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In this research, we have studied a self-heating effect in hybrid 2D-3D heterostructure diode, consider-
ing planar GaN-based structure of 1280 nm with n-type channel and donor concentration of 6:1017 cm 3.
Two type c-plane substrate-based sapphire and GaN are considered in order to investigate heating effects in
diode channel. Monolayer hexagonal boron nitride (2-BN) on the top of canal is considered as an element for
thermal control of the diode. The model of a heating based on macroscopic thermal parameters of materials is
used. The simulation of diode operation was carried out using the Ensemble Monte Carlo Technique self-
consistently with numerical solving of system of heat equations by full multigrid (FMG) method. Transport
properties of diode is considered under condition of high electric fields and impact ionization. Characteristics
of the diode with both #-BN monolayer and without one were obtained at DC applied voltage.

A temperature distribution in diode is obtained with account of thermal boundary resistance at each
interface, considering voltage range of 0-20 V. In strong electric field in anode, the heating rises maximal
temperature in channel diode up to over 600 K. The 4-BN was found to affect the temperature magnitudes
and their redistribution in diode channel. Temperature decrease can achieve 3 % and increase in case of
high temperature region. Role 2-BN monolayer as a factor avoiding formation of localized overheating of a
device is demonstrated. It is shown that, 2-BN monolayer is effective in diode using the substrate with low
thermal conductivity and can be applied for semiconductor devices with length of several micrometers.

Keywords: Monolayer, GaN, Heterostructure, Substrate, Temperature, Electric field strength, Self-
heating effect, Thermal conductivity, Thermal boundary conductance, Heat equation, Impact ionization.
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1. INTRODUCTION

Two-dimensional (2D) materials attract a great at-
tention due to their excellent properties [1]. For exam-
ple, ultra-high room-temperature thermal conductivity
of above 2000 W/(m K) have been observed in graphene
for the first time. Theoretical and experimental study
shows that the phenomenon is connected to acoustic
phonons due to the presence of strong scattering pro-
cess in graphene and its derivatives [2]. These results
have stimulated great interest in exploring other
emerging 2D materials. Among them, atomic thin h-BN
is attractive. Unlike zero band-gap graphene, it has 5.8
eV band-gap, and can been considered the top ranked
candidate for the dielectric material for next-generation
electronic devices [3]. An in-plane thermal conductivity
of one layer (1-L) h-BN as high as 585 W/(m ‘K) at room
temperature have been obtained experimentally in [4].
Experimental results of Raman-deduced average ther-
mal conductivity for 1-L. BN of 751 W/m K were ob-
tained at room temperature, in [3]. The thermal con-
ductivity of higher than 800 W/(m ‘K) is reported in [5].

Thus, waste heat can spread quickly laterally
through a large area, avoiding formation of localized
overheating of a device [6]. This approach is expected to
be effective in heterostructures composed of distinct 2D
materials. Hence, it can also be used in combination
with A-BN with 3D — material in the so-called hybrid
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heterostructures with mixed sizes. One of these combi-
nations can be obtained by using bulk GaN semicon-
ductors and 2D materials in van der Waals hetero-
structures [7]. Due to the developed planar GaN tech-
nology 2D/3D heterostructures have already been pro-
posed and practically realized, for example, by a combi-
nation of GaN with 2D transition metal dichalcogeni-
des (TMPs), such as MoSz [8]. A number of new hybrid
heterostructures from light-emitting diodes to high-
power electronics has already been practically imple-
mented [9]. Theoretical studies of such heterostruc-
tures from the first principles are difficult, and cannot
be used in large structures. At the same time, results of
experimental determination of thermal parameters of
h-BN suitable for estimation of its usage for device de-
sign are known in the form of thermal conductivity
value [3], and can be implicated to thermal characteris-
tics device contained A-BN layer.

The objective of this paper is to consider the usage a
1-L A-BN layer in planar GaN diode structures under a
strong electric field and impact ionization (II) by ac-
counting self-heating effect in them.

2. STRUCTURE AND SIMULATION

Cross-section of a 2D/3D heterostructure diode is
shown in Fig. 1. Diode represents of GaN-based n*-n-
n*- type structure with length of 1.28 pm. Donor con-
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centration is 61016 ¢cm —3 and 10'° cm 3 in n region and
highly n* regions respectively. A diode thickness L is
0.32 um. An active diode length I, is about 1 pum.
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Fig. 1 — Diode structure: low conductivity substrate (1), n-type

diode channel (2), high doped contact region (3,4), metal con-
tacts (5,6), h-BN- layer (7)

Contacts are considered to be ohmic. The n*-region’s
size is 0.16 x 0.32 um. The A-BN layer is supposed to
place on the top of the diode channel between contacts
connecting with them. The thermal properties of 1-L
h-BN were accounted by using a classical definition.
The in-plane thermal conductivity of k(7T) is used as a
parameter. For estimate of k(7), the experiment results
obtained from assumption of A-BN monolayer’s sick-
ness is d (0.52 nm) were taken into accounted [3]. The
use of simple relations between heat flux and tempera-
ture in experiment confirms the correctness of this ap-
proach [3]. In fact, 2(7) is a characteristic of macroscop-
ic layers and can be used to estimate of their thermal
properties. Heat transfer between A-BN and GaN is
known to be determined by particle scattering at inter-
faces. Surrounding A-BN film acts as diffuse phonon
absorber and provides a boundary condition that re-
sembles phonon scattering on the boundaries of a GaN
with roughness. For this reason, the efficiency of heat
flow, both at A-BN-GaN interfaces, and metal-GaN in-
terfaces, were described by the thermal boundary con-
ductance (TBC) hg:

qs=hy(T-Ty), @

where ¢s is a heat flux across two material interface; T's
and 7T are temperatures of h-BN, GaN respectively.

Thus, under assumption of invariable temperature
across x — direction in 1-L (See Fig. 1), consider an ele-
ment of monolayer with volume AV = dAyL.. Then, at
Ay — 0 for modeled 2D — domain corresponding, the
energy balance under non-steady state conditions has
the form:

Cq % = aay[ké ddfl;s } —ay(Ts-T)—a,T)Ts-T,)), (2)
here cs is a volumetric heat capacity of BN [10]; T4 is
the ambient temperature; ap=hg/d,
aa = (hs +e®@(Ts))/d, hs is heat transfer coefficient of
convective between material and the ambient, ¢ is a
radiating ability of 1-L.

The free fly length associated with phonon scatter-
ing in nitride compounds in practice is less than
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100 nm. This fact enabled us to neglect scale effect con-
nected with heating and to calculate temperature dis-
tribution in GaN using the heat equation:

C%ZV'[kVT(V,t)]JrF(V,t) 3)

here k is the thermal conductivity, and ¢ is the lattice
heat capacity, F(r,t) is defined as a form [11]:

F= E)Z(ha)em —ha,, + AEH), 4)

here Awems, hwaps are phonon energy at phonon emis-
sion and phonon absorption respectively, AEn is ab-
sorbed energy by lattice at II process, Fo is a constant
depending on parameter of numerical model and device
doping. Temperature dependence of k(7T) for used mate-
rials is taken on form [12]:

k(T) = Ry (T'1300)" ®)

here ksoox is thermal conductivity at 300 K that to be
sickness depended [13]. Thermal parameters of materi-
al corresponded to GaN of 320 nm are given in Tablel.

Table 1 — Thermal parameters

Parameter h-BN GaN Al203
k300k, W/(K-m) 800[5] | 80;130[13] | 40[14]
n 0 —0,43[12] -
¢, J/(m*K) 1.6-106[10] | 3-106[12] 3106
ha, WI(K- m2) 20 20 -
he, W/(K- m2) | 3.5107[15] - 107[16]

Here, the TBC hs is given for the interface between
material and GaN. Ohmic contact is suggested to be
gold with a titanium adhesion layer. The TBC for met-
al-GaN interfaces is 2108 W/(K'm2) [17]. The parame-
ter hs is considered to be the same for GaN and as h-
BN, and it was taken equal to 20 W/(K'm?2).

The lattice heat capacity is considered to be inde-
pendent on temperature both for h- BN, and diode ma-
terials.

The isothermal boundary condition (300 K) is per-
formed at x=0 (a perfect heat sink). The adiabatic
thermal conditions are applied to left (y =0) and right
(y = Ly) boundary.

To simulate the non-equilibrium charge transport,
the synchronous Ensemble Monte Carlo approach was
used [18] self-consistently with Poisson’s equation and
system of heat equations (2) and (3). The equations
were solved numerically by full multigrid (FMG) meth-
od [19].

Three lower nonparabolic valleys of conductivity
band (I', I'' and M-L valleys) were considered. Bias
voltage is suggested not to be large enough to case sig-
nificate II in diode. The valence band is accounted for
by heavy holes zone only. Other simulation details and
parameters of GaN are applied according to [18].

Effect of temperature on diode operation was taken
into account by temperature dependences of scattering
parameters, energy gap, and threshold energy of II.
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3. RESULT AND DISCUDION

The main difficulty in obtaining the characteristics
of diodes, taking into account self-heating, is long time
to achieve the steady state temperature in the device.
The time step required for the correct use of the Monte
Carlo method has an upper limit due to the high inten-
sity of scattering in GaN and is taken 2:10-16 s. For
this reason, the analysis of the structure under self-
heating was limited by simulation time tsim <25 ns.
Electric field distribution in diode channel is shown in
Fig. 2.
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Fig. 2 — Distribution of y-component of electric field in the
diode channel of the diode (GaN on sapphire substrate) with h-
BN monolayer, U=20V
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Fig. 3 — Temperature distribution in the GaN diode at U = 20
V for two substrate (tsim = 25 ns): a) GaN; b) sapphire
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In case of high doping concentration in short diode,
the non-uniform carrier distribution leads to growing
electric field from cathode to anode. Thus, kinetic elec-
tron energy of electron reaches maximum at the anode
contact. It is the region with intensive scattering elec-
tron on deformation potential of optic phonon, and im-
pact ionization and overheating effects are possible.

Temperature distributions in diode for two differ-
ence types of substrate are shown in Fig. 3.

This is typical for GaN device. For example, in FET
high electric fields also can result in significant hot-
spots localized near the drain side of the gate contact.
The temperature maximum in all considered cases cor-
responds to top surface of channel at anode.

As can be seen from Fig. 3, the thermal properties of
substrate are confirmed to affect the channel tempera-
ture rise. The temperature of the sapphire substrate is
differed from that of channel one. That results from
both low thermal boundary conduction of GaN/sapphire
interface and lower thermal conductivity of sapphire.

Dependences of current density and maximal tem-
perature in diodes on applied bias voltage are shown in
Fig. 4.
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Fig. 4 — Current density and maximal temperature in channel
as a function of bias voltage (tsim = 25 ns): 1, 5 — GaN substrate
without A-BN: 2, 6 — GaN substrate with A-BN: 3, 7 — sapphire
substrate without h-BN: 4, 8 — sapphire substrate with A-BN

The temperature magnitude depends strongly on
bias voltage. In case of h-BN, the temperature decreas-
es. Simulation results for tsim = 25 ns demonstrate that
maximal temperature is more than 614 K in case of
GaN channel on sapphire substrate without A-BN. In
case of 1-L h-BN, the temperature digresses to 595 K.
In fact, the highest temperature value in diode channel
the more temperature decreasing due using 1-L A-BN
can be obtained. At the same time, the current density
change is weakly. Temperature distribution in the top
layers of GaN surfaces in diode on sapphire substrate
at U= 20V (tsim = 25 ns) is shown in Fig. 5.

Here, the temperature in 1-L, and GaN surface in
diode 1-L and with 1-L are presented. The most defer-
ence in diodes temperature is achieved in anode, corre-
sponding to maximal heating region. Thus, the pro-
posed way to temperature decrease is most effective
when localization of electric field within the device
leads to large hot-spots. The most effective temperature
decrease is up to 3 %.
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Fig. 5 — Temperature distribution on the top layers of diodes:
1 — GaN channel without SL A-BN; 2 — GaN channel with SL
h-BN; 3 — SL h-BN; 4 - temperature difference

Due to more low study-state temperature, under the
same applied voltage, effect of A-BN in diode with GaN
substrate is weaker. However, temperature conductivi-
ty of sink GaN is known to drop to 20 W/(m ‘K) if it’s
length is less than 40 nm [13]. In this case, fraction
heat energy dissipating throw top surface increases,
and effect of A-BN layer on the diode temperature will
be appreciable.

4. CONCLUSIONS

We present the result of Monte Carlo simulation of
planar diode based on hybrid 2D-BN/3D-GaN- hetero-
structure diodes with account of self-heating effects in
them.
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Camouarpisauusa y minanapuomy GalN mioai 3 2D-h-BN- mapom
B.O. Boayus, €.C. Xomauoxr, O.B. Bomya, K.T'. IIpuxonpro
Xapriscorkuli HaulorabHUL YHIsepcumem imeni B.H. Kapasina, 61077 Xapkis, Ykpaina

IIpoBeneno mocmimkeHHs edekrTy camopodirpiBy y riopumamx 2D-3D rerepocTpykTypHHUX mHiofax.
Poarnsnaersess manapua crpykrypa Ha ocHoBi GaN mosskmrHo0 1280 HM 3 KaHAJIOM N-TUITYy Ta KOHIIEHTPA-
mielo goHOpPiB 6°10V7 cm-3. Imst mocmimxeHHs edeKTiB HArpiBaHHS B JIOJHOMY KaHAJl POSTIITHYTO
IMIKJIAOKY JBOX THITIB: 3 OPIEHTAINEN Yy C-IIONMIKMHI Ha ocHOBI candipy Ta GaN. MoHomap rekcaroHajabHOIO
"iTpumay Gopy (h-BN) Ha moBepxHI KaHAIy PO3IVIANAETHCA SK €JIEMEHT JJIS TEIJIOBOIO KOHTPOJII Iioja.
BuxoprcroByerbess Momesb HArpiBy Ha OCHOBI MAKPOCKOIMIYHMX TEIJIOBHX ITAPAMETPIB MaTepiasIis.
Mopesropanns poboTH [1i0/1a IIPOBOAMIIOCS 3 BUKOPUCTAHHSAM OaratodactumHkoBoro merony Moure-Kapiio
CaMOY3TO/KEHO 3 YMCJIOBUM PO3B’SI3QHHSIM CHUCTEMH PIBHSHB TEIJIOIIPOBIIHOCTI 3 BUKOPHUCTAHHSIM IIOBHOIO
bararocitkoBoro merony (IIBM). TpamcmopTHi BJIACTHBOCTI Jiofa PO3TVISIAIOTHCS B YMOBAX [Iil CHJIBHUX
€JIEKTPUYHUX IIOJIB 1 yaapHoi ioHi3alri. XapakTepucTHkH mioga 3 MouomrapoM A-BN 1 6e3 HBOro oTpuMaHO
3a TIOCTIMHOI TPUKJIaAeH0] HAMPyTH. Po3moiyl TeMiiepaTypu B 1101 OTPUMAHO 3 YPaxyBaHHSIM TEILJIOBOTO
TPAHUIHOTO 0oTIOPY Ha KOMKHIMN 13 MeK TIOLITY. Posrnamaerses manasod HAIpyT
0-20 B. Ilokasano, 1110 B aHOIHIN YacTUHI 11018 (DOPMYETHCSA CHIIBHE JIEeKTPUYHE I10JIe, 10 ITPU3BOIUTD 0
#ioro HarpiBauusA. IliABUINEHHS MaKCHMAJIbHOI TeMIIEpAaTypHu B KaHaJl gioma craHoBuTh moHanm 550 K.
Beranogsiteno, mo A-BN BrtmBae sik Ha BeJIMYMHY TeMIIEpPaTypH, Tak 1 HA 11 mepeposnoayl y KaHaJl JTioja.
SHMKEHHS TeMIepaTypyu MoiKe JocsaraTé 3 % 1 30LJIBIIYeThCST y BHUIIQAKY BHCOKOTEMIIEPATYPHOI 00JIaCTi.
IIpogemoncTrpoBaro posib Momomapy h-BN sk daxrtopa, 1m0 3amobirae yTBOPEHHIO JIOKAJII30BAHOIO
meperpiBy mpucrpon. Iloxasano, mo momomap A-BN MoskHa edeKTHBHO BUKOPHCTOBYBATH B Ii0JaX, SKI
MAalTh MOKJIAOKY 3 HH3bKOK TEIJIOMPOBIOHICTI0O B HAIMIBIPOBIIHUKOBUX IIPHJIANAX IOBIKHHOK KIiJIBKA
MIKPOMETPIB.

KmiouoBi cmosa: Monomap, GaN, TIerepocrpykrypa, Ilimkmamka, Temmeparypa, Hampysxenicts

enexkTpuyHOoro 1oJisg, Edexr camomarpiBanas, Temnomposiguicts, ['paHnuHa TeIioBa IPOBIIHICTS,
PiBHsHHS TeIIOIPOBIIHOCTI, Y IapHa 10HI3aIA.
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