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Application of Photoacoustic and Photothermal 
Techniques for Heat Conduction Measurements in a 
Free-Standing Chemical Vapor-Deposited 
Diamond Film 
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Heat conduction in a free-standing chemical vapor-deposited polycristalline 
diamond film has been investigated by means of combined front and rear 
photoacoustic signal detection techniques and also by means of a "mirage" 
photothermal beam deflection technique. The results obtained with the different 
techniques are consistent with a value of a=(5.5+0.4)x10-4m2.s -t for 
thermal diffusivity, resulting in a value of K = (9.8 + 0.7) x 102 W. m-1. K - ~ for 
thermal conductivity when literature values for the density and heat capacity for 
natural diamond are used. 

KEY WORDS: chemical vapor-deposited diamond film; heat conduction; 
mirage effect; photoacoustics; thermal conductivity; thermal diffusivity. 

1. I N T R O D U C T I O N  

D i a m o n d  has m a n y  unique  physical prol~erties, e.g., chemical and thermal  

stability, optical t ransparency over a wide range of frequencies, hardness, 

and  high thermal  conductivi ty,  which makes it of special impor tance  for 
m a n y  technological  applications.  In  fact, d i a mond  is k n o w n  to have 
a higher thermal  conductivi ty,  x, at room temperature,  than  any 
other known  substance, ranging from abou t  1000 to more than  
2000 W .  m - 1 .  K i, depending on the sample origin. Thin  films grown by 
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chemical vapor deposition (CVD) usually fall around the lower end of this 
range. 

In the case of CVD diamond samples, the high thermal conductivity 
and the thin-film geometry pose special limitations on the measuring 
techniques in order to arrive at a reliable thermal conductivity value. As in 
the case of natural diamond samples, both static and dynamic methods 
have been applied to thin diamond films. Steady-state techniques have been 
used by Morelli et al. [1] and by Ono et al. [2]. In the former case, the 
temperature profile across the film was measured with a four-probe techni- 
que. In the latter case, it was recorded by an infrared thermograph. 
Dynamic methods for measuring heat conduction in diamond films have 
been used by Kuo et al. 1-3, 4], Albin et al. E5], and Visser et al. [6]. Kuo 
et al. [3, 4] used a photothermal beam deflection technique, or "mirage" 
technique, to probe surface temperature fluctuations of the sample. Albin 
et al. [4] used a heat pulse technique to induce thermal waves in a sample 
and surface temperatures were recorded by an infrared scanner. An infrared 
technique was also used for diamond films by Visser and co-workers [6]. 

In this paper, we present results for a free-standing CVD polycrys- 
talline diamond film obtained by two different measuring techniques: a 
combination of a front and rear photoacoustic detection technique and a 
"mirage" beam deflection technique. The latter method is very similar to 
the one also used by Kuo et al. [3, 4]. Because of the rather complicated 
expression (see further) for the photoacoustic (PA) signal with a substan- 
tial amount of difficult to determine setup dependent parameters, it is com- 
mon practice to do relative measurements by calibrating with a reference 
material, for which quite often carbon is used [7, 8]. In some experiments 
the reference material is enclosed with the sample in the PA cell, allowing 
the generation of a PA signal by the sample or the reference without distur- 
bing the cell characteristics. Moreover, one can select a reference material 
which is very similar to the sample [9, 10]. For samples which have a large 
optical absorption coefficient, one can avoid a reference material altogether 
by combining the ph0toacoustic signals generated at the front surface and 
the rear surface of the sample, provided one chooses the proper modulation 
frequency regime (i.e., the sample should not be completely thermally 
thick). This approach was introduced by Yasa and Amer [ 11 ], who have 
combined the amplitude of the rear-surface illuminated signal with the 
amplitude of the front-surface illuminated signal. In a similar approach 
Pessoa etal. [12] proposed a method in which the relative phase lag 
between the front and the rear signal at a given modulation frequency was 
used. In our approach we also combine the front and rear signals, but we 
use the complete amplitude and phase data of the signal for several 
modulation frequencies. By means of a simultaneous nonlinear least- 
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squares fitting procedure, we are thus able to extract fully the information 
on the sample present in the PA signal. 

In the photoacoustic technique we probe heat conduction across the 
shortest sample dimension, while in the "mirage" technique we measure 
heat flow in the plane of the film. For polycrystalline samples values 
obtained for the thermal conductivity should of course be the same. 
However, for anisotropic materials a combination of both methods could 
be used to reveal differences in thermal conductivity. 

2. EXPERIMENTAL TECHNIQUES 

2.1. Photoacoustic Microphone-Detection Technique 

In a photoacoustic experiment investigating condensed matter, the 
signal is caused by that fraction of the modulated optical energy which is 
converted to heat in the sample via nonradiative deexcitation processes. 
The periodic absorption of light produces a fast-decaying thermal wave in 
the sample but also generates an acoustical wave by the local expansion 
and contraction of the sample due to the periodic heating. In a general 
description both types of waves have to be considered [13, 14]. In a broad 
range of situations the contribution of the acoustical wave can be neglected 
and one has to consider only the thermal wave. By properly choosing the 
experimental configuration, the one-dimensional model of Rosencwaig and 
Gersho (RG) [15] can be used. In a typical photoacoustic setup the sam- 
ple is placed in a closed cell containing a gas (e.g., air) and illuminated 
with modulated (chopped) laser light, which is absorbed by the sample. In 
the RG model one assumes the light intensity to be uniform across the 
sample, resulting in an amplitude of the thermal source depending only on 
the depth in the sample and decaying exponentially with the distance from 
the surface. 

In Fig; 1, a very schematic cross-sectional view of a photoacoustic cell 
and relevant coordinates for the one-dimensional model are given. 
A microphone detector in contact with the cell gas (through an opening 
in the cell wall) has been omitted. 

If one assumes the incident monochromatic light, at the wavelength 2, 
to be sinusoidally modulated, the following result holds for the heat density 
produced at any point x in the sample due to light absorbed at that point. 

H(x) = (�89 fl~(2)/o(2)(1 + cos cot) exp fls(2)x (1) 

with I o the incident intensity, fls the optical absorption coefficient of the 
sample, and f = e~/2~ the modulation frequency. In Fig. 1 the x values of 
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Fig. 1. Schematic cross-sectional view of a simple cylin- 
drical photoacoustic cell, showing coordinates relevant for 
the one-dimensional model. 

Eq.(1)  range from x - - 0  at the gas-sample interface to x = - l ~  at the 
sample backing interface. The gas column extends from x = 0 to x = lg and 
the backing material to - (l~ + Ib). 

On the basis of thermal diffusion equations for the gas, the sample, 
and the backing (including a distributed heat source for the sample only) 
and suitable boundary conditions (continuity of temperature and heat 
flux), Rosencwaig and Gersho [15] arrived at the following expression for 
the complex amplitude Of of the periodic temperature at the sample-gas 
(front) interface ix = 0): 

0f= E I .(r - 1)(b(_g+l)(b_~ ~ e--gd-~- ~ - - -  -1 ) ( -~-  ]-) e - - S - ~ t ~ +  1) e ~ - (r + 1)(b - 1) e -~ + 2 ( b ~  r) e -p~t~]j (2) 

with E -  qflslo/[2xs(fl~ - a~)]. In this expression Xs is the thermal conduc- 
tivity of the sample, r/ the photothermal conversion efficiency, G =  
(1 + i)as, with as the thermal diffusion coefficient equal to the inverse of 
the thermal diffusion length #s = (2~s/co) t/2 of the sample, as = G/(psC~) is 
the sample thermal diffusivity, with p~ its density and Cs its heat capacity 
(per unit mass). One further has r =  (1- i ) f l s / (2G) ,  b= Kbab/(tGa~), and 
g = tCgag / ( tCsas ) .  The subscripts s, b, and g refer to the sample, the backing 
material, and the cell gas, respectively. 

Only a relatively thin layer of gas (-~27t#g) adjacent to the front sur- 
face of the sample will be affected by the periodic temperature variations 
given by Of in Eq. (2). This boundary layer of gas can then be considered 
as a thermal piston creating the acoustical signal detected by the 
microphone in the cell wall. The pressure variation, 6P, in the gas is 
obtained by assuming an adiabatic response to the piston [15]. Further, it 
is also assumed that Ig is much smaller than the acoustical wavelength for 
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the modulation frequency f =  ~o/2g. The following result can then be 
derived [ 15 ]: 

6Pr = Qf exp(icot - i~/4) (3) 

where 

7gPo0f 
Qr = (2)l/2.Tolgag- qre i~, (4) 

with Po and To the cell pressure and temperature and 7g the ratio of the 
specific heats at a constant pressure and constant volume of the gas. 

If the sample is thermally sufficiently thin (ls < 2~#s), there will also be 
a periodic temperature variation at the sample backing interface, which we 
can indicate as the rear thermal signal 0r. It is possible to arrive at an 
expression for 0r in terms of the sample, backing, and gas properties as 
well. Infact, recently we have reported [16] an extension for a k-layer 
system, allowing the derivation of the periodic temperature variation at 
each interface between layers, including the interface between the ( k -  1)th 
layer and an infinitely thermally thick kth backing layer. Applying that 
procedure to the situation considered here, we arrive at the following 
expression for Or: 

E [ ( g - 1 ) ( r - 1 )  e-(a~+~)'~-(g + 1)(r + 1)e -(/~ ~)l~ + 2(r + g ) ]  
Or= L (g + (-U- ] 

(5) 

In Section 3, we show how a combination of Eqs. (2) and (5) for Or 
and 0r for a free-standing film with the same gas on both sides results in 
a convenient procedure for arriving at the thermal parameters of the 
sample. 

2.2. Photothermal Beam-Deflection Detection Technique 

The second method which we have applied to probe a free-standing 
CVD film is photothermal beam deflection, or the so-called "mirage" detec- 
tion technique. This technique has become well established since its intro- 
duction around 1980 by Boccara et al. [17]. We use a version of this 
technique in which the pump laser beam is focused on the surface of the 
sample in order to create a localised heat source and hence to launch a 
thermal wave in the solid sample and the surrounding air. A second probe 
laser beam parallel to the sample surface is used to detect the temperature 
gradient in the air just above the surface as a function of distance from 
the localized heat source. In Fig. 2, a schematic representation of the 
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Fig. 2. Schematic view of a photothermal beam deflec- 
tion setup, with (1) the modulated pump beam, (2) the 
probe beam, (3)the sample, (4)the position sensitive 
detector, and (5)the background material. 

experimental setup is given. If the harmonically modulated pump beam is 
sufficiently focused and the thermal diffusion length #s of the sample is sub- 
stantially larger than the sample thickness ls, one can consider the model 
geometry as that of a harmonic point source in an infinite, two-dimensional 
sheet with in-plane heat transport in the sample only. For the specific case 
of a continuous, harmonic heat source h(t) = ho exp[icot], the pump beam 
along the z axis and the heat transport in the (x, y)-plane, one has for the 
complex periodic temperature variation [6, 18] 

ho eio~t 
To= 27r~ s Ko[(kO/~s) 1/2 r] (6) 

with r = (x 2 +y2)1/2 the distance from the point source and Ko[(io.)/O~s) 1/2 r] 
the modified Bessel function of the second kind of order zero. The periodic 
temperature variation of the sample surface will result in a thermal wave in 
the gas propagating in the z direction. In the same way as in the 
photoacoustic treatment [15], one arrives at the following result: 

Tg= Tee ~z (7) 

Because of the resulting periodic temperature variation in the gas above the 
sample surface, there will also be a periodically changing refractive index 
(n) gradient, which in turn will produce an periodic deflection of the probe 
beam (see Fig. 2) parallel to the sample surface. In order to arrive at the 
deflection of the test beam, one has to integrate along the path of the beam. 
Assuming the probe beam directed along the x direction, one has [19, 20] 
the following expressions for the transverse and the normal components of 
the deflection: 
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q ~ ' = n d T  y = _ ~  ax ely (8) 

l d n f  ~ ~Tg 
(~n=ndZ  y=-m ~z dy (9)  

Combination of Eqs. (8) and (9) with Eqs. (7) and (6) results in 

1 dn __h~ e_~gZOei,O t f y  aKoE(iog/~s) 1/2 r] 
oPt(x) = n dT27zx s = -o~ Ox dy (10) 

1 dn hoo'g agZOeiCO t f ;  
qgn(x) = n dT2~c------~ e = -oo Ko[(ioo/ots) 1/2 r] dy (11) 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Photoaeoustic Measurements 

We have carried out a series of photoacoustic measurements on a 
polycrystalline CVD diamond film of the same origin as the sample used 
by Visser et al. [6], with a thickness Is = 315 #m. In order to increase the 
photoacoustic signal the sample was coated with a thin layer of Ti with a 
low reflectivity. As a periodic heat source a chopped argon ion laser with 
a power of 1 W (all lines) was used. The microphone signal was measured 
by means of a lock-in amplifier. 

In principle it is possible to arrive, on the basis of Eqs. (2) to (4), at 
the thermal parameters of a given sample. This ,  however, demands suf- 
ficient knowledge of thermal parameters of the gas and the backing as well 
as of optical parameters (q and/~s) of the sample itself or of the applied 
coating. Moreover, the relationship between the measured microphone 
signal and the PA signal can be rather complicated: the photoacoustic cell, 
the microphone, the amplifiers, and the filters do not have a flat frequency 
response. Therefore, one needs a calibration procedure. This is possible 
using a reference material with known thermal and optical properties. The 
measured (indes amplitude A and phase 0 of the sample and reference 
signal can be written as 

A sr~mpl~ = A sample x fsys (12)  

~,t r~mpl e = ~t sample -~- ~/sys ( 13 ) 

A rmf = Are f x fsys (14)  

~ rmf = I~ref -~- ff/sys (15)  
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The latter two equations yield the system response (fsys, ~/sys), which can 
be used to solve Asample and ~'samp~e in the former two equations. 

It is, however, also possible to avoid the use of a reference material by 
a proper combination of the rear and front signals for thermally sufficiently 
thin samples. Indeed from Eqs. (2) and (5) one sees that the denominator 
and the prefactor E are the same provided one uses as backing material the 
same gas as in front of the sample. In this situation, one obtains for the 
ratio of the two complex microphone signals the following expression: 

Q=Qr Or 
Qr Of 
( g -  1 ) ( r -  1) e (~+~)~-  ( g +  1) ( r+  1) e -(p~-~ll~ + 2(r + g )  

= ( 1 6 )  
(r - 1)(b + 1 ) e "Js - (r + 1 )(b - 1 ) e-"~t~ + 2(b - r) e-r 

(a) 

(b) 

Fig. 3. Schematic diagram of the 
photoacoustic measuring cell in the 
front (a) and rear (b) detection con- 
figuration. (1) The modulated laser 
beam; (2) the cell body; (3) the 
microphone; (4) the light-absorbing 
sample; (5)a transparent window. 
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H o w  this can be realized in practice is shown schematical ly in Fig. 3. I t  
should be noted  that  in this configurat ion the system characterist ics are 
identical in bo th  cases and should d isappear  f rom the ampl i tude rat io 

R(o~) = q,(co)/qf(co) (17) 

and f rom the phase difference 

A~ = Cf(~o) - ~,(o~) (18) 

One has the addi t ional  advantage  that  g =  b = eg/es, with e the thermal  
effusivity. Because of the Ti coating, one also has fie -1 ~l= and r>> 1, 
resulting in e x p ( - f l s / = ) - 0  and r>>g. All this results in a much  simplified 
expression for Q of Eq. (3.5), namely,  

Q = 2/(e ~ + e -~ (19) 

In Fig. 4, the R and A~ results are given as a function of the modula -  
tion frequency. Al though the effects of the system paramete rs  have largely 
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Fig. 4. Amplitude ratio R values and phase dif- 
ferences , ~  for a free-standing CVD diamond film 
from front and rear photoaeoustie measurements in 
the configurations in Fig. 3. The solid curve is the 
result of a simultaneous nonlinear least-squares fit 
to the experimental data, resulting in a ~c= value of 
(9.8 +0 .7)  x 102 W - m  -1 .K -1. 
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been neutralized, there still is (near 800 Hz) a small effect of a cell 
resonance present. The solid curve in Fig. 4 is the result of a simultaneous 
nonlinear least-squares fitting [16, 21] of the R and A0 data (excluding the 
data clearly affected by the spurious resonance). Fits have been carried out 
with Eq. (19) and with a slightly modified form, where, in the right-hand 
side of Eq. (19), a multiplicative factor Ao exp(i0o) was introduced. In the 
nonlinear least-square fits, in addition to the thermal diffusivity e, also Ao 
and ~o were adjustable parameters. This procedure was followed in order 
to allow for possible small differences in thermal wave production by 
illuminating the two different sides of the sample. From this kind of fit 
we obtained a value c~=(5.5__0.4)x 10-4m2.s  -1 with Ao=l .09  and 
~o = 0.03 rad. Including the data affected by the spurious cell resonance 
gave essentially the same result. Using literature values [22, 23] for the 
density and the heat capacity of natural diamond results, then, in a thermal 
conductivity value x = (9.8 + 0.7) x 102 W- m -  1. K -  1. 

In order to verify the above result, another measuring configuration, 
given schematically in Fig. 5, was used, with a 64-#m-thick copper sheet as 
a reference material. In this case the ratio of the diamond and the copper 
rear signals was made. In Fig. 6 the phase difference as a function of the 
modulation frequency is compared with a simulation result (solid curve) 
calculated by means of Eq. (5) using the known thermal properties of 
copper [24] and the result for the CVD diamond film previously obtained 
with the setup in Fig. 3. In Fig. 6 good agreement can be observed. 

3.2. Photothermal Beam-Deflection Measurements 

In addition to the photoacoustic measurements, we also have carried 
out measurements on the same CVD film, by means of the photothermal 
beam deflection ("mirage" effect) detection technique schematically given in 
Fig. 2 and described in Section 2.2. Results for the amplitude and the phase 

~f////~//I/iiiiiii///////]]////[]/ 
Fig. 5. Photoacoustic cell configuration for rear detection 
measurements on a free-standing CVD diamond film (4) and a 
reference copper sheat (5). (1) The modulated pump beam; (2) the 
cell body; (3)the microphone. 
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Fig. 6. Results for the phase differences 3~ obtained 
with the experimental setup in Fig. 5. The solid curve 
was calculated on the basis of the known thermal 
parameters of copper and the results, for the CVD film 
with the front and rear configurations in Fig. 3. 

of the normal component [Eq. (11)] of the probe beam deflection as a 
function of distance from the focussed pump beam are given, for three 
modulation frequencies: 40, 80, and 120 Hz. These experimental amplitude 
and phase results are compared with simulated results (solid curves) in 
Fig. 7. 

For  the purpose of this comparison, Eq. (11) was rewritten in the 
following form: 

(o, = Ao(~) ei~,o(O~)ei~ ` .j~ _1 Ko[(icg/us)l/2 r] dy (20) 
* y = - - o o  I{ s 

In this way we replaced all the sample independent quantities in the pre- 
factor of Eq. (11), as well as characteristics of the measuring system by a 
single adjustable amplitude factor Ao(e~) and phase shift ~o(O~) for each 
modulation frequency f =  ~o/2n. This is a sensible approach because it 
would be very difficult to arrive at reliable absolute values for these quan- 
tities; e.g., Zo, appearing in exp(-O-gZo) of Eq. (11), is difficult to measure 
accurately. Moreover, only the thermal parameters ~s and ~s are important 
for the shape of the amplitude and phase curves as a function of the 
distance from the pump beam, which is entirely contained in the integral 
part /(co,  r) of Eq. (20). 

In Fig. 7, the solid amplitude and phase curves for three modulation 
frequencies represent KsI(co, r) values calculated on the basis of the ~ and 
Ks results obtained with the photoacoustic measurements described above. 
The  experimental amplitude data of Fig. 7 are the experimental values 
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Fig. 7. Photothermal beam deflection results for the 
amPlitude A and the phase ~b as a function of the dis- 
tance x from the center of the pump beam focused at 
the surface of the CVD diamond film. Measurements 
have been carried out at three modulation frequencies: 
circles for f =  40 Hz, squares for f =  80 Hz, and tri- 
angles for f =  120 Hz. The solid curves are calculated 
using the results for the CVD film measured with the 
front and rear configurations in Fig. 3. 

divided by an arbitrary factor A~(og) formally corresponding to Ao(~)/xs. 
In a similar way the phase data have been arbitrarily shifted by ~(~)/~:s.  
For all three modulation frequencies there is quite good agreement between 
the x dependence (determined by as) of the experimental and the calculated 
results. 

The mirage data, thus, confirm the ~s value derived from the 
photoacoustic measurements. One should, however, realize that in the 
photoacoustic measurements, heat transport perpendicular to the surface 
was measured, while in the mirage measurements lateral heat transport in 
the film was considered. For our sample both values for ~s should be the 
same, as observed. This should not be the case anymore for anisotropic 
samples, but then it would be possible to study the anisotropy by combining 
this photoacoustic and the mirage techniques. 
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4. SUMMARY AND CONCLUSION 

In this paper we have investigated heat conduction in a polycrystalline 
free-standing chemical vapor-deposited diamond film by means of different 
measuring techniques. As a first technique we used a new photoacoustic 
technique combining front and rear signal detection. In this approach there 
is no need for a reference material for the calibration of the photoacoustic 
cell. By this method we arrived at 'a value of (5.5 _+ 0.4) x 10-4 m 2 "s 1 for 
the thermal diffusivity as of the CVD diamond film. Using literature values 
for the density and the heat capacity of natural diamond, a value of 
(9.8 _+ 0.7)x 102W .m -1.  K 1 for the thermal conductivity was obtained. 
This result was confirmed by using a different photoacoustic setup combin- 
ing the rear signals for the C V D  diamond films and a 64-/~m-thick 
reference copper sheet. A photothermal beam deflection technique 
("mirage" effect) was also used to measure lateral heat transport in the film. 
Good agreement was obtained with the result for the perpendicular heat 
conduction derived from the photoacoustic measurements, which is of 
course expected for our sample. A combination of our photoacoustic 
method and the mirage technique allows the measurement of thermal 
anisotropies. Our thermal conductivity value of (9.8 _+ 0.7)x 102W .m 1. 
K -  1 is also in very good agreement with a value of 960 _+ 60 W.  m -  l .  K 1 
obtained by Visser [25] by means of an infrared surface temperature 
scanning technique [6] for a sample of identical origin. 
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