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ABSTRACT  

The development of next-generation communication networks aims to provide faster and more reliable solutions in a small 
form factor. Visible light communication (VLC) has emerged as a promising complementary technology to traditional 
radio frequency wireless communication due to its exceptional efficiency, high modulation speeds, and freedom from the 
congested radio spectrum. Recent advancements have focused on gallium nitride (GaN)-based micro-light-emitting diodes 
(microLEDs) for VLC. However, these microLEDs typically require high injection current densities and high-frequency 
operation, necessitating the use of independent drivers and resulting in bulky systems. This study presents an innovative 
approach to overcome these limitations by heterogeneously integrating of 20x10 µm2 blue microLEDs using transfer 
printing onto a GaN-based high electron mobility transistor (HEMT) target wafer grown on silicon carbide (SiC) substrate. 
This integration allows for a compact, single-chip platform where the emission from a single microLED is modulated by 
tuning the gate voltage of its GaN HEMT. The resulting on-chip system achieves with a modulation bandwidth of 100 
MHz, maintaining a small form factor. Our findings suggest that this approach holds significant promise for the 
development of future large-scale VLC systems on a single chip, offering broad application prospects. 

Keywords: Transfer printing, microLEDs, GaN HEMTs, heterogeneous integration, on-chip photonics, visible light 
communication 

1. INTRODUCTION 

The rapRd Rncrease Rn data traffRc across communRcatRon networks and the growRng need for hRgher data transmRssRon rates 
have led to the exploratRon of alternatRve communRcatRon technologRes. VRsRble LRght CommunRcatRon (VLC) has emerged 
as a promRsRng solutRon, offerRng sRgnRfRcant advantages over tradRtRonal radRo frequency (RF) communRcatRon, such as the 
avaRlabRlRty of an untapped, wRde bandwRdth Rn the optRcal spectrum and RmmunRty to RF Rnterference. VLC can potentRally 
support data rates well beyond what Rs achRevable wRth RF technologRes, especRally Rn hRgh-densRty envRronments lRke 
Rndoor networkRng, vehRcular communRcatRon, and the Internet of ThRngs (IoT). 

Among the varRous optRcal devRces for VLC, mRcroLEDs, especRally those based on GallRum NRtrRde (GaN), have shown 
great potentRal due to theRr hRgh effRcRency, hRgh brRghtness, and fast modulatRon capabRlRtRes [1,2]. GaN-based mRcroLEDs 
can support hRgh current densRtRes and fast swRtchRng speeds, makRng them suRtable for short-range VLC applRcatRons. 
However, current GaN mRcroLED-based systems face challenges such as the need for hRgh RnjectRon current densRtRes to 
achReve hRgh-speed modulatRon, as well as the relRance on external, bulky drRvers to operate these devRces at hRgh 
frequencRes. These Rssues lRmRt the mRnRaturRzatRon and RntegratRon potentRal of such systems. 

GaN HEMTs are well-known for theRr hRgh-speed operatRon and low power consumptRon, makRng them Rdeal candRdates 
for drRvRng optRcal devRces such as mRcroLEDs [3]. By modulatRng the gate voltage of a GaN HEMT, Rt Rs possRble to control 
the current through the mRcroLED, enablRng hRgh-frequency modulatRon wRthout the need for external drRvers. However, 
RntegratRng GaN mRcroLEDs and GaN HEMTs on a sRngle chRp has remaRned challengRng due to dRfferences Rn the materRal 
propertRes and fabrRcatRon processes. 

In thRs study, we propose a novel approach to Rntegrate GaN-based mRcroLEDs wRth GaN HEMTs on a SRC substrate usRng 
transfer prRntRng [1]. ThRs RntegratRon allows for a compact, sRngle-chRp system Rn whRch the lRght emRssRon of the mRcroLED 



Rs modulated by the gate voltage of the GaN HEMT. The resultRng devRce achReves a modulatRon bandwRdth of 100 MHz, 
offerRng a potentRal pathway toward scalable and energy-effRcRent VLC systems. 

2. MATERIALS AND METHODS 

2.1 GaN M2cro-LED Fabr2cat2on 

The fabrRcatRon of GaN-on-SR mRcroLEDs began wRth the growth of the devRces on (111)-orRented sRlRcon substrates usRng 
metal-organRc chemRcal vapor deposRtRon (MOCVD). The process Rnvolved the deposRtRon of a GaN buffer layer followed 
by an InGaN actRve regRon that forms the lRght-emRttRng quantum wells. After the epRtaxRal growth, the mRcroLEDs were 
patterned Rnto 20 μm × 10 μm (emRssRon area) usRng photolRthography, and theRr structure was defRned through RnductRvely 
coupled plasma (ICP) etchRng. To facRlRtate electrRcal contact, NR/Ag/NR/Au layers were evaporated as the p-metal and 
reflectRve layer. The mesa was etched further wRth ICP, and n-metal contacts were formed by evaporatRng TR/Al/TR/Au. A 
sRlRcon dRoxRde (SRO₂) layer was then deposRted over the entRre structure vRa plasma-enhanced chemRcal vapor deposRtRon 
(PECVD), followed by the openRng of contact areas for both p- and n-contacts. The p-bond pad metal was formed by 
evaporatRng tRtanRum gold (TR/Au) as gRven Rn FRgure 1. To ensure the mRcroLEDs remaRned securely attached durRng 
subsequent release, a sRlRcon nRtrRde (SRN) tether was used to hold the devRces Rn place. 

 

Figure 1: Schematic of the fabrication process for GaN-on-Si microLEDs. 

2.2 GaN HEMT Fabr2cat2on 

The fabrRcatRon of a HEMT on a SRC substrate Rnvolves a serRes of well-defRned steps to ensure optRmal performance and 
relRabRlRty. GaN HEMTs were grown on a hRgh-qualRty SRC substrate usRng Metal-OrganRc ChemRcal Vapor DeposRtRon 
(MOCVD). The devRce structure consRsted of a GaN buffer layer, followed by an AlGaN/GaN heterostructure, whRch forms 
the hRgh-electron-mobRlRty channel. StartRng wRth a 15 mm × 15 mm sample, the source and draRn (S/D) regRons were 
defRned usRng photolRthography and InductRvely Coupled Plasma (ICP) etchRng, wRth source/draRn metal contacts deposRted 
usRng a multR-layer evaporatRve process of TR/Al/NR/Au. The metal stack was then annealed to ensure proper contact 
formatRon, mRnRmRzRng contact resRstance between the metal and the semRconductor. A mesa RsolatRon was carrRed out to 
defRne the actRve regRon of the devRce, RsolatRng the gate regRon from the source and draRn. Subsequently, a gate metal stack 
consRstRng of NR/Au/NR was evaporated to form the gate contact, establRshRng a stable Schottky barrRer at the gate Rnterface 
(FRgure 2).  
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These steps are essentRal for the fabrRcatRon of GaN/AlGaN HEMTs on SRC substrates, where the hRgh thermal conductRvRty 
of SRC facRlRtates effectRve heat dRssRpatRon, enablRng the devRce to operate effRcRently at hRgh power levels and frequencRes. 
The combRnatRon of these controlled fabrRcatRon steps ensures the relRable performance of GaN HEMTs for applRcatRons 
requRrRng hRgh-speed, hRgh-power operatRon. 

 
Figure 2. Schematic of the fabrication process for GaN/AlGaN HEMTs on SiC substrates. 

2.3 Heterogeneous Integrat2on Enabled by Transfer Pr2nt2ng 

The release and transfer of mRcroLEDs from a sRlRcon substrate were successfully achReved through a controlled and precRse 
process RnvolvRng selectRve etchRng wRth tetramethylammonRum hydroxRde (TMAH) solutRon. A 5% concentratRon of 
TMAH was used at a temperature of 70°C to Rnduce anRsotropRc etchRng of (111)-orRented sRlRcon. The etchRng process 
exhRbRted a sRgnRfRcantly faster rate along the <1–10> dRrectRon compared to the etchRng along the (111) planes. ThRs 
dRrectRonal etchRng behavRor enabled the removal of a thRn sRlRcon layer beneath the GaN (gallRum nRtrRde) epRlayer, 
effectRvely undercuttRng the mRcroLEDs whRle preservRng the RntegrRty of the underlyRng SRN-based anchor poRnts. The SRN 
anchors served as stable tethers, keepRng the mRcroLEDs securely attached to the sRlRcon substrate throughout the process 
[4,5]. 

The etchRng and release of the mRcroLEDs were completed wRthRn 12 mRnutes, a result of effRcRent and selectRve etchRng 
process. The SRN tether, whRch was specRfRcally desRgned to anchor the mRcroLEDs durRng the etchRng process, provRded 
necessary mechanRcal stabRlRty and ensured that the mRcroLEDs remaRned securely attached, wRthout any rRsk of detachment 
or structural damage (FRgure 3a, b). As a result, the mRcroLEDs were released Rntact, wRth no vRsRble degradatRon Rn qualRty 
or performance, thanks to the preservatRon of the SRN anchors. 

Once the mRcroLEDs were fully undercut and released from the sRlRcon substrate, they were carefully transferred to a 
polydRmethylsRloxane (PDMS) stamp. PDMS, due to Rts flexRble and conformal propertRes, proved Rdeal for transferrRng 
delRcate mRcro-scale devRces lRke mRcroLEDs. The conformal nature of the PDMS stamp allowed for precRse handlRng, 
alRgnment, and posRtRonRng of the mRcroLEDs wRthout applyRng excessRve mechanRcal stress. DurRng the transfer process, 
mRld pressure was applRed to lRft the mRcroLEDs from the sRlRcon substrate, further mRnRmRzRng any rRsk of mechanRcal 
deformatRon or damage. 

FollowRng the successful transfer of the mRcroLEDs onto the PDMS stamp, the mRcroLEDs were precRsely alRgned and 
transferred onto a HEMT structure, whRch was fabrRcated on a SRC substrate (FRgure 3c, d). ThRs step demonstrated the 
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compatRbRlRty of the mRcroLEDs wRth advanced semRconductor platforms, openRng up opportunRtRes for RntegratRon wRth 
hRgh-speed and hRgh-performance optoelectronRc devRces.  

 

 

Figure 3. MicroLED Release, Transfer, and Integration Process. (a) Schematic depicting the undercutting of microLEDs from the 
silicon substrate via selective etching using a tetramethylammonium hydroxide (TMAH) solution. (b) Image showing the 
microLEDs still securely attached to the SiN anchors following the etching process. (c) Transfer of the microLEDs onto a GaN-
based high electron mobility transistor (HEMT) structure on a SiC substrate. (d) High-magnification view of the final transfer of 
the microLEDs onto the GaN-based HEMT structure on the SiC substrate. 

3. RESULTS AND DISCUSSION 

3.1 Exper2mental Setup 

The measurement setup, as shown Rn FRgure 4, represents an experRmental arrangement desRgned to characterRze a transfer-
prRnted flRp-chRp mRcroLED array (20x10 µm) Rntegrated onto a GaN HEMT target. The prRmary objectRve Rs to study the 
modulatRon behavRor of the mRcroLED Rn response to the hRgh-speed electrRcal control provRded by the GaN HEMT, all 
wRthRn a sRngle-chRp RntegratRon. The GaN HEMT, actRng as a hRgh-speed transRstor, plays a crucRal role Rn modulatRng the 
current supplRed to the mRcroLED, thereby enablRng precRse control over Rts optRcal output. 

The mRcroLED array Rs Rntegrated onto a GaN HEMT that Rs grown on a SRC substrate, whRch serves as a common platform. 
The SRC substrate ensures effRcRent power transfer and mRnRmRzes parasRtRc losses, enhancRng the overall performance of 
the devRce. 

To enable precRse control over the electrRcal characterRstRcs of the GaN HEMT, the gate voltage Rs regulated by a KeRthley 
sourcemeter. ThRs adjustment allows fRne-tunRng of the transRstor's threshold voltage, thus modulatRng the current flowRng 
through the mRcroLED. A second KeRthley sourcemeter Rs used to supply the drRve current to the mRcroLED, ensurRng a 
stable and accurate current supply necessary for optRmal lRght emRssRon. The use of two sourcemeters allows Rndependent 
control of both the GaN HEMT's swRtchRng behavRor and the mRcroLED’s operatRng current, makRng Rt possRble to Rsolate 
and study the RnteractRons between these components. 

For evaluatRng the dynamRc frequency response of the Rntegrated mRcroLED, a Vector Network Analyzer (VNA) was 
Rncluded Rn the setup. The VNA was essentRal for measurRng the Rmpedance and frequency-dependent behavRor of the 
devRce, provRdRng crucRal RnsRghts Rnto the modulatRon speed and overall performance of the mRcroLED when drRven by the 
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GaN HEMT. The VNA’s abRlRty to analyze the mRcroLED's response to varyRng frequencRes allows an assessment of Rts 
bandwRdth, whRch Rs partRcularly Rmportant for hRgh-speed optRcal modulatRon applRcatRons. 

HRgh-speed whRsker probes were used to Rnterface wRth the devRces under test. These probes provRded low-resRstance 
electrRcal contact, mRnRmRzRng sRgnal loss and enablRng dynamRc testRng of both the mRcroLED and the GaN HEMT. The 
Gate-Source (GS) probe was specRfRcally connected to the gate termRnal of the GaN HEMT, allowRng real-tRme monRtorRng 
of the gate voltage and the transRstor's swRtchRng behavRor. ThRs connectRon was essentRal for assessRng the electrRcal 
characterRstRcs of the GaN HEMT, such as Rts threshold voltage, on/off swRtchRng speed, and modulatRon effRcRency (FRgure 
4a). 

A hRgh-speed photodRode was posRtRoned at the output to detect the optRcal emRssRons from the mRcroLED. ThRs photodRode 
allows for real-tRme analysRs of the lRght emRtted by the mRcroLED durRng operatRon, provRdRng valuable data on Rts 
modulatRon characterRstRcs (FRgure 4b). By measurRng both the RntensRty and temporal response of the emRtted lRght Rn 
conjunctRon wRth the electrRcal control from the GaN HEMT, the setup offers understandRng of the Rnterplay between 
electrRcal modulatRon and optRcal output. 

Overall, thRs setup provRded a platform for explorRng the performance of mRcroLEDs Rn hRgh-speed modulatRon applRcatRons 
and enables Rn-depth analysRs of the RnteractRon between the optRcal and electrRcal domaRns Rn Rntegrated mRcroLED-on-
GaN HEMT systems. 

 

Figure 4. a) Experimental setup. b) Modulation of microLED by GaN HEMT during operation. 
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3.2 System-on-Ch2p (SoC) Test2ng 

The experRmental data presented offers a comprehensRve evaluatRon of the electro-optRcal and frequency characterRstRcs of 
transfer-prRnted mRcroLEDs Rntegrated wRth GaN HEMTs on a sRngle chRp platform.  

FRgure 5a provRdes the lRght-current-voltage (L-I-V) characterRstRcs of a 20x10 µm2 mRcroLED, hRghlRghtRng a turn-on 
voltage of 2.6 V and a measured optRcal power of 0.24 mW at a current densRty of 250 A/cm², RndRcatRng effRcRent 
performance at hRgh current levels. FRgure 5b demonstrates the draRn-source current (Ids) as a functRon of supply voltage 
(Vdd) for varRous gate voltages, revealRng that Ids reaches zero at a gate voltage of -4V, effectRvely swRtchRng the devRce off. 
ThRs behavRor Rs further substantRated Rn FRgure 5c, where electrolumRnescence (EL) RntensRty Rs shown to decrease at gate 
voltages beyond -4.2V, confRrmRng the devRce's transRtRon to the "off" state. In FRgure 5d, the power (Rn dB) versus frequency 
(log scale) for dRfferent current levels (2 mA, 3 mA, and 4 mA) at a gate voltage of -3.2V provRdes RnsRghts Rnto the devRce's 
frequency response. The measured 3 dB modulatRon bandwRdth at 100 MHz demonstrates the dynamRc performance of the 
mRcroLED Rntegrated wRth the GaN HEMT, RndRcatRng that the sRngle-chRp platform Rs capable of moderate-frequency 
modulatRon. These fRndRngs underscore the devRce's electro-optRcal effRcRency, gate-controlled swRtchRng behavRor, and 
dynamRc response, offerRng an understandRng of Rts operatRonal lRmRts and performance under varyRng condRtRons. 

 

 
Figure 5. Electro-optical and frequency characteristics of transfer-printed microLEDs integrated with GaN HEMTs on a single-
chip platform. (a) L-I-V characteristics of a 20x10 µm2 microLED. (b) Drain-source current (Ids) as a function of supply voltage 
(Vdd) for various gate voltages, with Ids reaching zero at a gate voltage of -4V. (c) EL intensity versus gate voltage, indicating a 
decrease in EL intensity as the gate voltage exceeds -4.2 V, confirming the "off" state. (d) Power versus frequency (log scale) for 
different current levels (2 mA, 3 mA, and 4 mA) at a gate voltage of -3.2V, showing a 3 dB modulation bandwidth of 100 MHz, 
demonstrating the dynamic frequency response of the integrated microLED-GaN HEMT device. 
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4. CONCLUSION 

The RntegratRon of GaN-based mRcroLEDs and GaN HEMTs on a SRC substrate represents a sRgnRfRcant advancement Rn 
optoelectronRc systems, wRth broad RmplRcatRons for hRgh-frequency, hRgh-speed applRcatRons such as optRcal Rnterconnects 
and next-generatRon dRsplay technologRes. These Rntegrated devRces are crRtRcal for scenarRos that demand both hRgh optRcal 
effRcRency and rapRd response tRmes. ThRs sRngle-chRp platform enhances devRce performance by combRnRng the advantages 
of mRcroLEDs for optRcal emRssRon wRth GaN HEMTs for precRse electronRc control, resultRng Rn a compact, energy-effRcRent 
system. 

A key achRevement of thRs work Rs the abRlRty to modulate the mRcroLED’s lRght emRssRon usRng the gate voltage of the GaN 
HEMT, elRmRnatRng the need for external drRvers. ThRs RntegratRon sRmplRfRes system archRtecture, reduces power 
consumptRon, and demonstrates the potentRal of combRnRng photonRc and transRstor-based technologRes on a sRngle chRp. 
ExperRmental results, RncludRng LIV characterRstRcs of the mRcroLED, gate voltage modulatRon of the GaN HEMT, and a 3 
dB modulatRon bandwRdth of 100 MHz, showcase the platform's versatRlRty and low-power operatRon potentRal. 

Although a modulatRon bandwRdth of 100 MHz was successfully demonstrated, the prRmary objectRve was to develop a 
functRonal SoC. Future advancements wRll focus on RntegratRng hRgh-performance GaN HEMTs to enable modulatRon 
speeds extendRng Rnto the gRgahertz range and beyond. WRth further optRmRzatRon of the devRce archRtecture and the 
RncorporatRon of advanced GaN HEMTs, substantRal Rmprovements Rn performance are antRcRpated. 
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