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Thermal barriers in high quality chemical vapor deposited (CVD) diamond were investigated by
photothermal microscopy. High resolution measurements confirm that the in-plane heat transport
is strongly limited by the presence of thermal barriers. Thermal resistances in the range’of
to 107® m> K/W located at grain boundaries are extracted from photothermal line scans. Recently
published data on macroscopic one-dimensional thermal transport in CVD diamond are well explained
by the microscopic measurements in connection with a simple one-dimensional heat flow model.
[S0031-9007(97)04906-5]

PACS numbers: 66.70.+f

Diamond is the material with the highest room tem-defects aggregated at grain boundaries or microcracks
perature thermal conductivity [1], more than four timesresult in effective thermal barriers, but an experimental
higher than that of copper. Its likewise high electricalverification of this statement is still lacking.
resistance makes diamond a promising material for heat In the present paper we investigate single thermal
spreaders in high-power electronic devices [2]. Becausbarriers and clarify their influence on overall thermal
of its outstanding thermal and electrical characteristics, dieonductivity. Thermal resistance located at barriers is
amond heat spreaders can reduce thermal load and, thedetermined quantitatively and a one-dimensional model is
fore, increase computation velocity and the lifetime ofused to relate macroscopic thermal conductivity of CVD
electronic devices [3]. Chemical vapor deposition (CVD)diamond to microscopic transport data.
technologies now offer polycrystalline diamond films with  The investigated sample was deposited by a standard
properties well suited for thermal management applicaCVD microwave plasma procedure on a tungsten sub-
tions [4]. Several physical properties of such films comestrate. After deposition the diamond layer was removed
close to that of natural diamond, however, a major limita-from the substrate, cut into a free-standing tile10f X
tion of thermal properties of this artificial material is still 10 X 0.6 mm?® and polished on both sides. The high op-
its composition of columnar grains with sizes of sometical transparency as well as Raman characterization con-
tens of micrometers [1], separated from each other byirmed the superior quality of the material. The good
grain boundaries or microcracks that may act as effectivéhermal quality of this sample has been demonstrated in
thermal barriers for lateral heat flow [5]. Therefore, thea previous publication [9] where we measured the thermal
microscopic investigation of thermal properties of CVD conductivity inside single grains and obtained values up to
diamond films is of particular interest for understanding2250 W/mK, which is as high as that of highest quality
their thermal anisotropy [6] and is of practical use of thenatural diamond of type lla [1]. The photothermal ap-
development of materials for heat spreaders. paratus and the details of surface preparation necessary

A variety of methods with different spatial resolution for photothermal reflectance measurements described in
have been used to investigate thermal transport in diaRef. [9] were also used for the present study devoted to
mond [7]. So far photothermal reflectance microscopythe investigation of thermal barriers.

[8,9] is the only technique to qualify fopm-resolved mi- To identify grain boundaries at the sample surface a
croscopy investigations addressing single diamond graingolarizing microscope was used. Figure 1 shows a typical
or grain boundaries. section of the sample demonstrating the grain structure. A

CVD grown diamond possesses a columnar structurdetailed analysis revealed a grain size ranging from 10 to
strongly affecting the in-plane thermal conductiviif 60 wm at the surface of the growth side with an average of
much more than the perpendicular thermal conductivitd0 um. The inset displays a typical region where thermal
x, leading to a strong anisotropy measured with nonlocatransport across a grain boundary was studied. Care was
averaging methods [6,7]. Surprisingly, an analysis oftaken to select a boundary with rather large adjacent grains
these macroscopic measurements in terms of phondisome 10 um in diameter). This precaution kept the
scattering mechanisms reveals a negligible influence dhfluence of other boundaries on the photothermal results
bare grain boundaries on thermal conductivity, whileto an absolute minimum. For measuring thermal transport
point and extended defects yield a major contributionacross the boundary we used a thermoreflectance line-scan
Accounting for this result it was concluded [10] that technique [11], i.e., we keep pump and probe beam, each
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FIG. 1. Microscopy image of the CVD diamond surface i
demonstrating the surface grain structure. The inset shows one @ 0~~~ N
of the investigated thermal barriers on the same scale. Thetwo 5,
bright spots are the foci of pump and probe beam, respectively, 2 -0t i
for large beam separation while the separation &asm for ~ A¢
photothermal measurements. The diameters of the laser spots & 20} i
are approximatelyt.5 pm. P
]
. o £ 30p —— ®
of them focused to a spot of approximatély wm in di- o
_40 ] 1 ! 1 1

ameter, at a fixed distance 8fum with respect to each
other and scanned the sample on a line perpendicular to
the boundary over a distance so that both beams crossed
the thermal barrier. Amplitude and phase changes of thg|g 2. variation of amplitude (a) and phase (b) of the
surface temperature modulation were recorded as a funghotothermal signal at 100 kHz modulation frequency when
tion of position. Typical scanning results obtained atpump and probe beam (separated by.m from each other)

100 kHz modulation frequency are shown in Fig. 2. Thed'e scanned across a thermal barrier (vertical line). The inset
: . . . 1s a schematic of the electric waveguide analog used for data
strong influence of the boundary on the signal results ”imalysis. A description of symbols is given in the text.

dramatic changes in the region where the beams are sepa-
rated by the thermal boundary. Approaching the boundary
closely with the pump beam, a gradual increase in signgbump laser to the probe laser spot. The electrical wave
amplitude is observed that results from thermal wave interguide analog to describe one-dimensional lateral heat flow
ference of the incoming and reflected thermal waves. Thé sketched in the inset of Fig. 2(a). Hefe= 1/« is the
sharp decrease of signal amplitude [Fig. 2(a)] in the regiothermal series impedance per unit length corresponding to
where pump and probe beam are separated by the boundahe thermal conductivityk of the crystalline diamond be-
is manifest to its thermal isolation and for a given modu-tween the two laser beams [13]. The shunt admittance
lation frequency its magnitude depends on the thermat, = iwpCp represents the resistance due to the heat ca-
resistance located at the thermal barrier and the thermalacity pCp per unit length of the material at the modu-
properties of the adjacent grains. A similar behavior canation frequencyw. Both quantities together define the
be found for the photothermal phase [Fig. 2(b)] where thecharacteristic impedance of the grains adjacent to the bar-
phase lag in the boundary region accounts for the delayiers [13]. Because of the reflected thermal wave the heat
in thermal response across the boundary. As the theflow across the barrier is reduced, which is taken into ac-
mal length for 100 kHz modulation frequency [9] is much count by a real factoy describing the amplitude enhance-
larger than the beam separation the phase of incident andent in front of the barrier. Solving the equations for
reflected heat current is nearly identical. Therefore, thehis linear network yields the following relation between
interference effect can be seen only in the amplitude ofemperature drop and thermal resistaRgeat the thermal
the photothermal signal. The changes in amplitude andarrier:
hase in this region provide a direct measure for the ther- B i 1/2
%al resistance across the barrier and is quantified utilizing T8/T = y[1 = Ru(ra/r)'"?]. (1)
an analogy model of electrical and heat flow well estab-The complex quantity’ denotes the measured temperature
lished in literature [12]. with both beams far away from the thermal barriers;
Since there is no phase variation over the distanc&vhile T2 is the temperature with the thermal barrier
measured except in the vicinity of the grain boundary it isbetween the two laser beams. The thermal resistance
appropriate to assume one-dimensional heat flow from this most conveniently extracted from the phase daop
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that appears upon separation of the beams by the thermadducing to
barrier
Key = 1/(1/x + Run/a) 4)

=2l /pc) (@)

- tanA¢ — in the limit of A > a, which is well satisfied in the
Applying this formula to a series of measurements orf@S€ investigated here. This simple relation can be used

a number of grain boundaries yields thermal resistance® "€late our microscopic thermal data to overall lateral
ranging from 10~° to 1078 m? K/W with an average conductivity provided the average grain size is known.

of 5 X 107 m? K/W when inserting bulk values for AS the average grain size of our sample 46 um

the diamond grain heat capacity ar000 W/mK as and the average thermal conductivity inside the grains
an average thermal conductivity inside the grains [9]/S ¥ = 2000 W/mK, Eq. (4) yields a one-dimensional

RSN )
The large range of thermal resistances is not due t€mal conductivityx,;’ = 1600 W/mK confirmed by

experimental instability, but arises from the fact that thergnéasurements of the manufacturer of the diamond sample.
are grain boundaries with virtually no influence on lateral_ '" the following we use our microscopic data and
heat flow and others with a tremendous effect. The averaged- (4) to describe measurements of CVD diamond pre-
value of the thermal resistance presented here has to 5gNted in literature only by the knowledge of the average
regarded as an overall average accounting for all thgrain size. Such information, i.e., lateral conductivity as

mentioned effects present in the sample under investigatiod function of grain size, has been provided by Graebner

and will be used as an effective value for further evaluation®! @ for a set of samples grown under conditions very

Next, we derive the macroscopically measured overaffimilar to that of our sample [14]. Therefore, it is justified
thermal conductivity!P of the CVD diamond sample for to combine our microscopic thermal data with their macro-
av . .. i
one-dimensional heat flow from parameters extracted fronjcOPIC conductivity measurements and plug both into the

microscopic measurements, namely the thermal conducti2e-dimensional heat flow model described above. From

ity « of the crystalline material inside the grains and thet"® Published data on the thickness dependent grain size

thermal resistanc&,, located at barriers between grains. ©f 1€se samples we calculate a mean grain size by tak-
In case of one-dimensional heat flow, the polycrystallindnd the average from the grain size given for the thinnest
sample can be regarded as a linear network of the thermdji@mond film(2.5 xm) and the grain size at the sample
resistances of grains and resistances due to the thermal b3tface for a specific thickness. Surface grain size and
riers [13]. To quantify the total thermal resistance of the@V€rages used in our calculation together with the mea-
polycrystalline sample we assume for simplicity a sample®ured thermal conductivities and those predicted by our
with lengthA having cubic grains with an average length M0del, are given in Table I. Using a thermal conductiv-
and, therefore, a total number 6f/a — 1) grain bound- ity of 2000 W/mKiénsgje the grains and a thermal resis-
aries within the sample. The total thermal resistaR{{e tance of2.4 X 107" m° K/W yields a reasonably'gc.)od
for one-dimensional heat flow can then be described as tfi8réement between measured data and our predictions, as
sum of the thermal resistance of the bulk material plus th&2" Pe seen in Fig. 3. Of course, the rough model ne-

additional resistances at all grain boundaries, and for th@lecting the details of the diamond microstructure like
overall conductivity we find a grain size varying over the film thickness cannot pre-

cisely reproduce the functional relationship between aver-
k2 = A/RP = A/[A/k + Ru(A/a — 1)], (3) age grain size and lateral conductivity. However, it well

TABLE 1. Compilation of data used for applying the one-dimensional heat flow model
[Eq. (4)] to grain size dependent average thermal conductivity measurements. The mean
bulk grain size is calculated from the data for film thickness and surface grain size given
in Ref. [14] where also one-dimensional thermal conductivity data for the respective films
have been reported. The predicted values for the average in-plane thermal conductivity were
calculated assuming a thermal conductivity2600 W/mK inside the grains and a thermal re-
sistance o2.4 X 10~ m?> K/W at grain boundaries.

Measured film Measured surf. Calc. mean bulk Measured Calculated

thickness grain size grain size conductivity conductivity
(um) (um) a (um) kP (W/mK) — «lP (W/mK)
27.1 25 *05 25 *05 720 * 36 685
69.2 6*12 43 = 0.8 880 *+ 44 945

112 10 = 2.0 63 1.6 960 * 48 1135

185 15.6 = 3.1 9.1 £25 1360 + 68 1309

355 23 £ 4.6 11.8 = 3.8 1720 = 86 1422
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