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Comparative Monte Carlo analysis of InP- and GaN-based Gunn diodes
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In this work, we report on Monte Carlo simulations to study the capability to generate Gunn
oscillations of diodes based on InP and GaN with around 1 um active region length. We compare
the power spectral density of current sequences in diodes with and without notch for different
lengths and two doping profiles. It is found that InP structures provide 400 GHz current oscillations
for the fundamental harmonic in structures without notch and around 140 GHz in notched diodes.
On the other hand, GaN diodes can operate up to 300 GHz for the fundamental harmonic, and
when the notch is effective, a larger number of harmonics, reaching the Terahertz range, with
higher spectral purity than in InP diodes are generated. Therefore, GaN-based diodes offer a high
power alternative for sub-millimeter wave Gunn oscillations. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863399]

. INTRODUCTION

In the last decade, the existence of negative differential
resistance (NDR)I*3 in some materials like GaAs or InP has
been used by the electronic industry to fabricate vertical struc-
tures working as emitters in the millimeter region of the elec-
tromagnetic spectrum.*” The generation of waves in the
Terahertz (THz) range is not an easy task and several nitride
wide-band-gap semiconductors, such as GaN, have attracted
the focus of recent researches with the objective of developing
sources, amplifiers, and detectors at such high frequencies.
GaN-based diodes with a length of the active region of
~ 1 um have been predicted to provide oscillation frequencies
for the fundamental harmonic as high as 200400 GHz,°'°
because of its higher saturation velocity with respect to conven-
tional GaAs and InP structures (v, gav= 1.43 X 107 cmy/s,
Vear Gans 0.9 x107cm/s  and vy, e~ 1.16 x 107 cm/s).
Potentially, GaN allows increasing the microwave power
generation because its threshold electric field is very high:
~200kV/cm for the Wurzite phase.!' Although theoretical
works predict Gunn oscillations in the THz range in GaN
diodes®'? experimental demonstrations of oscillations have
not been achieved despite technological efforts to fabricate
them. It is mostly due to the proximity of the metal contacts
and to the high bias required for these devices to work in the
NDR conditions which typically causes the diodes to burn out
before oscillating.'*'* Nowadays, as alternative to traditional
vertical Gunn diodes, different structures are being explored,
highlighting planar structures, such as InGaAs/InAlAs,"
GaAs/AlGaAs,'®"® and InGaAs/AlGaAs planar diodes,'” and
GaN/AlGaN self-switching-diodes (SSDs).%°

In this work, our aim is to present a theoretical compara-
tive study of the amplitude and frequency of the oscillations
provided by InP and GaN vertical diodes (with and without
notch) by means of a home-made Monte Carlo (MC) simula-
tor’'*? used to calculate the current power spectral density
(PSD) in the diodes.”® The performance will be studied
exploring the effect of the DC bias, the doping profile, and
the length of the active region.
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The paper is organized as follows. The geometry of the
vertical diodes and physical model are described in Sec. II.
In Sec. III, the results and discussion are reported: First, we
study InP diodes with several lengths for one doping profile.
After, we present results obtained in GaN structures for two
doping schemes (DS). Some conclusions are finally given in
Sec. IV.

Il. GEOMETRY OF THE VERTICAL DIODES
AND PHYSICAL MODEL

A. Device structure

In this paper, we investigate two types of Gunn diodes,
without (n"nn™) and with (n"n nn™) notch, sketched in
Fig. 1. The diode with notch contains a lightly-doped n
region adjacent to the cathode, which aims to create a high
electric field zone promoting the onset of charge accumulation
domains in the cathode. This n~ region has always a fixed
length of 250 nm, which is considered to be included in the
transit region length L. In both types of structures, the transit
or active region is sandwiched between two heavily doped n™*
ohmic contact regions, whose lengths are 100 nm and 300 nm
at the cathode and anode, respectively. Systematic MC simu-
lations have been performed accounting for four different
lengths of the active region (L = 1500nm, 1200 nm, 900 nm,
and 750nm), two doping levels, and two materials (InP
and GaN). The contact regions are always doped at
n"=2x 10" cm™>. The doping schemes under analysis will
be denoted as DS1 and DS2. For the DSI1, the transit region is
formed by n=1x 10" ecm ™ and n~ =2 x 10'"®cm ™ and for
the DS2 by n=5x 10""cm > and n~ =1 x 10" cm . Note
that for both schemes, the ratio of n/n" is the same, 5.

B. Semiconductor properties and simulation tool

The intrinsic study of the Gunn structures has been made
by means of a semi-classical ensemble MC simulator self-
consistently coupled with a 2D Poisson solver.”' The Poisson
equation is discretized by the finite difference method, and
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FIG. 1. Geometry of the two types of Gunn structures studied. (a) Diode
without notch and (b) diode with a 250 nm-length notch placed next to the

cathode. The lengths of n" contact regions are 100nm and 300nm at the
cathode and anode, respectively, in both structures. nt=2x 10180m’3,

DS1:n=1x10"cm > and n~ =2 x 10'cm ™ and DS2: n=5 x 10""cm ™
and n~=1x 10" cm™>. Four different lengths, L= 1500, 1200, 900, and
750 nm have been simulated, always at room temperature.

the corresponding linear equations are solved by the LU fac-
torization technique. The conduction band of InP and GaN is
modeled by three non-parabolic spherical valleys. InP crystal-
lizes under normal conditions in the Zinc-Blende structure,
and for this reason I', L, and X valleys are considered in our
model. Although GaN can crystallize in three types of struc-
tures (Wurzite, Zinc-Blende and Rocksalt),24 we will con-
sider here the Wurzite structure because it is the stable phase
of GaN at ambient pressure.25 In this case, the same model
will be used but considering the I'y, U, and I'5 valleys..25 The
MC simulation parameters for InP and GaN are summarized
in Table 1.

The scattering mechanisms included in the simulations
are intervalley, phonons, acoustic, polar modes (optical and
non-optical), and ionized impurities. Furthermore, the piezo-
electric scattering mechanism is considered in our GaN
model.

Concerning the semiconductor properties GaN can in prin-
ciple generate higher fundamental oscillation frequencies and
power than InP because it has larger saturation velocity, lower
energy-relaxation time (tg,n=0.15 ps, t,p=17 ps),ﬁ’26
and higher threshold electric field (E, _g.~~200kV/cm,
Ey mp~13 kV/cm).“’25 As the main objective of this work is
to study Gunn oscillations in the frequency domain, the PSD
of the current flowing through the device is calculated in order
to detect clearly the different harmonics of the signal. To this
end, in our case, a specific algorithm to compute the discrete
Fourier transform (DFT) based on the fast Fourier transform
(FFT) will be used.? In this technique, the number of samples
(N) of the current history must be an integer power of 2. In our
case, the simulations have 150000 iterations, so we have
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TABLE I. Bulk semiconductor parameters.

Symbol InP GaN
Density (kg/m?) 4790 6150
Sound velocity (m/s) 5130 6560
Static dielectric constant 9.56 5.35
Optic dielectric constant 12.4 8.9

Band gap (eV) 1.344 3.44
Lattice parameter (A) 5.8687 5.185
Optical phonon energy (meV) 422 91.2

r L X I U I
Effective mass (m*/m) 0.078 0.26 0325 022 039 0.28
No parabolicity coef. (¢V~')  0.83 023 038 037 05 022
Energy from I valley (eV) 0.0 0.86 096 0 22 24

Acoustic def. pot. (eV) 6.5 6.5 6.5 8.3 8.3 8.3

Optic def. pot. (eV) 0.0 6.7 0.0 00 00 00
Intervalley def. pot. (10" eV/m)

From I' (I'; gan) to 0 10 10 0 10 10

From L (U g.n) to 10 10 9 10 10 10

From X (I'; gan) to 10 9 9 10 10 0

Intervalley phonon energy (meV)

From I' (I'; gan) to 0 27.8 299 0 912 912
From L (U g,nN) to 27.8 290 293 912 912 0912
From X (I'; gan) to 299 293 299 912 912 O

considered the last N=2'"=131072 samples. The average
current value has been subtracted in our dataset to have only
into consideration the AC current variation. A time-step At of
1 fs is used in the simulations. The frequency resolution, Af, of
the obtained PSD is given by 1/(AtN) = 7.62 GHz. The number
of electrons simulated is in the range 25 000-50 000 and, if is
not indicated, all the results presented in this article are at
room temperature.

lll. RESULTS AND DISCUSSION
A. InP diodes with DS1

Firstly, the dependence of the current density on the
applied bias for InP-based diodes without (w/o) and with
notch, for DS1 and different lengths of the active region,
L=1200nm and 1500 nm, are shown in Fig. 2. Gunn insta-
bilities appear once the current saturation is reached, since
the main origin of this effect is the onset of intervalley trans-
fer mechanisms.' In the diodes w/o notch, an abrupt
decrease in the average current density for bias of around
5V is obtained, even if Gunn oscillations are already present
for lower voltages. In order to investigate the physical mech-
anism inside the device that originates the current drop, in
the inset of Fig. 2, the time-sequences of current density for
V=2.5V,5V,7V,and 10V are plotted for the longer diode.
A transition in the oscillation regime at 5V is observed,
from accumulation-layer mode to transit-time dipole-layer
mode.?” In the accumulation-layer mode, the time-sequences
of the current density have a sinusoidal-like shape. However,
once the transit-time dipole-layer mode appears, the current
exhibits an asymmetric nature, thus leading to a decrease in
the average current density. In the notched structures, the
presence of the higher resistive n~ region lowers the value of
the current in the /-V characteristics of Fig. 2.
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FIG. 2. I-V curves for the two types of InP diodes, with and without notch,
and for two different lengths of the active region, L = 1500 nm and 1200 nm,
for the DS1. The inset shows the time-sequences of current density for the
structure without notch with L=1500nm for V=25V, 5V, 7.5V, and

10V.

To study the frequency domain behavior and the spectral
purity of the Gunn oscillations obtained, in Fig. 3, the PSD of
the current in a diode with L = 1500 nm, with and w/o notch is
shown when a bias V=5V is applied. We define the
frequency at which the amplitude of the PSD has a remarkable
peak as frequency of maximum amplitude, FMA. The
notched structure provides higher number of harmonics,
FMA, = 152.6 GHz, FMA, =297.5 GHz, FMA; =450.1 GHz,
and FMA, = 595.1 GHz for the first, second, third, and fourth
harmonic, respectively. The diode w/o notch shows only a
clear harmonic with FMA| =213.6 GHz. It is noteworthy that
the diode with notch offers higher spectral purity but the power
of the first harmonic is more than one order of magnitude
smaller in comparison with the structure w/o notch, as
expected from the lower current level. The frequency and am-
plitude of the most significant peak of the PSD, FMA,, versus
the bias are represented in Fig. 4. In general, for all devices

(not shown here) at low bias FMA, lies in the terahertz region
and is related to plasmas effects.®® In particular, for the
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FIG. 3. Current PSD for InP-based diodes (with and without notch) with
L=1500nm for a bias V=5V.
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FIG. 4. FMA, and corresponding amplitude of the current PSD vs. the bias
for InP-based diodes (with and without notch) with L =1500nm and for the

DS1.

structure of Fig. 4, FMA, is around 10 THz when the bias is
<3 V. However, as the bias increases, a significant shift of that
peak (from high to low frequency) takes place, together with a
huge bump in the amplitude. In fact, this strong change of the
behavior occurs when Gunn oscillations start, and therefore it
is possible to define a threshold voltage, Vy,, for this effect. For
the structure with notch, Vy, is 3.75V, and for the diode w/o
notch, Vi, =2 V. In this last device, a saturation of the ampli-
tude of the most significant peak of the current PSD is also
observed from a bias around 7.5V, indicating the existence of
a mature oscillation.

The bias dependence of the value of FMA, for different
lengths of the active region (L = 1500nm, 1200 nm, 900 nm
and 750 nm) in diodes with and w/o notch is shown in Fig. 5
for V> V.. When the length of the active region is reduced,
the frequency obviously increases because carriers travel a
smaller distance to reach the anode. In diodes w/o notch,
Fig. 5(a), oscillation frequencies are in the range from
130 GHz up to 400 GHz. A more detailed inspection shows
that frequency can be estimated as vy, /L4, being L= L-L,,
with L the effective length and L, the dead length. We have
observed that, irrespectively of the length of the channel, L
is about 40% of the total length. Thus, the charge accumula-
tion domain is being formed well inside the active region,
phenomena already observed in other structures.?

Concerning diodes with notch, Fig. 5(b), for lengths of
900 nm and 750 nm, although the condition nyL > 10'*cm ~ 2
is satisﬁed,27 Gunn oscillations are not observed. For the lon-
ger diodes, lower oscillation frequencies are found, in the
range 80-140 GHz. Now, the oscillation frequency can be
roughly estimated as v,,,/L because the notch creates a high
electric field that fixes the domain onset. From the point of
view of fabrication, notched devices can easily tune the fre-
quency by designing them with the proper length of the active
region. On the other side, for a given length, diodes w/o notch
provide higher oscillation frequencies in comparison with
structures with notch.

To conclude the study of the InP-based diodes, in Fig. 6,
we analyze FMA,, (up to n=35, if it exists) and its amplitude
versus the bias when L =1500nm. The notched structure
provides a higher number of harmonics, but the frequencies
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FIG. 5. FMA, for V >V, vs. bias for different lengths of the active region: L =

(a) Structures w/o notch and (b) structures with notch.

are lower and also their power (by one or two orders of mag-
nitude). For example, at 10V in a diode w/o notch,
FMA; =450 GHz, while in the structure with notch to obtain
such high frequency it is necessary to reach the fifth har-
monic, FMAs =442 GHz. In addition, for the previous case,
the structure with notch generates harmonics with higher
spectral purity with respect to the diode w/o notch, but the
PSD is reduced in a factor ~30.

B. GaN diodes with DS1 and DS2

The current PSD for two doping schemes DS1 and DS2
in GaN diodes is presented in Figs. 7(a) and 7(b), respec-
tively, for devices with and w/o notch, L=1500nm and a
bias V=80V. For DS1, similar current power spectral den-
sities and a strikingly high number of harmonics (reach-
ing ~1.8 THz) are achieved in both structures, with and w/o
notch. Note that for the InP diode with the same doping
scheme (DS1) [Fig. 3] only four harmonics were observed in
the notched diode and only the fundamental one in the struc-
ture w/o notch. The GaN diode with notch (and DS1) pro-
vides a slightly lower FMA, (~180 GHz) with respect to the
structure w/o notch. However, for high order harmonics, the
difference between the corresponding FMA,, increases. Note
that in contrast with InP, in GaN the amplitude of the
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1500 nm, 1200 nm, 900 nm, and 750 nm in an InP-based diode for the DS1.

harmonics is very similar for both structures (with and w/o
notch). It could indicate that the notch in these devices is not
being effective. Hence, in order to boost the effect of the
notch in the GaN diodes, a second doping scheme, DS2,
where the doping of the n~ and » regions is larger, is consid-
ered. The I-V curves for both types of doping (and for
L=1500nm and 1200nm) are represented in the insets of
Figs. 7(a) and 7(b). It is observed that in the case of DS1
[Fig. 7(a)] the notch is not limiting the current, while with the
DS2 doping: (i) diodes without notch present a more visible
negative incremental resistance zone and (ii) the notch signif-
icantly lowers the current in the diodes, as happened in the
InP structures with the DS1, so that the saturation current is
the same independently of the length. This last effect clearly
confirms that DS2 makes the notch more effective. Note
that the concentration ratio between the n and n~ regions
(n/n~ =15) is the same for DS1 and DS2 but the gradient in
the last scheme is higher, thus increasing the electric field in
the notch beyond the threshold value (E;7=210kV/cm). As a
consequence, the notch is more effective and it is really fixing
the point of formation of the domain close to the cathode. For
this reason, like in InP for DS1 where the notch is effective,
the PSD and the FMA; in notched structures are clearly
smaller. For example, FMA, are 99 GHz and 140 GHz for
structures with and w/o notch, respectively, and, as for InP,

10°

(b)

N

o
©
T

Current PSD (A%s/m*)
>

105 L
104 ¢
103 L
2 4 6 8 10
Bias (V)

FIG. 6. (a) FMA,, and (b) corresponding amplitude of the PSD for the different harmonics n (up to the fifth if it exists) vs. bias in an InP diode with length
L =1500nm for the DS1. Results in structures with and w/o notch results are represented by dashed and solid lines, respectively.
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FIG. 7. Current PSD for GaN-based diodes (with and without notch) with L = 1500 nm for a bias V=280 V. (a) DS1, (b) DS2. Also, in red star symbols, results
for simulations at 7= 500K are plotted for the structures with notch. The insets show the /-V curves for both types of diodes and for the two doping schemes

analyzed, for L = 1500 nm and 1200 nm.

the diode with notch shows a higher number of harmonics
(the tenth reaching 1 THz). Furthermore, the current PSD
does not decay significantly up to the third harmonic, its
extraction being more feasible. Since GaN devices will likely
be used for high-power applications, we have studied the
high temperature operation of the diode with notch for the
two doping schemes. At 500K, the FMAs are slightly lower
for the different harmonics but the PSD does not vary signifi-
cantly in comparison with the result at room temperature. We
now focus the attention only in the third harmonic of the cur-
rent. The dependence of FMA; and the corresponding values
of the PSD with the bias are presented in Figures 8(a) and
8(b), respectively, for a diode with length of 1500nm and
DS1 and DS2 doping schemes. Higher values of FMA;
(460 GHz-580 GHz) are achieved with DS1 in both types of
diodes, with and w/o notch, in comparison with DS2, which
provides FMA; about 280 GHz—442 GHz. The main differ-
ence between DS1 and DS2 oscillation frequencies is that
while in the first case, the values of FMAj in diodes with and
w/o notch are very similar, for the DS2 scheme, a larger dif-
ference is observed. This fact proves again that the notch for
the DS2 is being really effective. The amplitude of the cur-
rent PSD at FMA;, Fig. 8(b), is one or two orders of magni-
tude higher for the DS2, as expected from its higher current
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density values. The non-trending data point at 80V seen in
Fig. 8(b) for the DS2 in the structure without notch is attrib-
uted to the nonlinearities of the device affecting, in a different
way, the noise associated with the dc bias and the oscillating
ac component generated by the Gunn effect.

To conclude, Fig. 9 shows the bias dependence of FMA
in DS2 diodes for L=1500nm, 1200nm, 900nm, and
750 nm. As described for InP [Fig. 5], when L is reduced, for
diodes w/o and with notch, FMA, increases, in this case,
reaching a maximum value of around 300 GHz. Although
GaN diodes were expected to attain higher fundamental fre-
quencies than InP ones, the longer effective transit length
L.y observed in GaN structures (~65%) leads to slower
Gunn oscillations.

As expected, notched diodes provide lower FMA . While
for this doping scheme, the condition noL > 8 x 10"?cm ™2 is
fulfilled in all cases,G’27 note that the structures with notch
[Fig. 9(b)] exhibit Gunn oscillations for all lengths and for all
bias range, while diodes without notch [Fig. 9(a)] do not oscil-
late for >80V in the case of L=750nm and 900nm.
Therefore, short notched diodes can generate signals with
higher power and very high frequency at upper bias. In this
context, it is interesting to study the threshold voltages Vy, for
Gunn oscillations: structures w/o notch exhibit lower values
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FIG. 8. FMA; and (b) corresponding amplitude of the PSD vs. bias in a GaN diode with length L = 1500 nm for the DS1 and DS2. Structures with and w/o

notch results are represented by dashed and solid lines, respectively.
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FIG. 9. FMA, for V >V, vs. the bias for different lengths of the active region (L = 1500 nm, 1200 nm, 900 nm, and 750 nm) in a GaN-based diode with DS2.

(a) Structures without notch and (b) structures with notch.

of Vi, and decreasing with L (from 36 V for L = 1500 nm to
20V for L =750nm), while in the diodes with notch, Vy, is
higher and remains constant with L at 38 V.

IV. CONCLUSIONS

In this work, we have performed a comparative analysis
of vertical diodes based on InP and GaN devoted to generate
Gunn oscillations. Several active region lengths around one
micron and two doping profiles have been considered.

In InP with DS1, the presence of the notch localizes the
nucleation of the charge accumulation domain near the cath-
ode and not inside the active region, as happens in the struc-
tures without notch. Oscillation frequencies from 130 GHz
up to 400 GHz have been achieved in the structures w/o
notch. When the bias is increased, lower oscillation frequen-
cies but higher amplitudes of the current PSD are achieved.

In contrast, for the structures of GaN with the same dop-
ing scheme, DS1, the notch does not fix the onset of the do-
main, because the electric field in the notch region is not
large enough to promote electrons to the U valley. For this
doping scheme, similar frequency and amplitude of the oscil-
lations are achieved in structures with and w/o notch and,
interestingly, a large number of harmonics is generated,
reaching frequencies up to 1.8 THz. In contrast, for InP-
based diodes, only up to the fourth harmonic is observed
(f~ 600 GHz) in notched diodes.

With a higher-doping profile (DS2), the notch becomes
effective and an even higher number of harmonics with bet-
ter spectral purity is obtained. And although the FMA, val-
ues are slowly lower (around 300 GHz) than in the devices
w/o notch, the amplitude of the power for higher harmonics
remains significant up to the THz region. For example, the
harmonic number ten with a frequency of 1000 GHz could
be feasibly detected. As a general observation, the frequency
of Gunn oscillation becomes lower when the DC bias is
increased.
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