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ABSTRACT  

Inorganic light emitting diodes (LEDs) serve as bright pixel-level emitters in displays, from indoor/outdoor video 
walls with pixel sizes ranging from one to thirty millimeters to micro displays with more than one thousand pixels per 
inch.  Pixel sizes that fall between those ranges, roughly 50 to 500 microns, are some of the most commercially significant 
ones, including flat panel displays used in smart phones, tablets, and televisions.  Flat panel displays that use inorganic 
LEDs as pixel level emitters (µILED displays) can offer levels of brightness, transparency, and functionality that are 
difficult to achieve with other flat panel technologies.  Cost-effective production of µILED displays requires techniques 
for precisely arranging sparse arrays of extremely miniaturized devices on a panel substrate, such as transfer printing with 
an elastomer stamp.  Here we present lab-scale demonstrations of transfer printed µILED displays and the processes used 
to make them.  Demonstrations include passive matrix µILED displays that use conventional off-the shelf drive ASICs 
and active matrix µILED displays that use miniaturized pixel-level control circuits from CMOS wafers.  We present a 
discussion of key considerations in the design and fabrication of highly miniaturized emitters for µILED displays.  
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1. INTRODUCTION  

The combination of microscale wafer-fabricated inorganic LEDs and precision parallel assembly provide a 
transformative manufacturing approach for multi-functional, high-performance displays. LEDs fabricated from inorganic 
crystalline semiconductors exhibit very high wall plug efficiency and can serve as nearly ideal emitters for displays.  In 
today’s markets, inorganic LEDs provide backlights and front-lights for LCDs and for reflective displays, and video walls 
use packaged LEDs as emitters, typically assembled on boards using surface mount techniques. Displays that generate 
images using the direct light emission from inorganic LEDs offer greater color accuracy, improved contrast, faster response 
times, and lower energy requirements when compared to other display technologies such as LCD. Other emissive display 
technologies like OLED continue to improve and offer some of those benefits by offering pixel level emissive control, but 
inorganic LEDs are superior in useable lifetimes, luminance, power efficiency, and in high brightness operation. Current 
inorganic LEDs (e.g., III-V devices) exhibit high performance metrics, and forthcoming research is likely to produce 
further performance improvements. There exists a growing interest in manufacturing micron-scale versions of inorganic 
LEDs for use as direct light emitters within the pixels of everyday displays to fill a growing demand for high-performance 
consumer products. The effort relies on integration of inorganic LED material systems with display panel materials, for 
example glass and plastic. Micro-assembly techniques, such as micro-transfer-printing, provide technology pathways to 
truly emissive displays with high brightness and low power consumption, enabling displays with capabilities far advanced 
from those available today. 

Displays assembled from micro-components can take advantage of the full toolset of processes and materials of 
semiconductor wafer fabrication, thereby exhibiting performance characteristics that are difficult to achieve with panel 
processes alone. Those processes and techniques produce a high density of pixel-level light emitters, control circuits, and 
other micro-components of the display on crystalline wafer substrates. Micro-transfer printing unlocks new opportunities 
for these wafer fabricated devices by providing a scalable method to move from the wafer to panels of various large-area 



 

 
 

 

sizes and materials. Integration of multiple miniaturized light emitters inside each pixel, each producing pure unobstructed 
light, provides a truly emissive display. 

The application space for miniaturized/micro LEDs extends broadly in the field of information display and in other 
areas, including consumer displays, neuroscience devices1, visible light communications2, lithography3, see-through 
Augmented Reality (AR), immersive Virtual Reality (VR), head mounted displays and smartwatches. Displays of all sizes 
can benefit from advanced pixel-level control schemes, where each pixel uses high-performance current control circuitry. 
The wafer level production of miniaturized µILEDs and scalable assembly presents a cost-effective solution for display 
technology.  Miniature LEDs and the ability to assemble miniature components result in displays with improved 
performance and additional benefits in particular applications.  Precisely arranged sparse arrays of extremely miniaturized 
devices with high brightness on transparent substrates can produce transparent displays. Displays that require low-power 
operation can combine miniaturized LEDs and low-power control ASICs integrated on the same substrate using micro-
transfer printing.  Additionally, manipulating micron-scale LEDs and other components by micro-transfer printing onto 
plastic substrates is broadly effective approach for high-performance systems-on-panel. 

Professor John Rogers’ laboratory, at the University of Illinois, Urbana-Champaign, originally developed the practical 
mass transfer technique of transfer printing using elastomer stamps4, 5. The transfer technology provides a powerful 
approach to facilitate complex, heterogeneous, and 3D integration; it has remained under continuous development for the 
past decade by many academic groups and several commercial entities.  It enables new classes of devices, e.g. the 
integration of hybrid components (from few µm to few hundreds of µm in size) together.  In 2009, Rogers and his 
colleagues demonstrated deformable and semitransparent prototype displays using transfer-printed μILEDs6. Transfer-
print technology has also been applied in photovoltaics7, magnetic storage8, optical communications9, and bio-integrated 
optoelectronics10, in addition to displays6, 11, 12. Here we discuss transfer-print-compatible micro inorganic LEDs (µILEDs), 
including particular material composition and process flow details. Additionally, we discuss transfer-print-compatible 
electronic drive integrated circuits (µICs) housed within the pixel of the display in active-matrix applications. Finally, we 
demonstrate two types of display architecture constructed using arrays of transfer-printed µILEDs and µICs (e.g., passive 
and active matrix displays).   

2. TRANSFER-PRINT-COMPATIBLE µILEDS 

Design and Process Strategies  

 

Group III-V compound inorganic semiconductor materials, such as Gallium Arsenide, Indium Phosphide, Gallium 
Nitride and their alloys, are useful for the production of high-performance light emitting devices (LEDs and lasers), solar 
cells, photodiodes, and high-frequency transistors. Mature technologies for semiconductor processing can produce high-
density arrays of µILEDs and other micro-components on wafers.  Elastomer stamps can selectively transfer a chosen sub-
array from the wafer in a massively parallel, high-throughput operation that becomes the basis for a new display 
manufacturing scheme.  Release and tether processes facilitate selective retrieval of a large number of components by 
transfer printing. This section discusses the fabrication of transfer-print-compatible µILEDs, which begins with a brief 
discussion of the epitaxial growth stack of red, green, and blue devices and a process flow for making µILEDs.  

The design and process strategies that allow µILEDs to become transfer-print-compatible devices has been reviewed 
in detail elsewhere13. Briefly, the process begins with epitaxial growth of the compound semiconductor layers including 
the active region of the device. GaAs substrates are used for red emitters, and GaN-on-Si (1 1 1) substrates are used for 
green and blue light-emitting µILEDs. A release and anchor/tether technique enables the print-ready aspect of the devices, 
preparing the devices in a loosely-bound, but precisely arranged configuration. A sacrificial layer or release layer provided 
below the device layers in GaAs red-light-emitting structures allows a modified version of epitaxial lift-off14 later in the 
process.  For green and blue devices, the silicon substrate provides the release layer by anisotropic etching of the substrate 
in hot aqueous base which undercuts the LEDs but leaves anchoring structures bounded by slow-etching planes attached 
to the substrate15. The anchor and tether system includes photolithographically-patterned features along the edge of the 
device.  Anchors and tethers allow the μILEDs to remain undisturbed during the release process.  Optimal anchor and 
tether dimensions are determined by the µILED geometry. During transfer printing, the tethers break as the elastomer 
stamp retrieves the device. 



 

 
 

 

 
Figure 1. Epitaxial layers and structures of printable µILEDs. 

 
Early embodiments of lateral red-light emitting printable µILEDs6 used GaAs substrates as noted above with a 1.5 

μm thick Al0.96Ga0.04As release layer.  (Al)InGaP-quantum wells within a total active layer thickness of ~2.5 μm were then 
grown on top of the sacrificial release layer. Sizes of the μILEDs ranged from 25 x 25 μm2 to 50 x 50 μm2. Using similar 
strategies, vertically emitting red μILEDs16, as well as μILEDs based on InGaN grown on silicon (1 1 1)15 and sapphire17 
have been demonstrated. Extension of these concepts to smaller lateral μILEDs emitting in all three colors (e.g., red, green, 
and blue) produces devices ranging in size from 3 x 10 μm2 to 8 x 15 μm2 12. These smaller structures experience enhanced 
passive heat dissipation, which stems naturally from their small size, allowing useful operation with heat management 
consisting primarily of fine, thin-film metal interconnections. The red GaAs based devices presented here use an AlInP 
sacrificial layer, a transparent current spreading layer, and (Al)InGaP quantum wells; Figure 1(a). Similar features, like 
the transparent current spreading layers underneath the quantum wells are also present in the green and blue light-emitting 
μILED structures; Figure 1(b). The Si (1 1 1) serves as the sacrificial material of the InGaN-based devices presented here. 
In both the red and green/blue process flows, photoresist etch masks and reactive ion etching are used to form the mesas, 
while lift-off patterning, evaporation, and annealing are used for metallization. Tethers are fabricated using inorganic 
dielectric layers deposited by PECVD and patterned lithographically.  An additional metallization step forms larger and 
thicker contact pads, and can also serve as a light reflector. The process flow discussed above is illustrated in Figure 2 
along with scanning electron micrograph of a completed array of μILEDs and a conceptual illustration of three source 
wafers. 

 



 

 
 

 

 
Figure 2. (a) process flow for fabricating print-ready μILEDs; (b) SEM of a small subset of an array of 8 x 15 μm2 red μILEDs; the 
μILEDs are fully fabricated and undercut (ready to retrieve). Wafers of each color are fabricated for full RGB printing. 

 
Elastomer Transfer Element 

 
The nature of the elastomer transfer element used in micro-transfer printing produces key benefits among micro-

assembly approaches.  The stamps typically use polydimethylsiloxane (PDMS) elastomer, which belongs in the group of 
polymeric organosilicon compounds that commonly referred to as silicones.  The stamp itself possesses several properties 
that support high performance micro-assembly. Fundamentally the stamp is naturally compliant and naturally soft; thereby 
allowing it to make physical contact over large areas on substrate surfaces that are not perfectly flat and transfer of fragile, 
thin, micro scale devices without damaging them. Additionally, the stamp includes up to hundreds of thousands of molded 
pillars (illustrated in Figure 3) for selectively manipulating devices in a massively parallel operation.  The stamp includes 
a rigid backing material (e.g. glass) that makes it inflexible in the lateral dimensions, thereby minimizing distortion and 
providing exceptional yield and accuracy when dispersing arrays of micro scale devices on the destination substrate.  This 
capability of deterministically selecting sub-arrays for transfer allows the high-performance device elements to be used in 
cost-effective sparse configurations on the destination substrates. Finally, the natural transparency of the stamp aids in 
alignment and inspection during the print process and during the stamp fabrication by injection molding. The stamp is also 
scalable to large sizes, with 150 mm scale stamps already demonstrated. The stamps have a long useful lifetime18, and they 
are inexpensive enough for consideration as a weekly, daily, or per-shift consumable. Automated manufacturing equipment 
can perform the process, using process tools consisting of the stamp, motion platforms for translating the source wafers 
and the non-native (e.g. panel) substrates, and microscope optics for alignment. 



 

 
 

 

 
Figure 3. Elastomer stamp transfer elements for micro transfer printing.  (a) important characteristics of the stamp include softness 
and conformability, transparency for optical alignment, lateral stiffness (x & y-directions), and vertical compliance (z-direction); 
(b) photograph of a PDMS stamp used for micro-transfer-printing, inset SEM shows the pillars used for picking and printing. 

     
Size-Dependent Efficiency 

 
Flat panel display applications of µLEDs benefit greatly by extreme miniaturization of the emitters for resolution 

improvements and cost reduction.  LED test structures consisting of groups of µLEDs ranging in size from 256 microns 
to 4 microns fabricated in GaN-on-sapphire provide some insight into the effects of miniaturization on performance.  Each 
group consists of a constant total area of p-n junction separated into square mesas of different sizes wired together in 
parallel.  The groups include a single 256 micron µLED, a group of sixteen 64 micron µLEDs, a group of two hundred 
fifty-six 16 micron µLEDs, a group of one thousand twenty-four 8 micron µLEDs, and a group of four thousand ninety-
six 4 micron µLEDs.  All µLEDs of this study have p-metal features that are 5/8th as broad as the mesa side length, e.g. 16 
micron mesa with 10 micron p-metal. The µLEDs use Ni/Au p-type metallization, plasma-enhanced chemical vapor 
deposition silicon nitride as passivation, and Ti/Au metallization to interconnect the anodes of the mesas and form the 
contact to the n-type GaN.  Measurements of light output in an integrating sphere give data for the calculation of external 
quantum efficiency (EQE) at various levels of current.  Figure 4 shows the specimen and results of the measurements.  The 
absolute performance of the µLEDs is modest, in part due to light absorption by the metals of the test structures.  Improved 
reflectors and improved epitaxial materials are necessary for higher absolute performance levels19.  The results show, 
however the qualitative trend in performance with miniaturization of the µLEDs.  Peak EQE increases as the devices 
miniaturize from 256 microns to 16 microns, presumably due to increased light extraction from added perimeter area20 
and possibly also as a result of improved current spreading21.  At sizes below 16 microns, the EQE decreases, especially 
at low injection, presumably due to non-radiative recombination associated with the perimeter21.  In the 4 micron devices, 
leakage current strongly suppresses performance at low injection.  The leakage current in that device may possibly arise 
from defects formed in one or more of the four thousand devices connected in parallel within that group.  Improvements 
to the processes used to define the mesa sidewalls and their passivation may result in higher performance of the most 
miniaturized devices. 

 



 

 
 

 

 
Figure 4. (a) photograph through a microscope of the LED test structures ranging in size from 256 µm to 4 µm; (b) EQE 
measurements taken with an integrating sphere as a function of current density through the LED test structures; (c) Peak EQE and 
peak current density as a function of LED size. 

3. PASSIVE AND ACTIVE MATRIX APPLICATIONS 

Passive Matrix µILED Displays  

 
Passive-matrix displays use a matrix of rows and columns, a plurality of display elements (e.g., LEDs, OLEDs, etc.), 

and typically present a lower-cost display solution.  Display operation involves sequential operation of one row at a time 
while all other rows remain in an off-state through reverse biasing. The column wires, or segment lines, provide the 
information display data signal to the elements.  Pulse width modulation provides grayscale control to the display elements. 
Flicker-free image display requires rapid scanning across all rows of the display. The brightness of a passive-matrix display 
depends on the amount of light that can be produced by each row during its “on/select” time.  In other words, brightness 
is a function of the duty cycle of each row.  For a display with 100 rows, the maximum brightness seen by a viewer will 
be 1% of the brightness capability of each row of pixels.  In order for the same 100-row passive-matrix display to reach a 
total brightness of 500 nits, each individual row of display elements must be capable of emitting 50,000 nits with 1% duty 
cycle. The ability to achieve such high luminance, along with the added benefits of robustness and long lifetime, make 
μILEDs perfectly suited for passive-matrix display applications.  Passive matrix inorganic LED displays (PMILED 
displays) serve as effective demonstrators of transfer-printing capability and an intriguing commercial possibility for new 
display applications. 

The displays demonstrated here use a commercially available 128RGB x 128 passive matrix CMOS OLED/PLED 
driver from Solomon Systech (SSD1351) where the panel driving power supply voltage is reduced to account for the 
lower voltage requirements of µILEDs in comparison to OLED. The PMILED displays consist of only the transfer 
printed assemblies of μILEDs, the thin-film metal wires, and the transparent substrate (e.g., glass or plastic). The 
fabrication process begins by forming the segment wires (columns) on the substrate, one for each element in the pixel, 



 

 
 

 

e.g., three per pixel for an RGB display. A dielectric film is then deposited over the display and a thin polymer resin is 
then deposited on top to aid in the transfer process. Next, downward emitting μILEDs are transfer printed to their 
designated locations on the display and reactive ion etching opens vias in the dielectric layers to connect the anodes of 
the μILEDs to the columns with a final metal level.  This metal level simultaneously creates the common electrodes (i.e., 
rows). Figure 6 shows micrographs of the completed PMILED displays and their pixels.  The driver chip and a flex cable 
are then attached to the display substrate using thermal compression bonding with an anisotropic conductive film (ACF).  
Notably, the ability of μILEDs to operate in ambient atmosphere with no complex protection layers, provides potentially 
useful in-line testing and repair opportunities in display assembly12. 

 
Figure 5. micrographs of passive matrix inorganic LED (PMILED) displays on glass substrate. 

 
Figure 6 contains photographs of a variety of transfer printed PMILED displays. Figure 6(a) shows a full-color 127 

PPI, 100RGB x 100 pixel display where each 10 x 10 mm2 section is populated in a single print step per color, meaning 
that the display is completed in twelve print steps. This PMILED display produced luminance values from 500 to nearly 
3,000 cd/m2 when adjusting the duty cycle from 2% to 12%.  Figure 6(b) shows a 254 PPI, 100RGB x 100 pixel display 
with the same picture shown in four different colors, all red, all green, all blue, and all blue. The inset shows a magnified 
image from the white image showing the individual pixels driving the display (bottom-right). In this case, the entire display 
area is populated in a single print step per color/sub-pixel; thus, 10,000 μILEDs are transferred during each print sequence. 
Figure 6(c) demonstrates the high transparency of the displays with a 9 V battery sitting behind the display. The displays 
have been measured with transparencies of approximately 70%, but further optimizations for higher transparent 
requirements is feasible since the majority of the obscuration are from reflections and absorptions in the metal row and 
column wires, as well as the reflections at the display/air interfaces. Thicker/thinner or more transparent metal lines and 
antireflective treatments could produce transparencies around 90%. Additionally, viewing angle measurements, both polar 
and azimuth, reveal near-perfect viewing angles due to the true pixel emissive nature of the display. Figure 6(d) 
demonstrates how transfer-printed μILEDs are well matched to plastic and other flexible substrates. μILEDs, unlike OLED 
material, do not require complex barrier systems to keep them safe from the environment as they are not sensitive to air or 
water vapor. Simple flexible display demonstrations were produced using thermally stabilized plastic (Dupont Teijin PEN) 
attached to a glass carrier using thermal release tap (Revalpha) and using the same process flow used with the glass. The 
plastic holds up very well since the maximum temperature required in the process is 150 °C. The display is simply released 



 

 
 

 

from the glass post display fabrication by heating the display on a hot plate to release the tape. The fabrication of the 
devices presented here occurred in a research laboratory and development environment not optimized for high-yield 
processing. Nevertheless, transfer-print yields of these μILEDs commonly exceed 99.9% and often approach 99.99%. 
 

 
Figure 6. full-color and monochrome PMILED displays on glass and plastic. 

 
Active Matrix µILED/µIC Displays  

 
Active-matrix, while similar to passive matrix in the sense that each pixel is formed at the intersection of a row and 

column line, differs in the sense that each pixel consists of both the emissive element and an associated electronic drive 
circuit. The drive circuit, or IC, controls the amount of current flowing through emissive element. The information is sent 
to the IC in each pixel, dictating the brightness of the pixel. The IC then stores this information and continuously controls 
the current flowing through the emissive element. In this manner the LEDs (or μILEDs) are operating continuously, 
avoiding the need for the very high instantaneous currents necessary in a passive-matrix display. Active-matrix displays 
offer advantages in higher efficiencies, wider temperature operation, fast response times, higher contrast ratios, constant 
color gamut, peak brightness, and low power consumption. Today, active-matrix displays are fabricated using thin-film 
transistor (TFT) technology22 which requires large-format panel substrates undergoing panel-level deposition of 
amorphous silicon or non-crystalline semiconductors, lithography, and metallization steps. TFT technology is sufficient 
for liquid crystal displays (LCD) but encounters challenging requirements in true emissive displays where the pixel circuit 
must efficiently supply an accurate and uniform electrical drive current to each emissive element in the display instead of 
just driving a voltage-controlled switch. 

Integrated circuit technology offers advantages over TFT based on the electronic properties of monocrystalline silicon, 
extreme miniaturization, and complimentary logic capabilities.  Micro transfer printing makes the advantages of single-
crystal silicon CMOS accessible to the flat panel display industry through micro-scale ICs (μICs), or microdrivers.  Here 



 

 
 

 

we demonstrate a prototype full-color, 127 PPI, 44 x 44 pixel active-matrix μILED display enabled by transfer-printed 
μICs with a dimension of 33 x 38 μm2 and 6 μm thick. The process flow is similar to that of the PMILED, where a 44 x 
44 elastomer stamp transfers the μICs and μILEDs accurately onto the substrate where thin-film metal, dielectric, and 
polymer resin levels have been previously deposited. The μICs were fabricated using a commercially available 180nm 
SOI-CMOS process23 and are made print-ready by etching the handle silicon underneath the buried oxide layer, leaving 
the μICs released and tethered to the source wafer.  After print, a second metal layer is deposited using a semi-additive 
electroplated copper thin-film process24 to accommodate the topography of the μICs. This level connects the surface 
electrodes (IOs) of the μIC to the metal traces which are routed off the display using a custom flex cable to a Xilinx FPGA 
development kit along with a custom daughter-board used to control the display. There are no data/select multiplexing row 
or column circuits in this prototype display. The design transmits the digital data to the μICs where it is stored in a 3-stage 
shift register. Locally generated drive current within each μIC drives the μILEDs. In this design, the μILEDs always 
experience a constant drive current and the intensity is controlled using pulse width modulation (PWM) applied to the 
VDDLED IOs across the entire display. Because PWM allows the μILEDs to always experience the same drive conditions, 
it should be possible to design displays where the μILEDs operate near optimal power conversion efficiencies, and the 
potential for color shift attributed to analog current drive schemes is eliminated. 

Figure 7 combines two optical micrographs and two photographs to illustrate the prototype display; the process flow 
is similar to the PMILED design described above. Figure 7(a) is an optical micrograph of a single 200 x 200 µm2 in the 
display. The pixel is fully redundant with two μILEDs of each color and two μICs in each pixel where each μIC controls 
a set of red, green, and blue μILEDs. Figure 7(b) is a high resolution photograph taken of the design while in operation; 
the image was taken with a Nikon D7100 for pixel to pixel analysis. Figure 7(c) is a top-down microscope image of a pixel 
to show the general layout of the metal traces and elements within the pixel. Figure 7(d) is a cross section optical 
micrograph of the μIC with substrate, epoxy, buried oxide, metal, dielectric, and device silicon elements labeled.  This 
display design uses a local current generator within each pixel.  The display operates with row clock rates in excess of 20 
MHz and with frame rates of 180 Hz. The 1273 μm2 μIC is the smallest mixed-signal CMOS integrated circuit known to 
the authors to be manufactured and interconnected to date. 

 
Figure 7. Active matrix µILED (AMILED) displays that use two local current generators per pixel; (a) electron micrograph of a pixel 
in the display with µILEDs and micro-driver highlighted; (b) photograph of display in operation; (c) top-down microscope image of a 
pixel; and (d) cross section of an interconnected micro-driver. 

 



 

 
 

 

4. CONCLUSION 

Displays assembled from wafer-fabricated micro-components, such as µILEDs as nearly ideal direct light emission 
sources, can have compelling characteristics, including high brightness, transparency, flexibility, and power efficiency. 
The ability of μILEDs, and their corresponding displays to operate in ambient atmosphere with no complex protection 
layers, provides potentially useful in-line testing and repair opportunities in display assembly. Micro-transfer printing 
offers a high-throughput micro-assembly method with the ability to mass transfer millions of highly miniaturized devices 
while providing heterogeneous integration onto a variety of non-native substrates (e.g., glass, plastic, ceramic, etc.).  The 
ability to deterministically transfer arrays of microscale components, like μILEDs, using a scalable elastomer stamp that 
easily adopts to the source, are key manufacturing enablers.  We have demonstrated the fabrication and application of 
μILEDs into both passive and active matrix embodiments with both high μILED functional yield (~ 99.9%) and high 
transfer yield (> 99.99%). 

REFERENCES 

[1] Montgomery, K. L., Yeh, A. J., Ho, J. S. et al., “Wirelessly powered, fully internal optogenetics for brain, spinal 
and peripheral circuits in mice,” Nat Meth, 12(10), 969-974 (2015). 

[2] Bamiedakis, N., Li, X., McKendry, J. J. D. et al., “Micro-LED-based guided-wave optical links for visible light 
communications,” 2015 17th International Conference on Transparent Optical Networks (ICTON), 1-4 (2015). 

[3] Guilhabert, B., Massoubre, D., Richardson, E. et al., “Sub-Micron Lithography Using InGaN Micro-LEDs: Mask-
Free Fabrication of LED Arrays,” IEEE Photonics Technology Letters, 24(24), 2221-2224 (2012). 

[4] Menard, E., Lee, K. J., Khang, D.-Y. et al., “A printable form of silicon for high performance thin film transistors 
on plastic substrates,” Applied Physics Letters, 84(26), 5398-5400 (2004). 

[5] Meitl, M. A., Zhu, Z.-T., Kumar, V. et al., “Transfer printing by kinetic control of adhesion to an elastomeric 
stamp,” Nat Mater, 5(1), 33-38 (2006). 

[6] Park, S.-I., Xiong, Y., Kim, R.-H. et al., “Printed Assemblies of Inorganic Light-Emitting Diodes for Deformable 
and Semitransparent Displays,” Science, 325(5943), 977-981 (2009). 

[7] Sheng, X., Bower, C. A., Bonafede, S. et al., “Printing-based assembly of quadruple-junction four-terminal 
microscale solar cells and their use in high-efficiency modules,” Nat Mater, 13(6), 593-598 (2014). 

[8] Justice, J., Bower, C., Meitl, M. et al., “Wafer-scale integration of group III-V lasers on silicon using transfer 
printing of epitaxial layers,” Nat Photon, 6(9), 610-614 (2012). 

[9] Loi, R., Callaghan, J. O., Roycroft, B. et al., “Transfer Printing of AlGaInAs/InP Etched Facet Lasers to Si 
Substrates,” IEEE Photonics Journal, 8(6), 1-10 (2016). 

[10] Kim, D.-H., Lu, N., Ghaffari, R. et al., “Inorganic semiconductor nanomaterials for flexible and stretchable bio-
integrated electronics,” NPG Asia Mater, 4, e15 (2012). 

[11] Bower, C. A., Menard, E., Bonafede, S. et al., “Transfer-printed microscale integrated circuits for high 
performance display backplanes,” IEEE Transactions on Components, Packaging and Manufacturing 
Technology, 1(12), 1916-1922 (2011). 

[12] Meitl, M., Radauscher, E., Bonafede, S. et al., “Passive Matrix Displays with Transfer-Printed Microscale 
Inorganic LEDs,” Proceedings of Society for Information Display International Symposium, (2016). 

[13] Yoon, J., Lee, S. M., Kang, D. et al., “Heterogeneously Integrated Optoelectronic Devices Enabled by Micro‐
Transfer Printing,” Advanced Optical Materials, 3(10), 1313-1335 (2015). 

[14] Yablonovitch, E., Gmitter, T., Harbison, J. et al., “Extreme selectivity in the lift‐ off of epitaxial GaAs films,” 
Applied Physics Letters, 51(26), 2222-2224 (1987). 

[15] Kim, H.-s., Brueckner, E., Song, J. et al., “Unusual strategies for using indium gallium nitride grown on silicon 
(111) for solid-state lighting,” Proceedings of the National Academy of Sciences, 108(25), 10072-10077 (2011). 

[16] Kim, R. H., Kim, S., Song, Y. M. et al., “Flexible vertical light emitting diodes,” Small, 8(20), 3123-3128 (2012). 
[17] Kim, T. i., Jung, Y. H., Song, J. et al., “High‐ Efficiency, Microscale GaN Light‐ Emitting Diodes and Their 

Thermal Properties on Unusual Substrates,” Small, 8(11), 1643-1649 (2012). 
[18] Gomez, D., Ghosal, K., Meitl, M. A. et al., “Process Capability and Elastomer Stamp Lifetime in Micro Transfer 

Printing,” Electronic Components and Technology Conference (ECTC), 2016 IEEE 66th, 680-687 (2016). 
[19] Krames, M. R., Shchekin, O. B., Mueller-Mach, R. et al., “Status and Future of High-Power Light-Emitting 

Diodes for Solid-State Lighting,” Journal of Display Technology, 3(2), 160-175 (2007). 



 

 
 

 

[20] Choi, H. W., Jeon, C. W., Dawson, M. D. et al., “Mechanism of enhanced light output efficiency in InGaN-based 
microlight emitting diodes,” Journal of Applied Physics, 93(10), 5978-5982 (2003). 

[21] Tian, P., McKendry, J. J. D., Gong, Z. et al., “Size-dependent efficiency and efficiency droop of blue InGaN 
micro-light emitting diodes,” Applied Physics Letters, 101(23), 231110 (2012). 

[22] Street, R., [Technology and applications of amorphous silicon] Springer Science & Business Media, (2013). 
[23] X-FAB, [0.18 Micron Modular Trench Isolated SOI CMOS Technology]. 
[24] Lueck, M., Huffman, A., Hines, P. et al., “Fan-Out Packaging of Microdevices Assembled Using Micro-Transfer-

Printing,” Electronic Components and Technology Conference (ECTC), 2016 IEEE 66th, 37-42 (2016). 
 


	Miniaturized LEDs for Flat-Panel Displays
	Erich J. Radauscher*a, Matthew Meitla, Carl Prevattea, Salvatore Bonafedea, Robert Rotzolla, David Gomeza, Tanya Moorea, Brook Raymonda, Ronald Coka, Alin Feciorub, António Jose Trindadeb, Brent Fishera, Scott Goodwinc, Paul Hinesc, George Melnika, Sa...
	a X-Celeprint Inc., Research Triangle Park, NC, USA
	b X-Celeprint Limited, Cork, Ireland
	c Micross Advanced Interconnect Technology, Research Triangle Park, NC, USA
	Abstract
	Inorganic light emitting diodes (LEDs) serve as bright pixel-level emitters in displays, from indoor/outdoor video walls with pixel sizes ranging from one to thirty millimeters to micro displays with more than one thousand pixels per inch.  Pixel size...
	Keywords: Inorganic LEDs, assembly technology, micro transfer-printing
	1. INTRODUCTION
	2. transfer-print-compatible µILEDs
	3. passive and active matrix applications
	4. Conclusion
	References

