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Abstract
Oxide ceramic materials have attractive featurebegi as filler or substrate materials in electrorpackaging. Consequently, ZnO
thin film for various thicknesses was prepared o&ksubstrates by RF sputtering and used as het feir high power LED. The
thermal transient curve of device under test (DW&p recorded for five boundary conditions. Risguirction temperature () was
measured and observed low value (54.4°C) for 20nf@ thin films at 350 mA. The difference in juncttemperature riseA(T;)
was observed as 7.46 °C at 700 mA when comparedr&oAl substrates. The total thermal resistanggfRof the DUT was low for
200 nm ZnO thin film coated Al substrates. AFM iesagere used to evaluate the surface roughnessréaahd their influence on
thermal resistance. As expected, the surface roeggrgrain size and peak-valley distance were gtyanfluenced the heat flow.

Index Terms. ZnO thin film, thermal interface material, LED gtimal resistance, surface roughness
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1. INTRODUCTION

Surface irregularities play a controlling part iretbehavior of
the interface and may create thermal contact eggist as a
result of air gaps occupied at irregular surfadas Tould be
avoided and achieved good thermal contact condoety
means of filling the air gap using thermally contie

materials. As predicted, in all cases, the thermesistance
follows a straight line as a function of bond littéckness
(BLT). Thermal conductivity of the bulk material isell

determined by this method [1].

Nitride and oxide based materials have been suedesir
thermal interface materials and thermal paste (Jpg¢ TIM
has been mostly used for all electronic packagpmieations
for ease of use. Though they have been employeshgixely
as dielectric materials in printed circuit boardheology for
effective heat dissipation, the synthesis procesdethese
nitride and oxide based ceramic coated substratesaa
significant drawback as these raw materials ardlyc¢g].
Zinc oxide is a lI-VI compound semiconductor withdes

band gap (3:37 eV), by which it has been recognized as a

promising photonic material in the ultraviolet (UVggion.
ZnO is very abundant in nature, has high thermdlcremical
stability [3].

Xu et al., also reported that out of all the comerarthermal
interface materials studied, the ZnO filled silieonf Dow
Corning gives the highest thermal contact condwead].
ZnO is also considered as a promising candidateGaN

epitaxy as substrate mainly due to the fact that Ititice
mismatch between GaN and ZnO is very small comptoed
that with the most commonly used substrate, sappHihe
convincing thermal conductivity (1-1.2W/mK) and low
thermal expansion coefficient of wurzite ZnO [5¢ieases the
avenues of this material to be engineered intaésteng hints
at new electronic applications down the road. Thefase
quality plays a crucial role on thermal contactisiesice and
defines the thermal conductivity considerably. Scef
roughness (finish) is defined as the average dewiditom the
mean surface height. In general for very low thérma
resistance, a surface finish in the range of 1.Z&/+Im is
recommended [6].

A research demonstrated that the surface roughmetsgeen
0.4 pm and 1.63um in the presence of TIM resultetess
than a 2.5% difference in interface thermal resista[7]. In
our knowledge, thin film has not been reported feermhal
interface material especially ZnO. We have alspared AIN
thin film as thermal interface materials in anothesrk [8]
and achieved good results in contact conductamcanbther
study, two different thickness of ZnO were testsditzermal
interface material and achieved good results whire
influence of surface parameters has not been agktig9].

Accurate measurement of bond line thickness is 3sag in
order to achieve precise bond line thickness contfo
conventional bond line thickness measurement metisod
cross-sectioning, which requires a cured die toctie open
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along a line. Generally, a thin bond line is prefdrover a
thick one, since the stress concentration at tmeets of the
joint is lesser in a thinner bond line. Also, thie eavity
concentration is lesser in a thin bond line as cmeg to a
thick one. Consequently, three different thicknesst ZnO
thin film are used as thermal interface materiat ahe
influence of their thickness and surface parametersthe
thermal resistance of given LED are tested.

1.1 Theoretical Background

The device junction temperature in the test cooditan be
determined by

T, =T,, + AT, (1)

Where Ty, = initial device junction temperature (°QAT; =
change in junction temperature due to heater power
application (°C). Static mode was applied usiny atr box

for all measurement, which applies heating powah&DUT

on a continuous basis while tAig was monitored through
measurement of temperature-sensitive parameterthiEnmal
contact conductance for joint between contactinfidsois
defined as

h :Q/A: Q/A = Q 2
“TAT CT,-T, AT T,

WhereT, andT, are the temperatures of the bounding surfaces
of the contact, an@/A is the heat flow per unit area [10]. The
effective total thermal resistance at the interfaeawveen two
materials is a sum of the resistance due to themitie
conductivity of the TIM and contact resistance ledw the
TIM and the two contacting surfaces (see fig.1)isTls
generally expressed as [11].

Reffective = (BLT/krim A) +Rea+Reo (3)

Where,BLT andkq are the bond line thickness and thermal
Conductivity of the interface material respectivahdA is the
area.R.; and R;, are contact resistances of the TIM at the
boundary with the two surfaces and illustrated sddtecally

in Fig. 1a. In this study, the prepared thin filhickness is
considered as bond line thickness.
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Fig2. Rise in junction temperature of 3W green LEDffoe
different boundary conditions measured at 350 &driA.

2. EXPERIMENTAL WORK

2.1Zn0O Thin Film Synthesis

The synthesis of ZnO thin film has already beeroregl in
another work by the same author [9]. Briefly, Zn@®.09%
purity) target was used in RF sputtering for Zn@n thilm
coating on Al substrates (23 cm x 25 cm x 1.5 crichv were
used as heat sink. High pure Ar (99.999%) was used
sputtering gas. Initially, the chamber pressure wamped
down to 85 x 18 mbar after loading the ultrasonically
cleaned substrates into the chamber. Pre-sputteniag
carried out to remove the surface oxidation of theget
without opening the source shutter. All coatingsev@ade in
150W RF power at chamber pressure of 6.61 % The ZnO
thin film was prepared in three different film tkieesses (200,
600 and 1200 nm). The surface morphology of theamexl
ZnO thin film was also tested using atomic forcecpscopy
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(AFM) (model: ULTRA Obijective, Surface Imaging Sgsts,
GmbH) in the non-contact mode.

2.2 Thermal Transient Analysis

The thermal performance of prepared ZnO thin film a
interface material was tested and thermal trangsiente was
captured for the given LED based on the electiesti method
JEDEC JESD-51. The high power (3W green) LED paekag
attached with Metal Core Printed Circuit Board (MEB) was
fixed on bare Al substrate (without and with thefrpaste)
and ZnO thin film (200, 600 and 1200 nm) coated Al
substrates (see fig.1b) and carried out the expatinising
Thermal Transient Tester (T3Ster) in still air bokor
comparison, the thermal behavior of given LED whkermal
paste condition was also tested where cooler méséemal
paste kit was used as thermal interface matertzd. thermal
transient analysis was carried out for the giverbL& three
different currents 100 mA, 350mA and 700 mA at room
temperature. The current densities were calculated.961
A/mm?, 3.37 A/mnf and 6.75 A/ mrhirespectively. After the
LED was forward biased for 900s, the transientiogoturve

of heat flow was captured for another 900s. To iconthe
repeatability/ reproducibility, the experiment wapeated for

3 times. The obtained cooling profile of the LED tomcoated
and different thicknesses of ZnO thin film coatddsbstrates
was processed for structure functions using T3Measter
Software.

T3Ster Master: differential structure function(s)
T
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Fig3. Differential structure function of 3W green LEDrffive
different boundary conditions recorded at (a) 6350 and
(c) 700 mA

3. RESULTSAND DISCUSSION
3.1 Thermal Resistance Analysis

The transient cooling curve for all samples is rded and the
observed raise in junction temperature is giveRign 2. Since
the AT, for 100 mA, we didn’t discuss the results heret 8u
noticeable decrease i could be observed at and above 350
mA driving currents for ZnO thin film interface. i¢éveals that
the rise inT; shows very low for 200 nm ZnO thin film coated
substrates and th&T; between bare and 200 nm ZnO thin
film samples show low value\T; =7.46 °C at 700 mA) than
other thicknesses.

Tablel: Total thermal resistance of 3W green LED at five
boundary conditions

Total Thermal resistance (K/W)
Boundary conditions 100 mA 350 mA 700 mA
LED/AI 55.43 54.90 53.31
LED/TP/AI 54.32 54.08 52.16
LED/ZnO(200nm)/Al 54.20 50.67 49.46
LED/ZnO(600nm)/Al 55.51 53.31 52.09
LED/ZnO(1200nm)/Al| 55.86 51.96 50.62

Moreover, rise inT; for both TP and 600 nm ZnO thin film
interfaces shows almost similar results 8850 mA. An
increase inT; from 200 nm to 600 nm may be due to either
higher thermal resistance of ZnO or surface rougbne
parameters at higher thickness. The cumulativectire
function of 3W green LED for five different boungar
conditions was recorded as given in Fig. 3. Rygo: of the
given LED was measured from the cumulative strgctur
function and the observed values are given in Takde From
table -1, the results measured at 100 mA revealsnffuence
of ZnO interface thickness oMy as increases with
thickness. It also shows high value for ZnO thidgwe 600
nm. It obeys the conditions of equation 3 where Rh&ciive
increases with BLT increases. TRg . values measured at
driving current> 350 mA shows the behavior of the thermal
conductivity of ZnO thin film with temperature geated as a
result of rise in junction temperature. It is dttried to the
efficient lateral heat spread of thick ZnO thimfi(>600 nm)
than thin ZnO (200 nm) at high current density.

Table 1 exhibits that the observey i is low (49.46 K/W)
for 200 nm ZnO coated at 700 mA than other boundary
conditions. It is also observed that tRg.y is low for ZnO
coated Al substrates compared with TP applied barynd
condition. In addition, a small increaseRy...:iS noticed with
increase of ZnO thickness from 200 nm to 600 nnis TRy
be due to the influence of thermal mismatch betwéén
substrate and ZnO at increased temperature. Thenahe
mismatch is directly proportional to coefficient diermal
expansions (CTE) and temperature difference sincbate
high CTE (22.2 x 18/ K) than ZnO (2.43 x I0K). At high

Volume: 02 Issue: 10 | Oct-2013, Available @ http://www.ijret.org 115




IJRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

current density, the temperature difference betwAkmand
ZnO is high as a result of high and hence thermal mismatch
stress developed at high current densi@50 mA). It is
evidently proved by observed the differenceRjn(ARy) was
low for 100 mA (1.31 K/W) than higher driving cunte(>350
mA). It is also observed that 100 % incremeniRy, could be
noticed for high driving current for 600 nm ZnO rthfilm
coated samples. Normally, the thermal conductivif
polycrystalline material is determined by the graime and
microstructure effects, such as impurity and defe2t13].
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Fig4. Interface thermal resistance of 3W green LED ice f
different boundary conditions measured at variaigrdy
currents

Overall, 200 nm ZnO coated Al substrates shows Ry
values for all driving currents. It attributes thdluence of
BLT on the thermal resistance of the interface nwteln
order to study the thermal resistance of interfaegerial, the
interface resistance is derived from the cumulastreicture
function analysis (Fig. 3) and the observed int&fa
resistances for different thickness of ZnO at vasialriving
current are shown Fig. 4. It explains that the rfate
resistance is low for 200 nm ZnO thin film than eth
thicknesses. Fig.4 also reveals the influence iwfrdy current
on the interface resistance and shows low valuesafb
boundary conditions measured at 700 mA. It cleantljcates
that the interface resistance value increase fer film
thickness increases from 200 to 600 nm. This magumeto
the influence of surface roughness parameters sschtep
profile of the surface or peak valley distance ey detailed
discussion on this surface roughness parametemisressed
in the consecutive section.

Moreover, a small decrease in resistance couldberged for

TP applied boundary condition than bare Al substrat

condition. This may be due to the thermal conditgtiof
interface material (air - 0.024 W/m.K and thermakte - 0.8

W/m.C). A decrease in interface resistance of Zmi@ film is

attributed to low thermal conductivity of thermahgte than
ZnO interface (1-1.2W/mK) used in this study. Dgrithe
burning of LED at high driving current, the tempera of the
interface is increased which induces the thermabuotivity

and hence the resistance decreases. But the qaftite thin
film also influences the thermal conductivity. larcstudy, the
interface resistance is observed as high for thifika (>600

nm) than 200 nm. It may be due to the volume ofrogore
increases with increase in thickness [14] and hetiee
interface resistance increases.

3.2 Surface Analysisby AFM

In order to measure the surface topography, AFM wezsl to
capture the surface images of the bare Al and Zoded Al

substrates and presented in Fig. 5 (a-d). Fig.shaws the
surface image of bare Al substrate and revealsroigh

nature and Fig. 5 (b-d) depicts the surface togagraf ZnO

thin film coated Al substrates for various thickeemnd also
show smooth surface when compared to bare Al oremF
fig. 5, it is easy to understand that the film kmess plays an
important role on surface modification. Each figrts in Fig.5

have distinct surface which is mainly due to swdistand film

thickness variations.

Table2. Surface roughness parameters of ZnO thin filmezmba
on Al substrates

Samples Bare All  200nm 600nm | 1200nm
ZnOJ/Al | ZnOJ/Al | ZnO/Al

Roughness (nm 34.2 5.3 13.5 11

Grain size (um) 1.43 0.25 0.49 0.32

Peak — valley | 200-500 25-55| 60-145 35-125

range (nm)

Max. peak- 320 40 100 80

valley range

(nm)

It has been reported that roughness plays an ianuop@art in
determining the thermal resistance of a contaetrfiate. The
influence is positive, i.e., increases the resistam\ twofold

increase in roughness can result in a four to diefncrease
in the thermal resistance [15].
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Fig5. AFM images of (a) bare and ZnO thin film coated Al
substrates at (b) 200 nm, (c) 600 nm and (d) 1200 n
thickness
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Fig6. Step profile of (a) bare and ZnO thin film coafdd
substrates at (b) 200 nm, (c) 600 nm and (d) 1200 n
thickness.

Consequently, the surface roughness of the alkamples are
also measured using software and the observed svalte
presented in Table — 2. It clearly indicates thatroughness
value increases with thickness increases. Among i@ thin
film samples, low value in surface roughness cobkl
observed with 200 nm ZnO on Al and hence the LEDEas

with 200 nm ZnO coated Al substrates show low vatuBy,.

ot than other thicknesses. Moreover, thin film cogtgives
surface smoothness when it is coated over rougimpolished
surfaces and evidenced by observing low surfacgmoess
values than bare substrate (see fig.5). A notiesaigdrement
in surface roughness could be observed from 20GmnB00
nm ZnO thin film samples. This could be one of thasons
for huge difference iR between 200 and 600 nm ZnO thin
film samples as stated by Yovanovich et al wor.[15
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Fig7. Peak-valley distance of (a) bare and ZnO thim fil
coated Al substrates at (b) 200 nm, (c) 600 nm(end200
nm thickness

In addition, the grain size of ZnO thin film is algvaluated
from AFM images and also given in table — 2. It \wwhdhat
the grain size increases with thickness increasesording to
the ref. [13], the grain size is one of the leadiacfors which
affect the thermal transport which is evidently yed in our
studies by observing 10t @and Ripp-ns for 200 nm ZnO
thin film than other thickness. Moreover, the thatroontact
resistance of ZnO thin film with large grain size high
compared to thin film with small grain size and benthe 200
nm ZnO thin film shows low resistance value thaheot
thickness [14]. It can be seen that the 200 nm An@ film
show smaller grain size than other two thickne¢668 and
1200 nm).

The surface step profile study is a scientific apgh for the
surface analysis in electronic industries. It wgive the
surface waviness profile of the specified surfanden study.
It is the measure of the highest peak and deepdisty\vacross
the surface profile from the baseline. It cleadypresents the
contact points on the surface for thermal conditgt(\t6]. To
analyze the surface step profile of the bare an@ #nn film

coated surface, the AFM images were processed using
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software and observed the surface step profileévendn Fig.

6. It also clearly indicates that the area under turve

indicates the distribution of highest peak and dsewalley
across the bare Al and ZnO thin film surface. Theaxs

shows the percentage of step profile distributiorite surface
and shows maximum height of the surface step erédil bare
Al substrate and the range is also between 200580dnm.

Fig. 6 also clearly depicts that the peak height depth

valley distribution is low for 200 nm ZnO coated flbstrates
than all other ZnO thicknesses (see table - 2).

From the AFM analysis, it could also be observest tine
roughness profile of the surface of bare and Zni@ fim
coated substrates are given in Fig. 7 (a-d). Ineortb
understand the increase Bf ., for 600 nm ZnO thin film
coated Al substrate in detail, the peak-valleyatise analysis
is also carried out using the roughness profilalbbare and
ZnO thin film surfaces and the observed resultspaesented
in Table — 2. It clearly indicates that the maximpeak-valley
distance is high for 600 nm ZnO thin film (100 nthan other
thicknesses and hence the contact conductance &fQBMN
600 nm ZnO thin films coated Al substrate is lowngared to
other thicknesses.

CONCLUSIONS

RF sputtered ZnO thin film was used as TIM for hjgdwer
LED and tested the thermal resistance of 3W greeb kat
three different ZnO thicknesses. 200 nm ZnO tHim fioated
Al substrates showed highTJ vale of 7.46 °C at 700 mA
when compared with bare substrate. Low Rth-tot Bhdvas
evidently proved due to low BLT (200 nm of ZnO tlfiim) at
interface between MCPCB and heat sink. In additiosat
transport at high rate was also achieved with lawfage
roughness of ZnO thin film with smaller particles.
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