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A complete theoretical analysis of the laser photomodulated thermoreflectance signal from a
two-layer semiconducting wafer is presented. It is shown that the electronic and thermal properties
of a thin surface layer may be determined by using the measured induced photothermal signal.
Several numerical simulations are performed in order to study the influence of various electronic,
optical and thermal parameters of the two-layer sample on the photomodulated thermoreflectance
signal. The influence of the upper layer as well as the influence of the substrate on the signal are also
discussed and parameter regimes are identified, where the characterization of the thin overlayer may
be possible using this technique. ©1996 American Institute of Physics.@S0021-8979~96!04414-3#
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I. INTRODUCTION

Laser photomodulated thermoreflectance~PMTR! has
been used extensively in recent years for defect diagnost
in semiconducting wafers and several theoretical mode
have been developed in order to improve the analysis of t
results obtained by PMTR measurements.1–3 To render the
PMTR technique complete for quantitative analyses, seve
questions need to be answered, necessitating the deve
ment of new models suitable not only for homogeneous b
also for inhomogeneous semiconductors. Special attent
must be given to thin surface layers which are important fo
device processing in modern semiconductor technology. F
example, the majority of PMTR studies have been perform
on implanted semiconducting wafers which constitute a tw
layer system: the substrate and the implanted surface t
film. One of the main problems in this field is that monolaye
models are mostly used in order to interpret phototherma
induced signals obtained from layered wafers.1,4,5 This mod-
eling will likely be unable to exploit small, yet significant,
signal features associated with discrete or continuously va
ing surface layers, especially at high modulation frequenci
of the pump laser beam intensity.

Wurmet al.6 developed a two-layer model which can, in
principle, be used for quantitative analysis of experiment
data obtained from a thin implanted surface layer on crysta
line silicon. Unfortunately, thermal wave effects were ne
glected, as well as any changes with temperature in the th
mophysical properties of the optically heated semiconducto
which makes their model inadequate in the case where th
mal contribution plays a dominant role, such as with amo
phous implanted layers. Nevertheless, using this model, t
authors calculated recombination lifetimes of amorphous im
planted layers to be of the order ofms, which is too high for
amorphous silicon layers.7

The aim of this study is the development of a rigorou
two-layer model for laser PMTR which considers plasm

a!Electronic mail: costasc@earth.ns.ucy.ac.cy
b!On leave from the ‘‘Photothermal and Optoelectronic Diagnostics Labor
tory, Department of Mechanical Engineering, University of Toronto, Tor
onto M5S 1A4; Canada’’.
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and thermal effects, in order to describe the behavior of
photomodulated thermoreflectance. It is shown that t
model can constitute a tool for the correct evaluation of
optical, thermal, and electronic properties of realistic situ
tions in surface-processed wafers, especially those of the
erwise difficult to characterize surface layer.

In the next section, the mathematical development of
two-layer model is presented and some numerical sim
tions testing its validity are described. Section 3 prese
additional numerical simulations showing the influence
the various optical, thermal, and electronic properties of
thin surface layer on the behavior of the photothermal sign
Finally, concluding remarks are presented in Sec. 4.

II. PHOTOMODULATED THERMOREFLECTANCE
THEORY

The PMTR signal from a semiconductor wafer subject
photoexcitation from an intensity-modulated laser sou
~pump beam!, and detected via a co-incident unmodulat
probe beam, is the sum of thermal and plasma wave eff
and can be expressed by the following relation8:

DR

R
5CTDT1CNDN, ~1!

whereR is the reflectivity at temperatureT, CT andCN are
the temperature and photoexcited plasma reflectance co
cients, respectively, andDR, DT, andDN are the local varia-
tions in reflectivity, temperature, and plasma density, resp
tively. In order to evaluateDT and DN and obtain the
induced photomodulated thermoreflectance signal, the c
plete thermal and plasma diffusion equations for an isotro
semi-infinite medium ignoring non-linear effects, must
solved9,10:

]~DN!

]t
5DE¹2~DN!2

DN

t
1

]n0
]T

DT

t

1Fcp~r !ae2azeiv0t, ~2!

-
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]~DT!

]t
5DT¹

2~DT!1DT

Eg

x

DN

t

1DTS hn2Eg

x DFcp~r !ae2azeiv0t, ~3!

whereDT andDE are the thermal and electronic~ambipolar!
diffusivities, respectively,t is the recombination lifetime,n0
is the equilibrium free-carrier density.F is the incident pho-
ton flux, v0 is the angular frequency~v052p f ; where f is
the modulation frequency!, x is the thermal conductivity.Eg

is the band gap energy, andhv is the photon energy of the
pump beam.cp is the Gaussian distribution of the pum
beam and is given by the expression:

cp~r !5e22r2/ap
2
, ~4!

whereap is the laser-beam spot size. For the case of re
tively low temperatures and low doping densities, the te
describing intraband thermal activation~the third term on the
right hand side of Eq.~2!, is negligible9–13and will be omit-
ted in the ensuing theoretical development. In order to so
the system of the coupled differential Eqs.~2! and ~3!, it is
convenient to convert to their temporal Fourier-transfo
domain.14 The system of the transforms can thus be writ
as follows:

¹2~D̃N!2zE
2~D̃N!52p

Fcp
~r !

DE
ae2azd~v2v0!, ~5!

¹2~D̃T!2zT
2~ D̃T̃!

52
Eg

x

D̃N

t
12p

hn2Eg

x
Fcp~r !ae2azd~v2v0!,

~6!

wherezE andzT are the plasma-wave and the thermal-wa
numbers, respectively

zE5A11 ivt

DEt
, ~7!

zT5A iv

DT
. ~8!

In what follows the harmonic dependence on time of b
DN andDT fields will be implied throughout, and the tild
will be dropped from their Fourier transforms. Thre
dimensional solutions to the diffusion equations are nee
in order to evaluate the photothermal signal, Eq.~1!. Consid-
ering the axial symmetry of the problem governed by
pump laser beam, a solution can be obtained by using
Hankel transformation3 of Eqs. ~5! and ~6!. The Hankel
transform of the source term, Eq.~4!, is written as follows:

ĉp~l!5E
0

`

e22r2/ap
2
J0~lr !rdr5

ap
2

4
e2l2ap

2/8. ~9!

The number of absorbed photons per secondF, is given by
the relation:

F5
2~12R!P

hnpap
2 , ~10!
1714 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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where typical values forR, hn, and the incident intensity,P,
are given in Table 1. Furthermore, the Hankel transformatio
allows the system of differential Eqs.~5! and ~6! to be re-
duced to ordinary differential equations for the Hankel trans
forms DÑ(z,l) and DT̃(z,l) which are functions of the
depth coordinate,z, and the spatial frequency,l:

d2D̂N

dz2
2~zE

21l2!~D̂N!52p
Fĉp~l!

DE
ae2azd~v2v0!

~11!

and

d2D̂T

dz2
2~zT

21l2!~D̂T!

52
Eg

x

D̂N

t
22p

hn2Eg

x
Fĉp

~l!ae2azd~v2v0!.

~12!

In the case of a two-layer, electronically active sample th
above system of equations can yield a different solution fo
each layer in the geometry of Fig. 1, where the substrate
assumed to be semi-infinite. The various contributions to th
photothermal signal are listed below. Each integration con
stant of the Fourier-Hankel transformsDNj and DTj , ~j
51,2! is multiplied byd~v2v0!. This factor gives the nec-
essary selectivity of the angular frequencyv5v0 among all

FIG. 1. Cross-sectional view of the PMTR model of an electronic materia
with two active layers.

TABLE I. Thermophysical, electronic, and optical parameters of the silicon
substrate used in all PMTR simulations.

Material constantsa,b Symbols Values

Substrate reflectivity at 632.8 nm R 0.35
Thermal conductivity of the substrate x 1.5 W/cm K
Gap Energy of the substrate Eg 1.79310219 J
Temperature coefficient of Si at 632.8 nm CT 131024 K21

Plasma coefficient at 632.8 nm CN 1.6310222 cm23

Optical absorption coefficient of substrate a2 13104 cm21

Electronic diffusivity of substrate DE2
18 cm2/s

Thermal diffusivity of substrate DT2
0.9 cm2/s

Recombination lifetime of substrate t2 36431026 s
Surface recombination velocity of substrate s2 4197 cm/s
Doping density of substrate N2 631014 cm23

aRef. 19.
bRef. 2.
Christofides et al.
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possible frequencies of the resulting wideband photother
spectrum. In what follows all factorsd~v2.q0! will be
omitted from the calculations and allv-dependent Fourier
Hankel transforms will be understood to yield the inver
Fourier transform automatically by settingv5v0, once the
inverse Hankel transform of a particular term has been
culated analytically or numerically. For the plasma contrib
tion the solutions of Eq.~11! are:

DN̂1~l,z!5A1~l!e2q1z1B1~l!eq1z

1C1~l!e2a1z ~0<z<z1! ~13!

and

DN̂2~l,z!5A2~l!e2q1~z2z1!1B2~l!eq1~z2z1!

1C2~l!e2}2~z2z1! ~z1<z,`!. ~14!

For the thermal-wave contribution, the solutions of Eq.~12!
are:

DT̂1~l,z!5Y1~l!A1~l!e2q1z1Y1~l!B1~l!eq1z

1H1~l!e2p1z1E1~l!ep1z1F1~l!e2}1z

~15!

and

DT̂2~l,z!5@Y2~l!A2~l!1H2~l!#e2q2~z2z1!

1F2~l!e2}2~z2z1!, ~16!

where

q1~l!5AzE1
2 1l2, ~17!

q2~l!5AzE2
2 1l2, ~18!

p1~l!5AzT1
2 1l2, ~19!

and

p2~l!5AzT2
2 1l2. ~20!

Subscripts 1 and 2 refer to the film layer and substrate,
spectively~see Fig. 1!. The functionsA1~l!, A2~l!, B1~l!,
C1~l!, C2~l!, Y1~l!, Y2~l!, H1~l!, H2~l!, E1~l!, F1~l!, and
F2~l! in Eqs.~13!–~16! can be found by using the appropr
ate boundary conditions for Hankel transforms which res
from the continuity and boundedress of the plasma-
temperature-waves at the various interfaces: Four boun
conditions can be written for plasma continuity and carr
flux conservation at the film substrate interface,z5z1, at the
surface,z50, and atz→`:

]DN̂1~z!

]z
U
z50

5
s1
DE1

DN̂1~0!, ~21!

DN̂1~z1!5DN̂2~z1!, ~22!

FDE1

]DN̂1~z!

]z
2DE2

]DN̂2~z!

]z G
z5z1

5s2DN̂2~z1!, ~23!

limz→`DN̂2~z!50. ~24!
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996

Downloaded¬18¬Jul¬2008¬to¬128.100.49.17.¬Redistribution¬subjec
mal

se

al-
u-

re-

i-
ult
nd
ary
ier

Four additional boundary conditions from the continuity o
the thermal waves and heat fluxes at the various interfa
result in the following additional relationships for the Hanke
transforms:

]DT̂1~z!

]z
U
z50

52
Eg1s1

x1
DN̂1~0!, ~25!

DT̂1~z1!5DT̂2~z1!, ~26!

FDT1

]DT̂1~z!

]z
2DT2

]DT̂2~z!

]z G
z5z1

5
Eg2

r1c1
s2DN̂2~z1!,

~27!

limz→`DT̂2~z!50. ~28!

Henceforth it will be assumed thatEg15Eg25Eg . To obtain
solutions, the Hankel transforms of plasma density,DNj ,
and temperature,DTj ~j51,2!, must be integrated over the
surface of the probe beam. The two components avera
over the surface are given as a result of the convoluti
between the pump and probe beams13

DN1~z50;v!5CNE
0

`

DN̂s1~l,z50,v!e2l2as
2/8ldl

~29!

and

DT1~z50;v!5CTE
0

`

DT̂s1~l,z50,v!e2l2as
2/8ldl,

~30!

where

S DN̂s j~l!

DT̂s j~l!
D 5S DN̂j~l!

DT̂j~l!
De2l2ap

2/8; j51,2. ~31!

The two termsDN1 andDT1 are presented in the Appendix
as is the radius of the probe beam.

It is important to note that in the case of thin films th
term ~12R! in Eq. ~10! is not completely correct. A more
precise representation of this term should consider:15–17 the
incident power at the air-film interface, the reflection coeffi
cient of the interface and the multiple reflections in the va
ous layers. In the present analysis, however, multireflect
phenomena and optical interference phenomena are not c
sidered. Such effects are not significant when monoch
matic light is used with wavelength outside the range of t
thin-film thickness. In the case of implanted surface laye
the absence of a sharp interface between upper layer
substrate precludes the appearance of pronounced inte
ence fringes. Furthermore~Appendix and Ref. 15!, the opti-
cal interferences, and generally the presence ofF, only in-
fluence the absolute and not the relative amplitudes of
PMTR signal.

The validity of the two-layer model was verified in the
limit by comparison with existing monolayer models.1–3,10,18

For this purpose two identical layers~same physical proper-
ties! were used in the simulation. The surface recombinati
velocity at the interface,z5z1, was taken equal to zero. This
consideration leads to the annihilation of the interface as
charge trapping region, making the two layers identical a
1715Christofides et al.
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equivalent to a homogeneous single layer system. The
merical simulations using the two models are presented
Fig. 2 where it is clearly shown that the monolayer and tw
layer models yield identical responses. The actual numer
values obtained from the simulations from the two mode
differ by less than 0.1% for the amplitude calculation an
less than 1% for the phase calculation. The small differen
are the results of round-off errors due to different compu
packages~Mathcad and Fortran 77! used for the evaluation
of integrals involved in the Hankel transformation.

III. PARAMETRIC INVESTIGATIONS OF THE PMTR
SIGNAL

Nearly all of the previously mentioned parameters, i
cluding si , ti , DEi , DTi andai ~with i51,2! exhibit a de-
pendence on impurity ion concentration, which affects t
photothermal signal. Initially, these electronic, optical, an
thermal parameters were fixed for the crystalline silicon su
strate layer 2~see Table I!. By changing the surface film
~layer 1! parameters~see Table II! an estimation was made o

FIG. 2. PMTR signal vs frequency for Si:~n! Two-layer model and~s!
monolayer model;~a! Amplitude and~b! Phase. All material constants were
obtained from Tables I–III.
1716 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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the influence of these parameters on the total PMTR sig
Based on these results, it will be seen that the present t
layer model offers the possibility of quantitative non
destructive evaluation of thin implanted layers on thick~in-
dustrial! semiconductor substrates. The values of t
experimental constants used in the simulations are given
Table III.

A. Dependence on the optical properties of the
overlayer

In order to study the influence of the optical absorpti
coefficient of the surface layer on the photomodulated th
moreflectance signal, several numerical simulations w
performed by varyinga1 between 10° and 107 cm21. Figure
3 shows the variation of the resulting photothermal signal
a function of the modulation frequency with various optic
absorption coefficients of the thin overlayer as parameters
appears from Fig. 3~a! that the optical absorption coefficien
of the thin layer has little effect on the PMTR signal amp
tude. On the other hand, the phase lag@see Fig. 3~b!# can
offer higher resolution in regard to the optical absorpti
coefficient of the thin layer at high frequencies, when t
thermal diffusion depth of the photogenerated thermal wa
is commensurate with the optical absorption depth and of
same order of magnitude~' mm! as the surface layer thick
ness. The phase curve is saturated at low modulation
quencies,f , where the overlayer is totally thermally thin, a
expected.21 At high f , the phase lag decreases with increa
ing a1, since the thermal-wave ‘‘center-of-mass’’~heat cen-
troid! shifts toward the surface of the overlayer~the location
of minimum thermal lag!. Figure 3~b! further indicates that a
high-frequency scan in a PMTR experiment may yield t
value of thermal diffusivity of a semiconducting overlayer,
an independent optical measurement of its absorption co
cient can be made. Knowledge of surface layer thermoph

TABLE II. Thermophysical, electronic, and optical parameters of the s
face thin film used in all PMTR simulations.

Material constantsa,b Symbols Values

Optical absorption coefficient of the film a2 53104 cm21

Electric diffusivity of the film DE1
10 cm2/s

Thermal diffusivity of the film DT1
0.9 cm2/s

Recombination lifetime of the film t1 5.531026 s
Surface recombination velocity of the film s1 2.73105 cm/s
Doping density of the film N1 531017 cm23

aRef. 19.
bRef. 20.

TABLE III. Experimental constant parameters.

Experimental constants Symbols Values

Modulation frequency f 1–1000 kHz
Pump beam intensity P 43 mW
Pump beam energy hn 2.548 eV
Pump beam radius ap 21 mm
Probe beam radius as 21 mm
Pump beam wavelength l0 632.8 nm
Christofides et al.
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cal properties is otherwise difficult to obtain and of majo
interest owing to their control of the thermal stability an
electronic performance of processed devices.

Figures 4~a! and 4~b! present the variation of the photo
thermal amplitude and phase, respectively, as a function
the optical absorption coefficienta1 of the film, with differ-
ent modulation frequencies as parameters. Consistently w
Fig. 3, the signal amplitude is not highly dependent on t
absorption coefficient of the overlayer. The phase is mo
sensitive toa1 especially at increased frequencies. At 1 MH
three regimes are evident: Fora2,103 cm21 the film is op-
tically thin, whereas fora2.105 cm21 the film is optically
opaque.

The phase lag decreases with increasinga1 as discussed
in Fig. 3, with the transition region occurring when the op
tical absorption deptha1

21 becomes commensurate with th
thermal diffusion length in the bilayer structure. Photothe
mal saturation sets in ata1.106 cm21, when the optical ab-
sorption depth of the overlayer~and of the entire structure!
becomes much shorter than the thermal diffusion leng

FIG. 3. PMTR signal vs frequency for various optical absorption coef
cients of the thin overlayer of 1mm thickness;~a! Amplitude and~b! Phase.
All other constants of the two layers are given in Tables I–III.
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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~'5.5 mm!. For frequencies less than 10 kHz, the film i
entirely thermally thin and therefore no variation in the sig
nal phase is observed, whereas the PMTR signal amplitu
increases slightly linearly between 103 and 104 cm21.

B. Dependence on the electronic properties of the
overlayer

Figure 5 presents the signal amplitude as a function
the modulation frequency with various electronic diffusio
coefficientsDE1

of the thin overlayer as parameters betwee
1024 and 18 cm2/s. For amplitude signals, Fig. 5~a!, DE1
plays a significant role, especially for modulation frequen
cies less than 105 Hz. The ‘‘bend’’ aroundf510 kHz exhib-
ited by all curves in Fig. 5 is due to the stored energy in th
electronic ~plasma! system of the overlayer above the fre
quency wherev0t1'1 occurs. The signals shown are domi
nated by the thermal component of PMTR due to the optic
heating of the lattice. At low frequencies the non-monoton
behavior of the curves with increasingDE1

is the result of

- FIG. 4. PMTR signal vs overlayer optical absorption coefficient,a1, for
various modulation frequencies;~a! Amplitude and ~b! Phase. All other
constants of the two layers are given in Tables I–III.
1717Christofides et al.
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several competing processes: At very lowDE1
, curveL, the

photoexcited plasma releases its stored energy locally
component of the measured thermal-wave fraction of
overall signal; asDE1

increases a portion of photogenerat
free carriers diffuse outside the area of the probe be
which depresses the overall signal~curve,!. A further in-
crease inDE1

~curve n! enhances significantly the fre
plasma density component of the PMTR signal, which,
turn, generates an enhanced thermal-wave contributio
low frequencies, through nonradiative energy convers
Further increases inDE1

, although capable of generating in
creased free-carrier densities, result in lower PMTR am
tudes~curvesh, s!, because the diffusive carrier losses o
of the probed region of the overlayer also increase and s
rate forDE1

> 18 cm2/s. Overall, the deconvolution of th
various plasma- and thermal-wave contributions to
PMTR signal as a function of the carrier diffusion coefficie
of the overlayer is complicated, yet the effect of this layer
shaping the frequency response of the entire two-layer st

FIG. 5. PMTR signal vs frequency for various electronic ampibolar dif
sivitiesDE1

of the thin layer;~a! Amplitude and~b! Phase. All other con-
stants of the two layers are given in Tables I–III.
1718 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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ture is significant. The phase responses at low frequenci
Fig. 5~b!, follow similar trends to those of the amplitudes
with the more positive phases indicating a higher weight o
the thermal-wave component. At high frequencies, in pa
ticular, the wide separation of the phase curves offers ad
tional and valuable information on the relative strengths o
the two signal components which, when taken indepe
dently, differ by 180° owing to the opposite signs ofCT and
CP , Eq. ~1!. On the other hand, the PMTR amplitudes es
sentially saturate at high frequencies, Fig. 5~a!, such that
v0tD.1: They become dominated by roughly equal contr
butions between the lattice-generated thermal-wave and
plasma-wave and independent of the free-carrier diffusio
coefficient of the overlayer. HeretD is the carrier diffusion
time out of the probe beam-defined area of radiusas :tD
'as

2/DE1
.

Figure 6 presents the variation of the PMTR signal as
function of the electronic ambipolar diffusion coefficient
DE1

of the film, with different modulation frequencies as
parameters. Further insights on the role of this importa
parameter may be obtained from this type of plot. The ge
eral trend in the amplitude signal, Fig. 6~a!, is the well-

fu-

FIG. 6. PMTR signal vs ambipolar diffusion coefficientDE1
of the thin

overlayer, for various modulation frequencies;~a! Amplitude and~b! Phase.
All other constants of the two layers are given in Tables I–III.
Christofides et al.
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re
known monotonic decrease with increased modulation
quency. The non-monotonic features along each curve ca
explained~i! by the increased free-carrier densities with
creasingDE1

, contributing to the overall thermal-wave dom

nated PMTR signal through nonradiative recombination,
lowed ~ii ! by the decreased locally probed densities as t
diffuse away from the interrogated region faster, whenDE1
becomes very large. The phase curves exhibit increased
with increasing frequency, gradually shifting toward
plasma-wave domination manifested by the large ph
change in the negative direction, Fig. 6~b!. Nonradiative re-
combination contributions to the thermal-wave compon
decrease with increasingDE1

at high f , such thatv0t1.1,

with either larger free-carrier densities storing the optical
ergy or simply moving out of the probed region at very hi
DE1

’s carrying along the photoexcitation energy. Cons

tently with earlier remarks, the PMTR phase offers a mu
higher resolution of small dominating signal differences th
the amplitude, e.g. by the plasma component at highf , be-
tween otherwise roughly equal components of opposite
~see Fig. 6~a!, ,!

Figure 7 presents the PMTR signal amplitude and ph
as a function of the modulation frequency for various reco
bination lifetimest1 for the thin-film layer, between 1029

and 1024 sec. In all cases, the recombination lifetime,t2, of
the substrate was assumed to be 364ms.19,20The recombina-
tion lifetime of the surface layer plays an important role
the PMTR signal amplitude: At very lowt1, nonradiative
recombination produces a large, dominating thermal-w
component of the total signal, Fig. 7~a!, curves. As t1 in-
creases, the free-carrier plasma wave component rises
nificantly and monotonically, thus depressing the amplitu
of the total signal owing to the negative sign of the plas
reflection coefficientCN , Eq. ~1!. The PMTR phase als
shifts to negative values with highert1, as a result of the
increased strength of the free-carrier component. At v
high t1~.1026 sec! the plasma-wave component saturat
thus forcing the PMTR amplitude and phase themselve
saturate. The signal amplitude cross-overs observed in
7~a! at ;104 Hz are due to the fact that at low frequencie
an increase int1 retains the absorbed optical energy sto
for an increased time before releasing it as heat, which
sequently diffuses away from the probed volume, mostly i
the substrate. Therefore, it turns out that fort1.1028s a
relatively small, but measurable, increase in the therm
wave component occurs at lowf as more of the relatively
later appearing, nonradiatively released, energy is probed
fore its out-diffusion as compared to thermal energy dep
ited earlier, which, therefore, had more time to diffuse ou
the probed region. These small energy increases are cl
limited by the recombination lifetime. This effect satura
for t1.1025 s. At high frequencies the relatively strong
increase in the plasma component witht1 dominates any
thermal gains due to constrained out-diffusion. The resu
the observed signal amplitude crossover. The trends sh
in Fig. 7 can be experimentally important, because they
be accosted in cases where one performs measurement
on amorphous silicon deposited on a crystalline subst
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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with deposition process-dependent lifetime. A differe
viewpoint of the same phenomena can be obtained, by stu
ing Fig. 8 which presents PMTR amplitude and phase
recombination lifetime with the modulation frequency as
parameter. For all frequencies the PMTR amplitude gen
ally decreases monotonically with increasing lifetime as e
pected from the enhanced plasma-wave component as
cussed in the context of Fig. 7. This behavior was obser
experimentally ona-Si films with very fast lifetimes.22 The
non-monotonic behavior of the low-frequency curves, Fig.
8~a!, is due to the increased efficiency of heat trans
mechanism~thermal-wave! by free carriers in the overlaye
with suitably delayed nonradiative recombination. This e
fect corresponds to the mechanism causing the amplit
cross-overs in Fig. 7~a!.

The surface recombination velocity,s, is a phenomeno-
logical parameter that expresses the probability of recom
nation at the surface of the sample and its effects are so
what similar to the recombination lifetime in thin-film layers
where ‘‘surface’’ and ‘‘bulk’’ are not clearly separate re

FIG. 7. PMTR signal vs frequency for various lifetimest1 of the thin over-
layer; ~a! Amplitude and~b! Phase. All other constants of the two layers a
given in Tables I–III.
1719Christofides et al.
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gions. The main difference betweens andt is the fact thatt
is inversely proportional to the recombinatio
probability.20,23 Low recombination probability is expresse
with high values fort1 and small values fors1. Considering
this fact, the free-carrier concentration dependence ofs1 was
taken to be the inverse of that oft1. Figure 9 presents the
variation of the PMTR signal vs modulation frequency f
various surface recombination velocitiess1, of the overlayer.
In all cases, the interface recombination velocity,s2, was
assumed to be 4197 cm/s.19 Interesting observations corre
sponding to the lifetime dependencies can be made here.
general trend in Fig. 9~a! is an increase of the PMTR signa
with increasings1.103 cm/s. This is due to the suppressio
of the plasma-wave component and efficient conversion
the optical energy to heat on the overlayer surface, resul
from high values ofs1. For s1,104 cm/s, a strong plasma
wave component forces the phase, Fig. 9~b!, to take on very
negative values at high frequencies, a sign of its domina
by the plasma-wave. The slight amplitude inversion at lo
frequencies for curvess, h in Fig. 9~a! is due to a small

FIG. 8. PMTR signal vs lifetimet1 of the thin overlayer, for various modu
lation frequencies;~a! Amplitude and~b! Phase. All other constants of th
two layers are given in Tables I–III.
1720 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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decrease in thermal-wave component withs1513102 cm/s
because of enhanced heat out-diffusion from the prob
sample volume. The same mechanism is also responsible
the appearance of the very mild PMTR amplitude peak
f'104 Hz, in curves,h ands and of the well-resolved peak
for curve n. The simulations have shown that this pea
shifts slightly to higher frequencies fors1.102 cm/s and
becomes most pronounced in the ranges1'103 cm/s, curve
n, where the thermal-wave sampling rates~modulation fre-
quency! becomes commensurate with the surface and in
face heat release rate due to the similar values of surface~s1!
and interfaces2 recombination velocities. This ‘‘matching
rate’’ condition minimizes the out-of-probed-volume hea
diffusion losses and becomes responsible for the emerge
of PMTR signal peaks, whose frequency position may th
be used to estimates2, a very difficult parameter to measur
with other techniques.

Thes1 dependence of the PMTR signal with modulatio
frequency as a parameter is shown in Fig. 10. The highs1
regions in the amplitude channel saturate at levels hig
than the low-s1 regions, as expected, due to the enhanc
optical-to-thermal energy conversion in the former regio

FIG. 9. PMTR signal vs frequency for various surface recombination
locities s1 of the thin overlayer;~a! Amplitude and~b! Phase. All other
constants of the two layers are given in Tables I–III.
Christofides et al.
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Consistently the phases are dominated by thermal-wave
fects in the high-s1 regions, irregardless of the frequency.
the low-s1 regions, the high-frequency phases~f>105 Hz!
are mainly due to plasma-wave contributions and thus
dergo very strong shifts toward less negative values ac
the transition region~103 cm/s,s1,105 cm/s!. The low-
frequency phases preserve the thermal-wave dominanc
most throughout the entires1 range, with the exception of the
transition region. The ‘‘matching-rate’’ condition discusse
in the context of Fig. 9, which yields a PMTR signal pea
~most pronounced fors'103 cm/s! is responsible for the
anomalies exhibited in the transition region of Fig. 1
namely the undershoot/overshoot extrema in Fig. 10~a!,
curvess,h and similar features in the respective curves
Fig. 10~b!. Experimentally, the matching-rate condition ma
be used in a plot like Fig. 10 to extract the difficult-to
measure interface recombination velocitys2 from low fre-
quency PMTR signals, provided samples are available w
controlled but variable overlayer recombination velocity,s1.

FIG. 10. PMTR signal vs surface recombination velocitys1 of the thin
layer, for various modulation frequencies;~a! Amplitude and~b! Phase. All
other constants of the two layers are given in Tables I–III.
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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C. Dependence on the thermal properties of the
overlayer

Figure 11 presents the variation of the PMTR signal as
function of the modulation frequency with various therma
diffusivities DT1

as parameters in the range of 1 to 131024

cm2/s. It can be seen that the signal amplitude depen
strongly onDT1

especially at low modulation frequencies
As expected, at high modulation frequencies it is very diffi
cult to measure the influence ofDT1

on the photothermal
amplitude since this regime is dominated by the plasma co
ponent. Figure 11~b! shows that the phase signal is muc
more sensitive to the influence of the thermal properties
the overlayer. The various non-monotonic trends in Fig. 1
are easier to understand with the help of the plots in Fig. 1
This figure shows the dependence of the PMTR signal
thermal diffusivityDT1

at constant frequency, with various
frequencies as parameters. The constant signal levels~ampli-
tude, Fig. 12~a!, and phase, Fig. 12~b!! at very low diffusivi-
ties are indicative of semi-infinite solids, in which the

FIG. 11. PMTR signal vs frequency for various thermal diffusivitiesDT of
the thin layer;~a! Amplitude and~b! Phase. All other constants of the two
layers are given in Tables I–III.
1721Christofides et al.
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launched thermal wave does not cross the boundary to
substrate, under the condition for the thermal diffusi
length zT1 ! L1 ~see Eq.~8!!. Deviations occur forDT1
. 1022 cm2/s, when thermal-wave interferences between
front and back interfaces of the surface overlayer cause
curves to exhibit minima. This yields non-monotonic tren
also manifested in Fig. 1. A well-known characteristic
thermal-wave interferometry24 is the shift of the amplitude
minimum position to a higher diffusivity value as the mod
lation frequency increases, since these two parame
change the probe thermal diffusion length in the same di
tion. The position of the amplitude and phase minima in F
12 can yield information on the value of the thermal diff
sivity of the overlayer, if its thickness is known. The ve
large increases in the amplitude and phase shifts above
range ofDT2

' 0.1 cm2/s are due to the eventual dominatio
of the PMTR signal by the free plasma-wave of the substr
Characteristic of this domination is the phase shift to ne
tive values, as expected from the Drude term in Eq.~1!.

FIG. 12. PMTR signal vs thermal diffusivityDT1
of the thin layer at various

modulation frequencies;~a! Amplitude and~b! Phase. All other constants o
the two layers are given in Tables I–III.
1722 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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D. Dependence on free-carrier concentration in the
overlayer

In Secs. III A–III C the influence of various optical,
electronic, and thermal properties of the thin surface layer
the PMTR signal was numerically calculated and physica
discussed. The conclusions arrived at can provide only
sights based on the artificial process of fixing all but on
variable. This is not correct in practice,19,20but is very useful
for giving indications of various trends. Following the sam
philosophy, in this last subsection, the dependence of
photothermal signal on the doping concentration of the th
surface layer is presented. Figure 13~a! shows the variation
of the PMTR amplitude and phase as a function of modu
tion frequency for various doping densities of the thin su
face layer from 131010 to 131020 cm23. In all cases the
substrate doping density was 63104 cm23. As was expected,
both phase and amplitude decrease as a function of f
quency. The co-incidence of curvesh,s with N1,N2 , in-
dicates that it is impossible to photothermally measure co

FIG. 13. PMTR signal vs modulation frequency for various concentratio
N1; ~a! Amplitude and~b! Phase. All other constants of the two layers ar
given in Tables I–III.
Christofides et al.
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centrations less than that of the dominating substrate a
experimentally attainable frequencies. Also difficult to me
sure experimentally are concentrations greater than 118

cm23 a screening phenomenon of the substrate by the f
carrier-saturated overlayer. Domination by the plasma-w
component is further indicated by the negative phase of
PMTR signal throughout much of the range ofN1 used in
this simulation. The lack of saturation of the low-N1 ampli-
tude curves of~s,h! at low frequencies is an exception her
originating in thermal-wave domination of the PMTR sign
in these regions, as expected from the very low plasma d
sities utilized in these simulations. The amplitude signal
weakly N1-dependent for layer concentrations higher th
that of the substrate, and so is the phase signal for con
trations between 1014 and 1017 cm3. The trends in the PMTR
signal with increasing doping densityN1 shown in Fig. 14 at
various constant modulation frequencies clearly indicate t
the overlayer generated plasma dominates the signal
N1.1016 cm23 ~both amplitude, Fig. 14~a!, and phase, Fig.
14~b!!. The non-monotonic behavior of the amplitude cha

FIG. 14. PMTR signal vs concentrationN1 of the thin layer, for various
modulation frequencies;~a! Amplitude and~b! Phase. All other constants o
the two layers are given in Tables I–III.
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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nel at low frequencies, also exhibited by the curves of F
13~a! for f,104 Hz, is generated by the gradual dominatio
of the signal by the overlayer’s plasma-wave compon
aboveN1 '1014 cm23 over the counteracting substrate
dominant thermal-wave component at lower values ofN1.
Further increases inN1 cause a net increase of the PMT
signal amplitude, as the overlayer screening of the therm
wave in the substrate dominates. Higher modulation f
quency signals are proportionally more affected by the s
strate’s plasma-wave component, to which the overla
signal adds a term of the same sign, thus monotonically
creasing the amplitude~curves:h,n,,!.

IV. CONCLUSIONS

The theory and simulations presented in this work sh
the features and potential of the photomodulated thermo
flectance technique as a complete non-contact and n
destructive quantitative characterization methodology
semiconducting processed wafers with an electronically
tive overlayer. This model is currently being utilized fo
quantitative analysis of annealing kinetics of defects in o
laboratory. The present modeling on the variation of optic
thermal and electronic properties as functions of the ann
ing temperature may potentially yield depth-profilometr
analysis on long and short-range disorder in processed s
conductors, if the relevant substrate properties are known
can be measured.

APPENDIX: MODULATED SURFACE FREE-CARRIER
DENSITY AND TEMPERATURE IN HANKEL
SPACE

This appendix calculates the Hankel transform
DN1(l,z50) and DT1(l,z50) from the expressions in
Eqs. ~13! and ~15!. The analysis is divided into two parts
one for the derivation of each Hankel Transform.

A. Plasma density DN1

First, the boundary condition at infinity given by Eq
~24!, imposesB2~l!50 in Eq. ~14!. From the boundary con-
dition Eq. ~21!

B1~l!5M1~l!A1~l!1M2~l!, ~A1!

where

M1~l!5
~s11q1~l!DE1

!

q1~l!DE1
2s1

~A2!

and

M2~l!5
~s11a1DE1

!C1~l!

q1~l!DE1
2s1

~A3!

with

C1~l!52
Fa1

DE1
~a1

22q1~l!2!
Cp~l!. ~A4!

From Eq.~23!:

A2~l!5M3~l!A1~l!1M4~l! ~A5!
1723Christofides et al.
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and from Eq.~22!

A1~l!

5
M4~l!1C2~l!e2a2z12M2~l!eq1z12C1~l!e2a1z1

e2q1z11M1~l!eq1z12M3~l!
,

~A6!

whereM3~l! andM4~l! are given by the relations:

M3~l!5
2q1~l!DE1

e2q1~l!z11DE1
q1~l!eq1~l!z1M1~l!

s22DE2
q2~l!

~A7!

and

M4~l!5
E1~l!1E2~l!

s22DE2
q2~l!

~A8!

with

E1~l!5DE1
q1~l!eq1z1M2~l!2DE1

a1C1~l!e2}1z1

~A9!

and

E2~l!5DE2
a2C2~l!e2a2z12s2C2~l!e2a2z1 ~A10!

C2~l! is expressed by the following relation:

C2~l!52
Fa2Cp~l!

DE2
~a2

22q2~l!2!
e2~a12a2!z1. ~A11!

In the above equationsCp~l!, p1~l!, p2~l!, q1~l!, andq2~l!
were defined as the expressions:

Cp~l!5
ap

2

4
e2

l2ap
2

8 , ~A12!

pj~l!5AzTj
21l2; j51,2, ~A13!

qj~l!5AzEj
21l2; j51,2, ~A14!

wherezE andzT were defined in Eqs.~7! and ~8!.
By introducing to Eq.~13! the constantsA1~l!, B1~l!,

andC1~l! from Eqs.~A6!, ~A1! and ~A4!, respectively, and
taking z50 ~surface!, one obtains:

DN̂1~l,0!5A1~l!1B1~l!1C1~l!. ~A15!

This Hankel function can be introduced into the integral
Eq. ~29! in order to calculate the plasma contribution n
merically.

B. Surface temperature, DT1

Given our interest in the photothermal behavior at
surface, imposingz50 on Eq.~15!, yields

DT̂1~l,0!5Y1~l!A1~l!1Y1~l!B1~l!1H1~l!

1L1~l!1Y2~l!. ~A16!

All the foregoing terms can be evaluated from the bound
conditions, Eqs.~21!–~24!. Thus,
1724 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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Y1~l!5
Eg

rct1DT1
~p1

2~l!2q1
2~l!

~A17!

and

Y2~l!5
FCp~l!a1

rcDT1
~p1

2~l!2a1
2! F Eg

t1DE1
~a1

22q1
2~l!

1~hn2Eg!G ~A18!

with

H1~l!5L1~l!1Y5~l!, ~A19!

whereL1~l! is

L1~l!5Y6~l!H2~l!1Y7~l! ~A20!

and

H2~l!5
Y7~l!@~e2p1~l!z11ep1~l!z1#1Y8~l!

12Y6~l!@e2p1~l!z11ep1~l!z1#
~A21!

with

Y8~l!5G1~l!1G2~l!. ~A22!

The functions-transformsG1 andG2 are defined as

G1~l!5Y1~l!A1~l!e2q1~l!z11Y1~l!B1~l!eq1~l!z1

2Y4~l!e2a2z1 ~A23!

and

G2~l!5Y5~l!e2p1~l!z11Y2~l!e2a1z12Y3~l!A2~l!.
~A24!

Also

Y7~l!5
DT1

Z~l!1U~l!1W~l!

V~l!
, ~A25!

where

Z~l!5G3~l!1G4~l!. ~A26!

The function-transformsG3 andG4 are defined as

G3~l!5q1~l!Y1~l!A1~l!e2q1~l!z1

2Y1~l!q1~l!B1~l!eq1~l!z1 ~A27!

and

G4~l!5a1Y2~l!e2a1z11Y5~l!p1~l!e2a1~l!z1. ~A28!

Also in Eq. ~A25!:

V~l!5DT1
p1~l!@ep1~l!z12e2p1~l!z1#, ~A29!

W~l!52DT2
@q2~l!Y3~l!A2~l!1a2Y4~l!e2a2z1#,

~A30!

and

U~l!5
Egs2
rc

@A2~l!1C2~l!e2a2z1#. ~A31!

In Eqs.~A19! and~A20! the following definitions were also
made:
Christofides et al.
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Y5~l!5
Egs1

rcDT1
p1~l!

@A1~l!1B1~l!1C1~l!#

1G5~l! ~A32!

and

Y6~l!52
DT2

p2~l!

DT1
p1@e

p1~l!z12e2p1~l!z1#
~A33!

with

G5~l!5
Y1~l!q1~l!@B1~l!2A1~l!#2a1Y2~l!

p1~l!
.

~A34!

In Eqs.~A23! and ~A24! the definitionsY3 andY4 are

Y3~l!5
Eg

rct2DT2
@p2

2~l!2q2
2~l!#

~A35!

and

Y4~l!5
FCp~l!a2

rcDT2
~p2~l!22a2

2!F Eg

t2DE2
~a2

22q2
2~l!!

1~hn2Eg!Ge2~a12a2!z1. ~A36!
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