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Unlike non-polar semiconductors such as silicon, the broken inversion symmetry of
the wide-bandgap semiconductor gallium nitride (GaN) leads to alarge electronic
polarization along a unique crystal axis'. This makes the two surfaces of the

semiconductor wafer perpendicular to the polar axis substantially different in their
physical and chemical properties?. In the past three decades, the cation (gallium) face
of GaN has been used for photonic devices such as light-emitting diodes (LEDs) and
lasers®>. Although the cation face has also been predominantly used for electronic
devices, the anion (nitrogen) face has recently shown promise for high-electron-
mobility transistors (HEMTs) owing to favourable polarization discontinuities®. In this
work, we introduce dualtronics, showing that it is possible to make photonic devices
onthe cation face and electronic devices on the anion face of the same semiconductor
wafer. This opens the possibility for making use of both faces of polar semiconductors
inasingle structure, in which electronic, photonic and acoustic properties canbe
implemented on opposite faces of the same wafer, markedly enhancing the functional
capabilities of this revolutionary semiconductor family.

Single crystals of semiconductors are macroscopic molecules with
periodic repeating basis units’. In a perfect semiconductor crystal
wafer, the atomiclocation and type at one pointin space repeatsitself
hundreds of microns from one surface to the other and hundreds of
millimetres from one edge to the other. In non-polar semiconductors
suchassilicon, the crystal orientation is chosen carefully to maximize
the electronic performance of devices onthe surface. Electronic devices
such as transistors are made only on one (say, the top) surface of sili-
con and not the other. Even if the other surface was used, the parallel
surfaces of a cubic crystal are identical by symmetry. This means that
flipping a silicon wafer upside down does not change the chemical or
electronic properties of the top surface. Thus, heterostructures and
electronic devices made on the two surfaces in an identical manner
exhibitidentical properties.

The wide-bandgap semiconductors GaN and aluminium nitride (AIN)
have awurtzite crystal structure with an underlying hexagonal lattice®.
This crystal structure breaks inversion symmetry along the [0001]
orientation (the caxis). The two surfaces perpendicular to the c axis of
asingle-crystal wafer of these polar semiconductors therefore exhibit
very different physical properties: flipping the crystal wafer is analo-
gous to flipping abar magnet. The chemical properties of the two sides
areso distinct that they are used to identify metal or nitrogen surface
polarity. Although the metal-polar surfaceis inert to most chemicals,
the N-polar surface of both GaN and AIN etches vigorously in solutions
with bases, suchas KOHand TMAH, or acids such as H,PO, (refs. 9,10).

Large differences in the electronic properties of heterostructures
are observed for the two faces™ 2. For example, if an approximately

10-nm-thin coherently strained epitaxial GaN layer is deposited on
the N-polar surface of AIN, a two-dimensional electron gas (2DEG) is
formed at the GaN/AIN heterojunction quantumwell as aresult of the
discontinuity of the conduction band combined with the discontinuity
ofthe electronic polarizationacross the heterojunction®. Butwhenan
identical, approximately 10-nm coherently strained epitaxial GaN layer
isdeposited onthe metal-polar surface of AIN, a2D hole gasis formed
at the heterojunction quantum well*. These polarization-induced,
electrically conductive 2D electron and hole gases are formedin crys-
tals nominally free of chemical impurities such as donor or acceptor
dopants. (Al,Ga)N/GaN HEMTs using such polarization-induced con-
ductive channels demonstrate outstanding performance in high-power
and high-speed applications™,

Sofar, only asingle face of c-axis-oriented GaN single-crystal wafers is
used for either photonic or electronic devices . In this work, the two
polarities on the opposite faces of a GaN single crystal are combined to
realize a photonic device on one side and an electronic device on the
other. A heterostructure quantum well on the N-polar side is used to
generate a polarization-induced high-mobility 2DEG and a quantum
well (In,Ga,Al)N p—ndiode heterostructureis realized on the opposite
metal-polar side. This two-sided wafer is then processed, first into
HEMTs onthe N-polarside, followed by blue quantumwell LEDs on the
metal-polar side. Successful operation of the HEMT and LED devices
is observed, allowing the switching and modulation of blue LEDs by
HEMTSs on the other side of the wafer.

Figure 1shows how dual-side epitaxy for dualtronics was achieved.
The starting wafer is a high-transparency bulk n-type O-doped GaN
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Fig.1|Schematic showing plasma-assisted molecular-beam epitaxial
growth ofthe HEMT-LED. The grey arrows indicate the chronological order of
thegrowth procedure.a, Gabonding of the GaN substrate and MBE growth of

substrate grown by the ammonothermal method®? with mobile
electron concentration of about 10" cm™ and threading dislocation
density of about 10* cm™ with both the Ga-polar and N-polar sides
chemo-mechanically polished to obtain atomically smooth surfaces.
TheN-polar surface of the GaN substrate was gallium-bonded toa GaN/
sapphire carrier wafer asshownin Fig.1a. Because the surface bonded
tothe carrier wafer needs to be used again, we chose galliumbonding
to the GaN surface of a GaN/sapphire carrier wafer to ensure desired
elements (Ga, N) at this bondinginterface. Using molecular-beam epi-
taxy (MBE), we first grew a blue (In,Ga,Al)N LED structure consisting
of a quantum well active region inside a p—n heterojunction on the
Ga-polar face of GaN. The wafer was then detached from the carrier
wafer and flipped as shown in Fig. 1b. The Ga was removed from the
N-polar side and the metal-polar p-type GaN surface of the LED side
was gallium-bonded on to a clean GaN/sapphire carrier wafer. Sub-
sequently, a N-polar GaN/AIGaN/GaN heterostructure was grown on
the N-polar face againby MBE to create a high-electron-mobility 2DEG
to serve as the conduction channel of the HEMT, as shown in Fig. 1c.
The chosen growth conditions for the LED and HEMT structures are
described in Methods.

Figure 2a shows the precise layer thicknesses and compositions of
the HEMT on the N-polar side onthe top and the LED on the metal-polar
sideonthebottom of the single GaN wafer achieved after the dual-side
epitaxy. Figure 2b-g shows the corresponding scanning transmission
electron microscopy (STEM) images.

The MBE-grown HEMT on the N-polar side started with the growth of a
500-nm-thick unintentionally doped (UID) GaN buffer layer asshownin
Fig.2a, followed by 5-nm GaN:Siand 5-nm Al ,,Ga, ¢,N:Silayers withaSi
concentrationof3 x 10" cm™ capped with undoped 15-nm Al 4,,Ga, 4N
and 10-nm GaN. Silicon doping below the 15-nm AlGaN layer was used to
prevent the formation of a polarization-induced 2D hole gas at the bot-
tomN-polar AIGaN/GaN interface?*. The bulk energy bandgap of GaN is
E, =3.4 eVandthatof Al 4,Ga, ¢oNis £y, = 4.5 €V at room temperature.
For the N-polar HEMT, the high-angle annular dark-field (HAADF) STEM
image in Fig. 2b shows the 20-nm AlGaN layer near the surface with
sharp interfaces with GaN on both sides. Figure 2c zooms in to show
the lattice image of the top GaN/AlGaN heterojunction, in which the
2DEG resides mostly on the GaNside. A sharp heterointerface between
GaN and AlGaN is observed, with the atomic planes clearly resolved.
Figure 2d shows anintegrated differential phase contrast (iDPC) image
of the GaN HEMT channel layer, proving the N-polar crystal structure
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the (In,Ga,Al)N LED along the metal-polar direction. b, Unloading, cleaning,
flipping, Gabonding and reloading of the sample. c, MBE growth of the GaN/
AlGaNHEMT along the N-polar direction.

along the growth direction: the N atoms located vertically below the
brighter Gaatoms.

ForaN-polar heterostructure, amobile 2DEG is expected to form on
the GaNside inside a triangular quantum well formed by the conduction
band offset AE. = 0.8 eV at the sharp GaN/AlGaN heterojunction seen
inFig.2c. A Hall-effect transport measurement described in Methods
showed that a2DEG is formed with room-temperature electron density
n,=1.26 x 10" cm™and electron mobility of £ = 1,970 cm? (V s) ™, result-
ing in a sheet resistance of Ry, =1/(engu) = 252 QO sq™", in which eis the
magnitude of the electron charge. The observed sheetresistanceis the
lowest and the electron mobility is one of the highest among all N-polar
HEMT heterostructures reported in the literature, resulting largely
from low interface roughness scattering of the quantum-confined
electrons at the sharp interface owing to the high-quality epitaxy on
the double-side polished bulk GaN substrate”?. A benchmark com-
parisonwith state-of-the-art N-polar Illl-nitride HEMTs reported in the
literature is shown in Extended Data Fig. 1.

The MBE-grown LED heterostructure on the metal-polar side seen
on the bottom side of Fig. 2a consists of a150-nm GaN:Si buffer layer,
followed by a50-nmIn, y,Ga, o;N/40-nmIn, o;Ga, 05N active region with
asingle2.5-nm-thickIn,;,Ga, ;N quantumwell embedded in between.

This photonic active region was followed by p-type doped layers
starting with a 20-nm Al, ,,Ga, ;N electron blocking layer with a Mg
concentration of 3 x 10" cm™, followed by a 150-nm-thick GaN layer
with a Mg concentration of 6 x 10" cm™. This LED heterostructure
was capped with p-InGaN contact layers consisting of 40-nm-thick
Iny0,GagesN and 5-nm-thick In, ;sGa, ¢sN doped with Mg at the levels
of 1x10%° cm™and 5 x 10%° cm™, respectively, to form low-resistance
ohmic contacts for hole injection into the LED active region, while
simultaneously being transparent to the light emitted from the active
region. Figure 2e shows a HAADF-STEM image of each of these LED
layers, indicating a uniform quantum well and the surrounding active
region along the plane of the wafer. The atomically resolved image in
Fig.2fshows the 2.5-nm-thickIn, ;Ga, ¢;N quantum well and the InGaN
claddinglayers. The group Ill element fractions and doping profiles for
both the LED and HEMT structures are presented in the time-of-flight
secondaryion mass spectrometry (ToF-SIMS) datashown in Extended
Data Fig. 2, which indicate that the measured values are as intended.
Notably, there is no noticeable interdiffusion of dopants or group Il
broadening of the metal-polar LED layers, indicating thatinterface and
doping control is not affected by the second growth step.
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Fig.2|STEMimaging of dualtronic epitaxial heterostructure. a, Schematic
showing the HEMT-LED heterostructures grown on both faces of asingle-
crystal c-plane n-GaN substrate. b, HAADF-STEM image showing the GaN/
Alg.40GagoN/GaN HEMT. Scale bar, 10 nm. ¢, Atomic-resolutionimage
corresponding to the uppermost GaN/Al, 40Ga, ¢oN heterojunctioninterface
that hosts the 2DEG. Scale bar,2 nm.d, iDPCimage in the uppermost GaN layer
ofthe HEMT indicating that the nitrogen polarity follows that of the substrate

Figure 2g shows an iDPC image of the p-InGaN contact layers on
the metal-polar LED side. The LED isindeed metal-polar viewed in the
growth direction with the substrate out of view above. This confirms
that the polarity of the crystal substrate locks the polarity of the epi-
taxial layers and that the crystalline registry goes through the entirety
of the GaN wafer over hundreds of microns. Thisis why the 2DEG forms
ontheN-polar side of the wafer, whereas the metal polarity is retained
throughout the active regions, quantum well and electron blocking
and contact layers of the LED. The high-crystalline perfection of the
LED heterostructure also proves that the growth of the HEMT hetero-
structure on the N-polar side at a high temperature and with nitrogen
plasmadoesnot destroy or degrade the LED structure during the rather
harsh thermal and chemical conditions. The surface of the as-grown
heterostructures after the completion of both epitaxial steps as shown
in Extended Data Fig. 3 exhibit sub-nanometre roughness atomic steps
characteristic of step-flow growth, indicating the successful dual-side
epitaxy. X-ray diffraction (XRD) measurementsindicate high crystallin-
ity, sharp heterointerfaces and coherently strained layers to the GaN
substrate seen in Extended Data Fig. 4.

For successful dualtronics, the survival of the thin LED heterostruc-
ture layers during the epitaxial growth conditions of the HEMT side
needstobereplicated for the steps of device fabrication. The N-polar
surfaceis particularly difficult to protect chemically because it reacts
strongly with several solutions that are typically used for surface clean-
ing and conditioning during the processing steps. For example, the
natural etching of the N-polar surface of GaN in solutions of KOH, TMAH
or H,PO, form pyramidal facets that substantially roughen the pristine,
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tothesurface.Scalebar,1nm.e, HAADF-STEM image showing the LED quantum
well, electron blocking layer, cladding and contact layers. Scale bar, 100 nm.
f, Atomic-resolutionimage corresponding to the LED In, ,;Ga, o3N/Ing ;Ga, 55N/
Ing 4;Ga,y 03N single quantumwell. Scale bar, 2 nm. g, iDPCimage of the p-InGaN
contactlayers of the LED indicating that the metal polarity follows that of the
substrate.Scalebar,1nm.

flat surface®. This property of surface roughening is put to good use
for efficient light extractionin blue LEDs. But such roughening would
destroy the N-polar HEMT desired here, which requires sub-nanometre
smoothness to preserve the high-mobility 2DEG and for the fabrication
of source, drain and gate electrodes. Figure 3 shows the procedure
used for the fabrication of the HEMT and LED on the opposite sides of
the same wafer, along with the final dualtronic device. Amore detailed
overview schematic of the fabrication of the dualtronic device is shown
in Extended Data Fig. 5.

Figure 3ashows thestarting layer structure, whichis first processed
intoa HEMT on the N-polar side shownin Fig. 3b. Ti/Au low-resistance
source and drain ohmic contacts are formed onregrown GaN layers that
are heavily n-type doped with silicon. A thin gate SiO,/Al,0, dielectric
layer was deposited, followed by a Ni/Au gate metal stack to complete
the HEMT fabrication. The HEMT layer was then protected by a pho-
toresist coating and flipped upside down to the metal-polar side up
for LED fabrication for each photolithography step.

Figure 3¢ shows that, for the fabricated LED, Pd/Au metallization
was used for the p-type anode contact. The high-work-function metal
palladium aligns the metal Fermilevel close to the valence-band holes
ofthe p-type doped InGaN cap layer of the LED side. The thin p-InGaN
reduces the contact resistance by enhancing the free hole concentra-
tion and by lifting the valence-band energy maximum. To form the
n-type cathode contact, mesaregions were etched by removing the
entire active region and terminating the etch on the buried n-type
GaN layer to reveal a flat surface. Ti/Au metal stacks were deposited
on this flat n-GaN surface to form a low-resistance contact between

Nature | www.nature.com | 3
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Fig.3|Fabricationandimaging of dualtronicdevice.a-d, Device processing
flow for the double-sided HEMT-LED. Starting from the as-grown heterostructures,
thegrey arrows follow the independent processing steps chronologically,
withthe metal-polar LED being processed after the N-polar HEMT. e, A3D
representation of the complete device. f, Optical microscope images of the

electrons at the Fermi surface of the metal and the electrons in the
GaN conduction band.

Figure 3d shows the completed dualtronic structure after
removal of the protective photoresist coating and Fig. 3e shows a
cross-section of it flipped upside down. This schematic emphasizes
the single-crystal nature of the whole structure, across the bulk of
the wafer indicated by the wavy break in the thick GaN layer between
the HEMT on the top and the LED on the bottom. Figure 3f shows an
optical microscope image focused on the top HEMT surface on the
left and the bottom LED focused on the right. The room-temperature
energy bandgap of the bulk wafer between the HEMT and LED mesas
is E; = 3.4 eV of GaN, which is optically transparent to visible light,
allowing for imaging of the LEDs through the wafer from the HEMT
side as seen in Fig. 3f. This also emphasizes that the transistor layers
are transparent to visible wavelengths and are therefore attractive
for dualtronic integration with LEDs as transparent thin-film transis-
tors (TFTs) but, as seen later, with much higher performance than
existing TFTs made of oxide or organic semiconductors. Figure 3g
shows the scanning electron microscope images of the HEMTs on the
N-polar GaN surface (bottom) and the LEDs on the metal-polar GaN
surface (top).
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Figure 4ashows the measured transfer characteristic and transcon-
ductance of the N-polar HEMT. A threshold voltage of V; = =3 Vis meas-
ured with an on-current drive exceeding 1 A mm™at a drain voltage of
Vs =5 Vand gate voltage of Vs = 3 V. The transistor transconductance
g, = 0ly/0V s peaks at Vs =-1.6 V. Figure 4b shows the measured /,—V;ys
output characteristics of the HEMT for various gate voltages overlaid
with the LED current-voltage characteristics. The transistor delivers
enough output current to drive the LED with variable drive currents
controlled by the gate voltage up to 50 mA or more. Figure 4c shows the
LED currentand the HEMT current for Vs =5 Vin the logarithmicscale,
indicating that the HEMT can control the LED currentand henceiits opti-
cal outputintensity over several orders of magnitude. Figure 4d shows
the measured output spectra of the LED for injection current densities
ranging from1to 140 A cm™ The emissionintensity increases with the
injection current density and the peak emission wavelength blueshifts
fromA=470 nmat1A cm?toA=450 nmat140 A cm2intheblueregime
of the visible spectrum. The blueshift is caused by screening of the
internal polarization fields, which resultinareduced quantum-confined
Stark effect, as well as the Burstein—-Moss effect. The inset in Fig. 4d
shows the brightblue electroluminescent glow of the blue LED slightly
below the centre of the wafer on the metal-polar side. The output and
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Fig.4|Device characteristics ofthe HEMTs and LEDs, operatingindependently.
a,Normalized drain current (black line) and transconductance (grey line) of an
N-polar HEMT as a function of gate-source voltage, operating at a drain-source
voltage of 5V.b, Linear plot showing the family of curves foraHEMT (black lines)
foragate-source voltage ranging from 1.75 (on) to -3.25 V (off). On the right axis,
thelinear current-voltage characteristics of a400-pm-diameter LED (blueline)
and unnormalized output characteristicsofaHEMT are shown as well. The
dimensions of the measured HEMTs are Lgp =4 um, Lo =1.5 umand W; =50 um.
¢, Semi-log plots showing the unnormalized drain current (solid black line) and

transfer characteristics of the HEMTs before and after the fabrication
of the LEDs are shown in Extended Data Fig. 6. It was confirmed that,
after the LED processing, there was minimal degradation of the HEMT
withalessthan 0.3 Vthreshold voltage shift and negligible changein the
outputand gate leakage current. This minimal degradation highlights
the feasibility of using double-side epitaxy and processing for reliable
heterogeneous device integration on both crystal faces.

Figure 5ashows thelayer structures and corresponding energy-band
diagrams of the HEMT on the left and the LED on the right when they
are connected inthe circuit format shownin Fig. 5b. The source of the
HEMT is connected tothe anode of the LED to inject current to light up
the LED. Thelight emitted from this dualtronic device ismeasured with
aphotodiode. A customized probe setup was fabricated to probe both
HEMTs and LEDs without the need to flip the sample, shown schemati-
callyin Extended DataFig. 7. When the gate voltage of the HEMT is lower
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gate current (dashed blackline) versus gate-source voltage, for adrain-source
voltage of 5 V.Here the transistor current corresponds to the left vertical axis.
Thehorizontal dashed black line indicates a normalized channel sheet current
density of 1 Amm™. Similarly, corresponding to the right vertical axis is the LED
current (blueline) as afunction of forward bias for a400-um-diameter device.
d, Electroluminescence spectra of ametal-polar,400-um-diameter LED. The
injection current density ranges from1to140 Acm™. The inset shows acamera
image of the sample withan LED in the on state. a.u., arbitrary units.

thanthetransistor threshold (Vs < V4), the triangular quantumwell is
lifted above the Fermilevel in the energy-band diagram of the HEMT
as shown and the transistor is off. The corresponding energy-band
diagram of the LED is shown on the right. When the HEMT gate volt-
ageis above threshold, the bottom of the triangular quantum well is
pulled below the Fermilevel, asseenin Fig. 5a, flooding the GaN/AlGaN
interface with electrons that form a2DEG channel. The output current
flowing from the drain of the HEMT is then injected into the cathode
of the LED, forward biasing it to the energy-band diagram shown and
indicated by the split quasi-Fermi levels of electrons E, and holes Eg,.
The electrons injected from the cathode radiatively recombine with
the holes injected from the anode into the Iny;,Ga, g;N quantum well,
emitting light thatis sensed by the photodiode.

Figure 5c shows that the photovoltage signal follows the gate volt-
ageasitis swept between -3.0 < V< 3.6 V with the drain voltage set
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Fig.5|Monolithic HEMT-LED switching measurements. a, Energy-band
diagrams of the HEMT and LED indicating the off and on states. b, Circuit
schematic of the monolithic HEMT-LED, taking into account the back-gating
effect of the conductive GaN substrate. ¢,d, Monolithic switching measurements,

atavoltage of 5.9 V and the back-gate voltage set at a voltage of 1V,
over the millisecond timescale across its threshold voltage from the
on state to the off state. Figure 5d shows that, when the gate voltage
of the HEMT is modulated in the range 2.0 < V;s< 3.0 Vwhenitisin
its on state with Vg > V4, the light emitted by the LED follows this
gate modulation, translating the electronic signal in the gate of the
HEMT into a photonic bright and dim signal output from the LED
on the other side of the wafer. The on-off modulation of the dual-
tronic device can be improved by using similar concepts as used for
traditional LEDs?*%,

Owing to the dualtronic structure, the cathode of the LED can also
serve as aback gate for the HEMT, which was takeninto accountinthe
monolithic switching measurements. With a separate contact to the
n-GaN substrate, we observed that the cathode voltage could expo-
nentially control the drain current when the top gate was electrically
floating. This back-gating effect is available as a new functionality or
may be eliminated if undesirable by replacing the conductive substrate
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modulating between on and off (c) and between bright and dim modes (d). The
gate-source modulation voltageisshowninred, the photodiode voltage while
modulating the LED in solid blue and the background (LED offstate) photodiode
voltageindashedblue. a.u., arbitrary units.

with a semi-insulating substrate. The back-gating effect of the HEMT
with the LED is shown in Extended Data Fig. 8.

The observations described here thus prove that the concept of
dualtronics is feasible, opening the paths for many interesting pos-
sibilities. This work realized an electronics fabric on the N-polar face
and a photonic fabric on the metal-polar face of the same wafer. This
dualtronic combination is ofimmediate interest for combining micro-
LEDs onthe photonicside with transparent TFTs on the same GaN wafer
onthe other side. This monolithic convergence of devices reduces the
number of components required for microLEDs, with the potential for
substantial areaand cost savings owing to efficient use of the substrate
real estate. Moreover, monolithic integrating schemes combining tran-
sistors and LEDs on asingle substrate facerely on several epitaxial layers
that need to be either selectively removed and/or regrown to expose
the LED heterostructure buried underneath the transistor structure
or vice versa®* ¥, Exposing the buried heterostructure by dry etching
induces plasma damage, leading to diminished light emission and



degradation of contacts. Similarly, with a selective growth method, the
exsitu nature of regrowth resultsinapoor growthinterface, increasing
leakage pathways. These issues are all avoided with the dualtronics
integration scheme.

The dualtronics concept extends to several exciting new opportuni-
ties. The metal-polar face of the substrate, to take advantage of high
emission efficiencies, can be used for any optoelectronic device such
as laser diodes, semiconductor optical amplifiers and electro-optical
modulators, while transistors or photodetectors are fabricated on the
N-polar face. This full use of the substrate markedly decreases the num-
ber of components and chips needed in photonic integrated circuits.
For other applications, both GaN polarities can be used. For instance,
RF transistor power amplifiers for the transmit part of communica-
tion systems can be realized on one polarity and low-noise amplifiers
for the receive end of communication systems can enable integrated
transceivers in a combined transmit/receive module of smaller form
factor than existing systems. The combination of n-channel transistors
on one polarity with p-channel transistors on the opposite polarity
canenable new forms of complementary transistor circuit topologies
connected by through-vias through the substrate. Such dualtronic
devices can take advantage of the wide-bandgap nature of the polar
nitride semiconductors for new forms of power electronics and RF
electronics. These, and several allied possibilities, can allow for the
creation and manipulation of electrons and photons on the opposite
faces of the same wafer to achieve new functionalities.

The ultrawide-bandgap polar semiconductor AIN boasts large
electro-acoustic coupling, whichmakes it the preferred material today
for acoustic-wave RF filters. Dualtronics can thus take advantage of
this property of the polar nitride semiconductors to combine sonar
(by sound waves), radar (microwaves) and lidar (light) on the same
platform.

The efficient use of the substrate surfaces eliminates wasted space,
reduces the energy and material costs of producing several wafers and
thus should be of greatinterest for future technologies well beyond the
particular polar semiconductor materials discussed here.
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Methods

Preparation of bulk GaN substrate

The investigated sample was grown on a bulk O-doped GaN 1 x 1-cm?
high-transparency substrate grown by an ammonothermal method
with a room-temperature free-electron concentration reaching
10'® cm™ and threading dislocation density on the order of 10* cm™
(ref. 38). Using the high-transparency substrate allows better light
extraction and device characterization. Both faces of the substrate
were first mechanically polished to obtain flat and parallel surfaces,
both benefiting fromatypically used miscut angle of 0.5° of the (0001)
plane towards[1100]. Both the Ga-polar and N-polar surfaces were then
chemo-mechanically polished to obtain atomically smooth surfaces
exhibiting atomic steps.

MBE of metal-polar LED and nitrogen-polar HEMT

The epitaxial processes on both crystal planes were conducted using
plasma-assisted MBE in a Veeco GEN20A reactor. GaN and AlGaN
layers on both polarities were grown at the same substrate tempera-
ture of around 730 °C using a growth rate of 0.4 um h™ (realized by
anitrogen plasma source operating at 250 W and 2.2 sccm N, flow),
whereas InGaN layers were grown at a temperature of 650 °C using
agrowth rate of 0.8 pm h™ (plasma source operating at 310 W and
10 sccm N, flow). The growth temperature for GaN and InGaN was
deduced using reference fluxes of Ga and In desorption rates, respec-
tively®. Desorption rates were calibrated as a function of the real
substrate temperature in a separate process on a 2-inch GaN/Al,O,
reference wafer using ak-Space BandiT pyrometer that measures tem-
perature using the principle of black-body radiation. The Ga-polar
and N-polar structures were both grown using commonly used
metal-rich growth conditions similar to recipes described elsewhere
for laser diode growth*’. The sequence of the epitaxial procedures,
as well as the growth conditions and duration, can potentially affect
the performance of the devices. In this study, the Ga-polar LED was
grown first to avoid the risk of degrading the N-polar HEMT device
performance.

The LED heterostructure was grown starting with a 150-nm GaN:Si
bufferlayer, followed by anln,;,Ga, ¢;N/Ing o;Gag ;N active region with
asingle2.5-nm-thickIny;,Gag g;N quantum well. The active region was
followed by p-type doped layers starting with a20-nm-thick Al goGag o;N
electron-blocking layer with a Mg concentration of 1x 10 cm,
followed by a 150-nm-thick GaN layer with a Mg concentration of
4 x10"™ cm™ and finally capped with p-InGaN contact layers consist-
ing of 40-nm-thick Iny (;Gag ;N and 5-nm-thick Iny;5Ga, gsN doped
with Mg at the levels of 4 x 10" cm™ and 5 x 10%° cm 3, respectively.
After the LED growth, the sample was taken out of the reactor and
etched using a piranha solution at 60 °C to remove residual gallium
without affecting the epi-ready state of the N-polar surface. To con-
firm that the surface morphology of the LED is not affected by the
secondary N-polar growth procedures, including gallium mount-
ing, HEMT growth and wet chemical piranha cleaning, atomic force
microscopy (AFM) was performed onthe +cLED surface of the sample
before and after these secondary growth procedures. The 2 x 2-pm?
AFM topographs in Extended Data Fig. 9a,b corroborate these
findings.

Subsequently, the N-polar HEMT heterostructure was grown, which
started with a 500-nm-thick undoped GaN buffer layer, followed by
5-nm GaN:Si and 5-nm Al ,,Ga, ¢oN:Si layers with a Si concentration
of 3x10%® cm™, capped with undoped 15-nm Al ,,Ga, 4N and 10-nm
GaN. Silicon doping in the preceding layers was used to prevent the
formation of a 2D hole gas at the bottom interface. The 2DEG in such
astructure formsinthe topmost UID GaN layer. After N-polar growth,
the same cleaning recipe involving a piranha etchwas used to remove
residual gallium from the Ga-polar surface while not affecting the
N-polar surface.

Structural characterization of the LED and HEMT heterostructures
Depth-resolved concentrations of Mg, O, Cand Si, as well as the group
lllelement fractions, were measured by ToF-SIMS performed by Evans
Analytical Group. Measurements were performed on both faces sepa-
rately into the substrate and are shown in Extended Data Fig. 2.

STEM was performed on the samples, which were prepared using a
Thermo Fisher Helios G4 UX Focused lon Beam with a final milling step
of 5 keV.STEM measurements were taken on both faces independently
with an aberration-corrected Thermo Fisher Spectra300 CFEG oper-
ated at 300 keV. Corresponding HAADF and iDPCimages of the HEMT
and LED heterostructures are shownin Fig. 2.

AFMwas performed with an Asylum Cypher Atomic Force Microscope
in tapping mode for sample areas of 5 x 5 um?and 2 x 2 um? Atomic
force topographs of the +c and —csurfaces of the as-grown hetero-
structures are shown in Extended Data Fig. 3.

Triple-axis w — 26 XRD scans across the symmetrical 002 wurtzite
reflections were measured using a Panalytical Empyrean X-ray dif-
fractometer equipped with a PIXcel*® detector and Xe proportional
detector. The monochromator consists of a hybrid two-bounce
Ge220 crystal using Cu K, radiation. Owing to the thick 400-pm sub-
strate, twoindependent scans were performed for the nitrogen-polar
HEMT face and the metal-polar LED face, as shown in Extended Data
Fig. 4.

Fabrication of nitrogen-polar HEMTs

Device fabrication started with processing of the HEMT on the N-polar
side of the double-sided sample, as this face is much more reactive
than the metal-polar face. First, source and drain ohmic contacts were
defined by patterning the N-polar heterostructure witha200/30-nm
plasma-enhanced chemical vapour deposition SiO,/electron-beam
evaporated Cr hard mask. After removing the Crand SiO, layersinthe
contactregionsby means of aselective dry etch to expose the GaN chan-
nel layer, the sample was reloaded into the MBE chamber and 50-nm
n"* GaN (N, = 10?° cm) was regrown at a thermocouple temperature
of 660 °C. The excess n"* GaN was lifted off by removing the SiO,/Cr
hard mask in diluted HF and a 6/2-nm Al,0,/SiO, gate dielectric was
blanket deposited by thermal atomic layer deposition, followed by
post-deposition annealing at 400 °Cin O,, as shownin Extended Data
Fig.5b. Next, mesaisolation was achieved by aBCl;inductively coupled
plasma reactive ion etch, which extended into the GaN buffer layer.
Source and drain non-alloyed ohmic metallization regions were then
defined by photolithography and, before the e-beam evaporation of
50/100-nmTi/Au, agate dielectric and several nanometres of regrown
n*"GaN layer were removed by a diluted HF dip and lower-power induc-
tively coupled plasma etch, respectively, to expose the clean surface,
as shown in Extended Data Fig. 5c. Last, rectangular gates shown in
Extended Data Fig. 5d were defined by photolithography and metal-
lized by e-beam evaporation of 50/100-nm Ti/Au.

Fabrication of metal-polar LEDs

After completion of the N-polar HEMTs, the metal-polar face was
processed into LEDs in the manner as described in the bottom row
of Extended Data Fig. Se-g. First, before each photolithography
step, a positive photoresist was spun and baked on the N-polar face
to protect and preserve the features of the HEMTs. Then, a Pd/Au/Ni
metallization stack with thicknesses of 20/100/50 nm was deposited
by electron-beam evaporation, forming the anode (p-side electrode)
for the LEDs. This stack was subsequently used for self-aligned etching
and formation of the device mesas by BCl, inductively coupled reac-
tive ion etching, resulting in an etch depth of approximately 540 nm.
The device mesas are circular, with a diameter ranging between 20
and 400 pm. Finally, a Ti/Au cathode (n-side electrode) metallization
stack was deposited at thicknesses of 20/100 nm by electron-beam
evaporation, completing the LED formation.



LED and HEMT device characterization

On-wafer van der Pauw patterns were used for Hall-effect measure-
ments and to extract the sheet carrier density and electron mobility of
the 2DEG. Current-voltage curves obtained from linear transfer-length
method patterns were used to extract the contact resistance of the
HEMT source and drain contacts (from the metal pad to the 2DEG)
and sheet resistance, which matched well with the values obtained
by Hall-effect measurements. Current-voltage characteristics of
the LEDs and transfer and output curves for the HEMTSs, operating
independently from each other, were measured by using a Cascade
Microtech Summit 11000 probe system. Electrical characterization
can be foundFig. 4a-cand in Extended Data Figs. 6, 8 and 10. Electro-
luminescence measurements were performed by driving the LEDs with
aKeithley 4200 parameter analyser and collecting spectrally resolved
light emission from the LED surface (mostly k||c) by using an Ocean
Optics integrating sphere.

Monolithic switching measurements of the HEMT-LED
Monolithic switching measurements were performed by connecting
the source of aHEMT to the anode of a circular LED with adiameter of
400 pum by shorting two electrical probes. A customized probe setup
was fabricated to probe bothHEMTs and LEDs without the need to flip
the sample, as schematized in Extended Data Fig. 7. The HEMT-LED
sample was bonded with the LED face down to two Ti/Au double-side
coated glass slides with thermal glue. The cathode and anode contacts
of the LED were subsequently wire-bonded to the Ti/Au-coated slide
with a 25-pm-diameter Al wire using a West Bond 747630E Wire Bonder.
Finally, the coated slides were bonded to two more uncoated glass
slides and the sample was oriented as schematized in Extended Data
Fig. 7 to allow all of the contacts of both the HEMT and the LED to be
probed from the top. Furthermore, to study the back-gating effect of
the HEMT or to set the back-gate voltage, Vg, during switching meas-
urements, indium was soldered to an edge of the sample to make an
electrical contact to the bulk n-GaN substrate, which sets the back-gate
potential. To measure the temporally resolved light output from
the LED that was driven by the HEMT, light that was emitted through the
surface of the N-polar face, hence passing through the GaN substrate,
was measured by a Thorlabs PDA100A Si amplified photodetector.
Measurements were performed up to a 5 kHz switching rate, which
was not alimitation of the dualtronic device but of the photodetector,
which was set at a gain setting of 70 dB.

Data availability

Source data supporting the findings of this study are provided with
this paper.
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Extended DataFig. 6 | Feasibility of dualtronic device processing.

a,b, Log-scale transfer curves (a) and output curves (b) of aN-polar HEMT
before (dashed) and after (solid) the LED fabrication, showing a negligible
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changeingateleakage current, onresistance and output current. The shiftin
threshold voltage after the LED fabricationis estimated tobe about 0.2 V.
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Extended DataFig.7|Schematic oftop-side probing setup used for HEMT
back-gatingand HEMT-LED switching measurements. The HEMT-LED sample
wasbonded with the LED face down to two Ti/Au double-side coated glass slides
with thermal glue. The cathode and anode contacts of a400-pm-diameter LED
were subsequently wire-bonded to the Ti/Au-coated slide with a 25-um-diameter
Alwire. Finally, the coated slides werebonded to two more uncoated glass slides
and the sample was oriented as schematized to allow all the contacts of both
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the HEMT and the LED to be probed from the top. Furthermore, to study the
back-gating effect of the HEMT or to set the body voltage during switching
measurements, indium was soldered to an edge of the sample to make an
electrical contact tothe bulk n-GaN substrate. To facilitate the access of both
device fronts by establishing areliable electrical connectivity between both
substrate faces, the use of through-hole contactsisbeing explored at present.
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Extended DataFig. 8| Back-gating effect of N-polar HEMT. a,b, Log scale (a)
and linear scale (b) transfer curves of athree-terminal N-polar HEMT gated by
the substrate contact made withindiumas shownin Extended Data Fig.1, with
thetop gateleft floating. Each curverepresents the dependency of the drain
(solid) and gate (dashed) current as a function of the back-gate voltage (Vs),
with afixed drainbias. Drainbiasincreasesfrom0.5Vto 5.0 Vata0.5-Vstepin
thedirectionthe arrow points, with the last curve taken at a drain bias (V) of
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0.2V.c,Outputcharacteristics of aback-gated N-polar HEMT. The maximum
drain currentis comparable with the value measured on the top-gated HEMT.
For Vgs— Vps S —4V, the drain current isdominated by the high gate leakage
current.d, Log-scale transfer curves of afour-terminal N-polar HEMT measurement
with fixed Vysand V5. The blue curve represents the transfer curve with aback
gate.Nodrain current modulationis observed for Vs — Vs = 5 Vand up to six
ordersofdrain current modulationis observed for Vs~ Vys=0 V.
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Extended DataFig.9|2 x2um?atomicforce topography of the +c (LED)
surface after LED growth (a) and LED and HEMT growth (b). The +csurface
morphology of the LED is not affected by the secondary N-polar growth
procedures, including gallium mounting, HEMT growth and wet chemical
piranhatreatment.
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Extended DataFig.10 | Current-voltage characteristics of tencircular
diodes withdiameter 50 pm (blue), tencircular diodes with diameter 100 pm
(green) and tencircular diodes with diameter 140 pm (red), measured atan
applied biasrangingfrom-6Vto6V.At+6V,allmeasured diodes show
rectifyingbehaviourintherange 2.8 x10°t0 2.9 x 108, with an average of 2.8 x 107,
Current modulationover1lordersis achievedin the diodes for the applied
voltage range, with the minimum current limited by the measurement setup.
Theelectrical turn-on of the diodesis around 1.4 V for allmeasured devices and
all LEDs exhibit light emission characteristics with spectracomparable with
Fig.4d withdetectable emissionabove 2.5-3.0 V forward bias.
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