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The paper reports the result of our research on graded-gap diodes with a cathode static domain as pos-
sible noise sources for different modern applications based on the use of THz wave frequencies. Such diodes
represent a two-terminal n* — n” — n — n* structure containing a cathode graded-gap layer with a band gap
that increases from the cathode contact towards the n-region. We study GaN and AIN based diodes with
In.Gai.N and In,Ali.N based graded-gap layers, respectively. It is shown that the localization of a strong
electric field and low values of impact ionization threshold can be achieved by using a graded-gap layer
with a narrow-gap material on the cathode. The diode simulation is performed using ensemble Monte Car-
lo technique. Noise generation is investigated numerically with time sampling of electric current over the
time domain. The influence of scattering mechanisms acting on charge carriers on the noise properties of
the diode is explored. Analyzing the noise power spectral density (NPSD), it is found that maximum NPSD
can be observed in GaN diodes with In,Gai.N layer, and the NPSD magnitude depends both on the size of
the n—-region (at a fixed diode length) and on the position of the graded-gap layer with respect to the end of
the high resistance region (n-). It is established that polar phonon scattering and alloy-disorder scattering
are the main mechanisms affecting the noise properties of the diodes. It is shown that the diodes demon-
strate bias voltage regions where the dependence of NPSD on bias voltage is linear, and the value of NPSD
increases by an order of magnitude.
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1. INTRODUCTION

Terahertz noise sources are widely used for radio-
metric system calibration and other applications relat-
ed to biological systems, object state monitoring [4] and
others. Frequency ranges of SHF and EHF bands are
mainly used [1-3] for these purposes. However, the ra-
diometric aperture of sub-terahertz (sub-THz) range
and the implementation of terahertz (THz) measure-
ment systems are also in demand for research and de-
velopment today. Nowadays, three-dimensional (3D)
THz imaging or THz tomography [5-7] is of great inter-
est, making the creation of noise sources in the sub-
THz and THz ranges the actual task.

The main parameters of noise generators are noise
power spectral density (NPSD) and output power in a
given frequency band. NPSD must be uniform. It is
necessary to obtain a large output power and ability of
calibration and adjustment in the widest frequency
range. Noise characteristics must be invariant and re-
producible over time and under different external con-
ditions. These requirements can be satisfied by using
solid-state noise sources. Today, the most widely used
devices are Schottky diodes [8], field effect transistors
(FETs) [10] and avalanche diodes [9].

Impact ionization is the most applied effect in noise
generation. For instance, the generation of noise and
the operation of avalanche diodes are based on the im-
pact ionization effect. Another diode based on the im-
pact ionization effect is a diode with a cathode static
domain [11, 12]. For instance, in [11], noise generation
is obtained experimentally in GaAs-based diode in the
X-band and is possible in the higher frequency range.
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The diode features are single-carrier-type conductivity
and operation regime when the impact ionization pro-
cess is at the initial stage, which can lead to a potential-
ly better frequency response in comparison with ava-
lanche diodes containing p-n junctions. n-— n junction is
used to form a region with high electric field strength
near the cathode called the cathode static domain
(CSD), where charge carriers gain enough energy for the
impact ionization effect. It is found that the noise prop-
erties of the diode are mainly determined by the param-
eters of CSD and transition of electron-hole pairs in the
CSD region. So, the size of CSD strongly affects the
spectral properties of the diode. This fact was accounted
in graded-gap diode active elements, which were pro-
posed earlier [13]. The diode has the nt — n- — n — n*
structure, where the graded-gap semiconductor layer is
the n* — n- region. The material changes from a narrow-
gap semiconductor at the cathode to a wide-gap one at
the end of the graded-gap layer. In this way, the magni-
tude of the electric field corresponding to the impact
ionization threshold is low, which provides a small re-
gion of strong electric field and higher operation fre-
quencies. An example of such structures is In-
GaAs/GaAs-based diodes considered in [14]. It is shown
that the diodes have better magnitude of NPSD in the
THz frequency region compared to GaAs-based diodes,
whose composition is uniform. The frequency parame-
ters of a graded-gap layer strongly affect its frequency
properties. Thus, their choice is important for obtaining
the required frequency and power characteristics of the
diode. Promising materials for graded-gap diodes are
III-nitride compounds. Their advantage is the possibil-
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ity to obtain a significantly larger quasi-electric field,
mainly due to the use of InN at the cathode. The aim of
our research is to analyze the electronic processes in
CSD diodes based on InGaN/GaN and InAIN/AIN mate-
rial systems and to determine the graded-gap layer pa-
rameters which affect the noise properties of the diodes.

2. DIODE STRUCTURE AND SIMULATION
MODEL

2.1 Diode Structure

We consider graded-gap diodes with CSD of the n* —
n- — n — n* structure with two ohmic contacts and a to-
tal length of 1.28 um and a graded-gap layer based on
InGaN or InAIN, where In mole fraction decreases to
zero in the direction from the cathode contact to the
n—-n junction. The doping profile and compound compo-
sition z(x) as a function of the x coordinate are shown in
Fig. 1.
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Fig. 1 — Doping profile and alloy composition z(x) as a function
of the x coordinate

The distributions of the alloy composition (mole
fraction of indium) z(x) representing Gaussian profiles
are shown in Fig. 1. The region length of low n- concen-
tration was considered as a factor which directly affects
the NPSD level. It was accounted by the n- region size
to n-region size ratio §. The doping level in it was lim-
ited by intrinsic concentration of InN and was equal to
Ng=10%2m~-3. Donor concentrations in the n-region
and contact regions were 51022 m-3 and 1024 m -3, re-
spectively.

The processes leading to noise generation in sub-
THz and THz ranges are of main interest here because
the noise oscillations are compatible on the time scale
with the scattering times of electrons and holes. Thus,
our goal is to obtain a close to real time dependence of
the current through the diode, which must depict the
stochasticity of the electronic process. We applied the
synchronous Ensemble Monte Carlo (EMC) technique
to achieve our goal. A three-valley model of the conduc-
tion band, represented by the lower I'- and upper I'i-
and M-L-valleys, was used to consider Ga,Ini..N-based
diodes and a two-valley model, represented by the low-
er - and upper M-L-valleys, was used to consider
In,Al:1..N-based diodes. Since impact ionization in the
operation mode is at the initial stage, the valence band
was represented only by the band of heavy holes. For
the same reason, energy and momentum conservation
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laws were applied to determine the final state of charge
carriers after impact ionization and to get a detailed
dispersion pattern of energy and velocity. Nonparabol-
icity of the dispersion law was taken into account.

We considered the following scattering mechanisms:
optical deformation potential (DO%), acoustic defor-
mation potential (DA*), intervalley scattering between
equivalent and nonequivalent valleys (I'*, I't*, M-L?*),
polar optical phonon scattering (PO*), piezoelectric
scattering (PZ), alloy disorder scattering (AD), ionized-
impurity scattering (I). Here, the upper (lower) sign in
the superscript denotes phonon absorption (emission).
The calculation details correspond to [15-18]. Material
parameters were chosen according to [19, 20]. The scat-
tering time was determined by the numerical solution
of the integral equation for each particle at time ¢.

A 2D-model of the diode was considered, in which
the diode area was represented by a rectangle. To take
into account the anisotropy of material properties and
the dependence of permittivity on coordinate, we solved
the Poisson equation by means of full multigrid (FMG)
method [16] and improved cloud-in-cell (CIC) scheme
[21]. The obtained (temporary) time sample was used to
estimate the noise characteristics of diodes with CSD.
The numerical algorithm corresponded to [22]. NPSD
S(w) was evaluated by the autocorrelation function
(ACF) of current sequences.

3. FEATURES OF KINETIC PROCESSES IN
DIODES WITH CSD

On the contrary to long diodes with CSD, the char-
acteristics of the considered elements of diodes with
CSD are determined by a number of processes, includ-
ing short length effects in the diode active region. On
the one hand, a situation arises when electrons move
through the diode active region, since only a few scat-
tering events take place. On the other hand, it is im-
portant to obtain a high value of noise gain by maxim-
izing shot current fluctuations as the charge passes
through the diode active region.

Fig. 2 shows the distributions of the drift velocity
and scattering intensity (in relative units) of electrons
due to the action of individual scattering mechanisms
in diodes based on Ini.,Ga.N with different 6 at an ap-
plied bias voltage of 7 V corresponding to the diode ac-
tive region.

The dominant scattering mechanism is the polar op-
tical phonon scattering which occurs mainly in the di-
ode active region and forms a wide spread of velocities
at its output. The second significant mechanism that
results in the velocity dispersion is alloy disorder scat-
tering. The latter dominates in the region of the grad-
ed-gap layer at the cathode and forms the initial chaot-
ic distribution of electrons at the beginning of the ac-
tive region. This is the mechanism associated with the
occurrence of "failure" in the velocity distribution along
the diode.

The maximum value of the alloy disorder potential
Us was defined as the difference in the electronic affini-
ty of two binary compounds which corresponds to the
values 0 and 1 of the ternary material system. Among
the considered diodes, the largest value of Us corre-
sponds to the Ini.,Al.N-based structure.
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Fig. 2 — Dependences of the number of scattering events and
mean velocity (drop line) on the coordinate for In,Gai.N-based
diodes at bias voltage U=7 V:a) 6=0.67,b)6=1,c) 6=1.5

The doping profile and the distribution of indium
molar fraction in Ini.;ALLN completely correspond to
diodes based on In,Ga1..N. For such diodes, alloy poten-
tial scattering is dominant at voltages up to 7 V. Elec-
tron energy distribution is formed under the influence
of intervalley scattering and sharp intervalley electron
transfer. This occurs directly in the graded-gap layer
for a small In content. In general, in such diodes, the
start point of intervalley transfer is shifted almost 200
nm closer to the cathode than in In.Ga1..N-based diodes
and corresponds to the graded-gap layer end.

The coordinate dependences of the drift velocity and
scattering intensity (in relative units) of the electron
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due to the action of individual scattering mechanisms in
In;Al1..N-based diodes are shown in Fig. 3. All features
of the processes that are inherent in diodes based on
In.Gai1.-N will determine the characteristics of In;Al1..N
diodes. One of the features is intervalley electron trans-
fer, which limits the velocity by the value of
Vmax < 2.5:10° m/s. For this reason, the deviation from
the mean velocity is less than in In.Gai..N-based diodes.

Having found out that the localization of the grad-
ed-gap layer for the formation of the noise characteris-
tics of the diode becomes essential, we studied the in-
fluence of this factor in structures where the size of the
graded-gap layer was equal to the size of the reduced
concentration region. We changed the position of the
beginning of the graded-gap layer with respect to the
end of the reduced concentration region. In particular,
we considered cases when the graded-gap layer started
at the beginning (type 1), at the middle (type 2) and at
the end (type 3) of the reduced concentration region.
The corresponding distributions of the drift velocity
and intensity of electron scattering due to the action of
individual scattering mechanisms for a diode of type 3
are shown in Fig. 3.

The active mode of diode operation corresponds to
the initial stage of impact ionization (before break-
down). This is the main reason to form the graded band
gap layer and localize impact ionization in the cathode
region. As can be seen from Fig. 4, the shift of position
of the graded-band gap layer leads to an increase in the
velocity and its dispersion. It is also important that
impact ionization becomes less sensitive.
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Fig. 3 — Dependences of the number of scattering events and
mean velocity (drop line) on the coordinate for In.Gai..N-based
diodes at bias voltage U="7V, 6=0.67, the graded-gap layer
begins at the end of the reduced concentration region

4. NOISE CHARACTERISTICS OF DIODES
WITH CSD

Some frequency dependences of NPSD for consid-
ered diodes are shown in Fig. 5. It is seen that the de-
pendence S(f) decreases as frequency f~* grows, where
a=1 in the considered frequency range. All our find-
ings support the fact that shot current fluctuations are
the main source of noise generation in the diode.

At moderate bias voltages (Fig. 4) and high frequen-
cies (above 150-200 GHz), the dependence S(f) is
formed under the influence of carrier scattering mech-
anisms in the diode, in particular, impurity scattering
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Fig. 4 — Dependences of NPSD on frequency for Ini..Ga,N-
based diodes at bias voltage of U=7V: 1-6=0.67;, 2—-5=1;
3-6=1.5
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Fig. 5 — Dependences of NPSD on bias voltage for Ini.Ga,N-
based diodes: 1 —5=0.67, 2—56=1, 3—5=1.5; a) =95 GHz,
b) f=0.5 THz

and alloy potential scattering. This dependence is in-
herent in almost the entire frequency range. Neverthe-
less, we obtained somewhat different results for InAIN-
based diodes, for which a >> 0.86 + 0.89. This can ex
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plain the large fraction of ballistic electrons for the con-
sidered diode lengths. It should be noted that the value
of NPSD increases with increasing the average current
in the diode. The influence of bias voltage on noise gen-
eration is shown in Fig. 5.

The shapes of the dependences of NPSD on voltage
for a certain diode are similar in a wide frequency
range. There is a region with the highest NPSD value
for all the diodes. The region size decreases if the max-
imum quasi-electric field shifts towards the anode con-
tact. This corresponds to an increase in ¢. For all
InGaN-based diodes, there is a maximum of NPSD cor-
responding to a voltage of U~ 6 V. Note that an in-
crease in 0 leads to the shape change of NPSD-voltage
dependences. Thus, a sharp contrast between separate
zones of noise generation is observed and takes place in
InAlN-based diodes, where a number of noise genera-
tion regions are also observed.

The existence of wide bias voltage ranges where
NPSD-voltage dependences are almost linear is an im-
portant property which manifests itself at rather low
frequencies. In particular, for InGaN diodes with &= 1,
there is a suitable voltage range from 4 to 6 V at a fre-
quency of 95 GHz. Moreover, in this range, the change
in the NPSD value is more than an order of magnitude.
Thus, considered InGaN-based diodes can be used as
an active voltage-controlled noise load in radiometric
systems for both millimeter and THz range.

5. CONCLUSIONS

We have explored the processes associated with the
electron transport effect in graded-gap III nitride-based
diodes with CSD by means of Monte Carlo simulation.
We have found out that the noise characteristics of the
diodes are determined by the velocity distribution and
the possibility of impact ionization in the region near
the cathode. Moreover, we have established that alloy
disorder scattering, polar optical phonon and acoustic
phonon scattering are the main mechanisms to form
velocity distribution. It should be noted that alloy dis-
order scattering dominates in InGaN-based layers.

We have shown that the best conditions for noise
generation are realized when the beginning of the
graded-gap layer is shifted towards the anode. In this
case, the effect of speeding is more pronounced. Moreo-
ver, electrons moving in the n--region are able to in-
crease their energy, which is sufficient for impact ioni-
zation. Thus, optimal conditions for maximum velocity
dispersion are achieved. We have established that bet-
ter results can be achieved by applying the graded-gap
In;Ga1:N layer to the cathode contact.

The use of a nitride-based graded-gap material al-
lows to influence the noise characteristics of the diode.
We have identified wide bias voltage ranges, where
NPSD-voltage dependences are almost linear, which
makes it possible to develop voltage-controlled noise
loads for radiometric systems in a wide frequency range.
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OcobsmBocTi reHepaiii mymy B 4iogax Ha OCHOBI HITPUOHMX CIIOJIYK 3 BAPi3OHHUM IIAPOM
K.I'. ITpuxogsro!, C.B. [Tnaxcin?

L Xapriscvkull Hayionanvrul yHisepcumem imeni B.H. Kapasina, naowa Ceobodu, 4,
61077 Xapxis, Yrpaina
2 ITncmumym mpancnopmuux cucmem i mexnonoeiil «ITpancmaer HAH Yipainu, eyn. Hucapocescvroeo, 5, 49005
Ilninpo, Yrpaina

Jliogm 3 Bapi3oHHUM IIIAPOM 13 CTATUYHUM JOMEHOM CHJIBHOTO ITOJIS PO3TJIAIAIOTHCS SIK MOKJIUBE JIJKe-
PeJIo IIyMy JIJIsI Cy4acHUX 3aCTOCYBaHb, SKI BUKOPHCTOBYIOTh YAaCTOTH TepareplioBoro miamnasoy. Jionu ss-
JISTIOTH CO0O0X0 IBOKOHTAKTHY N*—N —n—n* CTPYKTYpPY, sIKA MICTHTH KATOJHUN BAPI3OHHUN IIap 13 eHepreTud-
HUM 3a30pOM, II0 3POCTAE BiJl KATOHOTO KOHTAKTY JI0 IIOYATKY n-00sacti. PoarmsuyTo mionm mHa ocuoBi GaN
ta AIN BigmosimHo i3 3asopamu Ha ocHoBi In,Gai..N Ta In,Ali.N. 3aBasaxyu BUKOPHCTAHHIO BAPI3OHHOIO IIa-
Py 3 By3bKO30OHHMM MaTepiaJioM Ha KATOJl JOCATAETHCS JIOKAJI3AIls CUIBHOTO eJIEKTPUYHOTO II0JISI TA HU-
3bKe 3HAYeHHS IIOPOry ymapHOI ioHisarii. Mome/oBaHHS AiogiB 0yJI0 BUKOHAHO 0AraTOYACTHHKOBUM METO-
nom Monre-Kapio. [eHepaliia mymy IOCITIIMKYyeThCA IIJISXOM YHCJIOBOIO AHAJI3Y YACOBHX BHOIPOK €JIEKT-
PHUYHOIO CTPYMy B 4acoBiit obsacti. JlocmimxeHo BILIMB MeXaHI3MIB PO3CIIOBAHHS, IO JIIOTH HA HOCII 3aps-
Iy, Ha IIyMOBI BJIACTHUBOCTI Hioga. AHAJI3yeThCs IIBHICTD IOTYKHOCTI crieKkTpasbaoro mymy (NPSD). Bu-
aBieHo, mo Makcumaiabaa NPSD cnocrepiraerses B miomax GaN 3 mapom In,Gai.N. Beanumaa NPSD za-
JIEIKUTD BiJ] PO3MIPIB AK 1~ obsracTi (Ha QiKCOBAHIN TOBKUHI 110/14), TAK 1 IOJIOKEHHS BAPI30HHOI0 MIapy Bi-
JTHOCHO KIHIIS 00J1aCTi 3 BUCOKHUM ommopoM (n-). BeraHosiiewo, 1110 po3ciloBaHHS Ha MOJIAPHUX (POHOHAX Ta PO-
3CIIOBAHHS HA CILIABI € OCHOBHUMM MEXaHI3MaMM, sKl BIUIMBAIOTh HA ITyMOBI BJIACTHUBOCTI iomiB. [lokasa-
HO, IO JIOJX JeMOHCTPYIOTh 00JI1aCTl y HATIPY3l 3MIIEHHs, B Akux 3aseskHicTs NPSD Bin manpyru e jriHii-
Ho10, a BesmurHa NPSD amiHoeTbest O1/IbITe Hisk Ha ITOPSIOK.

Knrouoeri ciioea: Katonuuit cratnunnit nomen, Bapiszonnwuii map, Yaapaa ionisars, ['ereparris mymy, Po-
3cisians, CrekTpasbHa IIBHICT MOTYKHOCTI IIIyMy .
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