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In this work, an InGaN/GaN multiple quantum well based Top-Hat Hot-Electron Light Emission and Lasing
in a Semiconductor Heterostructure (Top-Hat HELLISH) is investigated. A heterojunction structure is de-
signed based on an active InGaN quantum well placed in the n-type GaN region sandwiched by the n- and
p-type GaN layers. The four quantum well structure of an InGaN/GaN heterojunction where the Indium ratio
is 0.16 has been grown via Metal-Organic Chemical Vapor Deposition. In order to create an anisotropic
potential distribution of the heterojunction, it is aimed to fabricate TH-HELLISH-GaN device in Top-Hat
HELLISH (THH) geometry for four contacts with separate n- and p-channels. High-speed I-V measurements
of the device reveal an Ohmic characteristic at both polarities of the applied voltage. Integrated EL mea-
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Field effect surements reveal the threshold of the applied electric field at around 0.25 kV/cm. The emission wavelength
XOR logic of the device is around 440 + 1 nm at room temperature.
Blue light © 2021 Elsevier B.V. All rights reserved.

1. Introduction

A novel light-emitting device based on the hot-electron related
operation was proposed in 1994 by N. Balkan [1-4] and called Hot-
Electron Light-Emitting and Lasing in Semiconductor Hetero-
structures (HELLISH). To date, we have witnessed the evolution of
HELLISH devices from an LED characteristic to a laser characteristic
emitting at 820 nm [5-9], 1300 and 1550 nm [10-12], and at
1300 nm [ 13]. Furthermore, the anatomy of HELLISH has exhibited a
drastic change from HELLISH to Top Hat HELLISH (TH-HELLISH) in
time [14,15]. Therefore, what was unique for the structure of
HELLISH is that, in principle, the operation of conventional semi-
conductor light emitters is based on the vertical transport of charge
carriers in a forward-biased p-n junction. Incorporating the quantum
wells in the active regions of the conventional light-emitting diodes
provides better photon and carrier confinement to enhance their
efficiency. However, the light emission is confined to a small region
of the facet of conventional devices. Therefore, the compatibility in
generic integration technology remains a problem. As an alternative
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to the conventional light emitters, HELLISH contains an undoped QW
placed on the n-side of the depletion layer of a p-n junction [9,16]. In
fact, with the layer by layer structure of the HELLISH device, it can be
thought that there is no significant difference from a conventional
heterojunction p-n junction, but HELLISH devices are hot-electron
devices and surface-emitting structures. The operation of HELLISH
devices is based on longitudinal transport and just requires two
ohmic contacts diffused through all the device layers. The long-
itudinal electric field is applied parallel to the layers and causes the
carriers to heat up in their respective channels. The electric field
applied to the layers provides heating of the electrons and holes in
their respective channels in the barrier layers of a p-n junction. As
the applied electric field is increased, electrons and holes in their
respective channels become hot. At a given value of the electric field,
electrons, which have smaller effective masses and higher mobi-
lities, are excited to higher energy levels than holes. Therefore, they
have a higher non-equilibrium temperature than holes. Hot elec-
trons are injected by mainly tunneling into the QW space, resulting
in the accumulation of a negative charge in the depletion layer. To
preserve charge neutrality, the device self-biases itself, reducing the
potential barrier for the holes, and hence excess holes also move into
the QW by diffusion, where they recombine with the electrons and
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Fig. 1. A schematic illustration of the band diagram of a HELLISH device. E is the
applied electric field, I, and [, are the currents for the injection of excess electrons by
thermionic emission and tunneling, respectively. I;. and Iy, are electron and hole drift
currents, respectively, and I, is the hot hole diffusion current in quantum well after
the self-biasing of the device.

emit photons at an energy of the bandgap of QW material. The band
diagram of the HELLISH structure is given in Fig. 1.

The light emission via electroluminescence (EL) from the first
HELLISH device was quite broad and weak, and the emission was
incoherent [1-4,17]. The first device was basically an AlGaAs p-n
junction with a single GaAs QW embedded in the n-side of the de-
pletion layer. Electrons in the n-side, heated by an external electric
field, can then tunnel through and thermally surmount the barrier
between the n-side and the QW. The accumulation of this negative
sheet charge within the depletion layer reduces the potential barrier
presented to the holes from the p-side, making it energetically fa-
vorable for them to diffuse into the QW. These electrons and holes
then recombine, resulting in the EL. The non-equilibrium cases show
that as the QW'’s electron density increases, the depletion length on
the n-side increases while on the p-side decreases. This is accom-
panied by an increase in the potential barrier presented to the
electrons outside the depletion region and a decreased potential
barrier presented to the holes, thus easing the diffusion of holes into
the QW. Therefore, when a longitudinal electric field is applied, i.e.
electrons are real-space transferred in the well, then the n-side of
the device appears to be reverse-biased while the p-side appears to
be forward biased.

To enhance the spectral purity of the EL emission and turn the
emission characteristic from an LED to a laser, an Ultra-Bright
HELLISH (classical HELLISH structure with the bottom DBR stack)
and HELLISH-Vertical Cavity Enhanced Surface Emitting Laser
(HELLISH-VCSEL, which has a classical HELLISH structure sand-
wiched with top and bottom DBRs) were demonstrated [5-8,10,12].
One more superiority of HELLISH-based devices is the voltage po-
larity independent surface light emission, which makes HELLISH
devices a candidate to be used as optical logic devices for XOR and
NAND logic functions [1,4,6,12,16-18].

In time, some problems showed up with the standard HELLISH
design, and the problems that occurred led to the modification of
HELLISH as TH-HELLISH [14,19]. The problems observed during the
operation of HELLISH devices were i) varying device performance
from one device to another, ii) non-uniform light emission across
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Fig. 2. Potential distribution in n and p channels in the forward and reverse biased
regions of a HELLISH device of length L.

HELLISH with higher emission intensity around the cathode region,
iii) changing of the intensity of EL according to the applied voltage
polarity, and iv) observation EL at the low electric field, which
cannot be related to the hot electron effects. Two questions have
arisen following these problems: i) are the contacts ohmic for both
n- and p-type regions?, and ii) what is the reason for observed low-
electric field EL? The answers to these questions led to the design of
TH-HELLISH and resulted in the discovery of a novel multifunctional
device [19-27]. If the diffused-in contacts are ohmic to n-layer but
blocking for the p-layer of the HELLISH device, the regions near the
p-contacts become highly resistive, thereby resulting in a non-linear
potential distribution over the p-channel of the device as shown in
Fig. 2. Therefore, an effective forward biasing of the device is ob-
tained in the vicinity of the cathode. EL intensity may then be
dependent on the polarity of the applied voltage. Considering the
non-uniform voltage distribution and forward-reversed biased si-
tuation as shown in Fig. 5b, the band profile of the HELLISH devices
becomes tilted from the drain (+V) to the source regions (0 V), and a
quasi-flat band condition is established diagonally as depicted in
Fig. 3. In this condition, the carriers’ motion is permitted diagonally
across the junction as well as the longitudinal transport in the n- and
p-channels. On the low electric field regime, due to the established
quasi flat band conditions, carriers are transferred into the QW and
recombines therein, and in high applied electric fields, hot electron
effects control the operation of the HELLISH device [23-25].

To mimic this behavior of the HELLISH devices, the contact
structure of HELLISH was modified as separate p- and n-channels,
with a longer p-channel and a shorter n-channel. This device was
called TH-HELLISH, and it was soon after realized that it has a
multifunctional device being as an absorber and emitter

Conduction Band

B
Electrons

+V, Drain

Valence Band

Fig. 3. Quasi-flat band profile of a HELLISH device [23-25].
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simultaneously [20,21] as well as a vertical-cavity semiconductor
optical amplifier [19,25-27]. A detailed explanation of the operation
of TH-HELLISH will be given in the Experimental section. For almost
three decades, both HELLISH and TH-HELLISH devices have been
adapted to various semiconductor materials to have emission at the
desired wavelengths of semiconductor technology in the IR region of
the electromagnetic spectrum.

In the present paper, we report a novel blue-light emitting TH-
HELLISH device that is based on the InGaN/GaN multi QW structure.
High-speed I-V measurements of the device reveal an Ohmic char-
acteristic at both polarities of the applied voltage. Integrated EL
measurements reveal the threshold of the applied electric field at
around 0.25 kV/cm. The emission wavelength of the device is around
440 + 1nm at room temperature. The results indicate that TH-
HELLISH can be an alternative to the classical p-n junction based
blue-emitting device with its more straightforward fabrication steps
and simple device structures. Moreover, using different contact
configurations of the device, it can operate as a classical LED and TH-
HELLISH.

2. Experimental details

The investigated HELLISH device structure, shown in Table 1,
grown on sapphire using metal organic chemical vapor deposition
(MOCVD) at Bilkent University Nanotechnology Research Center
(NANOTAM). Here, four layers of 3.05 nm thick InGaN quantum wells
separated by 13.7 nm thick Si-doped GaN barriers are located on the
n-side of a p-n junction. It is a multi-QW structure, which consists of
four QWs. The growth temperature was around 1000 °C. For n-type
GaN, silicon was the dopant, and for p-type doping, magnesium was
preferred because it has the shallowest ionization energy in GaN.
The donor density was 1x10'® cm™, and the acceptor density was
1.3x10"7cm3. The composition of In is 16%, and InGaN is grown on
GaN with a compressive strain of 0.01. Because the activation energy
for Mg in GaN is relatively high, being 170 meV, we first annealed the
sample for having fully ionization of acceptor atoms at 500 °C for
20 min under O, ambient [28-30]. To fabricate the TH-HELLISH
structure, the n-layer was etched down to a p-type layer. Dry etching
is hindered by the strong bond energy in GaN, 8.92 eV/atom, while
wet etching is further complicated by its inert chemical nature. We
tried several wet etching processes but failed. Therefore, we used
reactive ion etching techniques. The top n-type layers were selec-
tively etched 360 nm down to the p-type GaN using ICP-RIE. Contact
for the n-type region was formed using Au/Ni/Al/Ti (15/150/40/
100 nm) and annealed at 850 °C for 30 s under N, ambient [31-34]
and for the p-type region, Au/Ni (10/10 nm) was used and annealed
at 450 °C for 60 s under O, ambient to form NiO, [35-39].

The schematic illustration of the fabricated TH-HELLISH structure
is given in Fig. 4, together with a contact configuration.TH-HELLISH
structure has a shorter n-channel and a longer p-channel, where the
n-channel is placed symmetrically concerning the p-channel. The
lengths of n- and p-channels are 0.5 mm and 0.9 mm, respectively.

Table 1
Epitaxial structure of TH-HELLISH GaN device.

Repeat Materials Layer Thickness (nm) Dopant  Concentration/cm>
GaN 3 Undoped -
GaN 12 Si 1.0x10'"
GaN 13.7 Si 1.0x10'"
4 InGaN 3.05 Undoped -
GaN 13.7 Si 1.0x10'"®
GaN 100 Undoped -
GaN 307 Mg 13x10"
GaN 1717 Undoped -

Sapphire (Al,03) Substrate
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Sapphire

Fig. 4. The schematic representation of the layer structure and contact configuration
of the TH-HELLISH-GaN device. There are four ohmic contacts numbered 1, 2, 3, and 4
in this diagram. Contacts numbered 1 and 4 are p-type contacts, while 2 and 3 are n-
type contacts.

As seen from the structure of TH-HELLISH, n - and p-regions are
isolated from each other. The contacts for n- and p-type regions
are Ohmic. Under normal TH-HELLISH operation, contacts 1 and 2
are biased, and contacts 3 and 4 are grounded, as shown in Fig. 5a.
The representation of the contact configuration is 12 + V34G and is
called positive polarity. In this contact configuration, contacts 1 and
2 are drain contacts, while 3 and 4 are source contacts. In addition, if
the same potential is applied to contacts 3 and 4, contacts 1 and 2
are grounded, the contact configuration is shown as 12G34 + V, and
it is called negative polarity. If we apply forward bias between 1 and/
or 3 or 4, the device operates as a conventional p-n junction LED,
which operates at vertical transport. Even the contacts on the n- and
p-type channels are separated; they are biased at the same voltages
according to the device’s operating conditions. Fig. 5b shows the
potential drop across the device, which mimics the twisted band
profile with the problematic HELLISH device shown in Fig. 3. With
this structure of the device, emission and absorption regions are
interchangeable by just reversing the polarity of the applied voltage;
therefore, the device can be operated as a field-effect light emitter
and absorber. When the potential is applied to the device in positive
polarity, the potential near contact 2 over the length of [, is higher in
the n-channel than the p-channel (V,>Vp). In this case, the device
operates like reverse biased, which acts as a light absorber [20-22].
Simultaneously, the device behaves forward-biased around to con-
tact 3 over the length of I3, and it also operates as a light emitter
[20-22]. In negative polarity, only the locations of the absorption
and emission regions change. Therefore, the device has field-effect
light emission and absorption characteristics. The position of the
contacts provides the nonlinear state in the potential distribution.
The contacts’ position is labeled as [; =0, I, I, and I, for contacts 1, 2,
3, and 4, respectively, in Fig. 5b. The applied voltage distribution
along the channels is from contact 2 (I,) to contact 3 (I3). The po-
tential difference between n- and p-channels AV is a function of
device length [ and applied voltage V.. AV is the largest at I, with
maximum reverse bias (V;) and at I3 with maximum forward bias
(Vg). At the midpoint of the device, AV is zero. The AV, Vr, and V¢ are
given by,

X ol b+ k)], b<l<h

avl ==
At D=-7% M
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Fig. 5. a) Schematic illustration of the TH-HELLISH structure and configuration of the contacts. Under normal operating conditions, the device is biased at the contacts 1 and 2
with  V, while 3 and 4 are grounded. b) Potential distribution along with the n (brown line) and p (gray line) channels of the device. In the region V,, > V,,, the device is effectively
reverse biased; and in the region V,, >V, it is effectively forward biased. V; and V¢ are the maximum reverse bias and forward bias within the junction, respectively. V, is the

applied voltage. AV is the voltage difference [20-22,25,27].

Vip, = _wva =-XV,, I=h

2y (2)
Vib=XV, , I=k (3)
where, X=[ly—(5-D5L)]/2l; is dimensionless TH-HELLISH

parameter [20].
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Fig. 6. The twisted band profile of TH-HELLISH.

Fig. 6 shows the twisted band profile of TH-HELLISH. The twisted
band profile results from the forward and reverses biased areas along
the junction, as shown in Fig. 5b. The flat band condition is estab-
lished at the cathode, and the reverse bias region occurs at the anode.

The I-V and spectral EL measurements were carried out using
high-speed pulsed measurements systems, which includes a pulse
generator (Avtech AVRZ-5) at 300 ns pulse width and 2.04 ms pulse
repetition rate with a duty cycle 0.0147 to apply voltage, a mono-
chromator with a 1/3 focal length (Acton SR-2300i) is used to dis-
perse the emitted light, a GaAs PMT (Hamamatsu R3896)
accompanied with a boxcar (Stanford Research System SR250) to
detect the signal, and an oscilloscope (1.5 GHz LeCroy 715Zi) to
monitor applied voltage and voltage across the load resistance.
Integrated EL was collected directly with PMT without using a
monochromator. A 50 Ohm load resistance was connected in serial
with the device to have resistance match with the oscilloscope, and a
voltage drop on the load resistance was measured, then the sample
voltage was determined during measurements. All of the measure-
ments were carried out at room temperature.

3. Experimental results

The current-electric field (I-E) characteristic in Fig. 7 exhibits a
linear behavior at both polarities and, therefore, all contacts to the n-
and p-layers are Ohmic.

The measured integrated EL intensity as a function of an applied
electric field for both polarities is illustrated in Fig. 8 at room tem-
perature. The threshold electric field (Ey,) and the corresponding
threshold voltage (Vi) are obtained as 0.25kV/cm and 12.5V,
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Fig. 10. The convolution of the EL spectrum into peaks in an applied electric field of
0.65 kV/cm.

respectively. It is clearly seen that the light intensity is independent of
the applied voltage polarity because both polarities show the same
behavior. Therefore, the TH-HELLISH-GaN device exhibits an XOR
function. Integrated EL intensity saturates at around 0.56 kV/cm.

In Fig. 9a and b, EL spectra are given as a function of an applied
electric field for positive polarity and negative polarity, respectively.
EL measurements are performed in the range of 300-600 nm wa-
velength, and 0.11-0.64 kV/cm applied electric field for both pola-
rities at room temperature. The center peak of the observed EL
spectra is at 440 + 1 nm. The inset in Fig. 9 reveals that EL intensity
linearly increases with an increasing electric field. In addition, there
is no shift of the emission wavelength due to the applied electric
field in the EL spectra observed, and the characteristic of EL spectra
exhibits similar behavior in both polarities. The photographs of the
surface-emission of a TH-HELLISH-GaN device are captured at an
applied electric field of 0.64 kV/cm for both polarities, as shown in
the inserted figure in Fig. 9. It is clear that the device surface
emission is indeed from the cathode region for both polarities,
which is in good agreement with the predictions of potential dis-
tribution in n- and p-channels as shown in Fig. 5b [20-22,25,27].

The conclusion of the central EL peak into peaks in an electric
field of 0.65 kV/cm are shown in Fig. 10. Four peaks are obtained. The
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Fig. 9. EL spectra depending on the applied electric field and surface emission photographs for a. positive polarity b. negative polarity at room temperature. The inset at the top

shows the changes in EL intensity.
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first emission peak with a wavelength of 430 + 1 nm is often ob-
served in the spectra of Si-doped n-type GaN grown by MOCVD or
HVPE, attributed to transitions from the shallow donor level or
conduction band to the roughly deep acceptor level having ioniza-
tion energy [40]. The second emission peak is centered on
440 + 1 nm, which corresponds to the transition between the first
electron subband and the first light hole subband (Ee1-Elh1) in GaN
QW, which agrees with the reported values for GaN QW structures
[41,42]. The third peak is at 450 = 1 nm and corresponds to the first
energy level of the electron-first energy level of the heavy hole (Eel-
Ehh1) transition of the GaN QW [43]|. The last emission peat at
465 + 1nm is thought to be a radiative transition from the first
energy level of an electron (Eel) to a trap level formed by the
clustering of indiums in the structure [40,44-46].

The operation performance of the TH-HELLISH-GaN device can
be developed by minimizing the dimensions of the device; in this
way, the higher electrical fields can be obtained by using much
smaller voltages. Furthermore, the alloy concentration can be
changed to improve the device. Therefore, designed devices radiate
at a different wavelength. The Ga rich (x > 0.5) In;_xGaxN alloys can
be used as light emitters with wavelength ranging from about
360-600 nm. However, recent growth techniques have made it
possible to extend this range to NIR wavelengths by increasing the In
composition (indium rich) In;_yGayN, leading to single-compound-
based light emitters to cover a wide range of the electromagnetic
spectrum from ultraviolet to near-infrared. Finally, more intensity
and narrower emission peak can be obtained by adding suitable DBR
layers for the device structure.

4. Conclusions

We have reported a novel blue light-emitting TH-HELLISH device
based on an InGaN/GaN multi QW structure. The light emission of
the TH-HELLISH-GaN device is observed to be around 440 + 1 nm at
room temperature. It is observed that the device's emission wave-
length and light intensity are independent of the polarity of the
applied electrical field. Therefore, the device can be used for the XOR
optical logic gate concerning applied voltage. The threshold of the
applied electrical field for the operation of the device is obtained
around 0.25 kV/cm, which corresponds to 12.5 V. Our results reveal
that, with a more straightforward structure, and easier fabrication
route, and multifunctional GaN-base, TH-HELLISH is an excellent
alternative to the conventional blue LEDs and a versatile device to
have a potential to be utilized as optical logic gates. The operation
performance of the TH-HELLISH-GaN device can be developed by
minimizing the dimensions of the device; in this way, the higher
electrical fields can be obtained by using much smaller voltages.
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