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A B S T R A C T   

We report an n-type In0.53Ga0.47As based Gunn light emitting diode operated at around 1.6 μm. The device 
structure comprises of an n-type In0.53Ga0.47As epilayer with a thickness of 5 μm grown by Metal Organic Vapour 
Phase Epitaxy (MOVPE) on a semi-insulating InP substrate and fabricated in a planar architecture with a stepped 
structure at anode side to suppress the destructive effect of high built-in electric field in propagating Gunn 
domain. Gunn diode is operated under pulsed voltage with a pulse width of 60 ns and pulse duration of 4.5 ns to 
keep the duty cycle as low as 0.0013%. The Gunn oscillations with an 1 ns period are observed at around 4.1 kV/ 
cm, which corresponds to the electric field threshold of Negative Differential Resistance (NDR). The light 
emission at around 1.6 μm also starts at the threshold electric field of the NDR region (E = 4.2 kV/cm) of the 
current-voltage curve, and the emission intensity increases drastically with increasing applied electric field. The 
observed light emission at NDR threshold electric field where Gunn oscillations appear on the voltage pulse is 
attributed to the impact ionisation process occurring in the current domains along the sample, which generates 
excess carriers to initiate the band-to-band recombination in In0.53Ga0.47As.   

1. Introduction 

Gunn oscillations were first observed by Gunn as an instability in the 
current in the form of an oscillations on the normal pulse current under 
an applied pulsed electric field at around 3 kV/cm was applied to an n- 
type GaAs [1]. Gunn reported that without needing a p-n junction 
structure and inconveniently small dimensions, these oscillations were 
produced from just a piece of n-type material, so-called Gunn oscilla-
tions could be a cheaply manufacturing to fabricate devices operating in 
microwave regions at room temperature. Since Gunn’s invention, the 
Gunn diode, whose operation is based on Gunn oscillations has been 
playing an important role to generate microwave power in the GHz 
frequency range [2–5]. Gunn diode is a two terminal NDR device con-
sisted of just one type of doped III-V semiconductor. First Gunn diode 
was fabricated from an n-type GaAs [6], then other III-V materials such 
as InP [7], InGaAs [2,4,8–10], GaN [8,9], etc. were reported as the 
active region of Gunn diode. In the beginning, a great effort has been 
spent to fabricate robust devices since the built-in electric field in Gunn 
domains can become as large as to damage the device as propagating 
Gunn domain from the cathode towards to the anode. Different anode 
structures such as dumb-bell contact [2,10–12], wedge [13,14], axis off 
from the cathode [14], and Schottky contact at the anode region instead 

of Ohmic contact [10,11,15] have been fabrication strategies to mini-
mise the amplitude of the built-in electric field at the anode of the de-
vice. From an electronic point of view, following robust and stable 
oscillations the motivation was focused on increasing the frequency of 
Gunn oscillations towards to THz region because of the wide range of 
important applications in the THz region [12,16]. In a recent theoretical 
study, it has been revealed that Gunn diodes can be operated above 1 
THz with a proper design of the device [17]. On the other hand, 
considering experimental studies, the frequency values of Gunn oscil-
lations are still below 1 THz but have approached to 1 THz in a recent 
study on a notch δ doped GaAs-based Gunn diodes [18]. 

While an effort has been spending to enlarge the upper frequency 
limit of the Gunn diode towards to THz region, from an optical point of 
view, light emission from a travelling high-field Gunn domain was first 
observed by Southgate from GaAs in 1967 [19]. Long after this obser-
vation, Balkan et al. reported light emission (electroluminescence, EL) 
from n-type GaAs and AlxGa1-xAs -based devices with a various lengths 
between 4 μm and 316 μm [20]. Chung et al. have presented an evalu-
ation of a simple GaAs-based Gunn diode based light emitter towards to 
Fabry Perot laser [21] and then vertical cavity light emitting laser 
(VCSEL) emitting in the 830–850 nm wavelength ranges [22] at 90 K 
[22]. In a recent study of us, we have presented edge and surface light 
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emission from an AlGaAs-based Gunn diode and a Fabry-Perot 
AlGaAs-based Gunn diode emitting around 816 nm at room tempera-
ture [17]. The observed EL from the Gunn diode is associated with the 
band to band recombination of non-equilibrium electron-hole pairs 
generated via impact ionisation process in the propagating Gunn do-
mains when the Gunn diode is operated in the NDR regime. 

In this paper, we demonstrate an n-type In0.53Ga0.47As-based Gunn 
light emitting diode fabricated in a planar architecture at around 1.6 μm 
at room temperature under pulsed operation. Gunn oscillations with a 
frequency of 1 GHz are observed at threshold of NDR as well as light 
emission at around 1.6 μm starts. The light emission from the Gunn 
diode does not dependent on applied voltage polarity. EL intensity en-
hances as increasing applied electric field above the NDR threshold. 
Integrated EL intensity exhibits a drastic increase above the NDR 
threshold. 

2. Experimental details 

The investigated Gunn device structure was grown on a semi- 
insulating InP substrate by MOVPE. In order to prevent undesired de-
fects from the substrate surface from advancing into the grown layer and 
to prepare a more flexible environment for growth, firstly homoepitaxial 
growth is usually performed on the substrate. In this study, approxi-
mately 300 nm thick InP buffer layer was grown on semi-insulating InP 
(SI–InP). For the InP buffer layer, high purity trimethylindium (TMIn, In 
(CH3)3) metalorganic compound and phosphine (PH3) hydride were 
utilised as In and P sources, respectively. The flow values of TMIn and 
PH3 for growing buffer layer were 160 sccm and 200 sccm, respectively. 
After the InP buffer layer was successfully grown, the doped InxGa1-xAs 
layer was grown. For InGaAs layer, high purity TMIn and trime-
thylgallium (TMGa, Ga(CH3)3) metalorganic compounds were used as In 
and Ga sources, and arsine (AsH3) hydride was used as As source. SiH4 
gas, which is a hydride source was used for n-type doping. In addition, 
ultra-high purified hydrogen (H2) was used as a carrier gas. The growth 
parameters for the InGaAs layer are as follows: the growth temperature 
is 650 ◦C, and the TMIn, TMGa, AsH3 and SiH4 flows are 190 sccm, 6 
sccm, 200 sccm and 0.24 sccm, respectively. 

X-ray diffraction (XRD) θ-2θ scan was performed to understand the 
crystal quality of the grown sample and to determine the ternary alloy 
ratios. After the XRD measurement, the alloy ratio of the grown sample 
was determined by the Global Fit simulation software. The In concen-
tration in the InxGa1-xAs alloy was determined as x = 0.53. The mea-
surement and simulation results are given in Fig. 1. In this graph, the 
blue curve corresponds to the measurement result and the black curve to 

the simulation result. In order to obtain comprehensive and accurate 
information from grown samples, the match between simulation and 
measurement must be considered. The measurement result and the 
simulation result overlapped. The full width at half maximum (FWHM) 
of the XRD peak was determined as 173 arcsec. This value indicates that 
the grown sample has good crystal quality. 

By choosing the In alloy concentration of 0.53 in the 5 μm thick 
InGaAs epilayer forming the active region of the Gunn device, a perfect 
lattice match with the semi-insulating InP substrate was achieved. 
In0.53Ga0.47As epilayer thickness was designed to be greater than the 
electromagnetic wavelength to be emitted by the Gunn device. There-
fore, the interference effect of the Gunn device emission due to the inner 
reflections is suppressed. The epilayer In0.53Ga0.47As was doped by Si 
atoms with a density of 5 × 1016 cm− 3. A schematic layer structure of the 
device is given in Fig. 2. 

The sample was defined in Hall Bar geometry and planar simple bar 
architecture with a stepped geometry at the anode side using standard 
photolithography techniques for Hall Effect and electroluminescence 
(EL) measurements, respectively. The samples were etched approxi-
mately 5 μm down through the In0.53Ga0.47As layer to pattern Hall bar 
and mesa geometry using wet etching with C6H8O7/H2O2 (citric acide/ 
hydrogen peroxide: 5/1) solution. To convert the mesa geometry to the 
stepped planar simple bar, one edge of the mesa was further etched 4 
μm. Prior to metal deposition, the samples were kept in a plasma asher 
(Diener, ZEPTO) for 1 min to remove organic impurities on the surface. 
Au/Cr (100nm/10 nm) were used to have ohmic anode and cathode 
contacts. Samples were placed on a copper heat sink to minimise heating 
of the sample during the high electric field measurements then 25 μm 
diameter of gold wires were bonded to make them ready for electrical 
measurements using a wire bonder wedge mode (TPT, HB05). The de-
tails about In0.53Ga0.47As – based Gunn device structure and contact 
configuration of the simple bar with step geometry are shown in Fig. 3. 

As the Gunn domain propagates from cathode to anode, built-in 
electric field in the domain increase and can damage the device at the 
proximity of the anode, which is the main obstacle to obtaining stable 
Gunn oscillations and robust Gunn diodes. To avoid the breakdown of 
the device, different contact geometries were proposed [2,3,14,17,23]. 
Here, we propose a planar architecture with a stepped anode to decrease 
the electric field in the vicinity of anode. The electric field distribution 
along the samples was simulated using AC/DC module of the COMSOL 
Multiphysics program for both simple bar with/without step geometry. 
In a standard simple bar shape, since contact metals were evaporated on 
the surface and did not diffusied thorough the sample, a well-defined 
separation between metal and semiconductor are occurred, resulting 
in a sharp transition from metal contact area to semiconductor area. This 
sharp transition and corners cause a higher electric field as illustrated in 
Fig. 4a. To initiate a Gunn domain in the vicinity of cathode region, a 
higher electric field at cathode section is beneficial. However, as Gunn 
domain propagates along the anode, the built-in electric field increases 
and together with a drastically higher electric field around anode side 
(Fig. 4a) causes an uncontrollable increase of the excess carriers via 
impact ionisation then damaging of device. Using a simple bar with step 
geometry at the one end (anode) of the device suppresses the high 
electric field distribution. As increasing the step thickness electric field 
in this area becomes lower (Fig. 4b). COMSOL simulations are given in 
Fig. 5 for simple bar with/without step geometry to reveal the electric 
field distribution at around cathode and anode regions. It is clear that a 
uniform electric field is applied along the sample away from cathode and 
anode sections. The optimum step thickness was determined as 4 μm and 
the device were fabricated accordingly. 

Hall Effect measurement to obtain the carrier concentration and the 
carrier mobility, and photoluminescence (PL) measurement to deter-
mine the band gap of In0.53Ga0.47As were performed. High speed pulsed 
current-voltage (I–V) measurement was conducted to observe Gunn 
oscillations and to determine the threshold electric field for NDR. To find 
the threshold electric field that emission occurs, an integrated EL 

Fig. 1. Simulation (black solid line) and XRD θ-2θ measurement (blue solid 
line) for the sample. 
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intensity-electric field measurement was carried out. Spectral EL mea-
surements were performed to determine the light emission characteristic 
as a function of the applied electric field. All experiments were con-
ducted with a free space all in one experimental set-up at room tem-
perature given in Fig. 6. 

Pulsed voltages of 60 ns duration were applied along the Gunn device 
using an Avtech AVR-Z5 high voltage pulse generator. In order to avoid 
Joule heating, a duty cycle was kept at less than %0.0015. Also, the 
repetition rate of the pulse is 4.5 ms (220 Hz). Applied, and sample 
voltages were measured by using a digital four channels Lecroy Wavepro 
z715 oscilloscope with a bandwidth of 1.5 GHz. 

The emitted light from the Gunn device, which was operated at 
around NDR threshold electric field excited with pulsed voltage was 
dispersed by a 0.5 m focal length of monochromator. The dispersed light 
at the exit slit of the monochromator was collected and converted to the 
electrical signal using a photomultiplier tube (PMT, Hamamatsu, 
R5509) operated at 1500 V. The output of PMT was measured using 
Stanford Box-car Averager that is a suitable instrument to measure high 
speed pulsed electrical signals from 1 ns to 3 μs and at a maximum 20 
kHz frequency. 

3. Results and discussion 

PL measurements at room temperature were made to determine the 
bandgap of the active layer (In0.53Ga0.47As) of the Gunn device. As seen 
in Fig. 7, the PL peak energy is 0.77 eV (1.6 μm), which is consistent with 
the bandgap of In0.53Ga0.47As. FWHM of the PL spectrum is 65 nm which 
was affected by the slit widths. Slit widths were kept at 1 mm. 

Hall effect measurement was performed to determine the electron 
density and electron mobility in In0.53Ga0.47As. As a result of Hall effect 
measurement, electron density and electron mobility were found to be 
3.41 × 1016 cm− 3 and 8700 cm2/V.s, respectively. The electron mobility 
value agrees with the reported value for In0.53Ga0.47As doped with 2.75 
× 1016 cm− 3 as being 8600 cm2/V.s by Kowalsky et al. [24]. 

Electric field dependence of electron drift velocity and integrated EL 
intensity In0.53Ga0.47As-based Gunn device are presented in Fig. 8. Drift 
velocity is obtained from current-voltage measurements and is defined 
as 

Vd =
I

n.e.w.d
(1)  

where Vd is drift velocity, n 3D carrier density, I current, w channel 
width and d thickness of the sample. The applied electric field on the 

Fig. 2. A schematic structure of the Gunn device.  

Fig. 3. In0.53Ga0.47As – based Gunn device a) Fabricated Gunn device in a planar architecture stepped at anode, b) cross-section structure, c) top view of the contacts 
with their dimensions. 
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sample is calculated using 

E =
V
L

(2)  

where E is the electric field, V the applied voltage, and L the channel 
length. The saturation region and the onset of the NDR region were 
given on the drift velocity versus electric field curve. It shows ohmic 
characteristics in electric field values up to the saturation region (3 kV/ 
cm) and NDR characteristic appears at around 3.5 kV/cm. The satura-
tion velocity is 1.92 × 106 cm/s. The threshold of NDR for the 
In0.53Ga0.47As with a carrier concentration of 2.75 × 1016 cm− 3 is 
observed at 3.5 kV/cm by Kowalsk et al. [24]. Haase et al. examined the 
threshold electric field dependence on the carrier concentration, and 
they reported that the NDR’s threshold value is approximately 3 kV/cm 

for the carrier concentration of 1 × 1016 cm− 3, which is similar to the 
electron density in our sample [25]. 

The threshold electric field for emission is determined from inte-
grated EL versus electric field as 4.23 kV/cm. Above the threshold 
electric field the emission intensity drastically increases with the 
increasing electric field. 

The Gunn oscillations on the voltage pulse measured from across the 
load resistance are shown in Fig. 9a at various electric fields, which are 
above the threshold of NDR. The drift velocity and Gunn oscillation 
measurements as a function of the electric field were also carried out 
with a simple bar geometry which validated the simulation results, and 
it was not exhibited Gunn oscillation as can be seen in Fig. S1 (Sup-
plementary Information). This observed behaviour can be attributed to 
the current controlled NDR (S-type) mechanism [26] (Fig. S2) and, that 
is explained by a sudden increase in current due to the impact ionisation 
mechanism and the realization of the current-controlled NDR mecha-
nism instead of the voltage-controlled NDR. In the S-type NDR mecha-
nism, the current paths are emerged along the samlple length that 
damages the sample as can be seen in Fig. S3 instead of the observation 
of stable domains with the increasing electric field [19]. In Fig. 9b, the 
period and amplitude of Gunn oscillations are presented at different 
electric fields. When the applied electric field is increased, Gunn oscil-
lations appear on the pulse at the onset of the NDR region that is orig-
inated from Gunn domain formation in the sample. Gunn domain 
propagates along the sample from the cathode to the anode without 
vanishing via an applied electric field until reaches the anode then a new 
domain is nucleated at the cathode again, resulting in Gunn oscillations 
[27]. The transit time of the domain from the cathode to the anode is 
found using 

ttr = L/Vd (3)  

where ttr, L, and Vd are the transit time, sample length, and drift velocity, 
respectively. Domain transit time is calculated as 2.5 ns. 

The built-in electric field in domain increases as applied electric field 
is increased. This increment results in an enhancement of the amplitude 
of the Gunn oscillations [14]. The period of Gunn oscillations is around 1 
ns (f = 1 GHz) that is similar to the domain transit time (2.5 ns). 

Fig. 4. COMSOL simulations for a) a simple bar b) a step geometry. The electric field distribution at cathode and anode sections are zoomed-in to give a better 
presentation of the simulation results. From red to blue areas, distribution of electric field changes from higher to lower values. Away from the cathode and anode 
sections, applied electric field distribution is uniform along the sample as shown in Fig. 5. . 

Fig. 5. Distribution of the electric field along the Gunn device.  
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In n-type In0.53Ga0.47As-based Gunn device, a hole is generated in the 
valence band and two electrons are generated in the conduction band 
due to the impact ionisation originating from the domain transferred 
from the cathode to the anode. Generated excess electrons will release 
their energy by emitting photons, which corresponds to the bandgap of 
In0.53Ga0.47As. The carrier density caused by generated excess electrons 
in Gunn domain is obtained from Eq. (4), 

nex = n0.αe.L.γ.e− ttr/τ (4)  

where nex, n0, αe, γ and τ are the excess carrier density, background 
electron density (doping density), impact ionisation coefficient, multi-
plication factor, and recombination lifetime, respectively. 

To find the impact ionisation coefficient, domain electric field should 
be known. The domain electric field is determined by 

Ed − ER =

[

L.(EA − ER)
2.e.n0

ε

]1 /

2

(5)  

where Ed, ER, EA and ε are the domain electric field, the electric field 
outside the domain, applied electric field above the NDR threshold and 
permittivity, respectively. The electric field outside of the domain is 3 
kV/cm and above the NDR threshold applied electric field is 3.9 kV/cm. 
The domain electric field (Ed) is calculated as 200 kV/cm that is high 
enough to initiate impact ionisation in In0.53Ga0.47As. In the 
In0.53Ga0.47As device, the impact ionisation coefficient is 1350 cm− 1 at 
200 kV/cm [28]. 

To calculate recombination lifetime, the nex = nex(0) = n0 approxi-
mation is made [29]. nex(0) is the initial carrier concentration. With this 
approach, the recombination lifetime is found to be 200 ns for a carrier 
concentration of 3.41 × 1016 cm− 3. 

Fig. 6. All in one experimental setup.  

Fig. 7. PL spectrum at room temperature.  
Fig. 8. Drift velocity and integrated EL versus applied electric field.  
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The multiplication factor (γ) is found by multiplying oscillation 
frequency and pulse duration. When the excess carrier density, funda-
mental electron density, pulse ionisation coefficient, multiplicative 
factor and recombination lifetime values are used in Eq. (4), the excess 
carrier concentration (nex) generated via impact ionisation in Gunn 
domain is found as 1.4 × 1019 cm− 3. At 1.4 × 1019 cm− 3 excess carrier 
concentration in Gunn domain, the recombination lifetime of excess 
carriers is found to be 0.065 ns. EL spectra for different electric field 
values at room temperature are given in Fig. 10 together with hot 
electron temperature. The hot electron temperature values determined 
from the high energy tail of the EL spectrum of the Gunn device increase 
as electric field is increased as given in the inset of Fig. 10. The peak 
energy of the EL spectrum corresponds to the bandgap of the n-type 
In0.53Ga0.47As (0.77 eV). As increasing electric field, the intensity of the 
emission enhances. 

Applied high electric fields heats the electrons above lattice tem-
perature (hot electrons) in the Γ valley of InGaAs. The hot electron 
temperature can be found using the slope of the logarithm of EL intensity 
versus photon energy at the high energy tail side of the EL spectrum [30]. 

IEL∝exp(hv∕kBTe) (6)  

where IEL, hν, kB and Te are the EL intensity, emitted photon energy, 
Boltzmann constant and hot electron temperature, respectively. 

There is another method for calculating electron temperature when 
the energy relaxation time is known [27] given by 

q.Vd.E=
3.kB.(Te − T)

2τe
(7)  

where Vd, E, kB, Te and T are the drift velocity, applied electric field, 
Boltzmann constant, electron temperature and lattice temperature 
respectively. τe is taken 10− 12 s in InGaAs [27]. Using the drift velocity 
versus electric field graph in Fig. 8, the drift velocity corresponding to 
the electric field value of 4.48 kV/cm is 4.35 × 106 cm/s. When the 
values are used in Eq. (7), the electron temperature is calculated as 510 
K at an electric field value of 4.48 kV/cm. For the given electric field 
value, the electron temperature calculated from the EL spectrum is 520 
K. The results show that electron temperatures which calculated by 
these two methods are in good agreement. 

4. Conclusions 

In this study, we have demonstrated an In0.53Ga0.47As -based Gunn 
light emitting diode. The emission characteristic has been investigated 
as a function of applied electric field at around NDR regime where Gunn 
oscillations are observed. The integrated EL has started at an electric 
field of 4.23 kV/cm, and the emission intensity drastically increases as 
electric field is increased. The period of Gunn oscillations and the 
domain transition time are found to be 1 ns, and 2.5 ns, respectively. EL 
reveals that the emission wavelength is 1.6 μm and the EL intensity and 
electron temperature increase with increasing electric field. 

Our results have revealed that In0.53Ga0.47As -based Gunn light 
emitting diode is an alternative to conventional p-n junction diode- 
based light emitters with its simpler and cost-effective design con-
sisted of piece of just one type of doped semiconductor and Ohmic 
contacts, voltage polarity-independent operation and providing that the 
device has been appropriately engineered. 
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Fig. 9. a) Formation of Gunn oscillations for the various electric field and b) electric field dependence of the period and amplitude of Gunn oscillations.  

Fig. 10. EL spectrum at various electric field above NDR threshold. The inset 
shows the electric field dependence of hot electron temperature calculated from 
the EL spectrum’s high energy tail. 
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