews,
that the efficiency of top-performing warm white GaN-based LED packages
increased from 5.8%in 2003 to 38.8% in 2020. Over the same period, the
manufacturing cost of low-to-mid-power LED packages decreased by

95.5% from US$1.1to US$0.05 (in 2020 US dollars). We find that technology
spillovers from other sectors accounted for at least 8.5% of efficiency
improvements and nearly all consumer experience enhancements, playing
animportantrolein widespread LED adoptionin lighting.

Arapidreduction of global carbon dioxide emissionsis urgently needed
to mitigate the effects of climate change'. Achieving such an ambitious
goal requires both developing new clean energy technologies? and
accelerating the deployment of existing supply-side’ and demand-side
energy technologies®. To ensure rapid adoption of these technolo-
gies, substantial reductions in their costs and improvements in their
performance are needed. This requires understanding how these cost
reductions and performance improvements can be achieved®™®,
Improvements in technology cost and performance, which in
this study we generally call ‘innovations’, can occur via different
mechanisms, including (but not limited to) learning by doing®'°,
research and development (R&D), economies of scale’" or technol-
ogy spillovers®*, Different mechanisms can result in different kinds
of innovations, characterized by what changes in the technology
(for example, its architecture, design, materials, components or
manufacturing processes) and the scale of resulting improvements
(radical orincremental)®. For example, R&D efforts (sometimes also

called ‘learning by researching’)'* more often than other mechanisms
have been associated with substantial or even radicalimprovements
in technology performance. On the other hand, learning by doing is
typically associated with continuous incremental improvements in
the technology resulting from accumulated experience in technology
demonstration, manufacturing and use. Both mechanisms, as well as
economies of scale, can also lead to radical (that is, discontinuous)
orincremental reductions in technology costs.

Among these mechanisms, the role of technology spillovers in
innovation remains insufficiently understood®. Whereas the exact
definition of technology spillovers in the literature depends on the
context'>", we follow the approach of two previous studies®” and
define technology spillovers as the application of external knowl-
edgeinatechnology where knowledge is considered external if it has
been initially developed or applied in other technologies, sectors or
scientificdisciplines. There is emerging evidence that understanding
spillovers and knowledge networks beyond a particular technology
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may be an important factor in understanding®'® and shaping®" the
future evolution of technologies. For example, spillovers can provide
critical external knowledge inputs to the R&D process”, enable reuse
of experience from different sectors in learning by doing”and lead to
cost savings from repurposing the manufacturing equipment from
other sectors®.

The aim of this study is to identify and, where possible, quantify
the contribution of different mechanisms of innovation, including
technology spillovers, to the historical progress in white LEDs used
in general illumination. Lighting is a particularly important area for
climate change mitigation efforts, as it currently accounts for 15-19%
of global electricity consumption'®". It is also an area of rapid recent
technological change. Since the introduction of the first commercial
white light-emitting diodes (LEDs) in 1996?°, dramaticimprovements
inwhite LED performance and reductions in LED manufacturing cost,
supported by energy efficiency regulations phasing outincandescent
light bulbs, have led to the rapid expansion and diffusion of LED-based
solid-state lighting (SSL) technologies? . By 2020, highly efficient
LED lighting was projected to save an estimated 93 TWh of energy
per year in the European Union** and 580 TWh per year in the USA%,
whichis comparable with the amount of energy produced in the same
year by all photovoltaicinstallations in these regions. Notably, market
adoption of LED lighting is not limited to developed economies®. For
example, the durability, low up-front cost and high efficiency of LED
light sources have led to their early and widespread adoption in rural
West African communities without access to grid electricity?’.

Despite this impressive history, the mechanisms of technologi-
cal progress in white LEDs, a demand-side energy technology, have
not received as much attention from researchers as in supply-side
energy technologies, such as solar photovoltaics®’, wind energy”** or
lithium-ion batteries®®. To the best of our knowledge, no study has com-
prehensively analysed the mechanisms or extent of historical progress
inwhite LED technology (Supplementary Note 1 provides abrief review
of previous literature on this topic). This is consistent with previous
observations regarding the marginalization of end-use technologies
inthe analysis of energy innovation for climate change mitigation®?',
Understanding the extent to whichindividual innovations contributed
to overallimprovementsin white LED cost and performance, by which
mechanisms these innovations occurred and what role was played by
technology spilloversin this process will provide valuable lessons for
innovationin other demand-side energy technologies and clean energy
innovationin general.

To address these questions, we use a mixed-methods approach
to track and analyse historical progress in a set of cost and perfor-
mance metrics in warm white GaN-based phosphor-converted LEDs.
We find that device efficiency in such LEDs increased from 5.8% to
38.8%between 2003 and 2020. Most of thisincrease in efficiency can
be attributed to a series of specific innovations in white LED tech-
nology resulting from R&D efforts. Furthermore, 8.5% of the total
33 percentage point increase in LED efficiency, which amounted to
2.8 percentage points, was specifically due to innovations driven by
technology spillovers. We also find that R&D efforts and technology
spillovers led to nearly all improvements in consumer experience
metricsin white LED lighting technology. Next, our bottom-up LED
manufacturing cost model shows a 95.5% decrease in the cost of pro-
ducing low- to mid-power classic-chip-architecture white LEDs from
US$1.11 to US$0.05 (in 2020 US dollars) between 2003 and 2020. In
contrastwithimprovementsin LED device efficiency and consumer
experience, where progress was driven mostly by R&D efforts and
technology spillovers, we find that the dramatic decline in LED manu-
facturing cost was mainly a product of learning by doing that resulted
in higheryields across manufacturing steps and economies of scale
resulting from increases in sapphire wafer size. This pattern of con-
tributions of different innovation mechanisms to cost reductions
inwhite LEDs, an end-use energy technology, is very different from

similar observations in energy generation or storage technologies
such as solar photovoltaics or lithium-ion batteries. These differ-
ences, along with our findings on progress in consumer experience
metrics, indicate thatinnovationin LED lighting as a consumer-facing
demand-side energy technology may require different approaches
to R&D management and policy support thaninsupply-side energy
technologies. Finally, we note that among nine cases of technology
spillovers identified in our study, a majority occurred in areas with
a deep understanding of the underlying physical phenomena. This
indicates that investing in research that develops such physical
understanding and a more deliberate search for relevant external
knowledge may accelerate innovation bothin LEDs and other related
energy technologies.

Efficiency improvements

As we show in Fig. 1, the luminous efficacy of white LED-based light
sources dramaticallyincreased by three orders of magnitude injust over
20 years since the introduction of white LEDs to the market in 1996,
Thisis considerably faster than historical progress observed in previous
lighting technologies™. For comparison, the highest-performing LEDs
today reach efficacies of 220 Im W (ref. 33), whereas anincandescent
light bulb can only reach efficacies of up to 18 Im W™,

To track and analyse the sources of such rapid progress in white
LED technology, we apply the mixed-methods approach described
in Methods and collect data on historical improvements in individ-
ual sub-efficiencies of warm white phosphor-converted GaN-based
LED devices (Supplementary Methods 2 and 3 explain the choice and
describe these progress metrics, and Supplementary Note 3 provides
a summary of the findings). We also identify white LED innovations
and innovation mechanisms associated with these improvements
(Supplementary Note 4 and Table 1).

Using thisinformation, we calculate the overall lamp efficiency n,
for the best-performing mid/high-power phosphor-converted warm
white LED devicesinfouryears:2003,2010,2016 and 2020. The water-
fall diagrams of electric power input losses in Fig. 2 show how improve-
mentsinindividual sub-efficiencies led toimprovementsinthe overall
white LED lamp efficiency fromn, =5.8%in2003t012.7%in 2010, 32.6%
in2016 and finally to 38.8%in 2020. No single loss channel dominatesin
terms of its contribution to the overall efficiency, in line with previous
observations®*. We note, however, that the loss channels with a fixed
physical limit on efficiency — for example, Stokes loss that determines
thelight conversion efficiency by phosphors —becamerelatively more
dominantin2016 and 2020 compared to2003and 2010. Thisisadirect
result of large improvements in upstream sub-efficiencies (that s, in
the left-side columns in Fig. 2).

Figure 3 shows the overall magnitude of the contributions of the
identified LED innovations and technology spillovers to the improve-
ments in LED efficiency over time across different sub-efficiencies.
Most of theseinnovations, listed in Supplementary Note 4 and Table 1,
were aresult of R&D efforts, while asmaller number of innovations were
driven by learning by doing. This observation suggests substantially
higher relative importance of the R&D mechanism in white LED effi-
ciency improvements compared to the learning-by-doing mechanism.
Through the index decomposition analysis described in Supplemen-
tary Methods 9, we also find that out of the total LED efficiency increase
of 33 percentage points from 5.8%t0 38.8% between 2003 and 2020, at
least 2.8 percentage points can be attributed specifically toinnovations
drivenby technology spillovers, which corresponds to 8.5% of the total
LED efficiency improvements between 2003 and 2020.

In Fig. 3 we also compare efficiency improvements across sub-
efficiencies over time, contrasting them with the physical limits of
the corresponding loss channels. Notably, since we focus on the
best-performing devices typically discussed in the literature and
because we lack reliable information about the distribution of input
parameters, our point estimates do not show uncertainty ranges and
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Fig. 1| Historical progress in luminous efficacy n of the most widely used
lighting technologies in human history. Data points indicate best performers
by year of market introduction. Luminous efficacy of alight source n measures
how efficiently the source converts energy into visible light that can be perceived
by the human eye, taking into account the wavelength sensitivity of the eye
(Supplementary Methods 3). Dashed lines are visual guides based on a
third-order polynomialfit to the data trend. The physical limit on ; for anideal
light source with a colour rendering index CRI=90, denoted as KR%0 is shown as

max ’
ablack horizontalline, as per calculations by Murphy et al.”>. The magnified plot

shows progress in 7in cool white LEDs from 1996 to 2020, with the dashed line
indicating alinear rate of efficacy improvement of 10 Im W per year. For
comparison, efficacies of best performers in legacy lighting technologies for
2020 are shown as coloured horizontal lines. Note the logarithmic scale of the
vertical axis on the main plot and the linear scale on the magnified plot. CFL,
compact fluorescent lamp; HID, high-intensity discharge;Hal.,halogen; Incd.,
incandescent. Source: own synthesis of published data based on a visual
approach proposed by Azevedo et al.”’. Supplementary Note 6 provides the full
list of data sources and references.

Table 1| LED innovations related to improvements in consumer experience metrics

Year Name Chemical formula Description Historical importance
1996 YAG:Ce Y;AO,, : Ce Yttrium aluminium garnet (YAG) phosphor activated  First LED phosphor, enabled white LEDs
with cerium
1996 YGAG Y;-Gd,);Als0,, : Ce Gadolinium-doped YAG phosphor First red-shifted phosphor, enabled warm white LEDs
2000 258 (Ba,Sr),SisNg : Eu* Europium-doped nitridosilicate phosphor First red LED phosphor
2003 QD Not applicable Quantum dot (QD) phosphor First use of quantum dots for LED light down conversion
2005 PFS K,SiFg : Mn** Manganese-activated potassium fluorosilicate (PFS)  First ultra-narrow-band red LED phosphor
phosphor
2013 SLA SrLiAN,] : Eu** Europium-doped cuboidal nitridolithoaluminate Improved narrow-band red phosphor
phosphor
2017 SALON SrlLi,ALO,N,] : Eu? Europium-doped oxonitride phosphor High-performance ultra-narrow-band red phosphor

‘Year’ represents the earliest reported or patented application of innovation in white LEDs. These differ from the years shown in Fig. 4, which correspond to the earliest publication of spectral
data for commercial LED products that relied on those innovations. ‘Name’ denotes common abbreviations used to identify each innovation in the literature. Detailed descriptions of the history

of each innovation, with references, are provided in Supplementary Note 5.

should be interpreted as the expected values in a best-case scenario.
Nevertheless, we find that there was consistent progress across all
device sub-efficiencies in the period covered. Specifically, between
2003 and 2020, forward voltage efficiency increased from 70% to
99.5%, internal quantum efficiency from 55% to 90%, efficiency droop
from 65%t090%, light extraction efficiency from 60% to 90%, spectral
efficiency from 74% to 83%, conversion efficiency (red) from 11% to
45%, conversion efficiency (green) from 19% to 61%. Notably, some
sub-efficiencies for the most recent devices considered in our study
are now within -10 percentage points of their respective physical limits.
The exception is spectral efficiency which, at ~17 percentage points
below the physical limit, shows larger potential for further improve-
ments, which is important from the perspective of guiding ongoing
R&D efforts to improve white LED performance®~,

Consumer experience improvements

Historical progress in consumer experience metrics for white
GaN-based LEDsisshowninFig.4.Ingeneralillumination applications,
ahigh colour renderingindex (CRI) in combination with aspecific, tun-
ablerange of possible colour temperaturesis desirable (Supplementary
Methods 4).Both CRIand colour temperature metrics are determined

solely by LED device emission spectra, which, in turn, depend on the
properties of phosphor materials used for the down-conversion of
bluelight generated by conventional GaN-based LEDs into white light.

This allows us to establish the links between all major improve-
ments in the two consumer experience metrics considered in this
study and individual LED innovations associated with phosphors used
for light down-conversion in LEDs. The first commercial white LED
produced by Nichia in 1996 used a YAG (yttrium aluminium garnet)
phosphor activated with cerium that resulted in cool white light only™.
As shown in Fig. 4, after a series of innovations listed in Table 1, LEDs
today can be tuned for high CRI performance and arange of desirable
colour temperatures.

Taking together the detailed descriptions of the history of innova-
tionsin this list that we provide in Supplementary Note 5, we find that
all innovations related to LED consumer experience improvements
are primarily a result of R&D efforts, and only one of those innova-
tions did notinvolve technology spillovers: the 2017 SALON phosphor
compound’®**. All other innovations contributing toimprovementsin
the CRI and colour temperature metrics were either originally devel-
oped for non-LED applications or prominently used knowledge from
areas of science and technology beyond LED or SSL (Table 2). This
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Fig. 2| Historical waterfall diagrams of energy loss channels in ageneric
mid/high-power white LED package. a-d, Diagrams for 2003 (a), 2010 (b),
2016 (c) and 2020 (d). Losses are normalized to 1 Watt of electric power input.
Represented energy loss channels, listed in each columnin a, contribute to
the following sub-efficiencies, listed below each columnind and defined in
Supplementary Methods 3: i, forward voltage efficiency; i, internal quantum
efficiency; ny..p efficiency droop; n,, light extraction efficiency; n, light
conversion efficiency; s, spectral efficiency; n,, overall LED lamp efficiency.
Numbers for each loss channelindicate energy losses both in relative terms of
input power (in percentage) at the point of the channel and as absolute values
(in Watts). Percentages for loss channels labelled by red, green and blue text
indicate losses of corresponding remaining red/green/blue light energy.

Note that absolute losses for individual loss channels may not always add up

to the total loss due to the accumulation of rounding error. To the right of

each waterfall diagram, the following representative LED architectures and
light-source spectra used in calculations for each considered year are shown

for reference: 2003, flip-chip with YGAG phosphor; 2010, flip-chip with 258
phosphor; 2016, flip-chip with PFS phosphor; 2020, chip-scale package flip-chip
with SALON phosphor. On the spectral plots, the red curve shows the wavelength-
dependent sensitivity of the human eye, whereas the black curve shows the
spectrum of the light source. Details for each LED architecture are provided in
Supplementary Note 2. Details on the phosphors for light down conversion are
providedin Table 1and Supplementary Note 5. Nonrad., non-radiative; scat.,
scattering. Source: own elaboration based on data on LED sub-efficiencies
presented in Supplementary Note 3 and LED spectral datain Supplementary
Note 5, with additional sources reported in Supplementary Note 6.

means that technology spillovers contributed to nearly all consumer
experienceimprovementsin LED-based lighting technology, thuslikely
havinganimportantrolein the widespread adoption of SSLingeneral
illumination applications.

Manufacturing costimprovements

Historical improvements in LED efficiency detailed in the ‘Efficiency
improvements’ section have been accompanied by a similarly impres-
sive decline in LED manufacturing costs and retail prices. As shownin

Fig.5, wefind that LED retail prices have fallen by two orders of magni-
tude atan average annual rate of 27.3% during the 2008-2020 period*’.

Owing to the limitations of lamp retail prices as a metric of pro-
gress in LEDs discussed in Supplementary Methods 5, we focus our
analysis on progress in white LED chip manufacturing costs instead.
To track this progress and identify its sources, we develop abottom-up
white LED manufacturing cost model described in ‘Manufacturing cost
model’ in Methods and Supplementary Methods 6. Fig. 6 shows the
main results of our cost modelling for low- to mid-power classic-chip
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Fig. 3| Contribution of innovations and technology spillovers to historical
progress in sub-efficiencies of phosphor-converted warm white LEDs.

LEDs with test currents of at least 350 mA are considered. The following
sub-efficiencies are represented: iy, forward voltage efficiency; 7,4, internal
quantum efficiency; 4., fficiency droop; i, light extraction efficiency; ncg,
conversion efficiency for red phosphors; ncy,g, conversion efficiency for yellow/
green phosphors; n5, spectral efficiency. The overall LED lamp efficiency n, is
displayed in the right-most column. A horizontal line at 100% efficiency of an LED
with a colour rendering index (CRI) of 85, and a colour temperature (CT) of 3,800
Kis provided for visual guidance. Vertical bars represent cumulative
contributions of LED technology innovations to efficiency improvements, with
purple barsindicating specific innovations driven by technology spillovers and
grey bars cumulatively indicating all other innovations identified in this study.
Horizontal coloured lines indicate sub-efficiency levels of best-performing LEDs

for the four years used in Fig. 2: 2003, 2010, 2016 and 2020. For additional
historical context, data for 1997 is included whenever possible. ‘NA’ denotes
sub-efficiencies where 1997 data could not be calculated for the following
reasons: fy, Ndroop depend on the device current, which was below 350 mAin
1997, making a comparison with contemporary devices difficult. g, ncy/c and n
arerelevant only to warm white LEDs, which were not availablein 1997.1TO,
indium tin oxide; PSS, patterned sapphire substrate; Phos., phosphors. Note that
the ITO current spreading layer affects different sub-efficiencies in different chip
architectures. For example, in modern flip-chip architectures i, ¢ no longer
depends onITO (Supplementary Note 2). Physical limits on sub-efficiencies are
indicated by black horizontal lines. Note that the physical limit of ny¢ is above
100% due to quantum effects’. 4 represents the remaining gap between the most
recent values and physical limits for each sub-efficiency. Source: own elaboration
based ondatarepresented in Fig. 2, Table 2 and Supplementary Note 3.
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Fig. 4 | Historical improvements in consumer experience metrics of phosphor-
converted white LED devices. Data points show the CT and CRI of the earliest
identified commercially available white LED products with published spectral
datathatused phosphorslisted in Table 1, eachindicated by the phosphor label
and publication year. Horizontal lines represent typical CTs of ‘traditional’ light
sources, shown for reference. The desirable range of colour temperatures for

homeillumination, indicated by a vertical red arrow, lies between two horizontal
orange lines representing typical incandescent light and warm daylight colour
temperatures. The horizontal red arrow indicates desirable higher CRI values.
Source: own calculations based on spectral data provided in Supplementary
Note 5 for white LED products with the following phosphors: YAG*, YGAG®,
258%, SLA”, PFS*, QD”*¢, SALON*,

GaN-based phosphor-converted white LED packages. We find that
the manufacturing cost of a single such LED decreased from US$1.11
(in 2020 US dollars) in 2003 to US$0.11 (2020 US dollars) in 2012 and
US$0.05 in 2020, a 95.5% overall decrease. Our model shows that for
the wafer-level manufacturing steps illustrated in Supplementary
Figs. 2-6, improved manufacturing yields and increases in the wafer
sizearejointly responsible for the largest contribution—thatis, 91%—to
the overall reductionin manufacturing cost per LED package between
2003 and 2020 (Supplementary Discussion 2).

Inthe case of manufacturingyield, the higheritis, the less inputs
arewasted on the production of asingle LED package. With the overall
manufacturingyield dramatically improving from~25%in2003 to ~75%
in 2020 (Fig. 6d), it is not surprising that the total yielded LED manu-
facturing cost declined considerably over this period.

In the case of wafer diameter, the larger the wafer, the more LED
chips can be produced from a single wafer. The wafer diameter com-
monly used in LED manufacturing has been steadily increasing from
50 mm (2inch’)in2003t0200 mm (‘8 inch’) in2020 (Supplementary
Fig. 14; note that the industry measures wafer sizes in mm but still
commonly refers to, for example, a 50-mm =1.9685-inch wafer as a
2-inch wafer’). We capture this effect in the model by calculating the
associated number of die per wafer (DPW) for each representative
wafer diameter*'. With more than a 30-fold increase in the number of
chipsthat canbe produced from asingle wafer (from 851 DPWin 2003
t0 26,838 in 2020; Supplementary Methods 7), the whole-of-wafer
processing steps now make up a much lower share of the total cost
of manufacturing a single LED package, going down from 66.1% of
the total cost in 2003 to 13.8% in 2020 (see wafer processing steps in
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Fig. 5|Historical changes in retail sales prices per luminous flux for LED-
based luminaires, 2009-2020. The luminaires considered include light bulbs,
spotlights and recessed lights. Red curved and dashed lines represent average
retail sales prices and price projections for LED-based luminaires published

by the US Department of Energy (DOE)””. Shown for reference are the average
prices for compact fluorescent (CFL) and incandescent light bulbs, with the
latter assumed constant based on the average in the covered time period. Note
that DOE price data (both historical reports and projections) are for traditional
Al9 light bulbs and do notinclude sales tax, placing them at the lower end of the
retail price distribution. Individual data points capture price data for a broader
range of luminaire types, many of which are more expensive than the traditional
A19 light bulb. Source: own synthesis of the historical inflation-adjusted sales
price data (in 2020 US dollars) for the EU, UK and US markets, collected from
various consumer watchdog databases and publications. Supplementary Note 6
provides the full list of data sources and references.

Fig. 6a—c). Asthe DPW number increases, the packaging steps, which
inthe classic-chip architecture must be performed separately for each
individual LED chip, make up alarger share of the total costin 2020 than
in 2003. However, as our interviewed experts noted, while growing
LEDs on larger wafers is economically desirable, it is also associated
with engineering and epitaxy challenges and high up-front cost of
new equipment.

Surprisingly, R&D efforts to improve LED technology and asso-
ciated technology spillovers are not found to have had a substantial
impact on LED manufacturing cost reductions during the period
considered. There are several explanations for this finding. First, the
functional unit of our analysis is an LED chip itself, not a luminaire
containing multiple chips. As LED efficiency and overall brightness
haveincreased, asmaller number of chips canbe used in luminaires to
obtain the samelevel of the overall lamp light flux*’. However, because
we are investigating improvements at the level of single packaged
chips, we do not capture the cost effects downstream of chip manu-
facturing, which may have been affected by R&D efforts differently.
Second, we find that the increase in wafer size and higher overall
yield that together account for as much as 91% of the total manufac-
turing cost reduction were both driven by advances in manufactur-
ing equipment (for example, in epitaxy) that enabled economies
of scale and by incremental manufacturing process improvements
fromlearning by doing, rather than specific innovations in LED tech-
nology resulting from R&D or technology spillovers. This finding,
separately supported by the observations of the interviewed experts
in LED manufacturing, suggests that R&D efforts and other innova-
tion mechanisms contributed to no more than the remaining 9% of
costreductions.

Notably, our bottom-up cost model is constructed to provide
process-step resolution across three different LED chip architectures:
classical chips, flip chips and chip-scale package flip chips. However,
in this study, we were able to collect data and compare the outcomes
only for the classical chip architecture. Collecting the full set of data
needed to populate the model for the remaining two architectures

requires access to proprietary information from the industry. With
this limitation, tracking manufacturing cost reductions for these two
LED chip architectures remains a topic for future work.

Our findings about the mechanisms of cost reductions are further
supported by a preliminary sensitivity analysis, presented in Sup-
plementary Discussion 1, where we find that the sensitivity of the cost
model to variation in its main parameters decreases over time with
the DPW increase. In Supplementary Discussion 3, we also provide a
comparison of our cost model results with past reports and projec-
tions published by the US DOE based on the LEDCOM cost model* and
industry datareported as part of the DOE SSL round table meetings.

Technology spillovers

Inthe Methods, we describe how we identify and analyse technology
spillovers and their contribution to innovation in white LED tech-
nology, following the frameworks developed by Stephan et al.® and
Kolesnikov et al.”>. We find that at least nine white LED innovations,
listedin Table 2, clearly involved technology spillovers. The three earli-
est spillovers made possible the use of YAG/YGAG phosphorsin LEDs,
thereby playing the key role in the development of the first commer-
cial white LED lighting products, essentially enabling the SSL market
and industry of today. As shown in in the ‘Efficiency improvements’
section, six subsequent spillovers contributed to at least 8.5% of the
total LED efficiency improvement between2003 and 2020 and nearly
allkey improvementsin consumer experience metrics. Interestingly,
theidentified technology spillovers contributed only to innovations
resulting from R&D efforts rather than learning by doing or other
mechanisms. To some extent, this finding can be aresult of limitations
in our methodology for the identification of spillovers, which may
favour spillovers associated with more radical rather thanincremental
innovations, as explained in the Methods.

Among the spillover sources, we find that all nine spillovers in
Table 2 had originsin thescientific disciplines such as various branches
of chemistry, materials science, optics, photonics and solid-state phys-
ics, which indicates the importance of scientific knowledge in the
development of white LED technology. Five spillovers also utilized
external knowledge from technologies such as cathode ray tubes,
fluorescent lighting, optoelectronic devices, nanotechnology and
nature-inspired material design.

Finally, as the main factors that enabled the spillovers listed in
Table 2, we identify public mission-oriented R&D funding; industry-
academia partnerships; firm experience in multiple industries and
markets; knowledge exchange events such as conferences; freedom
of searchin academia, often itself enabled by flexible public funding;
and university alumni networks.

Discussion

In this study, we use amulti-method approach to synthesize evidence
from multiple sources and reconstruct a detailed picture of the rapid
technological progress in white LED technology throughoutits history
across a set of metrics related to LED device efficiency (Figs. 2 and 3),
manufacturing cost (Fig. 6) and consumer experience (Fig.4). Improve-
mentsinthesemetrics are traced (with contributions quantified, where
possible) to specific white LED technology innovations resulting from
R&D efforts, technology spillovers, learning by doing, and economies
of scale in the manufacturing process.

We find that progressin LED efficiency and consumer experience
metrics has been mainly driven by R&D efforts and technology spillo-
vers. The relative contribution of technology spillovers to progress
in these metrics differs in magnitude, with a rather small 8.5% share
of the total efficiency increase but virtually all consumer experience
improvements attributed to spillovers. Our results show that technol-
ogy spillovers have been most prevalentin those efficiency loss chan-
nels that are well understood at the physical level (for example, light
extraction or spectral efficiencies) (Fig. 3 and Table 2).
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Fig. 6 | Historical changes in white LED manufacturing cost structure.
Presented cost calculations are an outcome of the cost model (Methods and
Supplementary Methods 6) for a single low- to mid-power GaN-based, classic
chip, phosphor-converted white LED package, assuming an ideal factory with
state-of-the-art equipment at a US location. a-c, Waterfall diagrams of white
LED manufacturing cost structure split by manufacturing process steps for
years 2003, 2012 and 2020. Process steps on the horizontal axis are sequenced
from left to rightin the same order as in the modelled LED manufacturing
process schematically represented in Supplementary Note 2. Numbers for each

process step indicate absolute and relative contributions to the total cost in
the corresponding year. Note that numbers may not always add up to the total
cost (US$1.11inafor 2003, US$0.11in b for 2012, US$0.05 in ¢ for 2020) due to
the accumulation of rounding error. d, Cumulative manufacturing yield after
each process step for years 2003,2012 and 2020. Note: cumulative yield of
the manufacturing process step is the product of all upstream manufacturing
process-step yields. CMP, chemical-mechanical planarization; depn.,
deposition; insp., inspection, litho, lithography; NA, not available.

Inaddition, we observe (but so far have not been able to quantify;
see Methods for details) a modest but meaningful contribution of
learning by doing to the efficiency improvements. Specifically, we
find thatimprovements in efficiency loss channels that are governed
by complex quantum effects at the atomic level (for example, internal
quantum efficiency or droop) and at present can only be described heu-
ristically have come mostly fromincremental manufacturing process
improvements resulting from learning by doing, with little evidence
for spillovers. Examples of such improvements include the tuning
of quantum wells and electron barriers in a LED device, which can
be achieved by incremental changes in doping and epitaxial growth
parameters** (Supplementary Note 4).

In contrast withimprovements in efficiency and consumer expe-
rience, which were mainly driven by R&D efforts and technology

spillovers, we find that dramatic manufacturing cost reductions in
white LEDs were primarily due to learning by doing allowing higher
yields across manufacturing steps and economies of scale result-
ing from increases in the sapphire wafer size. The dominant role of
economies of scale and learning by doing as the mechanisms jointly
responsible for 91% of the total manufacturing cost reductionsin white
LEDs canbe explained by the effect of demand-pull policies related to
incandescent light bulb bans and energy efficiency regulations, which
stimulated industry investments in LED manufacturing and scale up.
Inthis way, demand-pull policies may have been as pivotal to progress
inwhite LED lighting as in solar photovoltaics®.

Interestingly, comparable analyses of historical cost reductions
for supply-side energy technologies show a very different pattern of
relative contributions of innovation mechanisms to cost dynamics.
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Table 2 | Technology spillovers involved in white LED technology innovations identified in this study

Inv. S/0 Comm. LED innovation Spillover Enablers Origin Ref. Area of improvement
1926 1994 1996 LED phosphors Use of phosphors for light ~ Firm experience with Materials science (S), 35,62,63 Enabled light down
down conversionin LEDs  phosphors cathode ray tubes (T, conversion in LEDs
1967 1996 1996 YAG:Ce phosphor  Use of YAG:Ce Firm experience Chemistry (S), materials ~ 35,37,64-66 Enabled white LED
phosphor in a first white with phosphors; firm science (S), fluorescent products. ng, Ne
LED product working in multiple lighting (T), cathode ray
industries tubes (T)
1967 1996 <2002 YGAG phosphor Use of YGAG phosphorin  Firm experience Chemistry (S), materials  37,66-68 Enabled warm white
first warm white LEDs with phosphors; firm science (S) LEDs. ng, Nc
working in multiple
industries
1982 1996 <2007 Patterned Use of anti-reflective Not identified Optics and photonics 69-73 Nies Nig (depending
sapphire properties of substrate (S), materials science on chip architecture;
substrate (PSS) patterns in LEDs and technology (S,T), Supplementary Note 2)
nature-inspired material
design (T)
1971 1999 <2003 Indiumtin oxide Use of ITO current Public mission-oriented  Optics and photonics 72,74-76 Nyt Nie (depending
(ITO) current spreading layer in R&D funding; flexibility  (S), materials science on chip architecture;
spreading layer white LEDs of public funding; and technology (S,T), Supplementary Note 2)
industry-academia optoelectronic
partnership devices (T)
1997 20002002 2005 258 phosphor Use of luminescent 258’ Flexibility of public Chemistry (S), materials ~ 77-80 Ns Ne
nitridosilicate compound  funding; freedom of science (S)
as LED phosphor search; international
industry-academia
partnership
1984 2003 2009 Quantum dot Use of quantum dots for Public mission-oriented  Solid-state physics (S), 81-84 Ns Nc
phosphor light down conversion R&D funding; photochemistry (S),
in LEDs communication nanotechnology (T)
at a conference;
commercial success in
a different market
1972 2005 2015 PFS phosphor Use of knowledge in Public mission- Chemistry (S), materials ~ 85-87 Ns N
luminescent materials oriented R&D funding; science (S)
and skills in ‘wet’ international industry-
chemical synthesis academia partnership;
to synthesize PFS university alumni
compound and optimize networks
it as LED phosphor
2008 2013 2015 SLA phosphor Use of knowledge Industry-academia Structural chemistry (S), 88-91 Ns Ne

about existing cuboidal
nitride compounds to
identify and synthesize
structurally similar SLA
phosphor

partnership

materials science (S),
solid-state physics (S)

‘Inv denotes the the year of initial invention, identified by the earliest literature source describing a specific invention or idea (for example, a particular chemical composition) in a field outside
white LED lighting that eventually ‘spilled over’ (that is, got repurposed or applied) to white LED lighting. ‘S/O’ denotes the year of spillover, identified by the earliest reported or patented
application of the initial invention or idea in white LED technology. LED innovations in the table are ordered by the S/O year. Note the two S/O years for the 258 phosphor, which represent two
independently occurring spillovers that contributed to this innovation. ‘Comm. refers to the the year of commercial application, identified as the year of the first recorded application of the
initial idea or invention in a commercial LED product. ‘Enablers’ column summarizes our findings on various factors that enabled or supported spillovers described in ‘Spillover’ column. ‘Origin”
column represents knowledge domains in which spillovers initially emerged, where (S) denotes a scientific discipline and (T) is an area of technology. ‘Ref.’ column refers to literature sources
for the represented non-LED inventions, spillovers and white LED innovations. ‘Area of improvement’ column summarizes the impact of spillovers on different aspects of white LED technology,

for example, improvements in particular sub-efficiencies. Supplementary Note 5 provides a detailed description of the represented phosphor-related innovations and spillovers.

For example, Kavlak et al.” showed that for solar photovoltaic mod-
ules, increases in wafer size and manufacturing yield (with the latter
associated with learning by doing) respectively contributed only 11%
and 7% of cost reductions from 1980 to 2012, whereas innovations
resulting from R&D that increased the efficiency of solar modules
reduced the costs by 23%, with remaining cost declines explained by
economies of scale and decreases in material input prices. Similarly,
Ziegler et al.® showed that technological innovations resulting from
public and private R&D accounted for as much as 54% of cost declines
in lithium-ion batteries from the late 1990s to early 2010s, whereas
economies of scale contributed 30% and learning by doing associ-
ated primarily withimproved manufacturingyields reduced the costs
only by 2%. Such dramatic differences in relative contributions of the
same mechanisms to the cost dynamics between white LED lighting,
solar photovoltaics and lithium-ion batteries and our findings on the

progressin consumer experience metrics indicate that LED lighting as
ademand-side technology may be more directly affected by end-user
needs and demands than technologies focused on energy generation
and storage. It may also have substantially different characteristics
affecting its manufacturability and marketability that require different
typesof policy support and response than supply-side energy technolo-
gies. Whether our findings for white LED lighting are generalizable to
demand-side technologies more broadly, and what are the reasons
behind the observed differencesin the patterns of technological pro-
gressindifferent types of energy technologies, remains to be explored
infuture research.

Our analysis of the sources and enabling factors of the identified
technology spillovers highlights the critical role played by a deep
understanding of the physical, chemical and optical phenomenaunder-
lying the operation of LEDs, and materials science and technology
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and nanotechnology involved in the production of LEDs, for past and
future advancesin LED and SSL technology. Specifically, adeep physi-
calunderstanding of LED device efficiency loss channels has enabled
importantinnovationsin LEDs thatincreased several sub-efficiencies
in LEDs and will continue to do so, as expected by eminent experts in
the field whom we interviewed. A practical implication of this finding is
thatadditional researchin these areas and amore deliberate search for
relevant external knowledge may accelerate expected future advances
in LED technology and its applications both in SSL and technology
areas beyond general lighting. Corresponding technology spillovers
canbedeliberately stimulated, among other factors, by measures such
as knowledge exchange events and long-term partnerships between
academiaandindustry, dedicated mission-oriented public R&D fund-
ing, and ensuring certain freedom of searchinacademia. These obser-
vations also further reinforce broader arguments made against the
dichotomy of basic and applied research***¢ and the calls for open,
inclusive and flexible research cultures®.

Whereas additional work is necessary to determine if the pat-
terns we find for innovation in white LEDs apply to other demand-side
technologies, our findings already indicate potential broader impli-
cations. First, the fact that efficiency channels with greater physical
understanding were more likely to be shaped by spillovers indicates
that investing in research that develops such physical understand-
ing can reduce the cost of entry for new researchers and inventors,
facilitate spillovers and accelerate innovation. This could be even
more important for small-scale consumer-oriented technologies or
products (for example, cars, refrigerators, food) that may face rela-
tively lower barriers to entry in research compared to, for instance,
nuclear power or offshore wind. Second, we also find that innova-
tion focused on consumer experience improvements was incred-
ibly important for this demand-side consumer-facing technology
and that those improvements mostly relied on integrating external
knowledge through technology spillovers. This finding suggests that
R&D and innovation in demand-side technologies, which have been,
according to some scholars, ‘marginalized*®, should target further
improvementsin consumer experience while focusing on discovering
andintegrating relevant external knowledge. A third possible hypoth-
esis to test with future work on other demand-side technologies is
related to a potentially larger contribution of demand-pull policies
to improvements in the cost metrics over time through their impact
onscale up and learning by doing compared to R&D. If corroborated
in other technologies, this finding would add to the evidence on the
major role of regulations, bans and financial incentives in shaping
energy technology cost trajectories.

Finally, the lessons learned about the mechanisms of rapid pro-
gress in white LED technology may have broader implications both
for other demand-side or energy efficiency technologies and for
low-carbon energy technologies with similar characteristics such as
the granularity of technology, its modularity or complexity***’. By
comparingthe role of these factors atagranular level across different
low-carbon and energy efficiency technologies, we can identify and
generalize key cross-technology patterns or differences that would
help us formulate recommendations for industry and policymakers
aimed at accelerating further clean energy innovation for climate
change mitigation.

An important part of this future work would be to identify how
to select the right unit of analysis for cross-technology comparisons.
In this study, we analysed progress in LED lighting technology at the
level of the core technology component, white LED package, and did
it across a broad set of cost and performance metrics. By contrast,
comparable studies” focused on progress in the final products but
only for the cost metric. Such a difference should not have mean-
ingfully affected our comparison with these studies, as our research
indicates that virtually all important LED technology improvements
occurred at the chip and package level rather than in downstream

LED lamp components. However, future research, including potential
cross-technology meta-analyses, would benefit from developing a
formal methodological framework for such comparisons.

There are also several important avenues of future LED research
thatare opened up by our analysis. First, future work could expand the
cost model by collecting and including data for a broader set of chip
architectures.Second, adeeper diveinto therole oflearning by doing
isneeded bothinthe cost and performance analysis. Third, building on
the work on the physical limits in LED sub-efficiencies, future efforts
could focus on identifying priority areas for further performance
improvementsin LEDs and SSLin general.

Methods

Multi-method approach

The evolution of white LED device architecture and performance,
and the progress in understanding the underlying physical phenom-
ena, arerelatively well covered in the scholarly literature and patents
(Supplementary Note 1 provides a brief literature review). However,
theinformation provided in these two types of sources alone is insuf-
ficientfor our goals on atleast three accounts. First, existing scientific
publications or reviews typically focus only on specific individual
LED performance parameters or overall device efficiency, rather than
on providing a comprehensive coverage of all device parameters or
sub-efficiencies foraparticular LED product or design. Scientific pub-
lications describing particularinnovations also do not always disclose
the underlying device architecture or the features responsible for
the gains in performance. Second, not all relevant innovations are
patented*®*. Our interviews withindustry experts suggest that the pro-
pensity to patentis the highest for knowledge related to macroscopic
device architecture and chemical composition of phosphors and the
lowest for knowledge related to manufacturing process improvements
and microscopic chip architecture that is difficult to reconstruct by
reverse engineering. This means that relying only on patent literature
would bias the identification of innovations by unduly emphasizing
some areas of technology improvement and de-emphasizing others.
Third, scientific publications and patents typically focus on experi-
mental devices rather than commercial products. Whereas new LED
features, designs and manufacturing methods reported in patents
and publications can potentially resultin major performance gains or
costreductions, it is difficult to ascertain if these improvements have
sincebeen adoptedintheindustry. Furthermore, informationon LED
manufacturing costs and the effect of process improvements on the
total costis highly proprietary. Estimates are occasionally reportedin
the scientific literature and company publications, but these often do
not disclose which parts of the manufacturing process are responsible
for the largest contribution to the overall cost or whichimprovements
led to cost reductions.

To overcome the limitations of existing scientific literature and
patents, in this study we rely on a multi-method approach to data
collection and analysis, augmenting information obtained from a
comprehensive review of the primary scientific literature®, device
datasheets, relevant patents and industry publications (see ‘Com-
prehensive literature review’ below) with information gained from
semi-structured interviews with experts from academia and indus-
try (‘Semi-structured interviews’), own calculations of LED device
sub-efficiencies (‘Performance metrics calculations’) and bottom-up
manufacturing cost modelling (‘Manufacturing cost model’).

To implement this approach, first, we identify three sets of met-
rics to quantify historical progress in LED lighting technology: (1)
metrics of energy efficiency of LED devices, including the total device
efficiency (‘lamp efficiency’) and the sub-efficiencies that describe
different energy loss channelsin a LED device; (2) metrics of lighting
quality relevant to consumer experience, specifically the CRIand col-
our temperature; and (3) LED package manufacturing cost. The moti-
vation for the choice of these metrics is discussed in Supplementary
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Methods 2. Definitions and detailed descriptions are provided for
the efficiency metrics in Supplementary Methods 3, the consumer
experience metricsin Supplementary Methods 4 and the cost metric
inSupplementary Methods 5.

We then choose the most widely adopted variant of white LED
lighting technology, white GaN-based phosphor-converted LEDs, as
the focal technological area for our analysis. Next, using data from
the literature review, patent analysis and expert interviews either
directly or as inputs into the calculations of LED performance and
manufacturing cost, we track the historical improvements related to
the chosen metricsinsuch LEDs from theirintroduction to the lighting
marketto 2020, the most recent year with data available at the time of
data collection. The details of our findings at this step are provided in
Supplementary Note 3 for progress in efficiency, Fig. 4 for progressin
the consumer experience metrics and, for the manufacturing cost, in
anonline repository with our cost model data®®.

Whenever possible, we link the improvements we identified to
specific white LED innovations and innovation mechanisms, including
technology spillovers (Table 1, Supplementary Notes 4 and 5). When
the mechanism of a specific innovation is notimmediately clear from
the data collected, we classify the improvements associated with this
innovation as occurring via the R&D mechanism if these are charac-
terized in the literature or by the interviewed experts as substantial
improvements related to the underlying physical phenomena or LED
device architecture, which by their nature are likely to be a result of
targeted R&D efforts. Similarly, we classify the improvements as driven
by the learning-by-doing mechanism if the evidence collected indi-
cates that they resulted from incremental innovations related to LED
manufacturing processes.

Notably, in several cases of efficiency improvements, we identify
a series of continuous, most likely incremental changes occurring
in the same area or component of technology over a long time in
whichit was not possible to distinguish individual innovations, their
scale or specific mechanisms by which they occur (Supplementary
Note 4 provides specific examples). For several continuousimprove-
ments of this nature, if these can reasonably result from either R&D
or learning by doing, given the evidence we have, we assign both as
possible mechanisms of innovation. Unfortunately, the uncertainty
inassigning these two mechanisms to specific white LED innovations
does not allow us to fully disentangle and quantify the contributions
of R&D and learning by doing to the overall improvement in white
LED efficiency. Because of this, we provide only a rough qualitative
estimate of the higher relativeimportance of the R&D mechanism to
theseimprovements compared to the learning-by-doing mechanism.
This estimate is based on the total number of identified LED inno-
vations associated with each mechanism across all sub-efficiency
channels (>20 for R&D vs eight for learning by doing; Table 1 and
Supplementary Tables1and 2) and the assumption, discussed in the
previous paragraph, that R&D-related innovations are more likely to
resultin substantialimprovements than innovations resulting from
learning by doing.

Among otherinnovation mechanisms, we associate improvements
directly related to the scale of LED production with economies of scale.
Perhaps unsurprisingly, such improvements are found only for the
LED manufacturing cost metric (‘Manufacturing costimprovements’
section provides details). Finally, for the identification of technology
spillovers, we rely on conceptual and methodological frameworks
proposed by Stephan et al.® and Kolesnikov et al.” that view spillovers
asthe process of knowledge transfer between knowledge domains. Spe-
cifically, we synthesize information from the interviews, the literature
review, historical records, and citations in patents and publications to
identify which white LED innovations were driven by external knowl-
edge originating in areas of science, technology and manufacturing
beyond white LED lighting (Table 2). This approach allows us to not
onlyidentifyindividual cases of technology spillovers but also analyse

the sources of external knowledge involved in these spillovers, what
factors enabled or facilitated them, and how the identified spillovers
contributed to progress in white LED lighting.

Importantly, the key condition for identifying a spillover in this
approach is determining whether its contribution to the LED innova-
tion was external to the focal technology domain at the time of its
occurrence. As noted above, we define our focal domain narrowly as
white GaN-based phosphor-converted LEDs. We consider innovation
in this domain to be driven by a spillover if it involves a direct use or
repurpose of knowledge initially discovered, developed or appliedin
other domains of science, technology or manufacturing. We restrict
our analysis only to innovations specific to white LED technology and
manufacturing and exclude ‘second-order’ spillovers that may contrib-
ute togeneralimprovementsin manufacturing technologies or equip-
mentused to produce white LEDs. We do this to clarify the scope of our
analysis and make it tractable. As an example, specificimprovements
inthe epitaxial processto grow better white LED chips are considered
in the analysis of spillovers, whereas general improvements in the
epitaxial technology and equipment relevant to the manufacturing
of awiderange of semiconductors, including but not limited to LEDs,
arenotincluded inthe analysis if they do not consider the specifics of
white LED manufacturing.

Anotable limitation of our methodology for the analysis of spillo-
versisthatitmay favour the identification of spillovers associated with
more radical rather than incremental innovations®. This is due to its
reliance on historical documents, publications and expert interviews
as the primary sources of information about specific innovations
that have contributed to progress in a technology. In theory, in this
approach, we capture codified knowledge about innovation in writ-
ten sources and tacit knowledge in expert interviews. However, both
types of information source tend to highlight technological break-
throughs associated with radical innovations rather than continuous
incrementalimprovements, even though both types of innovation may
equally benefit from technology spillovers. As aresult, when applying
our methodology, we may have potentially overlooked historically
importantspillovers associated withincrementalinnovations. There-
fore, the list of spillovers provided in Table 2 should be considered as
aselection of the key spillovers rather than a comprehensive list of all
spillover contributions to white LED innovation. In the same way, our
quantitative assessment of spillover contributions to LED efficiency
improvements in ‘Efficiency improvements’ should be considered as
alower estimate of this contribution.

As the final step of our methodological approach, we synthesize
information obtained with multiple methods to quantify overall histori-
calprogress in white LED technology over time across the three groups
of metrics and identify which innovation mechanisms have driven this
progress and how, specifically, technology spillovers contributed toit.

We briefly describe below how we implement each of the methods
we use in our multi-method approach and provide further methodo-
logical details in Supplementary Methods 1-10.

Comprehensive literature review

We collected data on white LED performance and characteristics in a
comprehensive literature review thatincluded scientific publications,
patents, conference proceedings from the largest semiconductor and
optoelectronics conferences, industry periodicals and roadmaps, and
company presentations and reports. This review was structured around
three main goals: (1) tracking progress in white LED technology over
time asindicated by the three groups of progress metrics; (2) identify-
ingindividualinnovations that contributed to this progress and quanti-
fying theirimpact on LED device performance and manufacturing cost;
and (3) determining whether those innovations had knowledge origins
within the focal white LED technology domain or in a field of science
or technology external to white LEDs, indicating such innovations as
anoutcome of technology spillovers.
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Relevant sources for the review were found in an iterative search
process that involved two stages. The first stage was the search in
specialized patent and publication databases and company websites,
following the search procedure and database search queries described
in Supplementary Methods 1. The second stage was the analysis of
backward citationsin the identified sources, starting from the reviews
mentionedinSupplementary Note1and theniteratively repeating it for
all sources newly identified in the first stage, until no further relevant
new sources were found. We also relied on backward citationsin these
sources for the identification of technology spillovers, considering
cited documents as indicators of knowledge origins of an innovation
and analysing whether those documents belonged to the focal white
LED technology domain or not.

Semi-structured interviews

To supplement our efforts in data-collection efforts from the litera-
ture review, verify our findings and identify additional spillovers,
we conducted a series of semi-structured interviews*** with 13 emi-
nent experts fromacademia, industry and the public research sector.
Experts wereinitially selected based on their engagementin different
sub-fields of LED research and manufacturing, as identified in the
literature review. Thelist of experts was then expanded using a ‘snow-
balling’ tactic based on recommendations from already-interviewed
experts. Allinterviews were conducted between November 2019 and
April2022, mostly by means of video conferencing but with two inter-
views held in person. The interviews lasted for about one hour each.
We obtained informed consent of the experts tobeinterviewedinthe
following way. First, we contacted the experts we identified by email,
describing the study and the details of the proposed interview, includ-
ingits content and our arrangements for the anonymity of responses
and data protection. After obtaining written consent from the experts
tobeinterviewed, wethenrepeated the procedure at the beginning of
eachinterview, describing the interview content and data protection
arrangements and asking the interviewees to provide explicit verbal
consentto proceed withtheinterview. As the purpose of the interviews
wasstrictly to collect technical information relevant to historical pro-
gress in white LED technology, our research did not involve personal
dataof human participants. Ethical approval for this study was granted
by the Research Committee of the Department of Land Economy at the
University of Cambridge on 25 November 2019 inaccordance with the
guidelines specified by the School of the Humanities and Social Sci-
ences of the University of Cambridge.

Ananonymized summary of the background of the expertsinter-
viewed is provided in Supplementary Methods 10. Notably, all our inter-
viewed experts came from Europe or the USA, with none representing
Asia, which potentially may have biased our findings, particularly for
the earliest and latest periods of white LED history dominated by LED
manufacturersinjapanand China, correspondingly. However, this was
not an intentional bias; unfortunately, none of the identified experts
in Asiaresponded to our interview requests.

Interms ofthe interview content, the primary, structured part of
theinterviews explored whichinnovations were deemed most relevant
to the evolution of device performance, consumer experience and
manufacturing cost of white LED packages. Thereafter, interviewees
were asked to consider the extent to which those innovations may have
originated outside of their respective field of expertise and the LED
industry more broadly—that is, which of the innovations potentially
involved technology spillovers. The remainder of the interview was
focused on learning about particular aspects of the manufacturing
processes relevant to cost and performance modelling, the current
state of the industry and the circumstances surrounding innovations
and spillovers identified in the first part of the interview. Specific
quantitative datawere also often provided by experts, helping fine-tune
the parameters of the manufacturing cost model and verify device
performance data.

Performance metrics calculations
The contribution ofindividual technology innovations and spillovers to
progressinthe overall LED device efficiency over timeis estimated by
index decomposition analysis. Mathematically, this involves breaking
downachosen performanceindicatorintoits constituent components,
eachrepresenting aspecific factor that contributes to the changeinthe
indicator®. Specifically, we use the additive logarithmic mean Divisia
index method I (LMDI-I), also known as the Additive Sato-Vartiaindica-
tor**. Itwas developed by Boyd et al. in 1987%° on the basis of the Divisia
Index, amethod in statistical economics, and subsequently refined.
According to this method, for an overall device efficiency func-
tion n = ab that is the product of sub-efficiency variables a and b, the
contribution of the change in asingle sub-efficiency variable abetween
times t = t,and t = t, can be estimated as’**

Ay = Lantence) xIn( 53 ) M
where L(a, b) is the logarithmic mean of variables a, b. These terms
contain no residuals, therefore, it can be shown that the overall
improvement in the device efficiency due to improvements in indi-
vidual sub-efficiencies is equal to the sum of these improvements in
individual sub-efficiencies:

Aa + Ab = AF )

To document historical improvements in LED device performance
accurately, we need dataonall sub-efficiencies for the selected device
architectures and periods covered. However, we found that the scope
of datareporting in the literature is typically limited to selected met-
rics of interest, rather than the full ensemble of sub-efficiencies that
determine the overall device performance. Where gapsinrelevant data
existed, wefilled them with our own performance calculations for indi-
vidual sub-efficiencies where possible. Specifically, the sub-efficiencies
related to the emission spectrum of phosphor-converted white LED
devices (that is, spectral efficiency and light conversion efficiency)
were calculated from the spectral data, often reported in LED device
specifications, using the colour-science package for Python®s. We also
used the same approach to calculate the CRIand luminous efficacy of
radiation of LED devices (Supplementary Note 5 provides the associ-
ated spectral data and calculation results). This approach allowed us
to quantify the improvements related to consumer experience and
phosphor development in white LEDs.

Manufacturing cost model

The structure of our bottom-up white LED manufacturing cost model
with aprocess-step resolution, presented in Supplementary Methods
6, is generally based on the 2012 LEDCOM cost model*. However,
we expand it substantially both in scope and in its ability to capture
historical trends. The model captures three historical time periods
corresponding to different ‘eras’ in white LED manufacturing: the
early period of the first high-power white LED products around 2003,
the period of accelerating consumer adoption of LED lighting around
2012 and the most recent period around 2020, the year of our main
data-collection efforts. For each of these three years, the most preva-
lent manufacturing equipment was identified through industry peri-
odicals, archived website data from the Internet Archive, and expert
interviews. Because the architecture of LED chips has changed sig-
nificantly since the introduction of the first commercial white LED
devices in 1996, three different chip architectures are considered
in the model: classical chips, flip chips and chip-scale package flip
chips (Supplementary Note 2 provides the details of each architecture
and corresponding manufacturing process steps). The details of the
manufacturing process for each architecture were collected from the
scientific literature, textbooks and relevant patents. In addition, two
LED life-cycle analyses®”® were used to validate the model structure
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and extract some of the necessary quantitative model inputs. These
studies captured alarge number of white LED manufacturing process
steps and included the details on the use of metals, chemicals and
electricity for each manufacturing step.

The cost model that we developed is based on a cumulative
approachtoyielded cost’’, which we describe in detail in Supplemen-
tary Methods 7. In this approach, the yielded cost C,, of process step 1
is defined as the ratio between the total cost of step 1 C; and the yield
of step1Y,. Thus, for each consecutive step, starting from i=1, we get
_GA-)+G

-Cy =

G
Gi=y, 1 A2

i Y, ’ Cyz = CY2~3

Cy3 = ... (3)

Notably, the yielded cost per step is dependent on the step order and
blind to downstream information®’. The yielded cost metric is also
cumulative by definition; thus, the total cumulative yielded cost is
calculated as:

C;
Sy, = % )

i

The overall outcome of the cost model is the cumulative yielded manu-
facturing cost per LED package for each of the three years considered.
In our model, this metricincludes all costs associated with producing
the chip, including the operating costs of the factory. Costs associated
with R&D, administrative overhead or other investment costs are not
considered. We note that the purpose of the cost model is not to provide
specific estimates of the white LED manufacturing cost for a factory
of aspecificsize, geographiclocation or manufacturing capacity. Itis
instead intended to capture theimpact of specificimprovementsin the
manufacturing process flow on the overall white LED cost. Therefore,
itmodels ahypothetical factory operating the most up-to-date equip-
ment for each model year. Fixed-cost parameters are similar to those
for a semiconductor factory operating in the USA. Even with these
simplifying assumptions, the model reasonably identifies the impact
that changes in single manufacturing process steps can have on the
total LED manufacturing cost.

Anotherimportant limitation of our cost modelling effortsis that,
eventhough the model captures three different chip architecturesinits
structure, in the present study we were able to collect, estimate and pre-
sent the full set of quantitative inputs and outputs only for the classical
chip architecture of low-to mid-power white LED devices. Populating
the model with data for the remaining two chip architectures would
require access to proprietary industry information.

Further details on our manufacturing cost model, including its
structure and equations, manufacturing process flows for the chip
architectures under consideration, input data, detailed calculations
for theyielded costs and the model’s limitations, are provided in Sup-
plementary Methods 6 and 7. The cost model files with collected data

are provided in an online Zenodo repository®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All datasupporting the findings of this study areincluded in the paper,
its Supplementary Information and, for the LED manufacturing cost
model, via Zenodo at https://zenodo.org/records/8410657 (ref. 60).
Source data are provided with this paper.

Code availability

ThePythonscripts that we developed to calculate light quality metrics
are available via Zenodo at https://doi.org/10.5281/zenod0.8410788
(ref. 61).
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All data supporting the findings of this study are included in the paper, its Supplementary Information, and, for the LED manufacturing cost model, in a Zenodo
repository: https://doi.org/10.5281/zenodo.8410657. In addition, the following datasets were used in the development of the cost model:
- Excel-based LEDCOM manufacturing cost model (S. Bland, LED modular cost model, 2012), available at https://web.archive.org/web/20121017072612/http:/
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Population characteristics As the purpose of the interviews was strictly to collect technical information relevant to historical progress in white LED
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Recruitment All prominent experts in LED technology and manufacturing whom we identified in the sampling stage were contacted by
email using their publicly available email contacts. Initial emails described the study and the details of the proposed
interview, including its content and our arrangements for the anonymity of responses and data protection. After getting a
written consent from the experts to be interviewed, we then repeated the procedure at the beginning of each interview,
describing the interview content and data protection arrangements and asking the interviewees to provide an explicit verbal
consent to proceed with the interview.

As the experts invited to participate in the interviews voluntary chose whether to respond to our interview requests and/or
be interviewed, our sample of interviewees was subject to self-selection bias, resulting in over-representation of experts
from Europe and the US, with none representing Asia. In Methods section, we acknowledge this bias and discuss the
following limitations of our findings that partially result from it: 1) our list of spillovers identified in the study is considered as
a selection of the key spillovers rather than a comprehensive list of all spillover contributions to white LED innovation; 2) our
quantitative assessment of spillover contributions to LED efficiency improvements in Section 2 should be considered as a
lower estimate of this contribution; 3) our manufacturing cost model is developed for a hypothetical factory operating the
most up-to-date equipment at a United States location.
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Study description We conducted a series of semi-structured expert interviews with prominent experts in LED technology and manufacturing to obtain
specific technical information about historical progress in white LED technology. As the purpose of the interviews was strictly to
collect technical information relevant to this purpose, our research did not involve personal data of human participants. Data
collected in the interviews was both quantitative (specific values of LED cost or performance parameters) and qualitative (narrative
information on the history of specific white LED improvements and the role of technology spillovers in these improvements).

Research sample Thirteen prominent experts in the field of LED technology and manufacturing representing different sectors (academia; industry;
public research sector; private technical consulting), all based in Europe or the United States. The sample was based on our need for
specific technical and historical information about the progress in white LED technology and manufacturing, which in many cases
could be obtained only from immediate participants of past events related to innovation in white LEDs, i.e., researchers and
inventors who directly participated in key discoveries and inventions in this field. This limited the sample to a select few key
prominent researchers and inventors in the field. Notably, the geographical composition of our sample (all interviewed experts were
located only in Europe and the United States at the time of interviewing) was not intended; it was an outcome of self-selection bias,
as none of the experts from Asia whom we had attempted to contact responded to our interview requests.

Sampling strategy Our sampling strategy was based on the need to balance the coverage of key areas of progress in LED technology with the practical
feasibility of getting access to prominent experts in the field who by now often occupy senior positions in their respective
organizations and are thus rarely available for interviewing. The minimal target number of interviewees - 12 - was chosen based on
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the following approach. We had specific questions related to the following three main areas in LED technology and manufacturing:
phosphors, epitaxy, and LED device architecture and performance. We aimed to have at least two prominent experts from industry
and at least two top experts from academia, public research or private consulting for each of the three areas to represent both
research and industry perspectives on progress in white LED technology and manufacturing and ensure that experts cover different
topics within the area of their expertise. Experts were initially selected based on their past engagement in different sub-fields of LED
technology and manufacturing, as identified in the preliminary literature review. The list of experts was then expanded using a
'snowballing' tactic based on recommendations from already-interviewed experts, until the minimal target number of experts
covering main sub-areas of expertise in the field was achieved. Due to self-selection bias, the final sample, presented in
Supplementary Table 9, has skewed distribution of interviewed experts across sectors and technical areas. However, that was not an
intentional bias, but a result of a small size of the target population of prominent white LED researchers and inventors.

Data collection Eleven interviews were conducted using video conferencing. Two interviews were conducted in-person. All interviews were
conducted only by the authors, with no external assistance involved at any stage. In all cases where the interviewees gave their
informed consent to be recorded, the interviews were recorded. Written interview notes, prepared by the interviewers during the
interviews and subsequently updated based on the recordings, were the main source of information about the interviews used in our
analysis. All interviewees were made aware of the design of our study. Interviews had a semi-structured format with exploratory
questions tailored to the area of expertise of each expert. Because of the exploratory nature of the interviews and highly specialized
nature of expertise of each interviewee, no specific hypotheses were tested in the interviews and there was no need for blinding
either interviewers or interviewees.
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Timing Interviews were conducted from November 2019 to April 2022 and lasted about 1 hour each.
Data exclusions No data was excluded from the analysis.
Non-participation All experts who initially responded to our interview requests and provided their informed consent to be interviewed proceeded with

the interview and provided technical information requested.
Randomization Randomization was not relevant to the study design as the interviews were designed only to gain specific technical information about

historical progress in white LED technology and manufacturing from prominent experts in this field. No experiments with participants
were conducted and no hypotheses were tested.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI |:| ChlP-seq
Eukaryotic cell lines IXI |:| Flow cytometry
Palaeontology and archaeology IXI |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

NXXXNXNXX s
OooooOoQ

Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
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number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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