JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 8 No 2, 02004(4pp) (2016)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 8 Ne 2, 02004(4cc) (2016)

Thermal Conductivity of Zinc Oxide Micro- and Nanocomposites

B.I. Turko®*, V.B. Kapustianyk!2, V.P. Rudyk!, Y.V. Rudyk?

L Scientific-Technical and Educational Center of Low Temperature Studies, 50, Drahomanova St., 79005 Luiv,
Ukraine
2 Department of Physics, Ivan Franko National University of Lviv, 50, Drahomanova St., 79005 Lviv, Ukraine

(Received 21 January 2016; revised manuscript received 09 June 2016; published online 21 June 2016)

The thermal conductivity of the composite materials based on the zinc oxide powders with different av-
erage particle sizes (micrometer, submicrometer and nanometer) dispersed in the polymethylsiloxane (sili-
cone oil) was measured using the radial heat flow method. The thermal conductivity of the composite ma-
terial based on the commercial ZnO micropowder with an average particle size of 50 um was found to be
0.8 W/(m'K). The thermal conductivity of the composite material on the basis of ZnO nanopowder with an
average particle size of approximately 3 nm synthesized using the wet chemistry methods was found to be
2.5 W/(m'K). The discovered enhancement of the above mentioned parameter is considered as manifesta-

tion of the quantum size effects in heat transfer.
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1. INTRODUCTION

Due to continuous improvement and development of
nanotechnology the size of electronic integrated circuits
is rapidly approaching the maximally allowable by the
quantum size effects limits of 10 nm. It is expected, that
they will be achieved by 2018 [1]. The integrated cir-
cuits of such a small size have to be effectively cooled to
prevent their thermal breakdown.

For a long time the ZnO micropowders are success-
fully and widely used as one of the main components at
manufacturing of various low-cost, commercial thermal
greases. The value of the thermal conductivity coeffi-
cient of these greases is in the range from 0.6 to
1.5 W/(m-K). At the same time, the number of publica-
tions concerning the thermal conductivity of the
nanostructured materials based on ZnO is limited [2, 3].
The majority of these works are devoted to investiga-
tions of the single crystals [4, 5], ceramics [2] or thin
films [6, 7]. This work presents the data concerning de-
pendence of the thermal conductivity of composite ma-
terials based on zinc oxide and polymer polyme-
thylsiloxane (silicone oil) on the average ZnO particle
size in order to detect manifestation of quantum size
effects in heat transfer.

2. EXPERIMENTAL

The composite materials were produced by dispers-
ing of ZnO micropowder with an average particle size
of 50 um (99.7 %, UKRZINC, Kyiv, Ukraine), or submi-
cropowder ZnO (99.9 %, Sigma-Aldrich, Steinheim,
Germany) with particle size less than 1 pm or specially
created ZnO nanopowder with an average particle size
of about 3nm in the polymethylsiloxane PMS 1000
(silicone oil, SOFEX, Moscow, Russia). The silicone oil
and the fillers - ZnO powders were taken in a volume
ratio of 3 : 7.

ZnO nanopowder was synthesized by the “wet
chemistry” methods in an aqueous solution of 0.016 mol
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of zinc acetate dihydrate (98 %, Zn(CH3COO)2-2H:20,
Sigma-Aldrich, Steinheim, Germany) and 0.095 mol of
aqueous ammonia (99.9 %, NH4OH, Sigma-Aldrich,
Steinheim, Germany) at the temperature 95 °C [8]. The
growing was carried out for 10 minutes. Then the solu-
tion was dried in air.

The formation of the zinc oxide nanostructures may
be described by the following reactions [9]:

Zn(CH,COO), + 4NH,OH =

. a
=(NH, ), ZnO,+ 2CH,COONH, + 2H,0 @

(NH,),ZnO,+ H,0 =ZnO + 2NH,OH. (2

Determination of the thermal conductivity of the
composites was carried out by radial heat flow method
[10]. For this purpose the measuring cell with a thick-
walled copper cylinder, whose ends were closed by the
insulating lids, was created. Along the axis of the cylin-
der fully filled with a composite, there was placed a
heater creating a temperature gradient in the radial
direction. In order to limit the temperature field pertur-
bation by the values of 3-5 %, the ratio of the cylindrical
composite layer length [ to its diameter d was selected
to be equal approximately I/d = 4 [10]. The temperature
gradient was measured by the two thermocouples locat-
ed along the radius (Fig. 1).

The coefficient of thermal conductivity a (W/(m-K))
was calculated on the basis of the following relation:

wK In(r,/n) vl ®)
271(T, - T,)

where K — is the factor of the axial heat loss through the
plugs of the measuring cell (depends on the plug mate-
rial and is calculated by reference to a sample with
known thermal conductivity); r1 and r2 — the inner and
outer radii of the cylindrical composite layer; 71 and 7%
— the temperatures of the internal and external surfaces
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of the composite layers; [ — the length of the cylindrical
composite layer; U — the voltage on the heater; I — the
current in a heater.

Fig. 1 — The scheme of the measuring cell: @ - heater; 71 and
T - thermocouples

The optical absorption spectra were measured at
room temperature using Specord M-40 computerized
spectrophotometer (Germany).

3. RESULTS AND DISCUSSION

The absorption spectrum of the nanocomposite thin
layer at room temperature is depicted in Fig. 2. In the
second spectrum can clearly observe the ZnO exciton
absorption band with a maximum at 4, = 358 nm.

1,4

Absorbance

0,2 -

.¥ 1

O I e e B e
300 350 400 450 500 550 600 650 700 750 800

A, nm

Fig. 2 —The room temperature absorption spectra of: 1 -
polymethylsiloxane layer with a thickness of approximately
100 pm, 2 - nanocomposite layer with a thickness less than
1 pm

In order to determine the radius R of ZnO nanoparti-
cles in the composite one can use the equation [11]:

10240.72
A,(nm)

2483.2

A,(nm)

J—26.23012+

R(nm) = (4)

-6.3829 +

The average radius of ZnO nanoparticles was found
to be equal approximately 3 nm. The values of the
thermal conductivity of the composite materials based
on zinc oxide powders with a grain size of 50 pm, less
than 1 pm and about 3 nm, calculated according to the
equation (3), were found to be equal to 0.8 W/(m-K),
1.1 W/(m-K) and 2.5 W/(m-K) respectively. The relative
measurement error did not exceed 10 %.

The thermal conductivity of the polymethylsiloxane
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is known to be equal a = 0.15 W/(m'K) at room temper-
ature [12]. Besides, it is known [4, 5, 13], that the coef-
ficient of thermal conductivity of ZnO single crystals is
in the range from 100 W/(m'K) up to 120 W/(m'K) and
depends on the manufacturing technology and pro-
cessing samples.

The heat transfer in the semiconductors is de-
scribed by [14]:

@ = Aph + Qe + Abp + Aphot + Aex, 5)

where aph — is the phonon thermal conductivity (heat
transfer caused by thermal vibrations of atoms in the
crystalline lattice); ae — the electron/hole conductivity
(heat transfer caused by free charge carriers); anp — the
bipolar conductivity due to the motion of the electron-hole
pairs in the intrinsic conductivity; aphot — the photon
thermal conductivity due to the heat transfer by electro-
magnetic radiation; aex — the exciton conductivity caused
by the exciton motion.

The phonon thermal conductivity is described by the
equation:

aph = Cv1l/3 = Cypv-l/3, (6)

where C — is the heat capacity, Cy — the specific heat
capacity at a constant volume, p — the material density,
v — the average speed of phonons, [ - the average pho-
non mean free path.

The temperature dependence of the phonon thermal
conductivity manifests a maximum at the temperature
close to 0.17p, where 7b — is a Debye temperature
(370 K for ZnO [15]).

The thermal conductivity is connected with the elec-
tronic conductivity o by the Wiedemann-Franz law:

Qe = LGT, (7)

where T — is a temperature, L - the Lorentz number,
which for a non-degenerate semiconductors is deter-
mined from the equation:

L= (s +2)(kle), (€))

where s — is the scattering parameter; k& — the Boltz-
mann constant; e — the electron charge.

The bipolar thermal conductivity arises due to the
proper electrical conductivity of the semiconductor ma-
terials. The number of electrons and holes on the hot
end of the semiconductor is larger than those on the
cold end, and this causes diffusion of the electron-hole
pairs from the hot end to the cold one. On the hot end
the energy, necessary to form such a pair, is absorbed,
whereas on the cold one - the energy is released due to
the recombination of electron-hole pairs. This energy
consists not only from the kinetic energy of the elec-
trons and holes, but also from the energy which is re-
quired to move an electron from the valence band into
the conduction band. The latter is equal to the band
gap energy KEs. For the semiconductors usually
E; >> kT. Therefore, the energy carried by the electron-
hole pair is much higher than those carried by each of
the carriers in the case of the impurity conductivity. In
the case of a proper electrical conductivity there arises
an additional heat flux (i.e. additional thermal conduc-
tivity abp) due to the bipolar diffusion. It is clear that
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the bipolar thermal conductivity depends on the con-
centration of the electron-hole pairs and the band gap.

For the bipolar thermal conductivity one can use
the same relation as for the case of the electronic ther-
mal conductivity:

avp = Lvp o T, 9)

where Lyp — is the analogue of the Lorentz number, but
for a bipolar thermal conductivity.

The photon thermal conductivity is relevant for the
semiconductors with a low enough absorption coeffi-
cient in the region of thermal radiation. In this case the
photons are characterized by a large mean free path,
and it is necessary to take into account the contribution
of the heat transfer due to the electromagnetic radia-
tion.

The photon thermal conductivity aphot can be esti-
mated using the Genzel's relation [16]:

Qphot = 16/3-n2-00-T'3/k, (10)

where n—is the refractive index, ov— Stefan-
Boltzmann constant, & — the absorption coefficient.

The exciton thermal conductivity is caused by diffu-
sion of excitons due to the temperature gradient. It
becomes important when the conditions of excitons
generation are realized in a semiconductor.

The exciton binding energy FEex for the quantum
dots with a size a little larger than the exciton Bohr
radius is described by the equation [17]:

2 2 p3D
— (memh)” aBRex , (11)

2 2
“ (m,+m,)"a

where R’ - is the exciton binding energy in the bulk

sample; m. — effective electron mass; ms — effective hole
mass; a — the size of the quantum dot; as — the exciton
Bohr radius.

It is also necessary to draw attention to some specif-
ic features of heat transfer in the nanostructures such
as ballistic conductivity and reducing of the thermal
contact resistance [18].

In the case when the mean free path of carriers or
quasiparticles is larger than the typical sample size the
ballistic thermal conductivity is realized and heat is
transferred without collisions. The thermal resistance
of a sample in this case is equal to zero.

It is also necessary to consider the contact thermal
resistance or Kapitza resistance - namely the thermal
resistance at the boundaries of the two bodies contact.
The I. M. Khalatnikov proposed the theoretical work
allowing evaluation of the thermal contact resistance.
In his model the surface of the contact interface is con-
sidered as a flat infinitely thin boundary between the
two materials. Depending on the properties of these
materials there occurs refraction or reflection of pho-
nons on the both sides of the boundary. The difference
between the phonon energy flows from the material
with a higher temperature to the material with a lower
temperature and back determines the relation between
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the flow and the temperature jump on the interface:
q = AT/hx, 12)

where ¢ - is the heat flow through the interface; AT -
temperature difference at the interface; hx - Kapitza
resistance.

In spite of the widely spread application of these ide-
as, Khalatnikov model is highly idealized and implies a
quite large error. The model does not consider the sur-
face roughness, possibility of mutual diffusion of the two
materials, quantum size effects, energy release directly
on the interface at phonons scattering and so on. Never-
theless, the equation (12) in many cases is acceptable.
Under such circumstances the experimental studies of
Kapitza resistance changes depending on the type of
material, temperature, manufacturing technology of the
contacts and other conditions are of great importance.

Recently, many researches are devoted to minimi-
zation of Kapitza resistance - creating of the highly
heat-conducting layers at the borders between the two
substances using special thermal interface materials.
Using the nanoparticles as the components of such lay-
ers it is possible to provide extremely full contact be-
tween the adjacent rough surfaces. By such a way one
can obtain the maximum contact area, contrary to the
case of the microparticles contact with a rough surface.

In our case, increasing of the thermal conductivity
of the thermal compound based on the ZnO nanopow-
der instead of ZnO micropowder may be considered as
manifestation of the quantum size effect. Since the par-
ticle sizes in the nanopowder (~ 3 nm) is commensurate
with the exciton Bohr radius (~ 2 nm) [19], that is sig-
nificantly lower than the mean free path of phonons
(~ 30 nm) [20] and the de Broglie wavelength in ZnO
(14 nm) [21], it is convenient to consider the ballistic
mechanism of the heat conductivity. The free excitons
in zinc oxide are stable even at room temperature due
to their large binding energy (60 meV) [22]. Therefore,
in the nanocomposite material on the basis of ZnO the
exciton component of thermal conductivity could also
be significant.

4. CONCLUSION

The coefficients of thermal conductivity of the compo-
site materials based on the zinc oxide powders with a
different grain size — 50 um, less than 1 pm and about
3 nm were determined by radial heat flow method. They
were found to be equal to 0.8 W/(m-K), 1.1 W/(m'K) and
2.5 W/(m'K) respectively. The observed clear increase of
the thermal conductivity of the thermal compound based
on ZnO nanopowder instead of ZnO micropowder is ex-
plained by the ballistic conductivity, increasing of the
exciton thermal conductivity and reduction of the contact
thermal resistance.
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TeIIJ'IOl'II)OBOL[HOCTB MHKPO- 1 HAHOKOMIIO3HUTOB HA OCHOBE OKCHIOAa MIUHKAa

B.W. Typko!?, B.B. Kanycraueik!-2, B.I1. Pynsix!, 10.B. Pynpik?2

1 Hayuno-mexHuuecKuil u 006pa3o8amesibHbili LeHmp HU3KOMeMNepamypHbix uccaedosaruil, ya. JApasomanosa, 50,
79005 Jlvsos, Yikpauna

2 Jlveosckull Hayuorab bl yHusepcumem umernu Heana Opanka, gpusuueckuli goaxynomem, ya. JIpacomanosa,
50, 79005 Jlveos, Yrkpaura

MeTomoM paamasibHOrO TEILIOBOTO IIOTOKA WM3MEPEeHBI 3HAYEHUs KOI(M(HUIIMEHTOB TEIJIOIPOBOLHOCTH
KOMITO3UTHBIX MATEPHUAJIOB HA OCHOBE TIOPOIITKOB OKCH/A ITMHKA C PA3JMYHBIMU CPEJHUMHI pasMepaMu da-
ctull, (MUKPOHHBIX, CyOMMKPOHHBIX M HAHOMETPOBBIX) M IIOJIMMETUJICHUIIOKCAHA (cuiaukoHoBoro macia). Ko-
3 PULMEHT TEIIOIPOBOAHOCTA KOMIIO3UTHOTO MaTeprasa Ha OCHOBE KOMMEPYECKOro MUKpOIopornka ZnO
co cpemumM paamepom uacruil 50 mrM oxasasics paBHbIM 0,8 Br/(m'K). Koaddurment TeronposomaocTr
KOMIIO3UTHOTO MaTepuasa Ha ocHOBe HaHomopomika ZnO co cpeJHUM pasMepoM YacTHIL OKOJIO 3 HM, CUHTe-
3UPOBAHHOTO METOJIOM «MOKPOM XMMUW», oKasaJsicsa pasHbM 2,5 Br/(m'K). OOHapyskeHHOe MOBBIIIEHNE yKAa-
3aHHOIO IIapaMeTpa PacCMAaTPUBAETCS KAK IIPOSIBJIEHNE KBAHTOBO-Pa3MePHBIX 3(pdeKTOB B Ilepegaye TeIa.

Knrouessie ciopa: Orcun [{uaka, Hamoxkommosutsr, Temoneperoc.

TenonporigHicTh MiKPO- i HAHOKOMIIO3HUTIB HA OCHOBI OKCHY LIUHKY

B.I. Typro!, B.B. Kanycraunk!2, B.Il. Pyguk!, }10.B. Pyquk2

1 Hayrxo80-mexHiuHULl I HA8YAJIbHUTL UeHMP HU3bKOMeMNepamypHUX 00Cai0xceny, 8y. JIpazomanosa, 50, 79005
JIvsis, Yrpaina

2 Jlveiscorull HaulonavHul yHieepcumem imeHl leana Pparnka, pizuurnuii gpaxyiomem, sys. Apacomanosa, 50,
79005 Jlvsis, Ykpaina

9.

10.

11.

MeTomom pamiajbHOTO TEIJIOBOTO IIOTOKY BHMIPSHO 3HAYEHHS KOE(IIIEHTIB TEIJIONPOBLIHOCTI KOMIIO-
3UTHUX MAaTepiaJiB Ha OCHOBI ITOPOINKIB OKCHIY IIUHKY 3 PI3HHMHU CepeIHIMH pO3MIpaMH YaCTHHOK (MiK-
POHHUX, CyOMIKPOHHHUX 1 HAHOMETPOBHUX) Ta IIOJIIMETHUJICHJIOKCAHY (CHJIIKOHOBOro Mmacia). KoedirienT rem-
JIOIIPOBITHOCTI KOMIIO3UTHOTO MaTeprajly Ha OCHOBI KOMepIiiHoro mMikpomopomky ZnO 3i cepemHiM po3mi-
pom uactuHOK 50 MrM BusBuscs pisauM 0,8 Br/(mK). KoedirieHT TermmonpoBiiHOCTI KOMIIOSUTHOIO MaTepi-
aJry Ha ocHOB1 HaHomopowmky Zn0O 3i cepeaHiM po3MipoM YaCTHHOK IPHUOJIN3HO 3 HM, AKHWHA OyJIO CHHTE30Ba-
HO METOJ0OM «MOKpPOi Ximi», BusiBuBcs piBauM 2,5 Br/(m K). BusiBiene spocranHs BKas3aHoro mapamerpy po-
3IIISIAEThCS AK IIPOAB KBAHTOBO-PO3MIPHUX e)eKTIB y epeHoCl Teria.

Kmiouosi cnosa: Oxcun [uuky, Hamoxommosurn, Temomnepenic.
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