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A method for achieving voltage-controlled gate-modulated
light emission using monolithic integration of fin- and
nanowire-n-1-n vertical FETs with bottom-tunnel junction
planar InGaN LEDs 1s described. This method takes advan-
tage of the improved performance of bottom-tunnel junction
LEDs over their top-tunnel junction counterparts, while
allowing for strong gate control on a low-cross-sectional
area fin or wire without sacrificing LED active area as 1n
lateral integration designs. Electrical modulation of 5 orders,
and an order of magmtude of optical modulation are
achieved 1n the device.
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BOTTOM TUNNEL JUNCTION
LIGHIT-EMITTING FIELD-EFFECT
TRANSISTORS

PRIORITY

[0001] This application claims the benefit of priority to
U.S. Provisional Patent Application No. 63/052,180, filed on
Jul. 15, 2020, and entitled “BOTTOM TUNNEL JUNC-
TION LIGHT-EMITTING FIELD-EFFECT TRANSIS-
TORS,” which application 1s incorporated herein by refer-
ence.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This mvention was made [partially] with U.S.
Government support from the National Science Foundation
under Awards No. 1534303, 1710298, 1719875, 1839196
and from NSF National Nanotechnology Coordinated Infra-
structure under Awards No. ECCS-1542081, DMR-
1719875, MRI DMR-1338010. The U.S. Government has

certain rights to the imvention.

BACKGROUND

[0003] Visible light-emitting diodes (LEDs) based on the
Indium Gallium Nitride (InGaN) material system have
emerged as fundamental components 1n micro-LED display
technology, car headlamps, and cell phone backlighting,
amongst other lighting applications. More recently, interest
in InGaN LEDs has spread beyond lighting apphcatlons
towards a diflerent area—hght fidelity (LL1-F1) communica-
tions—due to promises of faster and more secure data
transmission compared to conventional Wi-F1. InGaN LEDs
are attractive for such applications due to their preponder-
ance 1n lighting, and also due to their high external quantum
clliciencies (EQEs) 1n the visible spectral range—a range
which 1s >2000x larger in bandwidth than the entire RF
spectral range, and one which 1s currently underutilized.

[0004] In order to use LEDs for Li-F1 communications,
high speed modulation of the LED light output 1s desirable.
This modulation 1s achieved with the use of a current or
voltage driver. In the GaAs semiconductor family, hetero-
junction bipolar transistors (HBTs) have been redesigned
epitaxially mto LEDs and even laser diodes (LLDs) for
current driven operation. Though the Nitride semiconductor
tamily allows for visible to UV emission wavelengths and
higher power operation, to realize HBT-LEDs or HBT-LDs
similar to GaAs requires the quantum well active region to
be placed 1nside p-type base-layers, which are rather resis-
tive and problematic for contact formation. Voltage-driven
control methods mvolve simpler control schemes and ofler
more flexibility than current-dniven methods. Using GaN
FETs directly integrated on the LED for voltage driving can
take advantage of a single epitaxial step, and the excellent
performance demonstrated by vertical GaN FE'Ts. Towards
this end, integration ol GaN-based FETs and LEDs on the
same epi-waler can enable high power and high efliciency
voltage-controlled modulated visible light emission while
climinating interconnects and reducing the overall device
footprint. Prior demonstrations integrating I1I1-Nitride FETs
and LED structures on the same epi-wafer for these appli-
cations mnvolve lateral integration of High Flectron Mobaility
Transistors (HEM'Ts) with the LED, or vertical integration
through a top-down full nanowire platform. However, both
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strategies limit the LED active area on the wafer: the former
strategy requires removing the LED ep1 from certain regions
of the wafer (and 1n certain processes, an additional
regrowth step to define the LED structure). The latter
constrains LED active volume down to the size of a gate-
controllable nanowire, severely limiting the optical output
power.

BRIEF SUMMARY

[0005] The strategy demonstrated in these teachings oflers
a solution to both problems by integrating nanowire and fin
vertical n-FETs on large-area planar LEDs through top-
down fabrication on a heterostructure that 1s realized 1n one
epitaxial stack. This approach allows for strong all-around
gate control on the relatively low cross sectional area FETs,
while allowing large area LEDs that take advantage of the

on-watler area for high output power.

[0006] For a better understanding of the present teachings,
together with other and further needs thereof, reference 1s
made to the accompanying drawings and detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1A shows epitaxial layer structure for the one
embodiment of the structure of these teachings;

[0008] FIG. 1B shows a schematic of one fabricated
embodiment of a nanowire LEFET structure of these teach-
ngs;

[0009] FIG. 1C shows an SEM 1mage of one embodiment
of the structure of these teachings showing sub-micron
nanowires with vertical sidewalls after wet etching, before
removing the etch mask;

[0010] FIG. 1D shows a circuit level schematic of one
embodiment of the LEFET structure of these teachings;

[0011] FIG. 1E shows another embodiment of the Epi-
taxial layer structure, as in FIG. 1A, with the Tunnel junction
being shown 1n detail;

[0012] FIG. 1F shows a top view of a further fabricated
embodiment of a nanowire LEFET structure of these teach-

ngs;
[0013] FIG. 1G shows a cross-sectional view of that
further fabricated embodiment;

[0014] FIG. 1H shows a circuit level schematic of that
further fabricated embodiment;

[0015] FIG. 2A shows X-ray diffraction spectrum for one
embodiment of the LEFET structure of these teachings;
showing a GaN substrate peak and an In0.13Ga0.87N peak

from the LED cladding regions;

[0016] FIG. 2B shows a 2x2 um* AFM scan for the
structure 1n FIG. 1A immediately after MBE growth;
[0017] FIG. 2C shows a backlit optical microscope image
of the top-view of the embodiment shown in FIG. 1F;
[0018] FIG. 2D shows an optical microscope 1mage with
no backlighting of the embodiment shown 1n FIG. 1F;
[0019] FIG. 2E shows the emission spectrum from the
topside of a device from the embodiment shown i FIG. 1F;
[0020] FIG. 3A shows Circular TLM data for the source
contact of one embodiment of the LEFET structure of these
teachings;

[0021] FIG. 3B shows IDVG measurement for one

embodiment of the LEFET structure of these teachings
having a single-fin device with fin dimensions of 500 nmx50
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um and LED dimensions of 55x55 pm?; [Current density is

calculated using the area of the fin.

[0022] FIG. 3C shows Linear IDVD characteristic (with
log-scale 1n inset);

[0023] FIGS. 3D and 3E show a Qualitative depiction of
band diagrams for one embodiment of the LEFET structure
of these teachings with device in the on and off states,
respectively;

[0024] FIGS. 4A-4D show linear and log scale plots,
respectively, of electroluminescence (EL) intensity versus
wavelength for a single-fin device, with VG fixed at +4V;
| The EL intensity rises as expected with increasing ;,,c as
the level of forward bias across the diode 1s increased; and.,
[0025] FIGS. 5A and 5B show Switching measurements
performed on the 500 nmx50 um single fin device with a
50% duty cycle square wave applied to the gate at a
frequency of 10 kHz and 30 kHz, respectively.

DETAILED DESCRIPTION

[0026] The following detailed description presents the
currently contemplated modes of carrying out the invention.
The description 1s not to be taken 1 a limiting sense but 1s
made merely for the purpose of illustrating the general
principles of the mvention.

[0027] Group 111, as used herein, refers to CAS Group IIIA

(Triels or the Boron group) in the periodic table.

[0028] Group V, as used herein, refers to the Nitrogen
group.
[0029] III-mitride semiconductor materials, as used herein,

refers to (Al, In, Ga and their alloys) N.

[0030] A “tunnel junction,” as used herein, refers to one or
more highly doped n-type layers followed by one or more
highly doped p-type layers.

[0031] The strategy demonstrated in these teachings oflers
a solution to both problems by integrating nanowire and fin
vertical n-FETs on large-area planar LEDs through top-
down fabrication on a heterostructure that 1s realized 1n one
epitaxial stack. This approach allows for strong all-around
gate control on the relatively low cross-sectional area FETs,
while allowing large area LEDs that take advantage of the
on-waler area for high output power.

[0032] In order to vertically integrate nanowire- or fin-n-
FETs with planar LEDs, the wires or fins must sit on top of
the planar LED. This requires the top layer of the LED to be
n-GalN rather than p-GaN. A tunnel junction (TJ) LED 1s
required 1iI conventional n-GaN substrates are used. This
particular embodiment uses bottom-TJ homojunction LEDs,
which have been shown to outperform standard top-T1J
LEDs 1n terms of wall-plug ethiciency with n-1-n vertical
n-FETs on top, (see, International Publication No, W0O2019/
152611A1, entitled PLATFORMS ENABLED BY BURIED
TUNNEL JUNCTION FOR INTEGRATED PHOTONIC
AND ELECTRONIC SYSTEMS, publlshed on Aug. 8,
2019, Shyam Bharadwaj et al., Enhanced injection e_ﬁ-
ciency and light output in bottom tunnel junction light-
emitting diodes, Opt. Express, Vol. 28, No. 4, Feb. 17, 2020,
Henryk Turski et al., Polarization control 1n nitride quantum
well light emitters enabled by bottom tunnel-junctions, J.
Appl. Phys. 125, 203104 (2019), all of which are incorpo-
rated by reference herein in their entirety and for all pur-
poses) as shown 1n FIGS. 1A-1C and 1E, with a circuit level
schematic of the LEFET devices shown in FIG. 1D.
[0033] FIG. 1A shows epitaxial layer structure for the one
embodiment of the structure of these teachings. The struc-
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ture shown in FIG. 1A 1s a Light-Emitting FET (LEFET).
The structure 1n FIG. 1A includes a vertical n-1-n GaN FET
sitting above a bottom-TJ homojunction InGaN LED. Refer-
ring to FIG. 1A, mn the embodiment shown therein, the
structure has a substrate 10, the substrate and having a first
surface opposite a second surface. Possible substrates
include a substrate that 1s compatible with GaN growth, such
as, but not limited to, bulk n-GaN, bulk UID GaN, SI-GaN
on Sapphire, Sapphire, S1C. One or more layers of n doped
[1I-nmtride material 20 are disposed on the first surface of the
substrate 10. A tunnel junction 30 1s disposed on the one or
more layers of n doped IlI-nitride material 20. One or more
p-type IlI-nitride layers 50 1s formed directly on the tunnel
junction. An active layer 60 including one or more III-nitride
quantum wells 1s disposed on the one or more p-type
[II-mtride layers 50. One or more other layers of n-doped
II1I-mitride material 80 are disposed on the active layer 60. A
layer of unintentionally doped IlI-nitride material 90 1is
disposed on the one or more other layers of n-doped III-
nitride material 80. The one or more layers of unintention-
ally doped IlI-nitride material 90 are patterned i1nto nano-
pillars or nanowires. A further layer of n-doped IlI-nitride
material 110 1s disposed on the nanopillars or nanowires 90.
The Light-Emitting FET (LEFET) structure includes a ver-
tical n-1-n GaN FET sitting above a bottom-1J homojunction
InGaN LED.

[0034] In the embodiment shown 1n FIG. 1A, the substrate
10 1s Ga-four bulk n doped GaN material. The one or more
layers of n doped IlI-nitride material 20 are n doped GalN
material. One embodiment of the tunnel junction 30 1s
shown 1n FIG. 1E. The one or more p-type Ill-nitride layers
50 are p doped GaN material. The active layer 60 includes
a number of layers of In, ,,Ga, o,IN material separated by
layers of In, ,,Ga, ;N material. The one or more other
layers of n-doped Ill-mitride material 80 are one or more
layers of n doped GalN material. The one or more layers of
umintentionally doped I1I-nitride material are unintentionally
doped GalN material. The further layer of n-doped III-nitride
material 110 1s n doped GaN material. It should be noted that
these teachings are not limited only to this embodiment.

[0035] FIG. 1B shows a schematic of one fabricated
embodiment of a nanowire LEFET structure of these teach-
ings. Referring to FIG. 1B, in the embodiment shown
therein, the light-emitting FE'T structure includes a substrate
10 having a first surface opposite a second surface. One or
more layers of n doped IlI-nitride material 20 are disposed
on the first surface of the substrate 10. A sub-structure 145
1s formed on a portion of the one or more layers of n doped
[II-mitride material 20. The sub-structure 145 includes a
tunnel junction 30 disposed on a portion of the one or more
layers of n doped IlI-nitride material 20. The sub-structure
145 also includes a p-type IlI-nitride layer 50 formed
directly on the tunnel junction 30, an active layer 60
comprising one or more IlI-nitride quantum wells disposed
on the p-type IlI-mitride layer 50, and one or more other
layers of n-doped Ill-nitride material 80 disposed on the
active layer 60. A layer of unintentionally doped III-nitride
material 90 1s disposed on the one or more other layers of
n-doped IlI-nitride material 80 of the sub-structure. The
layer of unintentionally doped IlI-nitride material 90 1is
patterned into one or more nanopillars or nanowires. A
turther layer of n-doped Ill-nitride material 110 1s disposed
on the one or more nanopillars or nanowires 90 The device
also 1ncludes another portion of the one or more layers of
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n-doped Ill-nitride material 20. An msulating layer 125 1s
disposed on surfaces of the nanopillars or nanowires 90
extending from below the further layer of n-doped I1I-nitride
material 110 to the one or more other layers of n-doped
[1I-nitride material 80 not covered by the layer of uninten-
tionally doped III-nitride material 90, which 1s formed into
the one or more nano pillars or nano wires. The nsulating,
layer 125 1s also disposed 1n the embodiment shown 1n along
the sub-structure 145 from the one or more other layers 80
ol n-doped IlI-nitride material to the portion of the one or
more layers of n doped IlI-nitride material 20. The insulating
layer 125 also 1s disposed along the portion of the one or
more layers of n doped Ill-nitride matenial 20 to the other
portion of the one or more layers of n doped Ill-nitride
material 20 and the insulating layer 125 1s also disposed on
the other portion of the one or more layers of n doped
[1I-nitride material 20. Ametal layer 130 1s disposed over the
insulating layer 125. A first ohmic contact layer 140 1is
disposed on a portion of the metal layer 130. A second ohmic
contact layer 150 1s disposed on the further layer of n-doped
[1I-nitride material 110. In the embodiment shown in FIG.
1B, there 1s a further ohmic contact layer 160 disposed on
the second ohmic contact layer 150. A third ohmic contact
120 1s disposed on the second surface of the substrate 10
when the substrate 10 1s conductive. When the substrate 10
1s non-conductive, the third ohmic contact 120 1s disposed
on the one or more layers of n doped I1I-nitride material 20.
The first 140, second 150 and third 120 ochmic contact layers
provide the drain, gate, source contacts for biasing the
device, and the insulating layer (dielectrics) provides the
isolation for the gate contact.

[0036] Referring to FIG. 1B, 1n the embodiment shown
therein, the substrate 1s GA polar bulk n-doped GaN and the
one or more layers of n doped IlI-nitride material 20 are
n-doped GalN. The p-type IlI-nitride layer 50 1s a p-doped
GaN layer. The active layer 60 has a number of layers of
InGaN quantum wells. The one or more other layers of
n-doped IlI-mitride material 80 are one or more n-doped
GaN layers. The layer of unintentionally doped III-nitride
material 90 1s unintentionally doped GaN. The further layer
of n-doped IlI-nmitride material 110 1s n-doped Gan. The
insulating layer 125 1s atomic layer deposited (ALD) $10,
material. The third ohmic contact 1s Ti/Al/Pt. The metal
layer 130 1s a Cr layer. The second ohmic contact 150 1s
Cr/Pt. There 1s another ohmic contact layer 160 deposited on
the second ohmic contact 150 and that layer 1s Ti/Al/Pt. The
first ohmic contact 140 1s Cr/Au/Ni. It should be noted that

these teachings are not limited only to this embodiment.

[0037] FIG. 1C shows an SEM 1mage of one embodiment
of the structure of these teachings showing sub-micron
nanowires with vertical sidewalls after wet etching, before
removing the etch mask. FIG. 1D shows a circuit level
schematic of one embodiment of the LEFET structure of
these teachings.

[0038] FIG. 1E shows another embodiment of the Epi-
taxial layer structure, as in FIG. 1A, with the Tunnel junction
30 being shown 1n detail. In the embodiment shown there 1n,
the tunnel junction 30 includes two subsequent thin layers of
higher doped n-type III nitride material followed by two
subsequent thin layers of higher doped p-type IlI-mitride
material. In the embodiment shown 1 FIG. 1E, a higher
doped n-type In, ,,Ga, 2N material layer 1s followed by a
highly doped n-type type In, ,,Ga, 3,N material layer, and
on the other side of the tunnel junction, a higher doped
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p-type In, ,-Ga, <, N material layer 1s followed by a higher
doped p-type In, 5,Ga, oxIN material layer. It should be noted
that these teachings are not limited only to this embodiment.

[0039] FIGS. 1F and 1G show a top view and cross-

section ol another fabricated embodiment of an LEFET
structure of these teachings. In FIG. 1G, elements or com-
ponents that have a same function as elements or compo-
nents shown 1 FIGS. 1A and 1B are given the same element
number. The embodiment shown 1n FIG. 1G as an additional
ohmic contact. The additional ohmic contact 180 1s disposed
on an outer area of the one or more other layers of n-doped
[1I-nmitride material 80 of the sub-structure 145. The addi-
tional ohmic contact 180 1s depicted as D2 in the schematic
of the structure shown in FIG. 1H, where the first ohmic
contact 140 1s depicted as G and the second ohmic contact
160 1s depicted as S. The third ohmic contact 120 1s depicted
as D. As shown by the schematic 1n FIG. 1H, The S-G-D2
n-1-n FETs can be utilized separately from the LED, whilst
floating D. In another configuration, the S-G-D n-p-1-n-1-n
LEFET can be used with floating D2. Another possibility
ecnabled by the four-contact geometry of the embodiment
shown 1n FIG. 1G 1s the ability to use the LED separately
from the FE'Ts by forward biasing D2 with respect to D.

[0040] In some embodiments, the one or more nanopillars
or nanowires are at least two one or more nanopillars or
nanowires. The two or more nanopillars or nanowires
include two groups of nanopillars or nanowires. In one
instance, each one of the groups of nanopillars or nanowires
surrounds a portion of a perimeter of an opening 185. The
opening avoids reflection and absorption of the light gener-
ated by the LED quantum wells. The large electron conduc-
tivity of the n+GaN 20 allows the current to spread laterally
and allows for uniform emission. In another instance, the
third ohmic contact 120 has another opening, an area of the
other opening, 1n the third ohmic contact 120, substantially
includes an area of the opening 185. The openming 1n the third
ohmic contact 120 allows better collection of light from the
backside of the device.

[0041] The diameter of the nanowire or width of the fin
FET 90 range from about 400 nm to about 2 um to allow for
significant modulation of the drain-source current by field-
cllect whilst sitmultaneously allowing large electron current
for high output power from the LED.

[0042] The deposition of one embodiment of the device of
these teachings 1s described hereinbelow. It should be noted
that these teachings are not limited only to this embodiment.
[0043] The hight-emitting FET (LEFET) structure was
grown by plasma-assisted molecular beam epitaxy
(PAMBE) 1n a single growth on a free standing Lumilog
bulk n-type GaN substrate with a dislocation density of 10’
cm™*. The growth was performed using a Nitrogen RF
plasma power of 400 W, corresponding to a growth rate of
420 nm/hr. During growth, reflection high-energy electron
diffraction (RHEED) was used to confirm a metal-rich
growth condition, which promotes 2D growth in PAMBE.

[0044] One embodiment of the epitaxial layer structure for
the sample 1s shown 1n FIG. 1A. (FIG. 1E shows another
embodiment of the Epitaxial layer structure, as 1 FIG. 1A,
with the Tunnel junction being shown 1n detail.) The nitial
125 nm n*GaN:S1 layer was grown at a thermocouple
temperature of 750° C. with a S1 beam equivalent pressure
(BEP) of 3.8x107"° Torr. This BEP corresponds to a Si donor
concentration of 1.6x10'” cm™, as calibrated by secondary
ion mass spectroscopy (SIMS) on a separate sample. The
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substrate temperature was then reduced to 745° C. to grow
the 167 nm p*GaN:Mg layer in order to enhance Mg
incorporation. Mg BEP was kept at 2.3x107° Torr, corre-
sponding to a Mg acceptor concentration of 2x10'% c¢cm™.
After growing the p*GaN:Mg, the growth was interrupted to
desorb excess Ga prior to active region growth. The active
region consists of three 17% InGaN quantum wells (QWs)
separated by 13% InGaN quantum barriers ((QBs), all grown
at a lower temperature of 657° C. to enhance Indium
incorporation. After the active region, a 150 nm n™GaN layer
1s grown followed by 600 nm of UID-GaN as the channel for
the FET. Finally, a 50 nm degenerately doped n™"GaN
([Si]=1x10°° cm™) layer was grown as the source n-contact
layer for the transistor.

[0045] Optical microscope images aiter the MBE growth
showed Ga metal droplets on the surface, confirming the
metal rich growth condition. After removing the droplets
with HCI, structural characterization was then performed
through x-ray diflraction (XRD) and atomic force micros-
copy (AFM), with the results shown 1 FIGS. 2A and 2B,
respectively. The XRD shows that the InGaN cladding
composition 1 the LED 1s 13%, and the AFM shows a
smooth surface (with root-mean-square roughness ~0.6 nm).
After performing structural characterization, the sample was
processed 1nto devices consisting of various numbers of
vertical n-FET nanowires or fins of varying dimensions on
top of 55x55 p.m” LED mesas, in a similar manner to our
other GaN and Ga203 vertical FETs*°*®. A schematic of a
processed nanowire LEFET 1s shown in FIG. 1B. First,
55%55 p.m” LED areas were isolated through inductively-
coupled plasma reactive 10n etching (ICP-RIE) down to the
n*GaN nucleation layer. Next, nanowires and fins were
defined on the mesa surface through electron beam lithog-
raphy (EBL). The etch process for nanowire/fin definition
consisted of first an ICP etch (using Cr/Pt as an etch mask
as well as top source contact) followed by a wet etch 1n
AZ400K to make the sidewalls vertical for eflicient lateral
gating (see FIG. 1C). The fins were defined with long edge
along the m-plane direction 1n order to allow for adequate
wet etching. Then, S102 was deposited by atomic layer
deposition (ALD) as a gate dielectric for the nanowire/fin
FETs. Next, Cr was sputtered as the sidewall gate metal,
tollowed by e-beam evaporation of large Cr/Au/Ni1 pads for
clectrically contacting the gate. The undesired sputtered Cr
above the source contact of the fins and wires was etched
away after a planarization process, after which S102 was
blanket deposited by plasma-enhanced chemical wvapor
deposition (PECVD) to 1solate the rest of the sidewall gate
metal. This S102 was then planarized to again expose the
Cr/Pt wire/fin source contact, after which thick source pads
('T1/Al/Pt) for probing were deposited. Gate 1solation for the
FET wires/fins between diflerent devices (which still had
their gates shorted together by the sputtered Cr at this point)
and contact holes for the thick gate pads were realized
together with an S102 etch followed by a Cr etch. Finally, a
T1/Al/Pt back contact was deposited with a window left free
of metal for collecting light from the back side.

[0046] Adter device processing, electrical and optical mea-
surements were performed, with results for a 500 nmx50 um
single-fin depletion-mode device shown in FIGS. 3A-3D
and 4A-4D, respectively. Compared with the multi-fin/wire
devices, the single fin/wire devices showed lower gate
leakage current and higher on/off ratios due to the reduced
gate area. Circular transier length method (¢ TLM) measure-

Jun. 22, 2023

ments shown in FIG. 3A reveal low contact and sheet
resistances: 9.34x107° Wcm? for the top source contact, and
185 W/sq for the n™"GaN contact layer underneath, resulting
in negligible voltage drops across these regions. ID-VG and
ID-VD measurements on the 3500 nmx50 um single-fin
device are shown 1n FIGS. 3B and 3C, respectively, with
current density values shown on the plots normalized to the
area of the finFET (current density 1s calculated using the
area of the fin). From the ID-VG 1n FIG. 3B, an on/off ratio
of ~5 orders 1s observed up to VDS=4 V, with gate leakage
current low 1n all cases (below ~100 pA). The on current
increases with increasing VDS as expected due to the
turn-on of the LED pn diode. The ID-VD measurements in
FIG. 3C show that between VG=0V and VG=-6V, a 2 order
gate modulation of the on current i1s achieved at VDS=+3V.
FIGS. 3D and E depict the energy band diagrams of the
LEFET device 1n the on and off states, respectively, when
biased 1n a manner applicable for Li-F1 purposes: modulat-
ing VG with fixed forward bias VDS. In 1deal operation,
clectrons are 1njected into the LED portion of the device
from the transistor source only when VG 1s switched to a
suiliciently high positive voltage.

[0047] The measured electroluminescence (EL) spectra
are shown 1n FIG. 4A-4D, demonstrating the optical modu-
lation enabled by the FinFET. FIGS. 4A and B show the
cllect of the drain voltage on the emission spectra in linear
and log scales for the 500 nmx50 um single fin device at a
fixed VG=4V for VDS between 10V and 13V. With larger
VDS, more light 1s emitted from the device due to a larger
forward bias appearing across the LED portion of the device.
The VDS used here 1s higher than in the electrical measure-
ments due to the limited sensitivity of the optical detection
setup used for this work. The emission peak occurs at 469

nm, consistent with a 17% average Indium composition in
the QWs.

[0048] FIGS. 4C and 4D, for the embodiment shown 1n
FIG. 1B, demonstrate the desired modulation of the EL
spectra through gating of the GalN FinFET. At a fixed
VDS=13V, varying VG from +4V to +1V results 1n a
reduction of EL intensity by a factor of 10. Larger on/ofl
modulation ratios are achieved at lower VDS, though the
optical measurement apparatus used 1s not sensitive enough
to measure them. Gate control 1s limited at these high VDS
at which light can be collected by the detector due to high
gate-drain field. The brightness of the LED at lower VDS
can be drastically increased through use of a heterojunction
GaN/InGalN/GaN buried tunnel junction rather than a homo-
junction, leading to a lower series resistance, as demon-
strated in prior work®. Such devices show strong EL at
current densities of ‘~1 kA/cm® corresponding to about 5
V—a VDS voltage/field at which the FET portion of this
device shows about 5 orders of on/ofl ratio. Additionally,
increasing the thickness of the n™GaN layer between the
fin-FET and planar LED active region will enhance current
spreading, increasing optical output power.

[0049] For the embodiment shown m FIGS. 1F and 1G,
FIG. 2C shows a backlit optical microscope 1image of the
top-view of a fully processed LEFET with six 50 um by 1
um {in FETs. FIG. 2D shows an optical microscope image
with no backlighting of the same device with the LED 1n its
on state. Umform, bright emission i1s achieved from the
topside window 185. FIG. 2E shows the emission spectrum
corresponding to V,,,~6B and I,,,~100 mA collected
from the topside of the device in FIG. 2C. The peak emission
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1s at ~460 nm with FWHM of ~20 nm. The emission can be
tuned between 400 nm and 600 nm by altering the indium
composition of the quantum wells.

[0050] For visible light communications, switching speed
1s an 1mportant parameter that dictates data transmission
rates. The optical switching speed of the device was mea-
sured by switching VG with VDS fixed at 10 V, and tracking,
the output signal from a photodiode placed directly under-
neath the device using an oscilloscope. A square voltage
pulse with a duty cycle of 50% was used as the input signal
on the gate, with the frequency varied between 1 kHz and
100 kHz. The input electrical signal (square wave-black) and
output photodiode voltage signal (thinner) are shown 1n
FIGS. 5A-5B for frequencies of 10 and 30 kHz. (For the 10
kHz measurement, V - 1s switched from O to +3V, while for
the 30 kHz measurement, V . 1s switched from -1V to +4V.)
Limitations of the optical collection setup result i low
signal to noise ratio, so a Savitzky-Golay {ilter was used
after collecting the data to reduce the noise 1n the photodiode
output signal. The device maintains an optical switching
response up to 30 kHz, bevond which the optical response
flattens out. Though this modulation proves the feasibility of
the LEFET {for direct voltage modulation of light, the design
ol the device geometry can be optimized for the much higher
speeds necessary. Control of the UID GaN thickness and the
sidewall gate dielectric and the resulting gate capacitance
can enhance the gate-voltage modulation speed of the opti-
cal output power.

[0051] It should be noted that the device geometry need
not change for diflerent wavelengths—the same design
should work fine for extracting light at any wavelength 1n the
IR, visible, or UV range. For diflerent wavelength ematters,
the material compositions 1n the structure would have to
change, but the fabrication method would stay very similar.
Visible wavelengths between ~400 nm and 600 nm can be
achieved by simply changing the indium composition in the
quantum wells, while leaving the processing substantially
the same. One exception 1s that for some materials (1.e., deep
UV emitter materials), conducting substrates are not avail-
able. Because of that, the drain contact, which 1n the above
design 1s on the backside of the substrate, would have to be
on the etched n-GalN epi-surface (where the gate pad 1s, but
not separated from the n+GaNlN by oxide). This would simply
require doing the drain metal deposition earlier i the
process. For deep UV emitters, the GaN would be replaced

by AlGaN, but the metallizations and etch chemistry are
substantially identical for AlGaN, InGaN, and GaNN.

[0052] A technique for achieving monolithic integration of
n-FETs and LEDs, using vertical fin- and nanowire-FETs
and bottom tunnel junction planar LEDs has been demon-
strated 1n these teachings. This platform allows for strong
gate control (about 5 orders of magnmitude on/off for ID)
without limiting the on-water LED active area and does not
require regrowth. Optical switching behavior up to 30 kHz
was demonstrated 1n the initial embodiments, with improve-
ment possible through use of InGaN heterojunction TJs. The
LEFET device geometry can be easily modified for light
extraction from the surface without sacrificing significant
waler area by patterning the top source contact. Such
devices are promising for use 1n Li-F1 communications and
in micro-LED displays, 1n which gate voltage controllability
along with utility of space are important parameters.

[0053] For the purpose of better describing and defining
the present teachings, 1t 1s noted that terms of degree (e.g.,
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“substantially,” “about,” and the like) may be used 1n the
specification and/or 1n the claims. Such terms of degree are
utilized herein to represent the inherent degree of uncer-
tainty that may be attributed to any quantitative comparison,
value, measurement, and/or other representation. The terms
of degree may also be utilized herein to represent the degree
by which a quantitative representation may vary (e.g.,
+10%) from a stated reference without resulting 1n a change
in the basic function of the subject matter at 1ssue.

[0054] International application WO 2020/096838, pub-
lished on May 14, 2020, 1s incorporated by reference herein
in its entirety and for all purposes.

[0055] Although the teachings have been described with
respect to various embodiments, 1t should be realized these
teachings are also capable of a wide variety of further and
other embodiments within the spirit and scope of the
appended claims.

What 1s claimed 1s:

1. A light emitting FET structure comprising:

a substrate having a first surface opposite a second
surface;

one or more layers of n doped IlI-nitride material dis-
posed on the first surface of the substrate

a sub-structure comprising:

a tunnel junction disposed on at least a portion of the
one or more layers of n doped IlI-nitride matenal;

a p-type Ill-nitride layer formed directly on the tunnel
junction;

an active layer comprising one or more Ill-nitride
quantum wells disposed on the p-type Ill-nitride
layer; and

one or more other layers of n-doped I1I-nitride material
disposed on the active layer;

a layer of unintentionally doped III-nitride material dis-
posed on the one or more other layers of n-doped
III-nmitride material of the sub-structure; the layer of
unintentionally doped IlI-nitride material being pat-
terned 1nto one or more nanopillars or nanowires;

a further layer of n-doped I1I-nitride material disposed on
the one or more nanopillars or nanowires;

an sulating layer disposed on at least one of (a) surfaces
of the nanopillars or nanowires extending from below
the turther layer of n-doped IlI-mitride maternial to said
one or more other layers of n-doped I1I-nitride material
not covered by the unintentionally doped Ill-nitride
material, also on a surface of the one or more other
layers of n-doped IlI-nitride material not covered by the
unintentionally doped IlI-nitride material or (b) dis-
posed along the sub-structure from the one or more
other layers of n-doped IlI-nitride material to said at
least one portion of the one or more layers of n doped
[II-nitride matenal;

a metal layer disposed over the insulating layer on at least
one of (1) along the one or more nanopillars or nanow-
ires, (1) on a portion of a surface of the one or more
other layers of n-doped IlI-nitride material, the layer of
unintentionally dope I1I-nitride material being disposed
on said surface, the portion being the portion on which
the layer of unintentionally dope IlI-nitride material 1s
not disposed, or (111) disposed along the 1nsulator layer
that 1s disposed along the sub-structure from the one or
more other layers of n-doped IlI-nitride material to said
at least one portion of the one or more layers of n doped
[II-nitride material;
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a first ohmic contact layer disposed on a portion of said

metal layer; and

a second ohmic contact layer disposed on said further

layer of n-doped IlI-nitride matenal.

2. The light emitting FET structure of claim 1 wherein the
active layer including at least one quantum well.

3. The light emitting FET structure of claim 1 wherein the
active layer 1s a light emitting layer.

4. The light emitting FET structure of claim 1 wherein the
substrate 1s conducting; the light emitting FET structure
turther comprising a third ohmic contact disposed on the
second surface of the substrate.

5. The light emitting FET structure of claim 1 comprising
another portion of the one or more layers of n-doped
[1I-nitride material, the tunnel junction not being disposed
on said another portion of the one or more layers of n-doped
[1I-nitride matenal;

the msulating layer being also disposed on said another

portion of the one or more layers of n doped IlI-nitride
material;
the metal layer being disposed along the insulator layer
that 1s disposed along the sub-structure from the one or
more other layers of n-doped IlI-nitride material to said
at least one portion of the one or more layers of n doped
[II-nitride material;

the metal layer also being disposed on the insulating layer
that 1s disposed on at least part of said another portion
of the one or more layers of n doped Ill-nitride mate-
rial.
6. The light emitting FET structure of claim 5 wherein 1n
the substrate 1s a metal (Ill)-polar Ill-nitride substrate.
7. The light emitting FET structure of claim 5 wherein the
first ohmic contact layer 1s disposed on the portion of said
metal layer that 1s disposed on a portion of the insulating
layer, the portion of the insulating layer being disposed on
said another portion of the one or more layers of n doped
[1I-nitride material.
8. The light emitting FET structure of claim 5 further
comprising another ohmic contact disposed on an outer area
of the one or more other layers of n-doped IIl-nitride
material not covered by the unintentionally doped IlI-nitride
material; the msulating layer being also disposed over said
another ohmic contact.
9. The light emitting FET structure of claim 8 wherein the
one or more nanopillars or nanowires comprise at least two
one or more nanopillars or nanowires; the two or more
nanopillars or nanowires comprising two groups ol nano-
pillars or nanowires; each one of the groups of nanopillars
or nanowires surrounding a portion of a perimeter of an
opening.
10. The light emitting FET structure of claim 8 further
comprising a third ohmic contact disposed on the second
surtace of the substrate.
11. The light emitting FET structure of claim 10 wherein
the third ohmic contact comprises another opening, an area
of said another opening substantially comprising an area of
said opening.
12. A method for forming an LE FET, the method com-
prising;:
epitaxially depositing one or more layers of n doped
[II-nitride material on a first surface of a substrate;

epitaxially forming a substructure on the one or more
layers of the n doped IlI-nitride material; the substruc-
ture comprising:
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a tunnel junction disposed on at least a portion of the
one or more layers of n doped IlI-nitride matenal;
a p-type IlI-nitride layer formed directly on the tunnel
junction;
an active layer comprising one or more Ill-nitride
quantum wells disposed on the p-type Ill-nitride
layer; and
one or more other layers of n-doped I1I-nitride material
disposed on the active layer;
epitaxially depositing a layer of unintentionally doped
[II-nitride material on the substructure;
epitaxially depositing a further layer of n doped IlI-mitride
material on the layer of unintentionally doped III-
nitride material;
patterning the further layer of n doped I1I-nitride material

and the layer of unintentionally doped III-nitride mate-
rial into one or more nano-pillars or nano-wires;

depositing, after patterning, an ohmic contact on the
further layer of n doped Ill-nitride matenal;

patterning the substructure 1nto a mesa on a portion of the
one or more layers of the n doped IlI-nitride material;

depositing an insulating layer on surfaces of the one or
more nano-pillars or nano-wires extending from below
the further layer of n-doped IlI-mitride material to said
one or more other layers of n-doped I1I-nitride material
not covered by the unintentionally doped IlI-nitride
material, also on a surface of the one or more other
layers of n-doped IlI-nitride material not covered by the
unintentionally doped Ill-nitride material, along the
substructure from the one or more other layers of
n-doped III-nitride maternal to said at least one portion
of the one or more layers of n doped Ill-nitride mate-
rial, and another portion of the one or more layers of n
doped IlI-nitride material on which the mesa 1s not
disposed;

depositing a metal layer along the insulator layer that 1s
disposed along the substructure from the one or more
other layers of n-doped IlI-nitride material to said at
least one portion of the one or more layers of n doped
III-mitride material and on the insulating layer that is
disposed on said another portion of the one or more
layers of n doped IlI-nitride material; and

depositing another ohmic contact on the metal layer.

13. The method of claam 12 wherein the substrate 1s
conducting; the method further comprising;:

depositing a third ohmic contact on a second surface of
the substrate; and

patterning an aperture on the third ohmic contact in order
to facilitate collection of light.

14. The method of claim 12 further comprising:

depositing, after depositing said another ohmic contact on
the metal layer, another insulating material 1n order to
1solate components.

15. The method of claim 12 further comprising:

depositing an ohmic contact pad on the ohmic contact on
the further layer of n doped IlI-nitride materal.

16. The method of claim 12 further comprising deposit-
ing, before the depositing of the isulating layer, a further
other ohmic contact on an outer area of the one or more other
layers of n-doped IlI-mitride material not covered by the
unmintentionally doped Ill-nitride material; the insulating
layer being also disposed over said further other ohmic
contact.
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17. The method of claim 16 wherein the metal layer 1s also
deposited on the insulating material on surfaces of the one
or more nano-pillars or nano-wires extending from below
the further layer of n-doped Ill-nitride material to said one
or more other layers of n-doped Ill-nitride material not
covered by the unintentionally doped I1I-nitride material and
on the msulating material over said further other ohmic
contact.

18. The method of claim 17 further comprising:

depositing, after depositing said another ohmic contact on

the metal layer, another insulating material 1n order to
1solate components.

19. The method of claim 18 further comprising:

depositing an ohmic contact pad on the ohmic contact on

the further layer of n doped IlI-nitride material.

20. The light emitting FET structure of claim 1 wherein
the substrate 1s non-conducting;

the light emitting FE'T structure further comprising a third

ohmic contact disposed on the one or more layers of n
doped IlI-nitride matenal.

¥ ¥ # ¥ ¥
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