<—“<®

KFKT-1980-36

ASZODI
SZABON
JANOSSY
SZEKELY

UNTFORM, HIGH RESOLUTION
THERMAL WAPPING OF MICROCIRCUITS
USING NEMATIC LIQUID CRYSTALS

Hungarian Academy of‘Sciences
CENTRAL

RESEARCH

INSTITUTE FOR
PHYSICS

BUDAPEST






KFK1-1980-36

UNTFORM/ HIGH RESOLUTION THERMAL MAPPING OF MICROCIRCUITS
USING NEMATIC LIQUID CRYSTALS

G. Aszodi*, J. Szabon, 1. Janossy, V. Székely**

Liquid Crystal Department, Central Research Institute for Physics
H-1525 Budapest 114, P.0.B. 49, Hungary

*Department of Semiconductors, Research Institute for
Technical Physics
H-1325 Budapest, Ujpest 1, P.0.B. 76, Hungary

**Chair for Electron Devices, Technical University of Budapest
H-1521 Budapest, Hungary

HU ISSN 0368 5330
ISBN 963 371 666 7



ABSTRACT

A new method for thermal mapping using nematic liquid crystals, primarily
for use on microcircuits is given. This method provides an inherent thermal
resolution of about 0.05 K if an appropriate mixture of two nematic liquid
crystals is used iIn conjunction with reflected light polarizing microscopy.

In fact, 0.1 K thermal resolution and a uniform maximal spatial resolution of
2-4 um was achieved. The present method as compared with thermal mapping
using cholesterics, provides in addition to the higher resolution a simple
way of preparation of the sample surface and easy observability of the iso-
thermal lines, which makes unnecessary photographic methods for evaluating
the measurements.

AHHOTALUA

B cTaTbe onuceBaeTCHA HOBLI MeTO4 TepMmorpapupoBaHWs C UCNO/b30BaHUEM He-
MaTUYECKUX XUAKUX KPUCTaNNoB, KOTOPbLI MOXeT O6biTb MPUMEHEH, B MepByk ouepegb,
cnydyae mmkpocxem. [lpu Mcnonb30BaHUM COOTBETCTBYWWUX CMeceli ABYX HemMaTUyecKux
XNOAKUX KpUCTanios U MNONAPU3aLMOHHOIN0o MUKPOCKOMNa ANA OTPaXeHHOro ceBeTa MeToj
Nno3BOJISeT MNOJIyuYuTb pa3peweHue no Temnepartype 0,05 K. Havmm gocTurHyTo paspeuwe-
HMe no Temnepatype 0,1 K v paBHOMepHOe pa3pelweHnme nossa 2-4 MKM. [lo cpaBHEHUW
C NPUMEHABWMMCHA paHee MeTOoAOM, B KOTOPOM MCMNOJMbL3YKTCHA XO/lecTepuyeckne xugkue
KpucTanns, MnpenvywecTBoM AaHHOro MeTtofa, MOMUMMO Mydllero pa3pelweHusa, sABndeTcs
npoctota 06paboTKN MOBEPXHOCTU U BO3MOXHOCTb YAOOGHOro HabnwaeHWs mloTepmumye-
CKUX NINHWI, 4YTO MWCKK4YaeT Heob6XoAUMMOCTb MNpUMEHeHusa ¢poTorpadpunyeckoro metoga
OLLEHKMW .

KIVONAT

A cikkben egy uj, nematikus folyadékkristalyokat felhasznaldé hémérsék-
lettérképezési modszert Trunk le, amely els6sorban mikroaramkdérdk esetében
alkalmazhaté. A médszer megfeleld nematikus keverékek és reflexidés polariza-
cid6s mikroszkop hasznalataval 0.05 K hémérséklet felbontast tesz lehetdvé.
Vizsgalatainkban 0.1 K hémérséklet felbontast és 2-4 um egyenletes térbeli
felbontast értink el. A jelen médszer el6nye a korabbiakban alkalmazott ko-
leszterikus folyadékkristalyokat felhasznalé eljarassal szemben a jobb fel-
bontason kiviul az egyszer( felilet elb6készités és az izotermak konnyld megfi-
gyelhet8sége, ami szikségtelenné teszi a fényképezéssel torténd kiértékelést



INTRODUCT ION

The application of cholesteric liquid crystals in thermal mapping be-
come widespread in the past twenty years [1,2]. The application of these ma-
terials is based on the selective reflectivity of the cholesteric which is
dependent on the local temperature. Cholesteric liquid crystals are widely
used as a powerfool tool of surface thermography in medicine, veterinary
practice, criminology, the aerospace industry’ electrical engineering, etc.
[3] - Many applications can be found in microelectronics, e.g. in the field of
microwave devices, thermally activated information displays or fault location
[2]- 1t will be shown later that appropriate use of liquid crystal thermo-

graphy can help us to solve degradation problems of microcircuits.

The cholesteric method is often cheaper and more suitable than others,
e.g- than image converters or point-by-point measurements. Details on the
early state of the art are given in Refs. 4,5 and Ref. 2 is an excellent re-
view giving up-to-date applications. However, this method - though useful -

gives qualitative information about the media rather than exact results [6,7J

The physical and technical limitations - or disadvantages - have been
described by Fergason [4]. He predicted an inherent spatial resolution for
cholesterics of about 40 lines/mm (approximately 25 ym with a thermal resolu-
tion of about 0.1 K).

It can easily be seen from the figures [4] in articles published
earlier that this method iInvolves a strong dependence of the resolution on
the surface temperature gradient. Moreover; limited observability and depen-
dence of the wavelength of maximum scattering (the *"colour™ of the liquid
crystal layer) both on the angle of incidence and on the angle of viewing [2]
were observed. The temperature range covered by the method is iIn most cases
in the 0-75°C range [I]-

A further disadvantage is that the surface of the specimen must be non
reflecting or must be made to be nonreflecting by using a black cover film
[5,6]- It is also wellknown that cholesterogenes are sensitive to contamina-
tions absorbed from the air or from the surface of the sample [1,7,8].



By the method described in the present paper we hope to overcome all
these difficulties and offer some further advantages, too. We propose to map
the thermal field of surfaces of microscopic objects with the help of phase
transitions of liquid crystals. A couple of reversible, easily observable
phase transitions of liquid crystals exist, which are described in detail 1in
the literature [B]. In our studies the nematic-isotropic and smectic A - ne-
matic transitions have been used. By coating the surface of the object under
examination with an appropriate liquid crystal the isotherms corresponding to
the phase transition temperatures can be determined directly and with great
precision. The nematic-isotropic transition determines an isotherm within
0.1 K; this isotherm could be localized spatially within 2-4 pm in our stu-
dies. These parameters provide a resolution essentially better than described
earlier. 1In general we could not localize so precisely the isotherms corre-
sponding to the smectic A - nematic transition, presumably due to the strong
pretransitional effects near this transition. (The problem of resolution by
liquid crystal films on microcircuits is discussed in detail in the Appendix).

The detailed thermal map of the surface could be determined either by
using a set of different liquid crystal mixtures, or - more conveniently -

by changing the temperature of the sample environment with a thermostat.

The sharpness of the nematic-isotropic transition line did not depend
on the surface temperature gradient (except for extremely small thermal
gradients; see later). This was a very important factor by means of which we
could obtain an over-all high resolution of the surface temperature map.

Due to the character of the transition lines complicated evaluating
methods were not necessary. The optical properties of the two phases applying
polarized.light are quite different, therefore it is easy to distinguish them
in a polarizing microscope. (In practice the transition line can be seen
using unpolarized light, too.)

Further advantages are the decreased sensitivity to absorbed iImpuri-
ties and the extended stability of the mixture when used over a long period
of application.

A further factor was that there was no need to use a black background
film painted on the sample [1,6J. This meant that we could treat more 'sen-
sitive"” specimens (e.g. operating microcircuits) easily without altering in
advertantly their structures.



EXPERIMENTAL

1. Materials
A mixture of two mesogenes (BDH, England) was used, viz. octylcxy-

cyano-biphenyl, 8-0CB (BDH name M24) and octyl-cyanobiphenyl, 8CB (BDH name

K24) . The phase transition temperature were measured by differential scanning
calorimetry (DSC) and by a polarizing
microscope with a hot stage. The use of
a Perkin-Elmer DSC-2 enabled their im-
purity content to be determined thermo-
analytically (for details see Ref. [9]-

The sensitivity of the "clearing”
transition of a liquid crystalline com-
pound to impurity content (due to wa-
ter absorption, airborne contamination,
etc.) was apparent in earlier studies.

A small amount (0.5-0.8 %) of impuri-

ties can

a) depress the clearing point, Tc

b) broaden the phase transition tempe-
rature region I10].

Due to the close relation and the si-
Fig. 1. Transition temperature of 8-0CB -
8CB mixtures as a function of concen-
tration (in mole per cent). Nanatic- (8CB and 8-0CB) above, their mixtures
—-isotropic transitions: solid line*;
smectic-nematic transitions: dashed
line; melting: dotted line. -isotropic transition remained sharp
(“circle: transition tanperature of 60
mole per cent 3CB in 8-0CB)

milar polar character of the homologous

behaved ideally (Fig.- 1). Their nematic

independently of concentration, their
DSC thermograms did not indicate any
broadening (Fig. 2a, - fresh sample). As a result, from Fig. 1 one could se-
lect the optimal mixture of clearing temperature ((t) closest to the tempera-
ture range studied.

The effect of the thermal gradient on the visibility (sharpness) of
the Tc line was examined as a function of varying degrees of contamination of
the materials. Whenever a thermal gradient is generated on a surface, the
temperature of which is near to Tc of the material covering 1it, a sharp
straight border-line would separate the nematic phase from the warmer iso-
tropic phase, unless the thermal gradient was less than 0.05-0.10 K per
1000 >m. In the latter case an archipelago of nematic droplets arises the
breadth of which depends on the contamination of the material (and, of course,
on the thermal gradient). In other words, sharpness was faded due to exces-

sive contamination, as illustrated in Fig. 3 (Tc~broadening). Contamination



nematic isotropic
nematic isotropic
C?; a.. b.)
TO> -4 Fig. 3. [Illustration of the effect of thermal
[¢ gradient, on the sharpness of the boundary
LU (Tc isothermal line): @ VT is not less than

0.1 K per 1000 von;() vr less than 0.05-0.10 K
per 1000 wT fresh sample.

(degregation) of the mixtures used was fol-

lowed by DSC. After ten weeks of applica-
% W B tion the clearing point was depressed by
0.05 K only, and the transition broadened

Fig- 2. The broadening of transitions:
DSC traces of nematic-isotropic tran- somewhat (from 0.08 K to 0.45 K, Fig. 2b).

sition of samples (containing 60 % - - " " - -
AB) of varying contamination. Due to intentionally '"careless™ application
@ fresh sample; (@) sample after (container kept open for weeks) the clearing

60 days of lication; (©) excessive - -
conta%inetig‘[r)]pdue o prol(o?lged abe point depression was only 0.2 K but the

sorption (sample open for weeks) . width of the transition line increased by
an order of magnitude.

2. Sample preparation

The first procedure for thermal mapping is to cover the sample surface
- 1In our case mostly an electronic device - with the liquid crystal. Longer
thicknesses were few Im in the best cases depending on the film manufacturing
method. To remove the excess amount of the melted liquid crystal from the
surface of the sample an inert gas flow was used; this was necessary to pro-

tect electrical contacts on the device.

3. Experimental setup

A detailed scheme of the experimental apparatus is given in Fig. 4. A
thermostable sample holder is in thermal connection with an ultra-thermostat
type U-10 with a maximum stability of 0.1 K. The holder was of copper isola-
ted thermally from the outer space but in good thermal contact with the
sample housing. In many cases TO-5 or T0-18 cover cases were used because it

is a common housing in electronic device technology.



Fig. 4. Scheme of measuring arrangement for microthermography of operating
electronic devices (LEDs).

For easy and good quality observation of the microcircuits we used a Carl
Zeiss Jena "Amplival pol-u" type microscope in reflection mode with an
"mf-matic"” microphotographic research accessory. To eliminate possible
heating effects of the sample we utilized heat filters (Carl-Zeiss, Jena

type KG-2 colour glass). Magnification was up to 200. With crossed polarizer

and analyser, we could easily distinguish the different liquid crystal phases.

(The thermodynamical problems related to the measured value of the
temperature, the thermal resolution of the method, and the real temperature

on the surface of the sample will be discussed iIn detail in the Appendix.)

4. An experimental example; thermal mapping of a light emitting diode (LED)

In our measurements we tried to demonstrate the usefulness of our
method by the experiments described below. We used for thermal mapping an
approximately 400 pm x 400 pm chip of a commonly manufactured LED with an
octagonal active area whose parallel sides were at a distance of 300 pm. To
introduce current from the front-side we utilized two pairs of parallel
vacuum-evaporated contact strips perpendicular to each other. At the crossing
of the contacts a square-shaped evaporated contact serves for connection to
a 25 pm diameter gold wire with thermocompression technique. The chip itself
contains a p-n junction on a GaP substrate. The dimensions and constructions
can be seen in Fig. 5. A layer of GaP several pm in thickness was deposited
over the heat creating p-n junction. (For a detailed analysis of the physics
and technology of LEDs see for example, Ref. [11].)



Fig- 5. Scheme of LED. Details not Important thermodynamically are not represented.
Dimensional outlines are not to scale.

In analysing the electrical resistivities of the main elements (i.e.
substrate doped just to metallic, covar housing, epitaxial layers, gold con-
tacts) of the LED one can see that the main part of the dissipated energy
rises in the p-n junction region. Compared with the appropriate thermal con-
ductivites this enables us to estimate the difference in temperature between
the junction and the surface. The detailed analysis in the Appendix shows
that the difference in temperature is much less than 0.01 K. Thus, the liquid
crystals layer on the surface of the sample gives us the possibility to mea-
sure the p-n junction temperature. (Limitations of these statements are discussed in
the Appendix.)

As mentioned above, the surface can be coated with a liquid crystal
layer of about 10 pm thickness.®" With the mixture of the K24-M24 nematogenes
(40 % or 60 % mole per cent) we could obtain a map of the LED surface tempe-
rature in the following way:

1) The sample was placed in the thermostated sample holder and its
surface was coated with the mixed nematogenes. The excess of the liquid crys-
tal was removed. The LED power supply at the desired operating level was
switched on. The starting temperature of the thermostat was that at which the
liquid crystal transformed to isotropic liquid at the boundary of the opera-
ting area.On subsequently lowering the temperature we could observe the tran-
sition (isothermal) lines coming closer to the centre of the LED. (In this
special case it was the hottest point of the surface.) The measurements could
be evaluated after subtracting the temperature of the thermostat from that of
the transition temperature of the mixture. After making a set of photographs
corresponding to the appropriate isothermals we could get the exact "warming
map"™ of the microcircuit at a given electrical driving power as a parameter.
This is i1llustrated in Fig. 6, which is a photomicrograph of a LED-chip with
a well-observable phase transition trajectory. For the sake of clarity only
one isothermal line can be seen. Figure 7 gives the complete map of the same
sample in the temperature range from 31.5-32.5°C with a thermal resolution of
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Fig. 6. Original photanicrograph of Fig- 7. Complete temperature map of the same
part of LED with octogonal dissipating part of LED as shown in Fig. 6 constructed
area. The isothermal line correspon- from eleven similar photographs. For the sake
ding to 31.9 K is the boundary of the of clarity only the outermost and innermost
nematic-isotropic regions. Using po- isothermals are marked with their temperature
larized incident light beam the iso- values. The temperature difference between two
tropic region is the dark one. The consecutive lines is 0.1 K.

evaporated Au-contacts can also be

seen. Due to the higher current den-

sity near the contacts the surface 0.1 K. The widths of the isothermal lines
Is at higher temperature there. were uniformly about 2-4 pm, as can be

seen on the original photograph.

2) There is a possibility for a quick visual proof, too. By changing
the driving electrical power on the device one can change the surface "warming

map"” to higher levels. Thus, the isothermals corresponding to the transition
temperature of a given liquid crystal "move"™ to the outer - cooler - region
of the microcircuit. This gives an approximative method for the thermal
mapping (approximative, because the different isothermals are related to dif-
ferent operating levels and so to different "warming maps'™). The method is

advantageous because it is simple and rapid.



DISCUSSION

For many years thermography utilizing cholesterogenes was a unique
tool for various applications, as mentioned in the Introduction. But even
more refined experimental arrays could not solve the fundamental problem of
this method, namely that it was qualitative rather than qualitative. Recently,
Gianni et al. achieved a thermal resolution of about 0.1 K with cholesteric
type liquid crystals. An inherent spatial resolution of about 40 [lines/nun
predicted by Fergason [4] was not achieved because of optical and photo-

graphic problems [6]-

The authors in Ref. 6 worked out a more refined version of that des-
cribed first by Fergason. Using cholesterogenes and a monochromatic light
source with a variable temperature sample holder they were able to map a
thermal field of a microwave integrated circuit exposed on its surface to a
given operating current dissipation. They achieved a thermal resolution
of 0.1 K and a spatial resolution of 50 /m. However, as can be seen from the
figures In Ref. 6 It is in strong dependence on the surface thermal gradient

of the sample examined.

All of the methods using cholesterogenes are based on the property
that the reflectivity of the liquid crystal is a function of the wavelength
(i.e. its colour), it is thus selective and depends on the local temperature.
But this dependence is a relatively slowly varying function of the surface
coordinates. By this means, the places on the photographs with identical
colour representing an isothermal line create a relatively extensive area
even If the most refined optical methods are used. In view of this, the eva-
luating process is also not a simple one.

On the other hand, the method proposed here developed for thermal
mapping of very little samples (in the 100 jim range) with very slowly varying
surface thermal gradients uses nematic liquid crystals. (The limitation of
the method in the case of point-like thermal sources, localized in some depth
from the device surface, is discussed in the Appendix). These nematogenes
were developed for applications in displays, they are relatively cheap and
easily available materials. The sample surface can be coated with them with-
out any preparation with other materials (for instance black paints) to make
the isothermals visible. The use of a thermostatic system to ensure well-de-
fined conditions for the sample measured makes our measurements really con-
trolable. (It should be noted that the dynamical method described in Ref. 6
is also often suitable for measurements with high thermal accuracy depending
on other thermodynamical parameters of the system.)The uniquely thin over-all

uniform and easy observable phase transition of the nematogens (often marked



as "clearing point") makes the method applicable not only in investigations
for device failures but makes it suitable for use in really exact thermal
mapping as shown in the accompanying figures. Moreover, the literature [12]
on the degradation of LEDs predicts the important role of thermally activated
processes. Thus real physical motivation is given to the examinations in this
direction. Results in this field are due to be published elsewhere.

APPENDIX

In our measurements we could see that iIn most cases the surface tem-
perature vs surface coordinates function of an LED is a slowly varying one.
We could use the well-known method of thermal resistivities to calculate
temperature differences between the surface and the p-n junction. From the
experimental point-of-view it is negligible (less than 0.01 K). This is not
the case, however, if point-like heat sources exist. We calculated theore-
tically the resolution of our method if heat sources of such a type are in-
cluded .

In our case one component of the heat source (e.g. a p-n junction) is
not exactly on the semiconductor surface but rather at some depth from it.
The other component is the evaporated contact itself. Thus the temperature
reaches its maximum value in the bulk, at a given distance from the surface
while the descirbed method measures surface temperatures only. The surface
temperature distribution is a finite resolution image of the deep-distribu-

tion with different maximum temperature values. Now the questions arises

() What is the error, 1i.e. the temperature difference, between the exact

temperature maximum and the measured one?

(ii) To what extent is the spatial resolution limited by the fact that the
dissipating sources are below the surface?

Model for discussion. Let us investigate the steady-state temperature
distribution of the sample. This is given by the stationary heat-conduction
equation [13]

V2T = 0 o

For the case of a unit point-source the solution of (1) 1is given by

1 1
T 4wn r @

where k is the thermal conductivity of the medium and r is the distance from
the source.
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The neighbourhood of the semiconductor surface is a two-region struc-
tures one region is the semiconductor itself, the other is the air above it.
The thermal conductivity of the air is u = 0.024 WnmK. This is four orders of
magnitude smaller than that of the semiconductors (e.g. 155 W/mK for silicon)
Thus, the thermal conductivity of the air can be completely neglected. Radia-
tion is also negligible and air convection is prevented during the test. The
heat propagates only in the semiconductor material so we can use the semi-in-
finite medium approximation. In this approximation the volume temperature dis

tribution is given from () by a convolution-type integral

-P(K"1)
TGV = AT b N E Gy B 1 2 O ®

where p(£,n) is the two-dimensional dissipation density at depth d from the
surface.

point sources

a) bo

Fig. 0. Explanatory illustrations for calculations of the error and resolution of the

liquid crystal thermographical method used for multilayer electronic devices.

a) Semiconductor bulk containing a circular dissipating are with diameter D at
depth d from the surface. The x axis is at the sample surface. Point B, D
is in the centre of the circular area, point S is above it at the sample
surface.

b) TVo point-like heat sources in the bulk of the semiconductor at depth d from
its surface. The points are at a distance of 25 from each other.



Error of measurements of maximum temperature. For the case of a
circular dissipating area of diameter D (Fig. 8a) and uniform dissipation

density p, equation () gives the maximum bulk temperature-as
TB - <£<§ + * (2d)2 - (©)

referring to the point B in Fig. 8a, the maximum surface temperature is given

by o
Ts = £(V°2 + (2d)2 - 2d) G

referring to point S. Thus, the error in measuring the maximum temperature 1is

AT = ~=(8 + 1 (8)2 + (2d)2 - 1D2 + (2d)2) ®)
Let"s consider as an example when the dissipation density is p = 107 W/m2
(his value is about the allowable maximum), u = 110 W/mK (as for GaP) and
d = 4 pm. In this case the error is negligible if D > 20 ym and is only
0.075 C° for a dissipating are of D = 8 iin diameter and 0.24 C° for D = 4 ym.
Thus, the error of the measured maximum temperatures is fairly small (except

for very small-size heat sources) .

Limit of the resolution. Two equal point sources Chot spots®) are
supposed at depth d and with a distance 2% between them (Fig. 8b). We con-
sider the sources theoretically distinguishables with surface measurements
if their surface temperature distribution shows two distinct maxima. The

surface temperature distribution along the axis x 1is given by

TGO Q)

The investigation of this expression shows that the two points are distin-

guishable (in the above-defined sense) if
~ >0.7071 d ®)

This is the theoretical limit of the resolution.
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