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ABSTRACT

In this study, we report the experimental demonstration of electrically driven on-chip transferrable microdisk light-emitting diodes (LEDs).
A vertical p-i-n doped AlGaInP microdisk, including multi-quantum-well structures, is top-down-fabricated, on-chip micro-transferred,
and converted into single micro-LEDs. Optically transparent and mechanically flexible multilayered graphene sheets are judiciously designed
and introduced to the top and bottom surfaces of a single microdisk, thereby forming the top and bottom contacts. Using electrolumines-
cence measurements, the fabricated micro-LEDs are characterized; they exhibit diode-like transport behaviors, spectroscopic light-out vs cur-
rent (L-I) characteristics, and polarization-resolved emission properties. We believe that the proposed all-graphene-contact approach offers
a direct and easy current injection scheme and further helps electrify various on-chip transferrable microarchitectures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0111362

The on-chip integration of nano- and/or micro-scale materials
and structures has become one of the critical processes to realize many
photonic applications. ' In particular, as most photonic platform
materials suffer from the primary challenge of generating light, the
efficient coupling of high-quality light sources with a photonic inte-
grated circuit (PIC) has garnered interest among many researchers.” '
For example, various types of III-V semiconductor micro- and nano-
lasers,”” " such as microrings,ls’“’ microdisks,”” ' nanowires
(NWs),”' " micropillars,”® and photonic crystals,”””" are heteroge-
neous- and hybrid-integrated to silicon,” "> III-V semiconduc-
tor,”** metal,”** lithium niobate (LN),”’ polymerf’ and/or silicon
nitride’”®  waveguides via low-temperature surface modifica-
tion,'"'>** die-to-wafer bonding,'"'® planarization,”*'”'® and the
membrane transfer-printing method.'*” In addition, the increasing
demand for miniaturization necessitates not only the use of ultrasmall
light sources but also their precise on-demand integration with
other passive building blocks in a PIC. For example, individual III-V
semiconductor light sources, modulators, and detectors have been
separately integrated with silicon, LN, or low-loss polymer wave-
guides.” """ Furthermore, recent advances in the transfer-printing
technique have enabled the delicate align-integration of key optical ele-
ments into highly dense and compact PICs.”

Another focus of interest in PIC research has been the develop-
ment of a stable scheme for operating integrated light sources with elec-
trical pumping.”*'>"""'%**72%2%%0 1 addition to all the advances in the
technologies to control light signals in passive elements with electrical
inputs,” it is often regarded as a key step for completing the PIC for
practical applications. However, despite the demonstrations of electri-
cally pumped light generation using III-V/II-VI semiconductors and
various low-dimensional nanomaterials,'”~'****® electrifying on-chip
integrated light sources remains a prime challenge because of several
levels of technological difficulties: (i) the precisely aligned micro-transfer
of individual light sources, %% (i) the introduction of contacts to
electrically doped and three-dimensionally unleveled nano- and micro-
structures or materials without electrical shortages,l5‘17’22’24’28 and (iii)
stable light generation and its coupling with other passive components
without causing significant optical losses.' ™" #**"**

In this regard, recent efforts on using structured polymers in
micro-transfer for precise integration'****"***" and flexible and trans-
parent graphene contacts for the electrification of single devices'**"*°
have demonstrated the possibility to address the major challenges and
difficulties. In addition, a combined approach involving the use of
both technologies has been recently explored, confirming its methodo-
logical feasibility,” although there have been some concerns related to
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the operational condition and performance of devices. In this work, we
explore the abilities of the aligned micro-transfer and all-graphene-
contact approach and realize an electrically driven on-chip transferrable
all-graphene-contact micro-light-emitting-diode (micro-LED). We top-
down-fabricate vertical p-i-n doped AlGaInP microdisks with multi-
quantum-wells (MQWs), align-micro-transfer on a device chip using
structured polydimethylsiloxane (PDMS), and fabricate them into
micro-LEDs by introducing lithographically patterned graphene con-
tacts. We perform electroluminescence (EL) spectroscopy to character-
ize the electrical and optical properties and demonstrate the robustness
of the proposed all-graphene-contact approach. We also compare the
micro-LED devices with our previous work and discuss several
improvements in terms of their electrical and optical properties.

Figure 1(a) shows a schematic of the proposed on-chip transfer-
rable all-graphene-contact electrically driven micro-LED device. A ver-
tically doped single semiconductor microdisk, including an optical
gain medium, is on-demand micro-transferred to a substrate, where
the outer metallic electrodes are pre-defined. Optically transparent
and mechanically flexible graphene sheets’* are introduced at the
top and bottom surfaces of the microdisk, thereby forming the pat-
terned top and bottom contacts. These contacts allow for the stable
injection of carriers within the patterned area into the microdisk and
enable the robust radiative recombination and subsequent strong light
emission. Figure 1(b) shows the false-colored scanning electron micro-
scope (SEM) image of a fully fabricated micro-LED device. A vertical
p-i-n doped AlGaInP microdisk, including MQWs, is located in the
middle of the Cr/Au electrodes on the SiO, substrate. The microdisk is
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FIG. 1. (a) Schematic showing an electrically driven on-chip transferrable all-gra-
phene-contact micro-LED device. Carriers (blue and red arrows) are injected into
the active semiconductor microdisk via patterned graphene contacts that are kept
in contact with the top and bottom surfaces of the microdisk. (b) False-colored SEM
image of the fabricated micro-LED device. Scale bar: 5 um. (c) Schematic illustrat-
ing the cross section of the device in (b). p-type top (light navy) and n-type bottom
(dark navy) surfaces of the AlGalnP 3QW (red) microdisk are electrically connected
to Au electrodes via PMMA (green)-patterned top and bottom graphene contacts
(black dots and lines).
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then electrically connected to the outer electrodes via the poly-methyl
methacrylate (PMMA)-patterned top (p-type) and bottom (n-type)
graphene contacts. Consequently, electrons and holes can be readily
injected into the microdisk and radiatively recombined in the MQWs,
which enables a bright light emission. Figure 1(c) presents the cross-
sectional schematic of the electrically driven on-chip transferrable all-
graphene-contact micro-LED.

For device fabrication, we used an epitaxially grown, vertical
p-i-n doped, 200-nm-thick AlGaInP/GaInP MQW slab-type wafer
[Fig. 2(a) and Fig. S1]. The AlGalnP spacer between the highly doped
p- or n-contact and the intrinsic layers serves as an intermediate con-
ducting layer to help smooth injection of current. In addition, a slightly
lower index of the spacer, which sandwiches the higher index MQWs,
serves as an optical cladding and enables for the index-guiding of opti-
cal fields. Microdisks with various diameters ranging from 5 to 6 um
were top-down-fabricated using conventional semiconductor micro-
fabrication techniques, including electron-beam lithography (EBL),
chemically assisted ion beam etching (CAIBE), and oxygen plasma
treatment [(i), Fig. 2(b)]. In particular, a 500-nm-thick AlAs layer was
selectively wet-etched in a digitized manner using the buffered oxide
etchant (BOE, J.T. Baker, 40% NH,F:49% HF = 10:1). Subsequently,
the microdisks with small diameters were first separated and weakly
placed in the vicinity of their original positions on the growth substrate
[(ii), Fig. 2(b)]. Next, we used the previously developed PDMS-micro-
tip-assisted transfer technique to pickup the single microdisk [Fig.
2(c)]. A oxygen plasma-treated micro-cubical PDMS with a size of
20 x 20 x 20 um”> was firmly attached to a slide glass mounted on a
movable XYZ stage with nanoscale translational steps. Under an opti-
cal microscope system, the microtip was align-approached to a single
microdisk to establish contact [(i), Fig. 2(c)] and separate it from the
growth substrate [(ii), Fig. 2(c)]. An optical microscope image exhibits
the selected single microdisk after the separation [(iii), Fig. 2(c)]. The
slide glass with the microtip and sample was then taken to a vicinity of
the target site in a SiO, device substrate [(i), Fig. 2(d)] and again pre-
cisely align-approached to register the microdisk at the on-demand
site [(ii), Fig. 2(d)]. Here, before the micro-transfer, we separately met-
alized the device substrate, wet-transferred a sheet of multilayered gra-
phene (MLG), and conformally covered the entire substrate. The
captured image shows the process of target-registering the microdisk
[(iii), Fig. 2(d)]. The SEM image exhibits the align-transferred micro-
disk on top of the MLG sheet [(i), Fig. 2(e)]. For the definition of the
graphene contact, we used high-dosage electron-beam currents and
formed cross-linked PMMA patterns. These patterns protect a selec-
tive area of the graphene during oxygen plasma etching and define the
final configuration of the top and bottom graphene contacts [(ii) and
(iii), Fig. 2(e)]. In this device, we designed a small disk-shaped top pat-
tern with a diameter of ~2 um at the center of microdisks to define a
local region where the carrier recombination primarily occurs. We
also expected that the PMMA -air index contrast might help improve
light extraction in the out-of-plane direction. Three-dimensional (3D)
numerical simulation results indicate a range of the top pattern diame-
ter that sustains a strong vertical light extraction, thereby supporting
our design of the top pattern [Fig. 2(f)]. We note that this vertical gra-
phene contact approach directly addresses the issues in the conven-
tional method, which stem from the lithographical difficulties in
defining the top and bottom contacts on microstructures in a vertical
fashion without electrical shortages. In addition, evaporation-based
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FIG. 2. (a) Detailed material and composi-
tional design of the AlGalnP/GaAs LED
wafer. (b) Tilt-view SEM images showing

a 3x3 array of top-down-fabricated
microdisks before (i) and after (i) the
selective chemical etching. Scale bar:
10 um. Inset: magnified top-view SEM
images of a single microdisk with a diame-
ter of ~5.5um. Scale bar: 4um. (c)
PDMS microtip-assisted single microdisk
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metal deposition often entails unexpected cracks and disconnec-
tions'*** when applied to topographically unleveled surfaces with high
verticality. Therefore, it inevitably results in an increase in the device
resistance and thermal heating, which occasionally requires additional
planarization and lithography processes.”'”'® However, as the gra-
phene contact is highly flexible, it conforms to the vertically structured
surfaces well; it can, thus, establish a robust current path without the
aforementioned issues. Furthermore, a locally loaded vertical pressure
on the flexible graphene during the PDMS micro-transfer process

pickup and separation process: (i) align-
approach to and contact with a target
microdisk in the growth substrate, (i)
pickup and separation of the sample from
the substrate, and (jii) optical image show-
ing the selected single microdisk that was
aftached to the bottom surface of the
PDMS microtip. Scale bar: 10 um. (d)
Align-registration process: (i) taken to a
target site in the device chip and (ii) align-
registration and detach of the microdisk
from the PDMS microtip. White dotted
lines: PDMS microtip. Scale bar: 10 um.
(e) All-graphene-contact device fabrica-
tion: (i) Top-view SEM image (top) show-
ing the align-transferred microdisk on
bottom graphene. Lithographic definition
of bottom (i) and top (iii) graphene con-
tacts by using the cross-linked PMMA pat-
terns. Scale bar: 5 um. The tilt-view SEM
images of the following fabrication are at
the bottom. Scale bar: 2um. (f)
Calculated transmissions toward the in-
plane (T;, black dots) and out-of-plane
(Tout, red dots) directions as a function of
the size (D) of the top PMMA/graphene
pattern (green disk, inset). Blue-shaded
area indicated the range of D that sus-
tained high T, and low Ti,. A magnetic
dipole source with a wavelength of
700nm was introduced at the center of
the microdisk. Normalized transmissions
were calculated by dividing the upward
and lateral output powers by the total out-
put power.

followed by a rapid thermal annealing (RTA) process can synergisti-
cally serve to smoothen the rough surface over a large area of the gra-
phene [Fig. S2(a)-S2(c)]. This surface modification can beneficially
increase the quality of contact at the interface.

To investigate the electrical and optical properties of the fabri-
cated device, we performed EL spectroscopy [Fig. 3(a)]. The fully fabri-
cated device chip shown in Fig. 2(e) was tightly mounted on an XYZ
stage with nanoscale translation steps. A semiconductor analyzer
(Keithley 4200-SCS) generated the pulsed currents with a repetition
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rate of 20 Hz and a duty cycle of 10%. These currents were injected
into the micro-LED device through tungsten probe-tips that were kept
in contact with the outer Cr/Au electrodes. The EL from the device
was then collected by a x50 microscope objective lens with a
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FIG. 3. (a) Schematic of the EL spectros-
copy setup. (b) Measured I~V curve of the
micro-LED device, exhibiting diode-like
characteristic transport properties. Inset:
the total resistance consisting of a series
of contact resistances, including PMMA/
MLG/Au (Rc1 and Rca), n-AlGalnP/MLG/
SiO, (Rep), and PMMA/MLG/p-AlGalnP
(Rc3) and junction resistance (Ry). (c) EL
emission profiles captured by CCD:
loump =0.28 (i), 1.17 (ii), 5.81 (iii), 8.20
(iv), 10.08 (v), 13.42 (vi), 42.91 (vii), and
78.06 pA (viii). For two adjacent images,
the intensities were normalized with the
maximum values (/nax): for example, for
(i) and (i), fmax=1.1x 10% for (iii) and
(iv), Imax=6.0%10% for (v) and (vi),
Inax="11.0x 10% for (vi) and (v,
Imax = 66.0 x 10°. White dotted lines indi-
cate the top and bottom graphene con-
tacts. Scale bar: 2 um. (d) Measured EL
spectra with different values of foymp. Al
spectra were normalized with the maxi-
mum peak intensity. (e) A plot of peak
shift (A4) as a function of foymp. Inset: the
estimated junction temperature (7) as a
function of AA. (f) Characteristic L-/ curve.
Inset: for low fymp < 1.5 A, the L-/
curve from the NW LED device in Ref. 26
was co-plotted for a direct comparison.
For both plots, the output intensities were
divided by the volume of optical gain in
the respective devices and normalized
with the maximum value. Intensities of the
NW LED were increased hundred-fold for
clarity. (g) CCD images of vertically (0°,
top left) and horizontally (90°, top right)
polarized EL emissions. Scale bar: 2 um.
Semi-polar plot of angular distribution of
EL. loump ~ 188 nA for all angle-resolved
measurements.

numerical aperture of 042 (Mitutoyo, M Plan APo) and fed into a
spectrometer or imaged onto a charge-coupled device (CCD). We first
recorded the current-voltage (I-V) response to investigate the electri-
cal transport properties [Fig. 3(b)]. The results indicate a gradual
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increase in the current under a low forward bias voltage of < 6 V and
the onset of a nonlinear increase in the current flow at ~8.5V. For
reverse bias voltages, no measurable currents were observed. The total
resistance is ~10k€. This diode-like characteristic directly indicates
that the injected carriers pass through the vertical p-i-n junctions of
the device. Consequently, it confirms that the top and bottom gra-
phene contacts robustly serve as electrical contacts. For a detailed and
extended analysis on transport properties, we devised a series of con-
trol experiments (Fig. S3). First, we measured the individual contact
resistances of PMMA/MLG/Au electrodes, PMMA/MLG/p-AlGalnP,
and n-AlGaInP/MLG/SiO,. Second, we repeated these experiments
under several different temperature conditions ranging from 298 to
380K and investigated their temperature-dependent properties. As
anticipated, the result showed that a major contribution to the overall
resistance of a micro-LED device originated from the contact resis-
tance between the graphene and semiconductor. For example, the con-
tact resistances of MLG/p-AlGaInP and n-AlGaInP/MLG were
measured as ~5.6 and ~4.1kQ at room temperature, whereas that of
MLG/Au was measured as ~0.042 kQ. Based on these results, we were
able to estimate the overall series contact resistance of a typical micro-
LED device as ~9.8kQ. If we apply this value to the device in Fig.
3(b), we can readily derive the differential junction resistance as
~0.2kQ at room temperature. Although there exists differences in
individual devices due to fabrication imperfections and material quali-
ties, one can conservatively apply this value to the devices with similar
physical dimensions. In addition, we observed that these contact resis-
tances were improved as the temperature increased, which led to the
reduced overall resistance in a micro-LED device. Detailed I-V charac-
teristics as a function of temperature are presented in Fig. S4.

For optical characterization, we gradually increased the pump
currents (Iump) and observed the EL emission patterns from the
device [Fig. 3(c) and Fig. S5]. At a low I,ump of ~0.28 uA, the emit-
ted EL intensities started being developed into a uniform circular
pattern on the central area of the microdisk at which the top gra-
phene contact was lithographically defined [(i), Fig. 3(c)]. This EL
pattern experimentally confirms that the carrier recombination pri-
marily occurs through the disk-shaped top-graphene pattern [Fig.
S6(b)]. As Iyump increased, the EL emissions were gradually intensi-
fied but the circular profile was kept unchanged until I, reached
at 8.2 uA [(ii)-(iv), Fig. 3(c)]. However, for Iyymp > 10.08 uA, a
small and localized light spot along with the central EL emission
started growing in intensity near the upper boundary of the micro-
disk at which the top graphene contact was overlapped [(v), Fig.
3(c)]. Unexpectedly, as we further increased I,ump, the emissions
from the localized light spot were further intensified and became a
major part of the entire EL emissions [(vi)-(viii), Fig. 3(c)]. We
believe that these observations can be partly attributed to the forma-
tion of sidewall contact between the top-graphene and the upper
side of microdisk [Fig. S5(a)], which enabled to facilitate a substan-
tial number of carriers to be non-uniformly transported through the
p-i-n junctions near the boundary and radiatively recombined.

We further characterized the spectroscopic properties of the pro-
posed on-chip transferrable micro-LED device by systematically
increasing I,mp and measuring the EL spectra [Fig. 3(d)]. The mea-
sured spectra showed a peak wavelength of ~700nm, which repre-
sents the central emission wavelength of AlGalnP/GaInP MQWs and
exhibited a gradual increase in the peak intensity with I,ump. In

ARTICLE scitation.org/journal/apl

addition, we observed a gradually increasing peak shift (A1) as the
Ioump increased [Fig. 3(e)]. This can be explained by self-heating of
MQWs active medium due to the high levels of current injection and
the subsequent modification of the electronic band structure of the
medium. Based on these data, we also estimated the junction tempera-
tures arising from the self-heating effect by using the temperature coef-
ficient of the wavelength shift of the AlGaInP LED wafer (dT/
dA=7.5K/nm) [inset, Fig. 3(e)].%°

Next, we summarized the intensity results of Fig. 3(d) in the con-
ventional light-out vs current (L-I) curve, which clearly indicated a
linear dependence of the output power on the I, [Fig. 3(f)]. Here,
we co-plotted the L-I curve from our previous work involving NW
LEDs” and compared both devices to examine the light emitting per-
formance (red dots in the main panel and inset). For a quantitative
comparison, we divided the output power by the volume of the gain
material of respective devices (i.e., Pour, M/ Vps Pout, nw/ Vaw) and
normalized them with the maximum value. Important improvements
were noted. First, we could stably operate the fabricated micro-LEDs
over a broad range of Iymy, from a few tens of nA to > 100 pA, under
low bias voltages of < 10 V. In the previous work, the typical operating
voltage of NW LEDs was limited in the range 12-15V, and the corre-
sponding currents were less than 1 yA. Thus, the micro-LED devices
exhibit a substantially reduced resistance (~10k€) as compared with
the NW LEDs. We also note that these improved electrical properties
(i.e., the operating voltage, current level, total device resistance, etc.)
are comparable to and/or even better, to some extent, than other gra-
phene-contact-based electrically pumped light sources with similar
dimensions. For example, the microdisk lasers fabricated on the epi-
taxial growth wafer using a top graphene contact exhibited the total
device resistance of 5.8 kQ similar to that of our micro-LED devices."”
Single nano-LED devices, which used synthesized InGaN/GaN core-
shell NWs and exhibited the comparable processes of device fabrica-
tion, including a graphene p-contact, were mainly operated under the
similar voltage range < 10 V but a few times lower levels of currents
than those of our devices.”” Importantly, considering the double
semiconductor-graphene interfaces, in contrast to the above examples,
our micro-LED devices exhibit an excellent electrical performance.
Furthermore, regarding light emission, we achieved a drastic increase
in the output power from the micro-LED devices: an approximately
10*-fold increase in the maximum output power was achieved. These
improvements can be partly explained by the increased size of the
micro-LED devices, which correspondingly enlarged the contact area
and possibly resulted in a reduced resistance and an increased current
flow. We believe that these electrical and optical improvements enable
the micro-LEDs to readily produce strong light signals, satisfying the
requirements for light sources in large circuits. Finally, we briefly
investigated the polarization property of the fabricated micro-LED
devices by performing angle-resolved spectroscopy [Fig. 3(g)]. A linear
polarizer was used in front of either the CCD or spectrometer. As
anticipated, the EL emissions recorded by the CCD and the semi-polar
plot of the measured intensities showed no noticeable preferences in
polarization. This result is primarily attributed to the high geometrical
symmetry of the device and the unpolarized nature of spontaneous
emission.

In conclusion, we demonstrated an on-chip transferrable electri-
cally pumped all-graphene-contact micro-LED device at room tem-
perature. A vertically p-i-n doped top-down-fabricated single
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microdisk was on-demand align-transferred onto a device chip using
PDMS-microtip-assisted transfer-printing. Top and bottom graphene
contacts were lithographically patterned and introduced to the micro-
disk. EL spectroscopy revealed clear diode-like transport properties
and typical L-I characteristics as well as an unpolarized angular distri-
bution of EL. These results indicated considerable improvements in
the device performance, as compared with that in our previous work.
We believe that our all-graphene-contact approach can offer an effi-
cient and robust current injection scheme for various on-demand
transferred microstructures and help realize their instant electrification
in PICs.

See the supplementary material for experimental details and sup-
porting data, including the details of compositional materials, AFM
topographic  characterization, TLM experiment, temperature-
dependent transport properties, and additional EL emission profiles.
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