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In this research, we have investigated the operation of a hybrid 2D-3D heterostructure diode in the Gunn-like
oscillation mode. The diode is represented as a GaN-based structure containing n-type channel on a sapphire
substrate with the hexagonal boron nitride (h-BN) monolayer on the top. The simulation of the diode operation has
been carried out by using the ensemble Monte Carlo technique self-consistently with a numerical solution of system
heat equations. The model of heating based on macroscopic thermal parameters of materials has been used. Diode
length is assumed to be about 1 pym and the donor concentration is 0.6:1023 — 1023 m -3, Direct current and oscillation
characteristic of diodes with and without the h-BN monolayer have been compared. Maximal oscillating efficiency
has been estimated in the possible bias range taking into account impact ionization and heating effect condition.

Our simulation shows that microwave oscillation in the n*-n-n* GaN diode is limited by impact ionization and
self- heating and depend upon the bias and doping concentration. Temperature distributions in the diode have been
obtained. With the higher concentration the oscillation can be fully suppressed by both impact ionization and
heating. There is a narrow bias range where the oscillation appears. Adding the h-BN monolayer on the top of the
diode surface can decrease a local overheating effect. It has been demonstrated that presence of h-BN affects the
temperature magnitude and redistribution in the transit region of the diode. The frequency range for this case is
narrower and the maxi-mal efficiency is five times lower in comparison with case when the diode was not affected by
impact ionization and temperature. In several cases of high doping, the microwave oscillations appear only in the
diode with the h-BN monolayer.
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1. INTRODUCTION

The GaN-based Gunn diode is expected to produce a
higher frequency and higher power capability in
comparison with current GaAs devices. The maximum
frequencies that GaN-diode can produce are estimated to
be higher than 700 GHz. However, producing an
oscillation mode in a GaN-based Gunn diode remains a
difficult task. One of the basic problems is self-heating.
The small thermal conductivity of sapphire substrates,
which are widely used for the growth of GaN, makes the
implementation of heat sinks difficult. Consequently, it
leads to high dc losses and reduced reliability.

The local thermal control of device can be
substantially improved by forming additional heat-
escaping top-surface heat spreaders.

Two-dimensional (2D) materials attract great
attention due to their unique properties, especially
thermal and conductive ones. Thus, ultra-high
temperature conductivity for graphene 1is above
2000 W/(m K).

Both Few-Layer graphene (FLG) and Single-layer
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graphene (SLG) films are shown to be effective heat
spreaders [1, 2]. Their advantage is relatively small
thermal boundary resistance (TBR) between interface of
those material and various substrates. However, both FLG
and SLG are high conductivity materials. Unlike zero
band-gap graphene, the hexagonal boron nitride (h-BN)
monolayer represents wide band-gap semiconductors
(Eg=5.8eV), and can been considered as a dielectric
material for next-generation electronic devices [3]. The
temperature conductivity higher than 800 W/(m ‘K) has
been observed experimentally for h-BN [4].

Thus, by using h-BN heat can be spread laterally
through a large area, avoiding localized overheating of
the device [5].

h-BN can used both in the heterostructures composed
of a 2D materials and, in combination with a 3D-
material, in the so-called hybrid heterostructures of
mixed sizes [8]. Bulk GaN is known to form 2D/3D
heterostructures with many 2D materials including
metal dichalcogenides (TMPs) [7], and h-BN [8]. Taking
into account the widespread usage of III-nitride for
development of solid state electronic and optoelectronic
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devices associated with the problem of overheating, the
possible application of h-BN to decrease temperature in a
device can be beneficial. The application of h-BN in such
a manner has been considered in [9] for the planar GaN-
based diode. It has been shown that the h-BN layer on
the top of a diode channel leads to decreasing a maximum
temperature in the diode [9].

The aim of this paper is to consider the usage the
h-BN monolayer (1-L) in the planar GaN-based diode to
obtain a microwave oscillation.

2. STRUCTURE AND SIMULATION

The diode configuration is suggested to be a substrate
with finite-thickness, and a fixed temperature at its
bottom boundary is assumed to be 300 K. The sapphire
substrate thickness is assumed to be 1.28 um, and its
length is equal to the diode length.

The device structure is the same as considered in [9],
and their cross section is shown in Fig. 1.
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Fig. 1 - Diode structure: substrate (1), n-type diode channel (2),
high doped contact region (3, 4), metal contacts (5, 6), h-BN-
layer (7); l. — transit region length

The uniformly doped n-type transit region with the on
1 micron is assumed to be sandwiched between two n+
regions. The donor concentration has been set with
consideration for possible appearance of oscillations in
accordance with Kremer criteria for GaN-based Gunn
diodes (from 6 x 1022m -3 to 2 x 1023 m~3). The contacts
are considered to be ohmic, and the contact regions of
0.16 pm x 0.32 um are doped at 1 x 102 m~-3. The total
length is 1.28 um and Lyis 0.64 um (Fig. 1).

The h-BN layer is placed on the top of the diode
channel contacting both the cathode and anode. The
ohmic contact is suggested to be gold with a titanium
adhesion layer [10].

The thermal properties of 1-L h-BN have been
accounted by using a classical definition. The heat
properties of the system are considered in the framework
of the model described in [9]. Efficiency of heat flow at all
interfaces between different materials including metal-
GaN interfaces has been described in term of the thermal
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boundary conductance (TBC). All thermal material
parameters are in accordance with [9].

To simulate the non-equilibrium charge transport
during the high-frequency operation, the synchronous
ensemble Monte Carlo approach has been used [11] self-
consistently with the analysis of diode heating.

The three lower non-parabolic valleys of a
conductivity band (I, I'' and M-L valleys) have been
considered. The valence band is accounted by the heavy
holes zone only.

The zone parameters of GaN and actual scattering
mechanisms for electrons and holes are taken into
account according to [11]. Other simulation details and
parameters of GaN are applied according to [9].

The effect of temperature on diode operation is
represented by the temperature dependence of the
scattering parameters, energy gap, and threshold energy
of impact ionization.

The field-adjusting timestep is 0.5 fs. About 100,000
superparticles have been used in each simulation. The
heating time has been limited by the simulation time
tsim < 100 ns.

3. RESULT AND DISCUDION

The experimental data of generation in GaN have not
been thoroughly studied. An important exception is the
case of a GaN-diode on GaN substrates considered in
[12]. Therefore, in our study we have followed the
simulation results obtained for a GaN-based diode with
the length of about 1 micron, that has been formed on a
sapphire substrate.

The presented results have been obtained with taking
into account both impact ionization effect and self-
heating. The frequency and energy characteristics of the
GaN-based diode have been acquired under assumption
that the diode is placed in a single-circuit resonator. The
voltage waveform applied to the diode is considered to be
in form U(t)=U,+U,sin2nfi , where f is the resonator

frequency; U: is the amplitude of the first voltage
harmonic: Up is the dc bias voltage. The oscillation
efficiency is determined as the alternative power P to
DC power ration=P/F. The maximal oscillator

efficiency is estimated by optimizing Uo and Ui
magnitudes. In this way we obtain the maximal
oscillation efficiency 7, at a fixed resonator frequency.

In our case the maximal oscillation efficiency
corresponds to the bias close to Uo=35V. However, we
must take into account the fact that impact ionization
and heating can significantly affect the transport of
carriers in a diode. The dependence of the current density
on dc bias applied to a diode in case of different doping of
the transit region is demonstrated in Fig. 3.
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Fig. 2 — Dependence current density on voltage bias 1, 1,17 —
Ng=6x10%6cm-3, 2, 2, 2 — Ng=10"cm-3, 3, 3, 3" —
Ni=2x1017cm~-3: 1-3 — w/o II and w/o self-heating; 1’-3' — with
II and w/o self-heating; 1”-3” — with II, with self-heating

The three types of dependences, namely, the diode
under effects of IT and heating, the diode under effects of
IT only, and the diode without effects of II and heating
have been considered. It follows that presence of II leads
to narrowing of the voltage range that can be used for
generation. Heating, which will be significant in the case
of higher doping concentration, will only slightly reduce
the effect of impact ionization, while simultaneously
reducing electron mobility and current density. This
leads to a noticeable decrease in the oscillation efficiency
or possible disappearance of the oscillations.

To evaluate the contribution of those mechanisms the
bias dependence efficiencies at several frequencies has
been defined (Fig. 3) for abovementioned cases both with
and without h-BN. As expected, the maximal bias voltage
corresponding to stable generation is reduced
significantly. There is a narrow bias range where the
oscillation appears. The lower value is limited by self-
heating effect, but the upper value by both IT and self-
heating simultaneously.
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Fig. 3 — Voltage dependence of oscillation efficiency at f= 250
GHz for different doping concentration: 1, 1’ —Ng=2 x 1023 m - 3;
2,2, 5-Ns=10%m-% 3, 3, 4,4 — Na=6x 102 m-3 1-3 — wlo
II and self-heating; 1’-3’ — with II and w/o self-heating; 4, 5 —
with SL h-BN, with II and self-heating; 4 — w/o SL h-BN, with
II and self-heating
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The changes in temperature due to the h-BN
monolayer depend wupon the local temperature
distribution. The temperature along the diode transit
region at the diode surface for the cases of a diode with
and without monolayer, is shown in Figs. 4 and 5.

All the results have been obtained per the simulation
time (fsim) of 100 ns at the different diode bias. For the n*-
n-n* diode the maximal magnitude of an electric field is
located at the end of the transit region, that can lead to
significant overheating. In the above-determined bias
region the maximal temperature can rise above 900°C
near anode. In case of diodes with h-BN the maximal
temperature can be 150 degrees lower. The difference can
be seen as insignificant, but the decrease in temperature
can be important factor for diode-anode contact,
preventing the contact destruction. For example, the
ohmic contact between Ti/Au and GaN can be stable
during the short-term heat treatment at 900°C [13]. But
this temperature can be lower in case of other contacts.
The frequency dependence 77, obtained as a result of the

Monte Carlo modeling for the diode with different donor
concentrations in the channel region with the length of
approximately 1 pm, as well as similar results from
several other sources, are shown in Fig. 2 for the diode
without the h-BN monolayer.

For the given diode length (without effects of II and
self-hearing) the oscillation efficiency is about 1-1.5 %
and the corresponding oscillation frequency is 220-250
GHz depending on doping and the size of diodes.

Under effects of 11, the criterion for generation stability is
aty/ 1,>0.015, where a is the slope coefficient of linear

regression of the current density—time dependence, to is the
characteristic time (100 ns in calculation); I is the average
current density. The frequency range for is almost the same
and the maximal efficiency is five times lower in comparison
with case when the diode without self-heating and II. At
higher doping concentration (1-2 1022 m-3) the oscillations are
absent in the diode without h-BN. In other cases, nmax are
always higher in the diodes containing a h-BN monolayer.

7, K1 w/o h-BN - = g
1200 _: — — withhBN ="~
1000 —é
800 —f
600 -é
100 —f
0,0

Fig. 4 — Temperature distribution along diode surface at
Na=102 m-3 and different bias (1-3 — diode without SL h-BN;
1’-83 — diode with SL h-BN; 17-3” — SL h-BN; 17-3” -
temperature difference): 1 -Uo=15V; 2 — Up=20V; 3 —
Uo=22V
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Fig.5. — Temperature distribution along diode surface at U=22 V
for different time: (1-5 — without SL h-BN;1’-5" — with SL h-BN;
17-5” — temperature difference between cases with and without
SL h-BN; 1,1',1” — tsim = 12.5 ns; 2,2°,2” — tgm=25ns; 3,3,3” —
tsim = 50 ns; 4,4°,4” — tsim = 75 ns; 5,5",56” — tsim = 100 ns
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Fig. 6 — Maximal oscillation efficiency vs frequency for different
diodes: 1-4, 7-8 — without SL h-BN; 5,6 — with SL h-BN. 1-3,7,8
— without II and heating (1 — Na=6x102m-3 (1 um); 2 —
102 m-3 (1um); 3 — 2x 1028 m-3 (1 um); 7 — Ng=8x 102 m-3
(0,8 pm); 8 — Ng= 1023 m -3 (1.2 pm); 4-6 — with II and heating
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I'euepamnia y GaN gioai 3 2D-h-BN- mapom
B.O. Boayasa, O.B. Bomyaa, €.C. Xogauok, K.I'. I[Ipuxonero, JI.B. CiueBcbra

Xapriscvruil hauionanvHul yrnisepcumem imeni B.H. Kapasina, 61077 Xapkis, Yrpaina

B pobori mu mocmimmiau poborty ribpummuaoro 2D-3D rerepocTpyKTYpHOTO [iojla B PEKAMI TAaHHICHKHX
rosmBaub. Jlion siBisiee co6oro cTpykTypy Ha ocHoBI GalN, 1m0 MicTUTH KaHAJ N-TUIOBY Ha camdipoBiil migkia-
Il 3 TekcaroHasbHUM MoHormapom Hitpuay 6opy (h-BN), mo posrammoBanumit moBepx Hboro. MomgesmoBaHHS
pobotu 1ioma Oyso MPOBEIEHO 3a JOIOMOrol OaraTodacTmHKOBoro meromy Monmrte-Kapio camoysromskeno 3
YHCJIOBAM PO3B'A3aHHAM CHCTEMH PIBHSHB TEILIONPOBLTHOCTI. BuroprmcToByBasiacsa Mojenab HarpiBaHHS Ha
OCHOBI MaKPOCKOITIYHUX TEIJIOBUX IapameTpiB marepiaiis. JloixkuHa gioga npuiimasacs 0Ju3bKo0 10 1 MEM, a
KOHITIeHTpAaIA gouopis — 0,6 1023 — 1023 m -3, [IpoBemeHo MOPIBHAHHSA XapaKTEePUCTHK HA IIOCTIHHOMY CTPYMi Ta
KOJIMBAJIbHUX XaPaKTePUCTUK JiomiB 3 MoHormapoMm h-BN Ta 6e3 mporo. MakcuMabHa eeKTHB-HICTh KOJIUBAHD
OyJia oIliHEHA B MeKaxX MOKJIMBOIO MI1ATa30HY HOCTIMHHUX HAIIPYT YKUBJICHHS 3 YpaxXyBaH-HAM yaapHOI 10HI3arrii
Ta BILUIMBY HATPiBAHHS.

Hame mopesmoBaHHA mokasye, II0 MIKPOXBUJILOBI KosmmBaHHA B nt-n-nt GaN miomi oOMeskeHl ymapHOIO
10HI3aIliel0 Ta CaMOPO3IrPIBAHHAM 1 3aJIesKaTh BiJ HAIIPYTHW JKABJIEHHS Ta KOHIIEHTPAII JIETYIUOol JOMIIIKH.
Byio orpumano posmomiim temmeparypu B giomi. Ilpy BUIMiN KOHIIEHTpAIll KOJUBAHHS MOKYTDH OYTH IIOBHICTIO
IpUAyIIeH] yOapHOW 1oHi3alreno Ta eeKToM caMoposirpiBaHH:. IcHye By3bKUIl Jialla3oH IOCTIMHUX HANPYT, B
SIKOMY BHHUKAIOTH KoymBaHHs. JlomaBamus monomapy h-BN mHa mnoBepxHio gioma Moske 3MEHIINTH BILINB
JIOKaJIbHOTO meperpiBy. Byso mpomemorcTpoBaHo, 1o npucyTHicTs h-BN BrmmBae Ha BenndunHy Ta 1epeposmnoit
TeMIIepaTypy B IIPOJIKOTHIHN obJsacTi mioma. Jliamason 4acTor, B AKOMY BiIOYBA€THCA T'eHEpAIlisi, 3BYKYETHCA, a
MaKCHUMaJIbHA e(QEeKTUBHICTh y II'STh pas3iB HIKYa IIOPIBHSIHO 3 BHUIAQJKOM, KOJIM yOapHa loHI3amis Ta
CaMOHATPIBAHHS He BPAXOBYeTHCA. Y eAKMX BUIIAJKAX 34 BHUCOKOIO JIEIYBAHHS MIKPOXBHJIBOBI KOJIMBAHHS
3'SIBJIAIOTHCS JIHIIE B 10/l 3 MoHormapom h-BN.

Kmiouosi cnosa: Monomap, GaN, I'erepocrpyxrypa, Ilinknanka, Temmeparypa, HampyskeHicTb eJIeKTpHUYIHOTO
mouist, Edexr camonarpisaunsa, ¥YnapHa iouisaiisa, Kosmsanusa, YacroTHumit gianasoH.
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