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Electric-field profile and thermal properties in substrate-supported dielectric films
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The transient pyroelectric response of a dielectric film on a substrate is used to determine both the electric-
field profile across the film and its thermal properties. The response is a convolution of the field and tempera-
ture profile. A closed-form expression for the transient temperature profile is obtained for a generic model in
terms of thermal parameters. This expression allows analysis of the pyroelectric response using an iterative
procedure consisting of deconvolution and variation of thermal parameters. Tikhonov regularization is used in
the deconvolution with a Honerkamp-Weese self-consistent regularization parameter. Simulations show that, at
least in the cases tested, the electric-field profile, the thermal diffusivity and conduéénilythus the heat
capacity, which is their ratip and the thermal resistance of the dielectric/substrate interface can be determined.
Experiments on polyimide films adhered to substrates unambiguously reveal bound negative charge within a
small depth of the free surface of virgin samples and also weaker, broader charge distributions injected from
the substrate in samples under an applied voltage. The analysis resolves both sharp and broad features and
gives thermal properties characteristic of the near-surface region, suggesting that the heat capacity may be
significantly higher in this region than in the bulk.

I. INTRODUCTION time = dependent on the thermal diffusiviy and thickness
L (7=L?/2D for a thermally isolated sl&B), the TP method
For many years, thermal pulses generated by flashlampsan be used, like the flash method, to study diffusivity. As
or pulsed lasers have been used to probe electric fieldecently demonstrated for a voltage-biased dielectric film on
polarization profiles™® or thermal properti€s™® of electri-  a substraté? the diffusivity may be determined with high
cally insulating materials. The flash metfidd widely used  sensitivity, precision, and speed frog(t) at timest>r
to determine the thermal diffusivity of planar samples fromwhen q(t) becomes insensitive to the shape Bfz) and
the transient temperature rise of the back surface after flasproportional to the thickness-averaged temperat(ry
heating the front surface. The thermal pul®) method™  which decays exponentially. The fitting range in Ref. 14 did
is used to determine electric-field profiles in charged or ponot include either very long times, because of the decaying
larized dielectrics from the transient pyroelectric responseignal, or short times because of the sensitivity of the signal
stimulated by pulse-heating a metal electrode coating the into neglected effects, notably the thermal mass of the incident
cident surface. This response, referred to as the TP responggectrode and the unknows(z).
is taken as the charggt) flowing from one electrode to the In this paper, we investigate the TP problem more thor-
other in an external short circuit. oughly than previously, using theory, simulation, and experi-
The general expression fay(t) for a planar capacitor ment. We consider the electrode thermal mass, the heat loss
structure is a convolution integral involving the temperaturefrom the incident surface, the thermal resistance at the film/
T(t,z) and the electric field&(z), wheret is the time andz  substrate interface, and thg(z) profile due to inhomoge-
the depth from the incident surface. Wheé(t,z) is known neous charging of the sample. Inclusion of these effects al-
or calculable from the heat conduction equation, the uniows fitting the measured respongét) over a broad time
known field E(z) is supposed determinable from the mea-interval, including short timest& 7) where the signal-to-
suredq(t) by a deconvolution method. For a thermally iso- noise ratio is high. The range of application of the TP
lated slab without electroded(t,z) is a cosine Fourier method is thus extended to include substrate-supported thin-
series with exponentially decaying coefficieftswhich  film structures such as those found in microelectronics and
makesq(t) a sum of decaying exponentials with the samephotonics. In such structures, the thermal mass of the elec-
coefficients as those of the cosine Fourier series representingde will strongly affect the response. The Tikhonov regu-
E(z).3>* Deconvolution is then reduced to finding coeffi- larization procedur€ and Honerkamp-Weese self-consistent
cients by fittingq(t), and using them to sum the Fourier regularization paramet€r'® were used in a deconvolution
series representing(z). The limited numbefusually <10) procedure that determined the bé&gtz) for a fixed set of
of well-determined coefficients made the analytic resolutiorthermal parameters. Successive deconvolutions with system-
lower than the near-surface limit set by the pulse width. Al-atically adjusted thermal parameters were used to determine
ternative analytic approaches to get around this difficultythe set of parameters that gave a global minimum in the
have thus been proposgd. mean square of errors.
Because the time scale ©{t,z) is set by a characteristic The Tikhonov-Honerkamp-Weese procedure is being
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A \‘;lt fi . . .
56 - 3 ranster thermally isolated sample is represented in our model by
Z

T(t,0) =T (1)

1 .. : ture assumed to be zero. We assume perfect contact between
___ |metall dielectric electrode and dielectrigT(t,0)=To(t)] and imperfect con-
t/T=004 trate tact (with thermal resistance Hj) between dielectric and
g - T.(0) _Ig_'ue substratgthrough a.glue I_ayer or _simply an interface
s — | 7], ayer . Heat loss to gmb!en_t air at the |nC|d§ant surface b)_/ convec-
A = _T(t2) tion and radiation is included by using an effective heat
2 heat transfer coefficienH, with the outgoing fluxHyTo(t).*° A

settingHy=H_ =0.

~ U B. Heat conduction equation and solution
W = The one-dimensional heat conduction equation with

=T(t,z) in our model i$®
FIG. 1. Model of electrode/dielectric/substrate system heated by

thermal pulse. U is bias voltageq(t) the measured TP response, aT T

Te(t) the temperature rise of the electrode, drt,z) the tempera- at =D 92’ ()

ture rise of dielectric. Dashed curves shaiit,z) for the thermal

parameters of Sec. lll at indicated reduced tirhes[Eq. (8)]. with boundary conditions obtained from thermal energy bal-

ance. The boundary conditions are
adopted to analyze various types of spectroscopic't&ta

. aT
but has only recently been applied to thermal methods for J+HoT+peCele—=1Jp6(t), z=0, 2
determining E(z) profiles, first’~2° to the laser-intensity- at
modulation metho3! (LIMM ), a periodic heating method, and
and here to a thermal pulse method. The Tikhonov-
Honerkamp-Weese procedure finds a good compromise be- —-J+H. T=0, z=L, 3
tween smoothness in the(z) profile and low residuals.

The list of materials studied by the TP method include
nonpolar insulating polymer¥, polar®3* or ferroelectric
polymers® and ceramics® These acquire charge or become
polarized, generally inhomogeneously, under high applie
fields (>10 V/um), high temperatur¢>60 °C), or both32=’
Even polymers with high glass transition temperatures suc
as polyamide® and polyimide®® may acquire chargéor
become polarizedwhen voltage biased. Most of those re-
sults were obtained from ring-mountéice., nominally ther-
mally isolated samples. The experimental results reporte
here establish the feasibility of determining an inhomoge- % :
neous field profile and thermal properties for a substrate- T(t,y)= ﬁE Xk COgx(1—y) ]+ a sintx(1—y)]
supported film. ' K k=0 — (L/2)dN(x)/dx

In Sec. Il, the heat conduction model is described, and
T(t,z) is given in terms of various parameters included in xexr{ _Xﬁi), (4)
the model, as the solution to the one-dimensional heat con- 27
duction equation. The effects of all parameters on the refe
ence response for a homogeneous figidt)(T), are
shown explicitly and our deconvolution approach is de-N(x)=x(ay+a, —rx?)cogx)+[apa, — (1+ra,)x?]sin(x),
scribed. The determination of thermal parameters, for both 5)
homogeneous and inhomogeneous assuB(@), is tested i
in Sec. IIl. In Secs. IV and V, an actual experiment giving 2nd where the are the roots oN(x) =0, which must be

interesting results is described and our algorithms are appliefeund numerically in the general catsee beI0\21. The di-
to analysis of the measured responses. mensionless parameteicalled Nusselt numbel$*) ag,a, ,

the ratior of the thermal mass of the electrode to that of the
dielectric, and the diffusion-controlled thermal transit time

wherep.CclL is the thermal mass of the electrode unit area.
SThe flux J=k dT/9z is to be evaluated at the indicated
boundaries. Equatiori2) with Hy=0, H = and right
ember replaced byl,cos@t) was used by Ploss and
ianzand® to analyze the periodic response in the LIMM
gase’

The solution to Eq(1) with boundary conditions specified
by Egs. (20 and (3) was obtained by Laplace
transformatiort® In terms of the reduced depth coordinate
dyzz/L, Osys<l,itis

Where

IIl. THEORY are
A. Model H
. —

Figure 1 shows our model. The laser pulse is assumed a,=L—=, n=0L, ©®
infinitesimally shortfand so is represented by a Dirac delta
function 5(t)]. The pulse heats the metal electrode which peCele ke D Lg
then heats the dielectric. Temperatuiggt) for the elec- = el T xD.L’ (7)

e

trode (assumed gradient-free fae=0) and T(t,z) for the
dielectric areincreasegelative to a fixed substrate tempera- and
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L2 equation is generally viewed as an ill-posed mathematical
=55 (8)  problem in the Hadamard serfSeThe deconvolution of Eq.
(14) with Eqg. (4) as kernel whem(t) is a noisy point-
respectively. They anda, are a measure of heat loss. Note sampled function is thus a delicate procedure and any deter-
that Eqs(4) and(5) are valid if at least one coefficiehty or  mined functionE(y) must be viewed as an approximation to
H_ is greater than zero. For the thermally insulated casgne actualE(y). We represeng(t) by
(Ho=H_=0), the solution reduces to

L . 5 1] am=9q(tm) +oommm, m=1,... M, (15
cog x; -
T(t,y)zL 1T+ E 1 2'”;"‘ Y where o,=1 (for m=1,... M) is the rms amplitude of
K RS (1741 g k) COH Xins k) noise assumed white and independent of titpein our

t simple noise model, the,, are Gaussian-distributed random
X exp( _X%s k_) , 9) numberso is a scaling factor, an¥ is the number of mea-
27 suring points at discrete timeas, (for m=1, ... M).

wherex,gx are now the roots of

2. Our data analysis approach
Nins(X) = sin(x) +rx cogx) =0. (10 For convenience, we rewrite E(L4) as

The first term inside the square brackets of E®), 1/(1 _

. . q=0E, (16)
+r), comes from the residue of the inverse Laplace trans- o . .
form for X;,s = 0. The factordoL/k=T.. is the amplitude of ~where® is introduced as an integral operator given by
the step jump in temperature for the isolated filkhyEH L
=0) andr=0. Forr=0, the roots arexsy(r=0)=kar, ®=acC|—f dy T(t,y). (17)
wherek=1, and Eq.(9) reduces to the well-known resulfts. 0

: >0, i )
From Eq.(9), for r=>0, it follows that In the most general case, the inverse oper@or does not

. pcl necessarily exist. The way out is to introduce a pseudo-

T.(r>0)= (1)  inverse operato® * so that the mapping of

1+r =T‘X’chwL peCele’

where 1/(ttr) is the ratio of the thermal mass of the dielec- E=0"q, (18)

tric to the combined thermal mass of Fhe Q|electr|c and eIec,Ehe generalized solution, minimizes the distance
trode. ForHy=0 andH =<, the solution is

- : d=|q-OE|, 19
iy oS STeom(1-y)) lo-68. 9
Y= cE, (141 +12XE 0000 SINXcontk) where||--{| means the Euclidean norm amdis the least-
squares solution of Eq.16). For notational simplicity, we
t A
xexp( —xﬁomk—), (12)  replacet by E . _ j
2T Regularization helps to eliminate mathematically admis-

sible but physically unrealisti&€(y) by putting an external
constraint (smoothness in our caseon the determined
N ond X) = O X) — X Sin(x) =0. (13)  E(y).**"*°Regularization approaches include linear and sta-
) ) o tistical filtering, truncated Fourier analysis, truncated
Whenr =0, one obtains the formula given earliewith the  gingular-value decomposition, Tikhonov  regularization,

rO0tS Xcont(r =0) = (k+z) 7, wherek=0. To our knowl- \iller's regularization, maximum entropy, projection, itera-
edge, the solutions given by Edd), (9), and(12) are not in tion, stochastic, and other methcotss®

the literature. Our algorithm uses the pseudo-inverse approach com-
bined with Tikhonov regularization. The algorithm mini-

whereXgonik are the roots of

C. Response and deconvolution mizes
1. The nature of the problem Mo g2
The measured charge resporge) is related toT(t,y) v, (E)= >, — +\|QE| (20)
and toE(y), by**? m=1 7
1 whered,, are response residuals defined by
Q(t)—acCLfo T(t,y)E(y)dy, (14) 8= — gt E), (21)

where a.=d[In(C)]/JT and C is the sample capacitance. whereq(t,,,E) are calculated responses that approximate the

When E(y) is replaced byE (with no y dependende  measured,. In Eq.(20), o is the rms noise amplitudesee

we have the reference case for whiql(1t)~féT(t,y)dy Eq. (15)]. The parametex is the regularization parameter. It

=(T)(1). controls the weight of the regularization term containing the
Equation(14) is a Fredholm integral equation of the first symbol(}, which is the second-derivative operator. This op-

kind with T(t,y) as kernel. The inversion of this type of erator puts curvature in the minimization and thus has a
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smoothing effect on our solutions. For a giventhe field : T T £
profile that minimizes¥, (E) is the unique regularized ap- i )
proximatek, . In practice, when is too small, artifacts such 10k
as unphysical oscillations may appeardp. Whena is too i
large,E, is oversmoothed and recoverable information is left
in the data.

Besides the Honerkamp-Weese metHatsed here, meth-
ods of determining an optimum include the discrepancy
method? the predictive minimum-mean-square error
method?® the Provencher methad the L-curve approach’
and the generalized cross-validation methAbd.The
Honerkamp-Weese methbdused here has been tested in
Monte Carlo studies and has been applied successfully to 0.1
many ill-posed problem¥.19-2

The optimum value ok, symbolized byu, should mini-
mize the quantityD) = |Eyye— F%|2 with respect to\, where FIG. 2. Reduced temperature profil€ét,y)/T,. vsy from Eq.
Etre is the true but unknown distribution arie is any trial  (4) for different t/r, for realistic H =10 W/m?K, or a,

function including E, for a general\. Since Eyye is N0t —0.4167 and electrode thicknesses showf,. £JoL/k, 7
known, we replacé,, by E,, and solve =L2/2D [Eq. (8))).

reduced temperature

reduced depth

d ficient Hy= 15 W/n? K was used!**' typical of air, yieldin
K[D(EM’)\’U)])\=M:O (22) a0=6.25(;< 104, A previouslyyp determineyd H,_g
=10* W/m? K corresponding t@, =0.417 was uset’?’ as
representative of the adhesive used in the measurement de-
scribed in Sec. V.

To test the determination of thermal parameters, synthetic
TP responses were constructed by adding white Gaussian

Two sets ofN grid points{y,} were used, wherdl=21 noise to ideal responses calculated numerically for three
for the simulations andN=25-35 for the deconvolution of cases, homogeneofisand two model inhomogeneo&gy),
the experimental data. Grid-point spacings were determinefbr materials with the thickness and thermal parameters
by a power la¥®?’ with y;=0 at the electrode/dielectric given above. The minimum rms amplitude of the added
interface and/y=1 at the dielectric/substrate interface. The noise was 0.3% of the peak value, representative of the
first grid point inside the dielectric was gb=b(dn,/L),  Signal-to-noise ratio obtained in the measurements described
whereb=0.33 ...,0.5(see Ref. 27 for detailsand 5,,,, later in this paper, using 50-shot signal averaging. Higher
=(2Dt.,)*? is the diffusion depth at,,,, the earliest time noise was used when testing procedural robustness.
used in the deconvolution. The latest timg, was taken as The responses were evaluated at 200 points per decade of
the time when the TP response had decreased to one-tenthiithie, equidistant on a logarithmic time scale. The fitting
maximum. Thist,, was large enough to allowi, to be range started aty,i,=10"37=161ns, a time compatible
determined. The statistical error bars given in the deconvowith the laser puls€99.5% of energy delivered in 150 ns
lution results always represent a 68% statistical confidenc&he range of the analysis was covered by 830 points.
range(* one standard deviatipnDetails about the decon- In the abscissas of the following figures, actual times for
volution scheme applicable to both TP and LIMM data mayrealistic experimental conditions are given in addition to re-
be found in previous LIMM paper:?’ We define the mean duced times. This is to convey a feeling for actual experi-
square of errorsMSE) of the fit as mental times.

iteratively to obtain self-consistent estimates of optimal
ando.

3. Details for the deconvolution of the TP responses

A. Transient temperature profiles

M
1
_ = 2
MSE= M ng A 23 Transient temperature profiles were obtained from(Ey.

and the roots, of Eqg. (5). The roots reflect the boundary

Il SIMULATION RESULTS conditions and vary smoothly in the range

: - S X S
The simulation results presented here are based on syn- Xins k=Xk=Xcontk - (24)

thetic data and thus are free from experimental artifactswherex;,sy is a lower limit for the thermally insulated case
They test our complex numerical procedure. Experimentaind X ok is an upper limit for the perfectly thermally con-
results, discussed later, test additionally the adequacy of odacted case. For=0 (no electrod® Xi,sx=Kkm and X¢ontx
model. Properties used in the simulations are representative (k+ 3), wherek=0,1,2 . ... . From the decaying expo-

of a commercial DuPont Kapton™ polyimitfgPl), namely,  nential terms of Eq(4), the number of roots significantly
D=7.75x10 8 m?%s andx=0.12 W/m K >° with a thickness  affecting T(t,y) decreases with time. Fat>7, T(t,y) be-
L=5 um. An aluminum electrode was assumed with prop-comes dominated by the slowest-decaying term determined
erties given in Ref. 60,D0,=9.79x10 °m%s and k. by the lowest root.

=237W/mK, with thicknessL,=(0,100,200) nm corre- Figure 2 shows semilogarithmic plots of the reduced tem-
sponding tar =0.0313, and =0.0625. A heat transfer coef- peraturg T(t,y)/T..] vs the reduced dept=z/L (tempera-
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FIG. 3. Reduced mean temperat{iie/T., vs log,yt for H, and
electrode thicknesses shown. Note shift to longér decreasing
H, . Note lim(T)/T.)=1/(1+r) for t—o, andHy=H =0 [see
Eqg.(11)]. From data in Sec. lll, 1/(£r)=0.970 and 0.941 for 100
and 200 nm Al, respectively.

ture profilg at various reduced timegr for the mathemati-
cal limit of zero electrode thickness € 0) labeled “no Al”
and two realistic thicknessé€400 and 200 nm As defined
previously,T.. is the asymptotic limit of the temperature rise
for the thermally isolated sample and fior 0.

B. Mean temperature

For samples witly-independenE, namely, uniformly po-
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FIG. 4. (T)/T., vs logyt for various Hoy,H,) with 100 nm
Al. () Solid curves, front thermally isolatedHg=0); rear, sub-
strate contacted. Dotted and dashed curves, free-standing sample in
air. (b) Expanded graph of dotted and dashed curve@)jinVer-
tical scale at right is the error relative to plateau valueHor H,

larized samples or charge-free samples not subject to chargeH, =0. values forH, andH, in W/m?K. Range ofa=LH/«x is

injection, g(t) is proportional to the mean temperatyfE)

= [5T(t,y)dy, as previously indicatefisee Eq.(14)]. This

useful reference response is discussed presently.
Figure 3 shows the reduced mean temperatirgT..

0-1.25¢107 3.

of energy between the electrode and the dielectric results in
delayed entry of heat into the dielectric, with substantial ef-

plotted against logt, for the same thicknesses as beforefects on the diffusion process over a broad range of time.

(Fig. 2) and several contacting conditions specified Hby
andH, . The logyt plot conveniently showgT)/T,. over
many orders of magnitude. For=0 and Hy=H =0,
(T)IT,, rises instantaneouslffor a &function pulse from

C. Front-surface heat loss

Figure 4 shows the effects of heat loss from the incident

zero to the ideally constant maximum value of unity. Thesurface to atmospheric air. The reduced mean temperature is
electrode effects are seen by comparing the “100 nm” andshown for variousifly,H,) combinations for 100 nm Al. As

“200 nm” curves to the “no Al” curve. The electrode ef-
fects are manifested by a gradual rise(®)/T.. to a peak
value smaller than unity. Fad, >0 andr=0 (“no Al" ),

discussed in Sec. Il A, for small, (a few kelvin typically,
Hy includes loss by convection and radiation.
The combinations(0,») and (0,18) represent realistic

(T)IT,. shows a decay from unity starting at a time thatlimits (solid curve$ for a substrate-supported dielectric. The

depends orH, . This decay occurs at the earliest timés (
~r) for perfect thermal contacH; =), and at later times
for finite H_. For H >0 and r>0, (T)/T.. rises to an
r-dependent peak value. The decay 6j/T., from the peak
approaches an exponential for 7 but the semilogarithmic
slope actually depends dp, H, , and alsor. This has im-
plications for the common practice of determiniBgfrom
this slope, as discussed in Sed.HRb. ForHy=H =0,
(T)IT., approaches andependent limiting value fars> 7.

remaining combinations are for a free-standing sample in air
with H=Hy=H =(5,10,15,30) W/riK, representative of
actual valued! As expected, for the substrate-mounted di-
electrics considered herd, >H,, and the small heat trans-
fer into air has a minor effect at all experimentally relevant
times. Figure &) shows(T) at long times. The scale on the

y axis on the right side of the graph gives the percentage
deviation from the maximum reduced mean temperature. For
the assumed dielectric thickness ofdhn, the effect org(t)

In summary, the electrode has thermal buffering effects. Ibf neglecting the heat transfer to the surrounding &r (
absorbs thermal energy during the short thermal pulse bue 30 W/n? K) is smaller than 1% up to~1 ms. In all fur-

only slowly transfers it to the dielectrigransfer limited by
the diffusivity of the dielectrit. The time-dependent sharing

ther simulations and data analysis, we shall udg
=15W/n? K as a realistic valué6!
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FIG. 5. Uppermost curve:(T)/T.. vs logt for thermal pa- FIG. 6. Constant-MSE contour plots obtained when fitting

rameters of Sec. Ill, 0.3% noise. Next curve down: residuals aftef T)/T- in Fig. 5 by variation of two out of three thermal parameters
fitting (T)/T.. by variation of thermal parameters. Lowest three (D, «, andH) with the third kept at optimal valug¢a) D andH
curves: off-minimum residuals obtained by setting the parametewere varied(b) x andH, were varied; andc) x andD were varied.
indicated at rightt20% off its variationally optimal value. Shifted In (@) and(b), a, from Eq. (6) is shown as well asi, . The global
zero baselines shown by horizontal dotted lines. MSE minimum(point whereD, «, andH, have their optimal val-
ues lies at center of each plot. Inclination of ellipsoidal contour

) indicates correlation of parameters varied.
D. Thermal parameters for homogeneous field

- wherev is the Laplace transform af and£?=L2p/D with p
Figure 5 shows how the parametds «, andH,_affect as Laplace coordinate. A3 is contained irr, it affects the

q(t) in the case wherE is homogeneous and therefore temperature profiles nea=0. Thus, forr>0, D may be
q(t)=(T). The Slml_J|atedZ](t)0<<T> (up_per_most curvewas determined at short timedrom the calorimetric effects of
constructed by adding 0.3% noise(@ in Fig. 3 for 100 nm the electrodgor at long times.
Al, with acCL=1Cm/VK in Eq.(14) andT.=1K. This Variation of the three parameter® (k,H,) over a wide
q(t) was fitted using Eqs(4) and (5 with D, «, andH_  ange(on a log, scale,D and « were each varied by:-30%
treated as adjustable parameters &hg=15W/nP K. Note  gpqg H, was varied by+ 100% from their posited valugs
that any two of the three parametdds «, andpc may be  produced a unique minimum of the MSE at the posited val-
treated as independent, the third being determined by thges of the parameters. Figure 6 shows MSE contours ob-
definitionD = «/(pc). The fit gave the corred, x, andH_  tained by varying only two parameters at a time. Only the
at a unique MSE minimum. The residu&fext curve dowh  range of variation 0f£12.5% on the log, scale is shown.
form a noisy line on top of the zero baseline and also showrhe center of each plot corresponds to the global minimum.
the range fitted. The two-dimensional contour plots give graphical evidence
The other curvegshown shifted in steps 0f-0.2 unity  for the reliability of the fit(uniqueness of the minimunand
are “off-minimum” residuals obtained by Setting one pa- the correlation between the parameters_
rameter at a timgthe one indicated at the right of each  The ellipsoidal shape of the contour plots in Fig. 6 indi-
shifted baseline+20% off its posited value. The influence cates different sensitivity of the MSE to different parameters.
of each parameter is seen in a systematic, time-dependemhe statistical error, the ratio between the standard deviation
deviation of the residuals from each baseline. The range Qind the known values, is1% for D, ~2% for k, and~5%
influence of each parameter is consistent with the boundarjsr H, . The inclination of the principal axes of the ellipsoids
conditions[Egs. (2) and(3)] that come into play at short ( indicates the degree of correlation between the parameters.
<) and long (= 7) times, respectively. In the absence of correlation, the principal axes would coin-
A strong influence ofD and H, is expected at longer cide with the two coordinate axes. Correlation may be ex-
times when heat reaches the back surface. A strong influengsacted from Eq(5) whereN(x) contains terms that contain
of «x (and thusD) may be expected at short times{(7) to0  more than one thermal parameter. Additional comments may

from the boundary condition a&=0 in Laplace spac®, now be made about each contour plot.
1. D and H_
dv J i i
b (ré+ag)v= 70’ (25) Figure g{a) sho_ws .the contpur plot obtained whBnand
dz K H_ are varied whilex is set to its correct value. The angle of
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inclination of the closed contours is negative, because in-
creases in bottb and H, cause a stronger decay qft)

«(T) (see also Sec. lIE2b below). The fitting procedure
gave the same minimum when the noise was increased from
0.3% to 1% and then to 3%.

i
I

. @& with 2 S8 |
100 nm Al

N

qE"\without electrode

? 1 |

0.0 0.5 1.0
reduced depth

2.k and H_

(=]

Figure @b) shows MSE contours wher and H, are
varied. The angle of inclination is positive because at long
times ¢>7) the ratioh, =H, /kx determines the boundary
condition atz=L [Eg. (3)], meaning an increase &f, has
the same effect as a decreasexofThe robustness of the penetration depth (pum)

o electric field (arb. units)

—~~
~—

procedure against added noise is at least as good as that . 10
found whenD andH, were varied. @ 6 T
g
3. D andk a 4h .
Figure Gc) shows the MSE contours obtained whBn N
and « are varied. The angle of inclination i#545° because, Q 2 7
for a given value opc, an increase ok has the same effect 5 !
a residuals
as a decrease @. a0l
We note that the electrode effects qft) were suffi- = | 4 L L T L
ciently large(for 100 nm A to allow D and « to be found £ 107 10° 10° 10° 10°
even when the fitting range was deliberately restricted to ;
- . o D 4 (b) time (s)
< 7. Finding a unique minimum in this case required that the
added noise level not exceed 0.3%. FIG. 7. Electrode effects in deconvolution(a) Solid curve,
“steplike” model E(y); dashed line, mean valWEp. Filled
E. Response and deconvolution for inhomogeneous(y) circles on solid curveE(y) obtained by deconvolution of TP re-
) _ sponse when 100 nm Al is assumed in both simulated response and
1. Electrode effects in deconvolution in deconvolution(statistical error bars smaller than filled circle di-

amete). Open symbolgin inse) and dotted lineE(y) obtained by
deconvolution when 100 nm Al is assumed in simulated response,
but not in deconvolutior{simulates neglecting electrode effects in
gata analysis (b) TP responses calculated from modsgly) and
residuals.

Figures Ta) and 8a) show the two modeE(y) profiles
(solid lineg for the simulations: the first, in Fig.(&), is
positive with a steplike decrease; the second, in Fag), 8s
negative with a displaced peaklike shape. Their absolut
mean value$Egey and(Epeqy. where(E)= [E(y)dy, are
set equal to each other and are shown by the dashed |ineS.dfépth, is larger forEge, than for Epes, and the fact
this section, we assume the thermal parameters are known jRat electrode effects ofi(t,y) are strongest at short times
order to discuss electrode effects in the deconvolution de¢rig. 3).
signed to determin&(y). TB responsesj(t) were there- Figures Ta) and 8a) also show pointgfilled and open
fore calculated from Eq(14) with T(t,y) given by Eqs(4)  circles with small error baysrepresentingE(y) obtained
and (5) with the known values of the thermal parameters.from the simulatedy(t) in Figs. 7b) and 8b) by deconvo-
The electrode effects are then included or excluded by th@tion. Residuals are shown in Figs(by and 8b). They
value assigned to. In this section, we use=0 (no elec-  show the fitting range as well as the quality of the fit.
trode or r=0.031 27 (100 nm Al). The filled circles(one is labeled “with 100 nm Al are

Figures Tb) and 8b) show separate sets of three calcu-optained when electrode effects are included in both the cal-
latedq(t). In each set, two are for the assumed inhomogecylation of the simulatedj(t) and in the deconvolution.
neousE(y). The noiseless solid curve is for no electrodeThese points reproduce the modg{y) (solid line9 quite
(r=0) and the noisy solid curve is for 100nmAl ( accurately. The region negr=0 is shown in the insets at the
=0.03127). The third curve in each set, the dashed curve, ig&p of Figs. 7a) and §a).
for homogeneous equal to the commogE), for, again, The open circles are obtained when electrode effects are
100 nm Al. Since absolute amplitudes qft) are not of included in the calculation of the simulatedt) but not in
concern in this paper, thgg(t) axes are graduated in arbitrary the deconvolutiofaccomplished by resettingin Egs. (4)
units corresponding tacCL=1 Cm/VKin Eq.(14). Com-  and (5)]. These points reproduce the modgly) well at
parison of the two solid curves for eadi(y) reveals the Jargey but show a sharply deviant dip negr=0. This dip
effects of the electrode ay(t) in the two cases. Comparison illustrates the large errorénot apparent in the residuals,
of the noisy solid curve and the dashed curve for é€a(y)  which remain small that may result if electrode effects
reveals the effects of the inhomogeneityHqy). present in acquired data are not considered in the data analy-

The effects of the electrode ay(t) are clearly stronger sis. The dip comes from associated error in determining the
for the steplikeE(y) than for the peaklikeE(y). This fol-  peak surface temperature. The dip does not appear for the
lows from the convolution integrdEq. (14)], from which it peaklike E(y) because thi€(y) is small or zero neay
may be seen thafJE(y)dy, where n represents a shallow =0.
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0 " be possible also for at least soraepriori unknown E(y)
. i profiles.

a. Unigueness of &) and values of thermal parameters
The existence of secondary minima in the MSE, albeit shal-
. A 1 lower ones than the correct one, for each of our two model
100 Am A ; E(y) raises questions about the possibility that the combined

© electrode deconvolution/variation procedure could yield a false global
. el T minimum in a general experimental situation. We cannot rule
0.0 0.5 1.0 out this possibility. So we suggest that, if multiple minima
are found, the principle of parsimotfyshould be used as a
guide for evaluating them. This means selecting the deepest
penetration depth (um) one that gives the smoothes(y).
01 1 10 In our simulations, we obtained spurious oscillations in
— E(y) if any of the thermal parameters took on values differ-
ing significantly from those assumed in calculatigt).
X _ A plausible mathematical formulation of the principle of
Seo with 100 nm Al . .
2Lk ~O\\— parsimony is based on the norm oE(y),|E(Y)|
/TN =[J5E3(y)dy]¥? which increases if the amplitude of the
B oscillations increases. The solutid(y) with the smallest
without_~ norm has the smallest oscillations and thus may be consid-
electrode T ered as the most probable one. The thermal parameters ac-
companying the most probabk(y) likewise may be con-
sidered the most probable ones. We emphasize that the self-
time (s) consistency methdd@'8itself provides only on&(y) for one
. . set of thermal parameters.
FIG. 8. Same as Fig. 7, but for the “peaklike” modg(y). b. Elaboration on simple determinations of Bimple de-
terminations ofD involve fitting experimentafj(t) at long

The above simulations suggest that a deviatiog(t) at  times ¢>7) where q(t) approaches a simple exponential
smallt (due to an inaccurateor x) could be compensated by decay according to both our model and a simpler drfég-
the creation of a deviation iE(y) at smally with only subtle  ure 9a shows the logq(t)| vst calculated using Eqg4),
effects on the residuals. The minimization procedure would5), and(8) for a 5.um-thick PI film with 200 nm Al elec-
make the residuals small at short times whe¢e) is most  trodes for three differer(y) profiles and two different, .
affected byE(y~0), but may not be able to keep the residu- Figure 9b) shows the same results on a log-log plot. The
als as small at long times. Similar comments apply to deviagffects of theE(y) profile are seen in the amplitude and
tions in . Finally, the importance of such effects and the position of the peak response in the time ramger. Elec-
diagnostic value of residuals depend on the shapg(g}, trode effects in the same range are seen in the curve for

which is unknowna priori in actual experiments. uniform E(y) as deviations from unity response, but these
effects extend to longer times as quantified below. In Fig.

9(a), curves with the samie, approach parallel lines at long
times (> r) specified by

o
T

]
[3,]
T

4L
o
T

electric field (arb. units)
£
=

—~
QO
~—

reduced depth

residuals

4k

-6

TP response ( arb. units )

—
O
~

2. Thermal parameters for nonuniform Ey)

In determiningg(y) from actual samples, the thermal pa-
rameters are generally unknown, or known only approxi- logyolq(t)|=w—st, (26)
mately. Parameters in manufacturer data sheets may not be
strictly applicable because of possibly different measuringvhere both the semilogarithmic slogeand intercepiv are
conditions. There is thus a need to investigate the feasibilitpositive. From Eq(4) in the limit t—oo, we obtain
of determining than situ thermal parameters in the process s=xSD/L2, where the rootx, [0<xy,<mw/2 from Eq. (5)]
of determiningE(y). Feasibility cannot be proven generally, contains the electrode and interfacial effects. When the elec-
but is illustrated here for our two modEgl(y). trode thermal mass is neglected and ideal thermal contact

We again used TP responses calculated fromElg) (H_ =) is assumed, as in the simpler modfelye obtain
models shown in Figs.(@) and &a) for fixed thermal param- Xy,=/2 and recover the result of the simpler modBl,
eters and 100 nm Al, and let the analysis procedure deter=4sL?/ 7?. We can now estimate errors D associated
mine the thermal parameters along will{y). For each with neglecting electrode effects and imperfect thermal con-
model E(y), the combined deconvolution and variational tact for the conditions used in Fig. 9.
procedure yielded a global minimum but, now, secondary From Eg. (5), neglecting a 100-nm-thick electrode re-
minima were also found. Still, the global minimum gave ducesx, by around 3.2% forH_ =<. This reducess and
satisfactoryE(y), as shown by filled circles in Figs(& and  leads to an error i of 6.4%. Imperfect thermal contact also
8(a), together with thermal parameter values in agreementeducesx,. For an assumedd =10°W/m?K consistent
with the known ones. As before, the residuals showed navith our results, we find that, is reduced by about 18% so
systematic deviations from the zero baseline, as in Figs. 7 that the error inD would be about 36%.
and 8b). The fact thaD, «, H,_, andE(y) could be found In Fig. 9@, we note that, asl; decreasegj(t) remains
simultaneously for both modét(y) suggests that this may exponential fort>7, but the semilogarithmic slopes



PRB 62 ELECTRIC-FIELD PROFILE AND THERMA. . .. 8525

T T T T T ’; T T T
:U_? "\\:_ § 6 B = Keassurned-’ls % 7]
R 10" 7 g
s TR SSSssaaa.. ®
a ......... ~ 4 -
- : )
o - 2
2 ; <
el g of ]
o o ks
o i N ®(a)
= 014
0.0 0.1 0.2 0.3 0.4 0.5
(a) time (ms) @
T Of .
penetration depth (um) 3
1 10 2
— ————rrr <
—_ ~ 5t =
@ k]
= o
> o
2 E -10F e
@ B
- T 0.0 0.5 1.0
%’ (b) reduced thickness
Q.
§ FIG. 10. Influence ofk deviation onE(y) obtained by decon-
o volution for (a) steplikeE(y) and (b) peaklike E(y). Deconvolu-
= tion with k= k,—15% (V) and with k= k,+15% (A) with con-

. stant hy=H, /k=H_,/k, (x, accepted value from Sec. )i
(b) time (s) Statistical error bars are smaller than symbols and are omitted for
. clarity. For(a), large deviationgsolid lineg are due to peak i&(y)
FIG. 9. (a) Log;dlq(t)| vst for ay-independenE and two peak-  eary—0 sensitizing short-range wherex has strong influence

like E(y) with the common mean valugE(y)), for 200 nm Al (see Fig. 6 For (b), no deviations becausg(y~0)~0 desensi-
electrode and m-thick PI film with thermal parameters of Sec. ;a5 short range of influence of.

Ill. Curves are parallel fot> 7, but are shifted along time axis
according toE(y). Numbers 16 and « refer toH, in W/m?K.
Note H, dependence of slope &t 7 with maximum slope for
H_=. (b) Same ada), except that plot igj(t) vs log(t). Note
dependence of|(t) on E(y) for t<7 and shift of decay fot>r
whenH, goes frome to 10 W/n? K.

these deconvolutions the value Hf was adjusted so that
hy=H_/«x=H_,/k, was constant, because the boundary
condition atz=L [Eq. (3)] depends orh, .

Large deviations in the determin&qy) are seen near the
front side in Fig. 10a) and not in Fig. 1(b). This is as
) ) expected from the range of influencesoftFig. 5 and for the
=s(D,H,) becomes increasingly dependentidn. As seen  particularE(y) profiles. The near-zer&(y) near the front

in Fig. Ab) and also in Figs. 3 and 4, a decreaselincauses sjde attenuateg(t) at short timegEq. (14)].
a shift of the decaying part @f(t) to longer times, suggest-

ing thatH_ determinesw, i.e.,w=w(H ). We suggest that
D andH, may be estimated simply fromandw by obtain-
ing simultaneous solutions to the equatisrss(D,H) and Commercial Kapton™ film Type 30HN, manufactured by
w=w(H), which is possible only for homogeneoks As  the Dupont Co., Wilmington, Delawar& was originally se-
seen in Fig. @), for inhomogeneoug&(y), the linear parts |ected for the experiments as a candidate reference material
of logo|q(t)| for the threeE(y) are parallel, meaning that  with supposedly “known” electrical and thermal properties.
depends orE(y). Thus, for an inhomogeneoly), D and  Its high glass transition temperatufa-300 °O seemed fa-
H_ may be determined simultaneously onl¥ify) is known  vorable for negligible charging at room temperature under
a priori (or is determined by our methods moderate bias voltages. Our results disclosed unexpected
c. Comments on determining The deconvolution proce- electrical behavior that severely tested our numerical meth-
dure also yields a best-fitting value of the thermal mass rati@ds. The results provide information about the behavior of
r. Using published values gfandc for the Al electrode and this polyimide.
the known thickness of the electrode and the dielectric, one Film samples were prepared in pairs bonded to individual
can deduce a value foic of the dielectric. From this and the substrates. This allowed application of only positive or nega-
value of D obtained from the deconvolution, the thermal tive voltage to any one sample. TP measurements before
conductivity « of the dielectric can be deduced from  applying a voltage to either sample provided “virgin” data
=Dpc. The effects of a+15% change ink (kz=« as reference. Substrates were 13 mm in diameter, flat-faced,
+0.15) in the deconvolution results are shown in Figs. oxygen-free copper cylinders. A silver-filled epd&yDur-
10(a) and 1@b) for a 5-um-thick film with a 100-nm-thick alco 120™ from Cotronics Corp., Brooklyn, NYvas used
Al electrode and the modd(y) in Figs. 4a) and 8a). For  as adhesive. The adhesive formed a thermally resistive layer

IV. EXPERIMENTAL SAMPLES
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T T T T T 0015 ¢ FIG. 12. Comparison of responsg(t) for the two virgin
g samplegsolid curves in Fig. 1jland front-surface temperature cal-
~ 0.000 & culated from Eqgs(4) and(5) (dotted ling. All curves normalized to
0 common value at=200 ns.
1 1 1 1 L _0015 g
o
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the samples that gave the virgin curves™and “ —,” re-
spectively, were obtained after the samples had been under

FIG. 11. (a) Measured responsg(t) for two Pl samples before +27 and—27 V, respectively, for two days at room tempera-
bias voltage appliedvirgin sampleg and after+27 V was applied  ture. This biasing time was needed for the samples to reach a
to sample that gavet) virgin curve and—27 V was applied to the  nominal charging steady state, as judged by the near-
other that gave thé-) virgin curve for two days at room tempera- cessation of evolution in the response.
ture. Shaded area outlines tail of laser pulse. Upper scale: depth  The shaded curve at the bottom left of Fig.(d1shows
=(2D1)' for D=3.6x10 °m?/s (=L att=1). (b) Residuals. the trailing part of a Gaussian fitted to the thermal pulse

) . . measured by a photodiode and sampled at 5 ns intervals. The

making T(t,y=L) not quite zero as in Fig. 1. The sample Gayssjan width was 70 ns with a standard deviation of 0.5
thickness wad. =7.5+0.1um based on ten measurementsyg The timet=0 was set at the peak of the Gaussian located
at random positions over the electroded region using a prezg ps pefore the beginning of the time range shown. The
cision mechanical gauge. The nominal electrode thicknes&eepest part ofi(t) inside the thermal pulse should be in-

was 227 nm as read from a Sloan thickness moffi@trthe  terpreted only qualitatively because of a 30 ns preamplifier
end of each evaporation. The electrodes, substrate, and laggle time.

beam had a common diameter of 13 mm, while the unelec- Tnhe horizontal axis on the top of Fig. (& shows the

troded part of the samples was around 25 mm. Guided byhermal penetration depi) calculated from the time scale at
measurements of the thermal properties of vacuum-depositgfe pottom usingd= (2Dt)Y2 with D=3.6x10 8m?s, a

62 _ — :
Al,%* we usedD=7.1x10 °m?s (a reduction of 8% from yaue consistent with results given beld®ec. V B. This
the bulk valug and «.=100W/mK (a reduction of 40% yie|ds a thermal transit time of=0.78 ms. Figure 1(b)

from the bulk valug. shows residuals to be discussed beldhey are shown as
part of Fig. 11 for convenienge
V. EXPERIMENTAL RESULTS The observation of a reproducible zero-bias response

. R from each virgin sample unambiguously indicates a stable
TP responseg(t) were measured in laboratory &4 °C, and unexpectede(y) of internal origin. As previously

40% relative humidity. As shown in Fig. 1,q(t) is the 3 : :
charge flowing from the front electrode to the rear eIectrodenOted’ whenE(y) comes from a charge singularity near the

in an external short circuit comprising a charge amplifier and’"'9n represented by @ funcnon_ aty=0, the response
a battery used as a bias voltage source. Positiveegative given by Eq.(14) becomes proportional to the transient tem-

bias means that the rear electrode is connected to the positi\Pgrature of the front surfacE(t,y=0). Figure 12 shows the

(or negative terminal of the battery, the other terminal being zero-bias V|rg|nq(t') alpng with Fhe calculated (t,y=0).
connected to system ground. All curves are arbitrarily normalized to a common value at

t=200ns. A strong similarity between the two virgifft)
andT(t,y=0) is clearly evident, indicating a sharp feature
in E(y) independent of any deconvolution procedure.
Figure 11a) shows TP responsegt) from two samples Figure 13 shows measured responggd) andq4(t) for
before and after voltage biasing. The curves labeled “virgina ring-mounted film sampléboth sides TP accessiblgor
samples” were obtained before the samples had any biasintpe TP applied to sideg=0 and 1, respectively. The two

A. TP responses
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FIG. 13. TP responsegy(t) andqy(t) of ring-mounted virgin FIG. 14. Difference responsegvirgin response removegd

sample(free standing, air on both sidesith thermal pulse applied A(+)=0q(+27V)—q(+) and A(—)=q(-27V)—q(-), from
to z=0 (175nmAl), upper curve, and=L (157 nm Al), lower  Fig. 11. Curves)(+27V) andq(—27V) shown for reference. Note
curve. Shaded area, tail of thermal pulse. separability into capacitive and injected parts.

. . . B. Spatial distributions
responses are similar. Small differences are attributed to

variations in electrode thickne$475 nm aty=0 and 157 The time range chosen for deconvolution was frog

=150ns tot,,5,=2 ms, as shown graphically by the range of

nm aty=1). Bothqg(t) andq,(t) approach zero asymptoti- ) X7 .
. < . the residuals in Fig. 1b). This range was sampled by 1700
cally at long times (> r) when T(ty) approaches spatial oints (the points up to 4us were 5 ns apart while the rest

homogenelty. Th|§ z_ero-homogeneous pyroelectric respon%ere acquired at logarithmically equally spaced intenvals
is a well-known indicatiofi that q(t) comes from charge

. - o The first bl id point inside th le was.
rather than dipolar polarizatiofunless the polarization hap- %:fo n|rr§ (ngassc glrllc}go'&n n(;ri]ssé Zmplietuzeémor;oemo 3%

pened to have a zero mearThese measurements SUggest a5 found by the deconvolution progrdiag. (20)], justify-

that charge layers exist agalns.t both surfaces of a foll samplﬁa|g the value used in the simulations. The negative sign of
before, and presumably after, it is glued to a substrate. Frofhe getermined charge layer is consistent with the negative
Eqg. (14), when a charge layer is at the sample/substrate iNgign for a.C in Eq. (14), as expected physically and from
terface, it is not expected to be easily observelite ex-  manufacturer's dat

ample, in Fig. 12 becausd(i) the thermally sunk interface  Figure 15 shows deconvolution results obtained from the
makesT(t,y~1)~0 at all times, and(ii) the decreasing TP responses in Fig. 1d). The smallness of the residuals
thermal gradient makes the spatial resolutitit* decrease  shown in Fig. 11b) indicates good fits over nearly four or-

with time and hence depth. ders of magnitude in time. The increasing residuals tfor
The four response curves in Fig.(&Lhave similar shapes
at short times (<3 us) where the lack of sign change for 0.5

+27 V bias indicates strong binding of the charge layer.
Thermal stability tests also showed strong binding of the
charge layer(annealing a virgin sample for two hours at
200 °C reduced the TP response by a factor of 3 but did not
eliminate i.

Figure 14 shows difference curved,(+)=q(+27V)
—q(+) andA(—-)=q(—27V)—q(—), obtained from Fig.
11(a). The sign of these two curves clearly depends on the
sign of the bias. The horizontal parts at early times come
from the electrode-charge term proportional#tdCV. This
term is expected to decay whees 7 as heat goes into the T
substrate, but this decay is masked by the broadly peaked 0.1 1 10
parts of A(+) andA(—) with peaks arounti=10 *s. These
parts are attributed to charge injection from the substrate
(positive charges for positive bias, negative charges for nega- fig. 15. Field profiles determined from Fig. (&2 by deconvo-
tive b|a$ The above observations indicate that the TP r'eqution: (V, V) from (+) Virgin curve and(+27 \/) curve, respec-
sponse has the expected bias-voltage-dependent contribgizely; (A,A) from (=) virgin curve and(—27 V) curve, respec-
tions, in addition to the bias-insensitive near-surface-chargevely. Statistical error bars, same size as symbols near front
contribution. surface, three times larger near rear surfageitted for clarity.

o
o

o
o

electric field (arb. units)

1
-
o

depth (um)



8528 PETER BLOR, AIMES. DEREGGI, AND HARTMUT SCHAER PRB 62

>0.3ms are attributed to subtle effects like those suggested 10° J/nt K estimated from the product data sheeDe-

in Sec. lllE 2 (last paragraphor from inadequacies in our creased thermal transport parameters for decreased sample
model. The logarithmic depth scale was chosen in Fig. 15 tehickness have been reported for other materials, for ex-
spread out the near-surface zone that contains the shagmple, diamond filnf® and amorphous SiDand SiN,
charge layer. Note that the slopdE/d(In2) is proportional  films.%¢” Such reductions are generally attributed to an in-

to z times the volume density of space chajge). creased influence of inhomogeneities.
From the determinett o= 6x 10 W/m?K and manu-
1. Virgin samples (no bias voltage) facturer’s data on the thermal conductivity of the conductive

epoxy®® kgue=9.3W/mK, the thickness of the epoxy layer
may be estimated. We 1é1; op= kgiue/ Lgiue, > WhereL ge

is the thickness of the layer. For a constant temperature gra-
dient in the layer, we obtaib,~150um. The mean of ten

The virgin samplegopen triangles in Fig. 15show a
downward-slopingz(In 2) for z<200 nm corresponding to a
negativep(z) layer of uncertain origin near the front surface.

For 200 nm=z<5 um, E(2) is nominally zero. The nega- measurements made with a precision differential gauge gave

tive dip in E(In 2) for z>5 um with a slope indicating nega- .
tive p(z) is believed to be meaningful based on simulations® thickness of 16820,.m. The above values are also rea-

using trapezoidal field profil&$(not shown, which gave the sonable from the Ag particle size of 20—pn specified by

) : the manufacturet®
correct sign for the slope dE(z) near the rear side when
E(z) went to zero over a distance5% L. This suggests that
at least the sign of the space charge can be determined in the
rear third, in spite of the reduced resolutf§iThe statistical V1. DISCUSSION
error bars are approximately the same size as the symbols A. Data analysis methodology
marking the data points near the front surface and three times
larger near the rear side.

To check that a charge layer could not have been a man
facturing artifact, we also performed preliminary TP mea-
surements on 1.Zam-thick PL films prepared by spin-
coating a precursor solutigh (Pyralin™ PI2555 on
polished silicon wafers and oven-curing them. Similar front-
surface charge layers were observed.

Our pyroelectric response equations enable the investiga-
l]ii_on of both the field/charge profile and the thermal proper-
ties of an electroded dielectric flm—including the thermal
resistance that may couple the film to a thermal sink. In
addition to extending profiling to thin films, the analysis pro-
vides insights applicable to the study of samples of any
thickness. The until now common practice of neglecting
electrode effects for thick samples is now seen as a probable
root cause of limited analytical resolution achieved in the
past(inadequate modglThe inclusion of electrode effects is

From Fig. 15, it is seen that a bias voltage shifts the fieldseen, in principle, to allow finding andD independently of
distribution at shallow deptti200 nm) without noticeably  each othefand thuspc= «/D,) along withH, , in addition
changing the slope. This is consistent with the earlier-notego E(y).
insensitivity of the bound charge density to an applied volt- wWhen applied to synthetic response data generated using
age. The deeper-lying structure E{In 2) that inverts when two different assumedE(y) and constant thermal param-

U is reversed is consistent with charge injection across theters, our data analysis methodology involving regulariza-

interfacial plane. The zero crossings in Fig. 15 indicate pention, deconvolution, and variation of thermal parameters suc-
etration of the injected charge to a depth of approximatelytessfully reproduced the “known”E(y) and thermal

2.5 um from the interfacial plane. Hints that positive charge parameters. The methodology thus passed our simulation
may penetrate deeper into the sample than negative chargigsts. The methodology is expected to work equally well

could be attributed to the injection being assisted by the fieldvhen applied to actual data from samples with homogeneous

2. Samples under bias voltage

of the front-surface charge. thermal properties. The possibility of inhomogeneous ther-
mal properties in our samples is raised by the lower-than-
C. Thermal parameters bulk value found foD, which was interpreted as an effective

value weighted strongly by the surface region. This interpre-

In the deconvolutionH, was assumed to be 15 \Aﬁm tation is strengthened by the argument below in the limit of a
typical of ambient ainsee Sec. I). By using the iterations singularE(y).

described in Sec. lll E, an unambiguous minimum was found

_ - _ ) Surface sensitivity of (). The surface sensitivity im-
in the MSE, in spite of the strongly inhomogenedtisy).

X : . parted by a singularity ifc(y) and its consequences in the

The optimal values of the varied parameters zcorreSpond'nQetermination of the thermal properties may be explored in

to this minimum are Doy=3.6X10°m7s, kot Eq. (14) by rewriting T(t,y) with an expanded argument

=0.1W/mK, andH .,=6x10*W/m’K. The uncertain-  T[t,y: «(y),D(y),etc] that showsy dependence in the ther-

ties based on one standard deviation &%, =10%, and  mal propertiegthe semicolon is used to separate the inde-

+30%, respectively. pendent variableg&,y) from the parametersg, D, etc) upon
The thermal diffusivity Do,=3.6X10"®m?/s is about which T also depends according to E@)]. WhenE(y) is

half the valueD =7.8x 10 8 m?s listed in the product data represented by a Diraé function at the front surface, Eq.

sheet for 25um-thick Kapton™ films® The thermal con- (14) becomes

ductivity xo,=0.1W/mK is about the same as the listed

value. This makes the ratiooy/Dgp=2.8x 10° I/NPK,

which is about 1.8 times the heat capacipc=1.5 q(t)eT[t,y=0;x(y=0),D(y=0),etc]. (27
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This trivial though rigorous result shows that only the sur-

face values ofc andD appear inq(t).

In our samplesq(t) is thus expected to depend on ther-

ELECTRIC-FIELD PROFILE AND THERMA. . ..
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C. Thermal properties of polyimide films

From Eq.(27), it appears that our smaller-than-bulk value

mal properties representative of the shallow depth of thdor D is an effective value strongly weighted by the surface

high-field region(<200 nn), much smaller than the film
thickness of 7.5um.

B. Electrical properties of polyimide films

region. Since our value for agrees with the bulk value; is
presumed homogeneous and the low valu® a$ attributed
to an enhanced heat capacity/D) near the surface. The
enhancement could be attributed simply to bound weéter

Stable near-surface negative charge layers were estaffnanced value lies between the values for bulk polyimide
lished in our samples by visual examination of TP data®"d Waterwith a contribution related to the chemical modi-
[q(t)=T(t,y=0)] as well as by the more elaborate decon-fication assoqated with binding. Flnall_y, a polaron model of
volution procedure. A chemical origin involving water seemscharge trappin§f suggests that a contribution to the heat ca-
plausible. Water is a by-product of the imidization reactionPacity could come from the bound charge layer.
and cured polyimide is known to take up a small percentage
of water from a moist environment. The dissociation of near-
surface water molecules by hydrolysis and partial oxidation
of the surface regions are suspected mechanisms for the de-
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