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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 techniqgue. 96 American Institute of Physid§0021-897606)04414-3

I. INTRODUCTION and thermal effects, in order to describe the behavior of the

Laser photomodulated thermoreflectan@MTR) has photomodulated thermoreflectance. It is shown that this
P model can constitute a tool for the correct evaluation of the

been used extensively in recent years for defect diagnostics tical, thermal, and electronic properties of realistic situa
in semiconducting wafers and several theoretical model P ' ' prop

have been developed in order to improve the analysis of the(r)vr\]/issg] ji:‘jfzfciﬁte;gr(c)r?:rsef(i(grivzfesfr’fgcs:s(?gﬂlry those of the oth-
results obtained by PMTR measurementsTo render the Yer.

PMTR technique complete for quantitative analyses, several 0_':;”: rr]ne;(é:Ieg'0r;é;heiggt:‘irgastgcriledﬁnic;?ir:;n;ﬁ:lj?ae_
guestions need to be answered, necessitating the develop- yer moc pr . :
ions testing its validity are described. Section 3 presents

ment of new model itable n nly for homogen . . ; . : :
ent of ne odels suitable not only for homogeneous bu dditional numerical simulations showing the influence of

also for inhomogeneous semiconductors. Special attentio he various optical, thermal, and electronic properties of the
must be given to thin surface layers which are important for, P ' ' prop

device processing in modern semiconductor technology. F thin surface layer on the behavior of the photothermal signal.

example, the majority of PMTR studies have been performe?ﬁEma"y’ concluding remarks are presented in Sec. 4.

on implanted semiconducting wafers which constitute a two-

layer system: the substrate and the implanted surface thin

film. One of the main problems in this field is that monolayeril. PHOTOMODULATED THERMOREFLECTANCE
models are mostly used in order to interpret photothermallyfHEORY

induced signals obtained from layered wafkfs.This mod-

eling will likely be unable to exploit small, yet significant, h itation f . ; | |
signal features associated with discrete or continuously var),p otoexcitation from an intensity-modulated laser source

ing surface layers, especially at high modulation frequenciegpump beam _and detected via a co-incident unmodulated

of the pump laser beam intensity. probe beam, is the sum of thermal f_;lnd plas_ma wave effects
Wurm et al® developed a two-layer model which can, in @1d can be expressed by the following relation

principle, be used for quantitative analysis of experimental

Qata qptained from a thin implanted surface layer on crystal- —R:CTAT+CNAN, 1)

line silicon. Unfortunately, thermal wave effects were ne- R

glected, as well as any changes with temperature in the ther-

mophysical properties of the optically heated semiconductoivhereR is the reflectivity at temperaturg, C; andCy are

which makes their model inadequate in the case where thethe temperature and photoexcited plasma reflectance coeffi-

mal contribution plays a dominant role, such as with amor-cients, respectively, aniiR, AT, andAN are the local varia-

phous implanted layers. Nevertheless, using this model, théons in reflectivity, temperature, and plasma density, respec-

authors calculated recombination lifetimes of amorphous imtively. In order to evaluateAT and AN and obtain the

planted layers to be of the order @6, which is too high for induced photomodulated thermoreflectance signal, the com-

amorphous silicon layers. plete thermal and plasma diffusion equations for an isotropic
The aim of this study is the development of a rigoroussemi-infinite medium ignoring non-linear effects, must be

two-layer model for laser PMTR which considers pIasmaSO|VeC?’m-

The PMTR signal from a semiconductor wafer subject to
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A(AT) E. AN TABLE I. Thermophysical, electronic, and optical parameters of the silicon
= DTVZ(AT) +Dy B substrate used in all PMTR simulations.
ot X 7
h Material constanfs Symbols Values
v— .
9 — L
+D+ )<1> (1) ae” %0, (3)  substrate reflectivity at 632.8 nm R 035
Thermal conductivity of the substrate X 1.5 W/em K
. —19
whereD+ andDg are the thermal and electror@mbipolay ~ Gap Energy of the substrate B, 17910773

. . e . . . . . . ici i 74 71
diffusivities, respectivelyy is the recombination lifetimey, | cmperature coefficient of Siat 6328 nm ~ C;  1x10 K

) o . o o Plasma coefficient at 632.8 nm Cy  1.6x10%2cm™3
is the equilibrium free-carrier densityp is the incident pho-  gpical absorption coefficient of substrate @, 1x10° cm™*
ton flux, wg is the angular frequenciwy=27f; wheref is Electronic diffusivity of substrate De, 18cnfls

the modulation frequengyy is the thermal conductivitye, ~ Thermal diffusivity of substrate Dy, 09ecnfls

is the band gap energy, ad is the phOtOI’l energy of the Recombination lifetime of substrate 7 364x10°%s

Surface recombination velocity of substrate s, 4197 cm/s

pump beam.y, is the Gaussian distribution of the pump Doping density of substrate N, 6x10%cm 3

beam and is given by the expression:

Yp(r)=e 212" @ mers
wherea,, is the laser-beam spot size. For the case of rela-
tively low temperatures and low doping densities, the term
describing intraband thermal activatithe third term on the  where typical values foR, hv, and the incident intensity,
right hand side of Eq(2), is negligibl€~**and will be omit-  are given in Table 1. Furthermore, the Hankel transformation
ted in the ensuing theoretical development. In order to solvallows the system of differential Eq¢5) and (6) to be re-
the system of the coupled differential Eq2) and(3), itis  duced to ordinary differential equations for the Hankel trans-
convenlent to convert to their temporal Fourier-transformsgrms AN AN(z,\) and AT(z \) which are functions of the
domain!* The system of the transforms can thus be writteNgepth coordinatez, and the spatial frequency;
as follows:

d?AN . ® (N
~ 2~ q)wp(r) —22 _(§é+)\2)(AN):27T l//p( ) ae—a25(w_w0)
V2(AN)—2(AN)=27 ae” 5(w— wq), (5) d De
De (11)
VH(AT) - &*(AT) and
~ 2A
Eq AN hv—E d"aT
=2 on T gy (e Pow—wy), gz AT
6) _ EgAN v =By ) eazg
where g and {; are the plasma-wave and the thermal-wave ox T T wph)ee (0= wo)
numbers, respectively (12)
_ [1tier ) In the case of a two-layer, electronically active sample the
Ce= De7 ’ above system of equations can yield a different solution for

: each layer in the geometry of Fig. 1, where the substrate is
o= [1e ) assumed to be semi-infinite. The various contributions to the
T Dt photothermal signal are listed below. Each integration con-
ant of the Fourier-Hankel transformsN; and AT;, (j
=1,2) is multiplied by 8{w— ). This factor gives the nec-
essary selectivity of the angular frequenoy w, among all

In what follows the harmonic dependence on time of bothSt
AN andAT fields will be implied throughout, and the tilde
will be dropped from their Fourier transforms. Three-
dimensional solutions to the diffusion equations are needed
in order to evaluate the photothermal signal, 8¢. Consid-

ering the axial symmetry of the problem governed by the

pump laser beam, a solution can be obtained by using the Semi-infinite A
Hankel transformatioh of Egs. (5) and (6). The Hankel Substrate Incident Light (f)
transform of the source term, E@), is written as follows: % *1 <“~n
T T
—2r2/a,? a ? —\2a,?i8 + o § : : (’('\\;\\N/\,
(,//p()\)— P Jo(Nr)rdr=— 2 & 9) S, z s, 0 DI
| . DEZ DEl
The number of absorbed photons per sec®nds given by - D,
the relation:
2(1-R)P _ _ _ _
b=——>, (10 FIG. 1. Cross-sectional view of the PMTR model of an electronic material
hva, with two active layers.
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possible frequencies of the resulting wideband photothermdtour additional boundary conditions from the continuity of
spectrum. In what follows all factoré(w—>q,) will be  the thermal waves and heat fluxes at the various interfaces
omitted from the calculations and all-dependent Fourier- result in the following additional relationships for the Hankel
Hankel transforms will be understood to yield the inversetransforms:

Fourier transform automatically by setting=w,, once the

inverse Hankel transform of a particular term has been cal- M = EglslAﬁll(o)’ (25)
culated analytically or numerically. For the plasma contribu- 9z |, x1
tion the solutions of Eq(11) are: - -
R . 0z AT1(z1)=ATy(zy), (26)
AN;(N,2)=A;(N)e” 1124 B(N)en - -
' ' ! IAT(2) IAT,(2) Ep -
+Ci(\)e 2?2 (0=z=z;) (13 Dri—F, Dro—F; = EszA Na(zy1),
z2=Z
and ! (27)
ANy(N,z)=Ay(N)e~ %z 2) 4 B,(\)eh(z20) lim,_..AT,(z)=0. (29)
+Cy(\)e "2z ) (zy<z<w). (14  Henceforth it will be assumed th&,; =Ey,=E,. To obtain

solutions, the Hankel transforms of plasma density;,

and temperatureAT; (j=1,2), must be integrated over the
surface of the probe beam. The two components averaged
AT1(N,2)=Y1(N)A (N )e T2+ Y, (N)By(N)e%? over the surface are given as a result of the convolution
between the pump and probe beais

For the thermal-wave contribution, the solutions of ER)
are:

+Hi(N)e PiZ+E;(N)ePi?+F (N )e “12

(15 AN1(2=0;w):CNf ANsl()\,ZZO,w)e_)‘Za§/8)\d7\
0
and 9
A-’I\—Z()\az):[Yg()\)Az()\)-I—Hz()\)]e*QZ(Zle) and
+F,y(N)e “2272), (16 ATl(ZZO;w)ZCTfo A:rsl()\,zz O,w)e_kzails)\d)\,
where o
a(M)= V§E1+)\2’ (17 where
= ANGOD| (AR} o
U2(N)= /L8 + N2, (18) Ngj(N) | _ [ AN; 228 i
PAV §$1+ A (19 The two termsAN; andAT; are presented in the Appendix,

a, is the radius of the probe beam.
It is important to note that in the case of thin films the
= [:Z 1)\2. term (1-R) in Eq. (10) is not completely correct. A more

PalM) = er, T 20 precise representation of this term should constder the
Subscripts 1 and 2 refer to the film layer and substrate, reincident power at the air-film interface, the reflection coeffi-
spectively(see Fig. 1 The functionsA;(\), A,(\), B1(\), cient of the interface and the multiple reflections in the vari-
C1(N), C(N), YN, Yo(N), Hi(N), Hy(N), E;(N), F1(\), and  ous layers. In the present analysis, however, multireflection
F,(\) in Egs.(13)—(16) can be found by using the appropri- phenomena and optical interference phenomena are not con-
ate boundary conditions for Hankel transforms which resulisidered. Such effects are not significant when monochro-
from the continuity and boundedress of the plasma- andnatic light is used with wavelength outside the range of the
temperature-waves at the various interfaces: Four boundathin-film thickness. In the case of implanted surface layers,
conditions can be written for plasma continuity and carrierthe absence of a sharp interface between upper layer and
flux conservation at the film substrate interfaze,z;, at the  substrate precludes the appearance of pronounced interfer-

and

surface,z=0, and atz—o: ence fringes. Furthermor@ppendix and Ref. 15 the opti-
~ cal interferences, and generally the presencé pobnly in-
JAN,(2) :iAN (0) (21) fluence the absolute and not the relative amplitudes of the
0z |,y De PMTR signal.
. R The validity of the two-layer model was verified in the
AN1(z1) =AN3(zy), (22 limit by comparison with existing monolayer modéfs:1%18

For this purpose two identical layefsame physical proper-
=5,AN,(zy), (23 ties) were useq in the simulation. The surface recombmayon
velocity at the interfaceg=1z,, was taken equal to zero. This
R consideration leads to the annihilation of the interface as a
lim,_,,AN,(z)=0. (29 charge trapping region, making the two layers identical and

IAN;(z) IAN(z)
[DEl 97 —De 97

=7y
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0.16 TABLE II. Thermophysical, electronic, and optical parameters of the sur-

— - face thin film used in all PMTR simulations.
~ L
é r i ;j::z: Material constants Symbols Values
o —
E 0.12 F Optical absorption coefficient of the film a 5x10* cm™!
5) i Electric diffusivity of the film Dg, 10 cnfis
g 0.08 i Thermal.diff_usivi_ty c_Jf the film . Dr, 0.9 cmz/i
= o Recombination I_|fet|_me of thg film _ n 5.5X10° s
g F Surface recombination velocity of the film Sy 2.7x10° cm/s
A r Doping density of the film N, 5x10Y7 cm 3
0.04
F “Ref. 19.
r bRef. 20.
0.00 beme bl |
103 104 10° 10¢
Modulation Frequency (Hz) the influence of these pa_ran"!eters on the total PMTR signal.
Based on these results, it will be seen that the present two-
@ layer model offers the possibility of quantitative non-
destructive evaluation of thin implanted layers on thiok
0 dustria) semiconductor substrates. The values of the
experimental constants used in the simulations are given in
=20 Table IIl.

A. Dependence on the optical properties of the
overlayer

In order to study the influence of the optical absorption
coefficient of the surface layer on the photomodulated ther-
moreflectance signal, several numerical simulations were
performed by varyingy; between 10° and Z&cm ™. Figure
3 shows the variation of the resulting photothermal signal as
a function of the modulation frequency with various optical

-100

Signal Phase (Degrees)
&
(=
e L A

-120 b

e absorption coefficients of the thin overlayer as parameters. It
10° 10¢ 10° 10° appears from Fig. @) that the optical absorption coefficient
Modulation Frequency (Hz) of the thin layer has little effect on the PMTR signal ampli-

tude. On the other hand, the phase [age Fig. )] can
offer higher resolution in regard to the optical absorption

FIG. 2. PMTR signal vs frequency for Si2\) Two-layer model andO) coefficienF of 'the thin layer at high frequencies, when the

monolayer model(a) Amplitude and(b) Phase. All material constants were thermal diffusion depth of the photogenerated thermal wave

obtained from Tables I-IIl. is commensurate with the optical absorption depth and of the
same order of magnitude= um) as the surface layer thick-

ivalent t h inale | " Th ness. The phase curve is saturated at low modulation fre-
equivalent to a homogeneous single layer system. The n}fjuencies,f, where the overlayer is totally thermally thin, as
merical simulations using the two models are presented lréxpecteoz.l At high f, the phase lag decreases with increas-
Fig. 2 where it is clearly shown that the monolayer and two-; '

ing o, since the thermal-wave “center-of-masgieat cen-

layer models yield identical responses. The actual numericq oid) shifts toward the surface of the overlayére location
values obtained from the simulations from the two models

f mini h I lag Fi further indi h
differ by less than 0.1% for the amplitude calculation and0 minimum thermal lag Figure 3b) further indicates that a

: } high-frequency scan in a PMTR experiment may vyield the
less than 1% for the phase calculation. Thg small dlfference\§alue of thermal diffusivity of a semiconducting overlayer, if
are the results of round-off errors due to different computer,

. an independent optical measurement of its absorption coeffi-
pag:kages{Mgthcad and Fortran Fised for the.evaluatlon cient can be made. Knowledge of surface layer thermophysi-
of integrals involved in the Hankel transformation.

®)

Ill. PARAMETRIC INVESTIGATIONS OF THE PMTR TABLE Ill. Experimental constant parameters.

SIGNAL

Nearly all of the previously mentioned parameters, in-EXPerimental constants Symbols Values
cludings;, 7, Dg;, Dt; and ¢; (with i=1,2) exhibit a de-  Modulation frequency f 1-1000 kHz
pendence on impurity ion concentration, which affects thePump beam intensity P 43 mwW
photothermal signal. Initially, these electronic, optical, andPump beam energy hv 2.548 eV
thermal parameters were fixed for the crystalline silicon subfump beam radius & 21 pam

. . Probe beam radius ag 21 um

strate layer 2(see Table )l By changing the surface film pymp peam wavelength No 632.8 nm

(layer 1) parametergsee Table ) an estimation was made of

1716 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Christofides et al.
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() ®)

FIG. 3. PMTR signal vs frequency for various optical absorption coeffi- FiG, 4. PMTR signal vs overlayer optical absorption coefficient, for
cients of the thin overlayer of m thickness(a) Amplitude and(b) Phase.  various modulation frequencie$a) Amplitude and(b) Phase. All other
All other constants of the two layers are given in Tables I-IIl. constants of the two layers are given in Tables I-IlI.

cal properties is otherwise difficult to obtain and of major (=5.5 um). For frequencies less than 10 kHz, the film is

interest owing to their control of the thermal stability and entirely thermally thin and therefore no variation in the sig-

electronic performance of processed devices. nal phase is observed, whereas the PMTR signal amplitude
Figures 4a) and 4b) present the variation of the photo- increases slightly linearly between®and 1¢ cm™.

thermal amplitude and phase, respectively, as a function of

the optical qbsorption cqefficierat1 of the film, with.differ- 'B. Dependence on the electronic properties of the

ent modulation frequencies as parameters. Consistently Withyerjayer

Fig. 3, the signal amplitude is not highly dependent on the . , , .

absorption coefficient of the overlayer. The phase is more Figure 5 presents the signal amplitude as a function of

sensitive tax, especially at increased frequencies. At 1 MHz the quulatlon frequenpy with various electronic diffusion

three regimes are evident: Fag<10° cm™* the film is op- coefficientsDg, of the thin overlayer as parameters between

tically thin, whereas fora,>1C° cm™? the film is optically 10 * and 18 criis. For amplitude signals, Fig.(®, Dg,

opaque. plays a significant role, especially for modulation frequen-
The phase lag decreases with increasip@s discussed cies less than f0Hz. The “bend” aroundf =10 kHz exhib-

in Fig. 3, with the transition region occurring when the op-ited by all curves in Fig. 5 is due to the stored energy in the

tical absorption deptla; * becomes commensurate with the electronic (plasma system of the overlayer above the fre-

thermal diffusion length in the bilayer structure. Photother-quency wheravym~1 occurs. The signals shown are domi-

mal saturation sets in ai;>10° cm™ %, when the optical ab- nated by the thermal component of PMTR due to the optical

sorption depth of the overlaydand of the entire structure heating of the lattice. At low frequencies the non-monotonic

becomes much shorter than the thermal diffusion lengttbehavior of the curves with increasilﬁgEl is the result of

J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Christofides et al. 1717
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FIG. 6. PMTR signal vs ambipolar diffusion coefficieDtEl of the thin

(b) overlayer, for various modulation frequenciés; Amplitude and(b) Phase.
All other constants of the two layers are given in Tables I-Ill.

FIG. 5. PMTR signal vs frequency for various electronic ampibolar diffu-
sivities DEl of the thin layer;(@) Amplitude and(b) Phase. All other con-

stants of the two layers are given in Tables I-IIl. . L .
ture is significant. The phase responses at low frequencies,

Fig. 5(b), follow similar trends to those of the amplitudes,

. with the more positive phases indicating a higher weight of
several cgmpetlng processes. A_‘t very Im@l’ curve ¢, the the thermal—wallove comSonent. At high %requgncies, ir(;J par-
photoexcited plasma releases its stored energy locally asgar, the wide separation of the phase curves offers addi-
component of the measured thermal-wave fraction of thgjona| and valuable information on the relative strengths of
overall signal; adg increases a portion of photogeneratedine two signal components which, when taken indepen-
free carriers diffuse outside the area of the probe beanyently, differ by 180° owing to the opposite signs®f and
which depresses the overall sigriaurve V). A further in- Cp, Eq. (1). On the other hand, the PMTR amplitudes es-
crease inDg (curve A) enhances significantly the free sentially saturate at high frequencies, Figa)5such that
plasma density component of the PMTR signal, which, inwgmp>1: They become dominated by roughly equal contri-
turn, generates an enhanced thermal-wave contribution &utions between the lattice-generated thermal-wave and the
low frequencies, through nonradiative energy conversionplasma-wave and independent of the free-carrier diffusion
Further increases iD¢g , although capable of generating in- coefficient of the overlayer. Hers, is the carrier diffusion
creased free-carrier densities, result in lower PMTR amplitime out of the probe beam-defined area of radiysry
tudes(curvesI, O), because the diffusive carrier losses out=~as/ De,.

of the probed region of the overlayer also increase and satu- Figure 6 presents the variation of the PMTR signal as a
rate forDEl > 18 cnf/s. Overall, the deconvolution of the function of the electronic ambipolar diffusion coefficient
various plasma- and thermal-wave contributions to thePg, of the film, with different modulation frequencies as
PMTR signal as a function of the carrier diffusion coefficient parameters. Further insights on the role of this important
of the overlayer is complicated, yet the effect of this layer inparameter may be obtained from this type of plot. The gen-
shaping the frequency response of the entire two-layer stru@ral trend in the amplitude signal, Fig(ah is the well-

1718 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Christofides et al.
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known monotonic decrease with increased modulation fre- 1

guency. The non-monotonic features along each curve can be :

explained(i) by the increased free-carrier densities with in- r

creasingD Ep contributing to the overall thermal-wave domi- E L

nated PMTR signal through nonradiative recombination, fol- g -

lowed (i) by the decreased locally probed densities as they £

diffuse away from the interrogated region faster, Wim} % 0.1 ¢

becomes very large. The phase curves exhibit increased lags § C —H= 1ojs

with increasing frequency, gradually shifting toward a & o To10s

plasma-wave domination manifested by the large phase A : :; 13.4:

change in the negative direction, Figh Nonradiative re- s
combination contributions to the thermal-wave component 0.01 Lol el
decrease with increasinDg, at highf, such thatwor;>1, 103 104 10° 106
with either larger free-carrier densities storing the optical en- Modulation Frequency (Hz)

ergy or simply moving out of the probed region at very high
Dg,’s carrying along the photoexcitation energy. Consis-

tently with earlier remarks, the PMTR phase offers a much

(@

higher resolution of small dominating signal differences than F
the amplitude, e.g. by the plasma component at Highe- 0E
tween otherwise roughly equal components of opposite sign s
(see Fig. 6, V) § -20F
Figure 7 presents the PMTR signal amplitude and phase o 40 E
as a function of the modulation frequency for various recom- e =
S e _— 2 -60
bination lifetimes#; for the thin-film layer, between 18 8 c
and 10 sec. In all cases, the recombination lifetimeg, of % -80
the substrate was assumed to be 284°2° The recombina- & 100 L
tion lifetime of the surface layer plays an important role on @ .
the PMTR signal amplitude: At very low;, nonradiative -120 &
recombination produces a large, dominating thermal-wave qao bl il vl
component of the total signal, Fig(&J, curve O. As 7 in- 103 104 105 106

creases, the free-carrier plasma wave component rises sig-
nificantly and monotonically, thus depressing the amplitude
of the total signal owing to the negative sign of the plasma (b)
reflection coefficientCy, Eq. (1). The PMTR phase also

FIG. 7. PMTR signal vs frequency for various lifetimesof the thin over-

§h|ftS to negative values with hIghGﬁ, as a result of the layer; (@) Amplitude and(b) Phase. All other constants of the two layers are
increased strength of the free-carrier component. At Veryjien in Tables I-Iil.

high 7(>10"° se9 the plasma-wave component saturates,

thus forcing the PMTR amplitude and phase themselves to

saturate. The signal amplitude cross-overs observed in Figyith deposition process-dependent lifetime. A different
7(a) at ~10" Hz are due to the fact that at low frequencies, viewpoint of the same phenomena can be obtained, by study-
an increase inr retains the absorbed optical energy storeding Fig. 8 which presents PMTR amplitude and phase vs
for an increased time before releasing it as heat, which sulrecombination lifetime with the modulation frequency as a
sequently diffuses away from the probed volume, mostly intqyarameter. For all frequencies the PMTR amplitude gener-
the substrate. Therefore, it turns out that fg>107% a  ally decreases monotonically with increasing lifetime as ex-
relatively small, but measurable, increase in the thermalpected from the enhanced plasma-wave component as dis-
wave component occurs at loivas more of the relatively cussed in the context of Fig. 7. This behavior was observed
later appearing, nonradiatively released, energy is probed bexperimentally ora-Si films with very fast lifetime$? The

fore its out-diffusion as compared to thermal energy deposnon-monotonic behavior of the low-frequency cue Fig.

ited earlier, which, therefore, had more time to diffuse out ofg(a), is due to the increased efficiency of heat transfer
the probed region. These small energy increases are cleantyechanismthermal-wavg by free carriers in the overlayer
limited by the recombination lifetime. This effect saturateswith suitably delayed nonradiative recombination. This ef-
for ,>107° s. At high frequencies the relatively stronger fect corresponds to the mechanism causing the amplitude
increase in the plasma component with dominates any cross-overs in Fig. (3).

thermal gains due to constrained out-diffusion. The resultis  The surface recombination velocity, is a phenomeno-
the observed signal amplitude crossover. The trends showngical parameter that expresses the probability of recombi-
in Fig. 7 can be experimentally important, because they canation at the surface of the sample and its effects are some-
be accosted in cases where one performs measurements, empat similar to the recombination lifetime in thin-film layers,
on amorphous silicon deposited on a crystalline substraterhere “surface” and “bulk” are not clearly separate re-

Modulation Frequency (Hz)
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FIG. 9. PMTR signal vs frequency for various surface recombination ve-

(b) locities s; of the thin overlayer;(@) Amplitude and(b) Phase. All other

constants of the two layers are given in Tables I-IIl.
FIG. 8. PMTR signal vs lifetimer, of the thin overlayer, for various modu-
lation frequenciesfa) Amplitude and(b) Phase. All other constants of the
two layers are given in Tables I-Ill.

decrease in thermal-wave component wafh=1x10? cm/s

because of enhanced heat out-diffusion from the probed
gions. The main difference betwesrand 7 is the fact thatr  sample volume. The same mechanism is also responsible for
is inversely proportional to the recombination the appearance of the very mild PMTR amplitude peak at
probability?®?3 Low recombination probability is expressed f~10* Hz, in curves/J andO and of the well-resolved peak
with high values forr; and small values fos,. Considering for curve A. The simulations have shown that this peak
this fact, the free-carrier concentration dependencg ofas  shifts slightly to higher frequencies fa;>10? cm/s and
taken to be the inverse of that ef. Figure 9 presents the becomes most pronounced in the rasge10° cm/s, curve
variation of the PMTR signal vs modulation frequency for A, where the thermal-wave sampling ratesodulation fre-
various surface recombination velociti®s of the overlayer. quency becomes commensurate with the surface and inter-
In all cases, the interface recombination veloci#y, was face heat release rate due to the similar values of sut&gre
assumed to be 4197 cnifSInteresting observations corre- and interfaces, recombination velocities. This “matching-
sponding to the lifetime dependencies can be made here. Thiate” condition minimizes the out-of-probed-volume heat-
general trend in Fig. @) is an increase of the PMTR signal diffusion losses and becomes responsible for the emergence
with increasings;>10° cm/s. This is due to the suppression of PMTR signal peaks, whose frequency position may thus
of the plasma-wave component and efficient conversion obe used to estimat®, a very difficult parameter to measure
the optical energy to heat on the overlayer surface, resultingith other techniques.
from high values ofs,. For s;<10* cm/s, a strong plasma- Thes,; dependence of the PMTR signal with modulation
wave component forces the phase, Fi@)9to take on very frequency as a parameter is shown in Fig. 10. The kigh-
negative values at high frequencies, a sign of its dominatiomegions in the amplitude channel saturate at levels higher
by the plasma-wave. The slight amplitude inversion at lowthan the lows; regions, as expected, due to the enhanced
frequencies for curve®, [ in Fig. 9a) is due to a small optical-to-thermal energy conversion in the former regions.
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FIG. 11. PMTR signal vs frequency for various thermal diffusiviti®g of
the thin layer;(a) Amplitude and(b) Phase. All other constants of the two
layers are given in Tables I-Ill.

FIG. 10. PMTR signal vs surface recombination velodityof the thin
layer, for various modulation frequencids) Amplitude and(b) Phase. All
other constants of the two layers are given in Tables I-III.

C. Dependence on the thermal properties of the
Consistently the phases are dominated by thermal-wave eéverlayer
fects in the highs, regions, irregardless of the frequency. In

the lows, regions, the high-frequency phaséis=10° H2)  nction of the modulation frequency with various thermal

are mainly due to plasma-wave contributions and thus UNgiffusivities D, as parameters in the range of 1 ts 10 *
dergo very strong shifts toward less negative values across 1

the transition region(10° cmis<s,<10° cm/s. The low- cn/s. It can be seen that the signal amplitude depends
frequency phases preserve the thermal-wave dominance aﬁt_rongly OnDTl e;pemally at _lOW modulat.|on.fr.equenC|e.s..
most throughout the entig range, with the exception of the As expected, at high _modulatlon frequencies it is very diffi-
transition region. The “matching-rate” condition discussed Cult t0 measure the influence @, on the photothermal

in the context of Fig. 9, which yields a PMTR signal peak @mplitude since this regime is dominated by the plasma com-
(most pronounced fos~10° cm/s is responsible for the ponent. Figure 1(b) shows that the phase signal is much
anomalies exhibited in the transition region of Fig. 10,more sensitive to the influence of the thermal properties of
namely the undershoot/overshoot extrema in Fig(al0 the overlayer. The various non-monotonic trends in Fig. 11
curvesO,J and similar features in the respective curves ofare easier to understand with the help of the plots in Fig. 12.
Fig. 1ab). Experimentally, the matching-rate condition may This figure shows the dependence of the PMTR signal on
be used in a plot like Fig. 10 to extract the difficult-to- thermal diffusivity Dy, at constant frequency, with various
measure interface recombination veloctty from low fre-  frequencies as parameters. The constant signal |éxeilpli-
quency PMTR signals, provided samples are available wittiude, Fig. 12a), and phase, Fig. 1B)) at very low diffusivi-
controlled but variable overlayer recombination velocsly, ties are indicative of semi-infinite solids, in which the

Figure 11 presents the variation of the PMTR signal as a
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FIG. 12. PMTR signal vs thermal diffusivit, of the thin layer at various FIG. 13. PMTR signal vs modulation frequency for various concentrations

modulation frequenciesg) Amplitude and(b) Phase. All other constants of N.l; (a)_ A_?F:)I:Ndf ﬁrd(b) Phase. All other constants of the wo layers are
the two layers are given in Tables I-1II. given in Tables 1-il.

launched thermal wave does not cross the boundary to th@. Dependence on free-carrier concentration in the

substrate, under the condition for the thermal diffusionoverlayer

length {7, < L, (see Eq.(8)). Deviations occur foDr, In Secs. Il A—Ill C the influence of various optical,
> 102 cn/s, when thermal-wave interferences between theslectronic, and thermal properties of the thin surface layer on
front and back interfaces of the surface overlayer cause thge PMTR signal was numerically calculated and physically
curves to exhibit minima. This yields non-monotonic trends,discussed. The conclusions arrived at can provide only in-
also manifested in Fig. 1. A well-known characteristic of sights based on the artificial process of fixing all but one
thermal-wave interferometf§ is the shift of the amplitude variable. This is not correct in practié&2°but is very useful
minimum position to a higher diffusivity value as the modu- for giving indications of various trends. Following the same
lation frequency increases, since these two parametefshilosophy, in this last subsection, the dependence of the
change the probe thermal diffusion length in the same direcphotothermal signal on the doping concentration of the thin
tion. The position of the amplitude and phase minima in Fig.surface layer is presented. Figure(d3shows the variation

12 can yield information on the value of the thermal diffu- of the PMTR amplitude and phase as a function of modula-
sivity of the overlayer, if its thickness is known. The very tion frequency for various doping densities of the thin sur-
large increases in the amplitude and phase shifts above thgce layer from x10'° to 1x10?° cm 3. In all cases the
range ofDT2 ~ 0.1 cnf/s are due to the eventual domination sypstrate doping density wax&0* cm 3. As was expected,

of the PMTR signal by the free plasma-wave of the substrateboth phase and amplitude decrease as a function of fre-
Characteristic of this domination is the phase shift to negaquency. The co-incidence of curvesO with N;<N,, in-

tive values, as expected from the Drude term in @g. dicates that it is impossible to photothermally measure con-
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nel at low frequencies, also exhibited by the curves of Fig.
13(a) for f<10* Hz, is generated by the gradual domination
of the signal by the overlayer’'s plasma-wave component
above N; ~10** cm™2 over the counteracting substrate’s
dominant thermal-wave component at lower valueNof
Further increases iN,; cause a net increase of the PMTR
signal amplitude, as the overlayer screening of the thermal-
wave in the substrate dominates. Higher modulation fre-
quency signals are proportionally more affected by the sub-
strate’s plasma-wave component, to which the overlayer
signal adds a term of the same sign, thus monotonically in-
creasing the amplitudeurves:[1,A,V).

IV. CONCLUSIONS

The theory and simulations presented in this work show
the features and potential of the photomodulated thermore-
flectance technique as a complete non-contact and non-
destructive quantitative characterization methodology of
semiconducting processed wafers with an electronically ac-
tive overlayer. This model is currently being utilized for
quantitative analysis of annealing kinetics of defects in our
laboratory. The present modeling on the variation of optical,
thermal and electronic properties as functions of the anneal-
ing temperature may potentially yield depth-profilometric
analysis on long and short-range disorder in processed semi-
conductors, if the relevant substrate properties are known or
can be measured.

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

This appendix calculates the Hankel transforms,
AN;(N,z=0) and AT4(\,z=0) from the expressions in
Egs. (13) and (15). The analysis is divided into two parts,
one for the derivation of each Hankel Transform.

A. Plasma density AN;
First, the boundary condition at infinity given by Eq.

centrations less than that of the dominating substrate at a{bs), imposesB,(\)=0 in Eq.(14). From the boundary con-
experimentally attainable frequencies. Also difficult to mea-dition Eq. (21)

sure experimentally are concentrations greater thalf 10

cm 2 a screening phenomenon of the substrate by the free-

B1i(AM)=M1(M)A1 (M) +My(N), (A1)

carrier-saturated overlayer. Domination by the plasma-wavevhere

component is further indicated by the negative phase of the

PMTR signal throughout much of the range { used in
this simulation. The lack of saturation of the ldw-ampli-
tude curves ofO,[) at low frequencies is an exception here,
originating in thermal-wave domination of the PMTR signal

(s1101(N)Dg))

- d1(M)Dg,—s; (82)

M1(N)

and

in these regions, as expected from the very low plasma den- (51+ alDEl)Cl()\)

sities utilized in these simulations. The amplitude signal is  My(\)=
weakly N;-dependent for layer concentrations higher than

d1(M)Dg,—s; (&3)

that of the substrate, and so is the phase signal for concegith

trations between fdand 13" cnm?®. The trends in the PMTR
signal with increasing doping density;, shown in Fig. 14 at

various constant modulation frequencies clearly indicate that De, (a1®—d1(M)?)
q{rom Eq.(23):

the overlayer generated plasma dominates the signal f
N,>10'® cm 2 (both amplitude, Fig. 14), and phase, Fig.

Ca(M)=— =

W (\). (Ad)

14(b)). The non-monotonic behavior of the amplitude chan- ~ Ay(A)=M3(A)A1(N)+M4(N) (A5)
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and from Eq.(22)
Ai(N)

~ My(N)+Ca(N)em 21— My(N) e 1—Cy(N)e” 11
B e~ M2+ My (\)e%?—My(\) ’
(A6)

whereM;(\) andM 4(\) are given by the relations:

—01(\)Dg,e” 1M+ De gy(A)eMAM (N)

Ma(N)=
(M) S2— DEg,02(N)
(A7)
and
E1(M)+Ea(N)
M4(N)= ————— A8
) Sz~ DEg,d2(N) (A8)
with
E1(N)=Dg, a1(N)eMMy(N) = Dg a;Cy(N)e™ 14
(A9)
and
Ea(N)=Dg,aCa(N)e *21—s,Cy(N)e "2 (A10)
C,(\) is expressed by the following relation:
Da, V(A
Co,(\)=— az¥p(M) e (a1ma)7y (A11)

De,(a2”—d2(N)%)

In the above equatior®,(\), p;(\), (), q1(N), andg,(N)
were defined as the expressions:

a 2 )\zalzj
Vo(N)=—4e 5, (A12)
PN =Er A% =12, (A13)
9N =g NG j=12, (A14)

where g and ¢; were defined in Eqg.7) and(8).
By introducing to Eq.(13) the constant®;(\), B;(\),

andC;(\) from Egs.(A6), (Al) and(A4), respectively, and

taking z=0 (surface, one obtains:

ANg(N,00=A;(\)+B1(\)+Cy(N). (A15)

This Hankel function can be introduced into the integral of
Eqg. (29 in order to calculate the plasma contribution nu-

merically.

B. Surface temperature, AT,

Given our interest in the photothermal behavior at the

surface, imposing=0 on Eq.(15), yields
AT1(M,0)=Y1(N)AL(N) +Y1(A)B1(A) +Hi(N)

+Li(N)+Yo(N). (A16)

_ Eq
Vah)= PCTlDTl(Plz()\)_%Z()\) (A1D)
and
B OV (N)ay Eq
M= pCDTl(plz()\)_ ) TlDEl(alz_qlz()\)
+(hy— Eg)} (A18)
with
Hi(NM)=L1(N)+Ys(N), (A19)
whereL,(\) is
Li(N)=Ye(N)Ho(N) +Y7(N) (A20)
and
Y7(0[(e7 P07+ ePMa] - Yg()
HZ()\): 1_Y6()\)[e7p1()\)zl+epl()\)zl] (AZ].)
with
Yg(N)=G1(N)+Ga(N). (A22)

The functions-transform&, and G, are defined as
Gi(N)=Y1(M)A(N)e” WM+ Y (N)By (V) ehMa

— Y, (\)e~ @22 (A23)
and
Go(M)=Ys(N)e Pz Y, (Ve 17— Y3(N)Ay(N).
(A24)
Also
Dy Z(N)+U(\) +W(\)
Y7(N)= YS! , (A25)
where
Z(\)=G3(A)+Gy(N). (A26)
The function-transform&; and G, are defined as
G3(M)=0a1(N)Y1(M)A(\)e”uMa
=Y1(M)d (M) By (N)ehMn (A27)

and
G4(N)=a;1Y(N)e 1B+ Yg(N\)py(N)e” “1M7, (A28)
Also in Eq. (A25):

V(\) =D py(\) [P a— e Piha], (A29)

W(N)= =D [d2(N) Ya(M)Ax(N) + azYa(N)e” 2],
(A30)

and

Eyso _
)= =2 [A0) + CoN)e ], (A3Y)

All the foregoing terms can be evaluated from the boundanin Egs.(A19) and (A20) the following definitions were also

conditions, Eqs(21)—(24). Thus,
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Ys(N)= S [A1(N)+By(N)+Cy(N)]
pcDr p1(N)
+Gs(N) (A32)
and
v Dr,p2(N)
s(N)= Dy PV PiVA] (A33)
with
G5()\)=Yl()\)ql()\)[Bl(M_Al()\)]_ale()\)_
p1(N)
(A34)
In Egs.(A23) and (A24) the definitionsY; andY, are
Ya(\)= L (A35)
pC2D1 [P2°(N) —02°(N)]
and
Vi — ¥sMaz [ E,

pcD1,(P2(N)?— ap®)| moDE, (@~ 4*(\))

+(hv—E,y) [e (n e, (A36)
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