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Theoretical and experimental aspects of three-dimensional infrared
photothermal radiometry of semiconductors
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A general theoretical model for the infrared photothermal radiomd®ER) signal from a
semiconductor wafer is developed for the case of three-dimensional sample geometry with finite
thickness. Carrier diffusion and heat conduction along the radial direction of the sample as well as
along the thickness coordinate are taken into account. The simulated results for the modulation
frequency dependence of the PTR signal amplitude and phase are applied to experimental data from
Si wafers. Good agreement between the theoretical and experimental curves is obtained and several
electronic and thermophysical parameters are estimated. This indicates that the three-dimensional
PTR measurement is useful to remotely characterize semiconductor wafers patterned for large scale
integrated circuits. ©1999 American Institute of Physids$s0021-897€9)01310-9

I. INTRODUCTION plasma-wave in semiconductors and possesses up to five or-

Among the physical parameters of interest, the electroni@€rs of magnitude higher carrier plasma-to-thermal contrast
transport properties of semiconductors, namely, the carrie an the PMTR methotf. This fact has attracted particular

diffusivity, the minority carrier lifetime, and the surface re- a'ttentlon_ to Fhe PTR techmq.ue.for 'on |mplr_;1ntat|on and de-
combination velocities have attracted great attention in re¥!ce fabrlcatzlon process mpnltorlng W'.th carner—plg;ma wave
cent semiconductor large scale integratib81) manufactur- technologyl. PTR applications to ion implanted silicon wa-

ing. Evaluating these parameters is essential fOJers with qualitative analysis of the influence of thermal an-

characterizing semiconductor wafers and for modeling fabri¢a/ing have been reported and a preliminary quantitative

cated circuit devices on Si. Laser-induced photothermal de@xpe_ri_m_ental study has_been performed on the_ efficienc_y and
tection techniques have been developed to monitor kinetic:gens't'vIty of the carrier plasma wave to implantation-

and transport properties of photogenerated carriers in sem'i'jduVCVEdhd"’lm""gl’e |r:j§|d rrated that th di ional
conductors. Since optoelectronic behavior can be monitore € have already demonstrated that the one-dimensiona

in a noncontacting and nondestructive manner, thes TR technique is capable of characterizing ion-implantation

methods have advantage over conventional techniqueesffects on the electronic properties, as well as monitoring the
such as frequency-dependent photoluminesdenge  contamination of Si wafefs' and Si electronic devicés’

photoconductivity methodologies. Photothermal beam de_He_re, _one-(_j|men5|onal refers _to t_he experimental c_onﬂgu-
flection (PBD) and photomodulated thermoreflectance "ation in which the size of the incident laser beam is large

(PMTR) are the most frequently used techniques for thes(gompared with the carrier plasma diffusion length. The com-

noncontact studiesThe photothermal studies are based onmon feature of all previous theoretical and experimental pho-

the well-known fact that the absorption of an intensity modu—mtherm"’lI stydles .Of sem|cgnductors is that only .homoge—
eous or discontinuously inhomogeneous materials have

lated or pulsed irradiation on semiconductor results in thni: 4 with th i f blished réport
variation of temperature and plasma density profiles, th €en assumed, wi € exception ot one published report.
Correspondingly, the obtained values for carrier lifetimar

t | behavior of which is affected by the th [ and~ "~ o
empora’ benavior of Which s attectec by the thermal an diffusivity D usually refer to the bulk or layer characteristics

electrical characteristics of the materials. f iconduct H dern devi : d
Among photothermal methodologies, infrared photother-o_ semiconaductors. However, modern device processing an
die sectioning requires the improvement of the spatial reso-

mal radiometry(PTR) has recently been under rapid devel-I i ¢ PTR. allowing f ts within th ib

opment for semiconductor characterizafiort owing to its ution © LS| ' "’;t owing for mezsurtemefn S V\f ;ﬂ € scribe

remote, noncontacting character and its potential advantagcggeS or patterning on product walers. In this paper, a
eneral three-dimensional model for the PTR signal from

in characterizing both thermal and several electronic prope conduct bstrates is develooed and d with
ties of semiconductors. PTR allows the measurement of Ops_em|con uctor substrates IS developed and compared wi

tically induced black body radiation from the semiconductorGXpe”mem"’II results for Si wafers.
surface. It has been shown that the frequency-domain PTR
signal is extremely sensitive to the photoexcited carrief, THEORETICAL MODEL

2 _ . o . I The PTR detection geometry for semiconductors has
On leave from: Department of Electronic Engineering, Miyazaki Univer- é " .
sity, Miyazaki, Japan; electronic mail: ikari@pem.miyazaki-u.ac.jp been repprteo! earli : The excmng laser b_eam IS assum_ed to
P'Current address: Therma-Wave, Inc., Fremont, Calfornia. be of finite size with a Gaussian profile ex@r?/d?), is
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modulated with the angular frequeney(=2#f) and fo- of the PTR signal is obtained from the Hankel transform

cused on a laterally semi-infinite semiconductor surface. Th§|(z \; ) of N(r,w), Eq. (1), by integrating over the thick-
radius of the semiconductor wafer is assumed to be suffiness of the wafer, which takes into account deep-lying bulk
ciently large compared with the radius of the laser beam ang|anck radiation emission from photogenerated and diffused
the detector aperture. The direction of the incident beam igarriers, according to Kirchhoff's law of detailed balart@e.
normal to the surface plane. No azimuthal variation of theThe result in Hankel space is

PTR signal is considered, i.e., the semiconductor is assumed L

to be isotropic thermally and electronically. The thickness of  E() )= f N(z\:w)dz

the wafer isL and the radius of the illuminating spot can be 0

changed by using high quality lenses. The emitted infrared

(IR) radiation is monitored by a fast detector focused on the e

~\2d2%/8 ( A2+ e b,L ) (3)
excitation spot. The aperture size of the detector is finite and (Dpbp+51)by | Ag—Age 200t

is also taken into account in the calculation. The presen{yq cqjiection efficiency of the IR detector can be taken into
linear model is valid under the condition of carrier low in- account by integrating the resulting expression over the ef-

jection. In our experiments, the laser power was S“ﬁiCiemIWective aperturdor the area of\) of the detector, assuming a
low to ensure the linear response of the PTR signals as Bisk shape of radiua:

function of laser intensity.
~ 1 (a.
A. The plasma-wave component SerR plasmb » ©) = Kf F(N,w)Jo(Ap)pdp
0

As in the development of one-dimensional PTR signal
generation theory? the operating mechanism involves a B E
photoexcited carrier plasma-wave componénjected ex- T man
cess carrier densityand a thermal componefitemperature ) ) ) ~

rise). In the one-dimensional model, however, the radial spaFinally, inverting the Hankel transforn®prg piasmé ;@)
tial variation of excess carriers and temperature rise are nef€'ds

relevant to the calculation. In the present three-dimensional 1 (=

case, carrier diffusion and heat conduction along the radial ~ SpTR plasmb®) = %f F(N,@)Ji(ha)dh, (5
direction, as well as along the axial direction in the sample 0

are taken into account for the first time using cylindrical whereJ;(x) is the Bessel function of the first kind and of
coordinates. A pair of conventional coupled plasma and heatrder one. The parameters in E@3) to (5) are defined as
diffusion equations is written and solved in Hankel spacefollows:

(N, @)J1(Na). 4

For the plasma component of the total PTR signal, the in- b2= )2+ o2 ©®)
jected three-dimensional carrier density is calculated by the ™" v
following carrier transport equation: D,b,—s;
2 Al:D b,+s;’ ™
V2AN(F0)— 0ZAN(T @)= — — 27 exd =200y e
R e D O  “ D,b,+s, .
1) 2_Dnbn_szl ®
with the boundary conditions at the front and rear surface of
the wafer B. The thermal-wave component
J The thermal-wave component is also calculated in the
DnEAN(F,Z:w)|z:0251AN(F,O;w), same manner from the following coupled equation:
) E
Jd 2 _ 42 +_g
Dy AN(F.Zi0) |- = = SAN(r Lj0), VATe) = giAT(n @)+ i AN )
— 2
where, oﬁ=(1+iwrn)/Dnrn, D, is the minority electron =_ Mex% _ Z%—az), 9)
carrier diffusivity, =, is the carrier lifetime« is the optical hvkd d

absorption coefficient, ansy ands, are the front and rear wherek is the thermal conductivityr?=iw/D, andD, is the
surface recombination velocities, respectivélyandhv are  sample thermal diffusivity. The heat source due to carrier
the power and the photon energy of the incident laser beamelaxation to the conduction band edge and carrier band-to-
7 is the quantum yield, which is the optical-to-electronic hand or band-to-defect recombination are included in the
energy conversion efficiency. foregoing equations. They appear as the fourth and third
When the energy of the exciting laser lighty, is larger  term in Eq.(9), respectively. Additional heat sources at the

than the band-gap energy of the semiconductor, the light isyrface boundaries are considered through the boundary con-
strongly absorbed within a thin surface layer of the material gitions

In this case, the absorption coefficieatdoes not appear
explicitly in the plasma-wave equations, a phenomenon akin KiAT(r 2:0)|,—0=S1E,AN(F,0;)
to photoacoustic saturatidfi.The plasma-wave component 9z e g R
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J
KEAT(r,z;w)|Z=L=szEgAN(r,L;w). ok
The PTR signal for the thermal-wave component is calcu-
lated by means of its Hankel transform as in the case of the __eor
plasma-wave component of the PTR signal, &j. The re- gv
sult is S -40 |
©
S f) ! F”é(x )d;(na)dn (11) @
w)=— , a , 2]
PTR,therm malo 1 g 60|
o
where
L -80 [
G()\,w)=f T(z,\,w)dz (12
0
) . ) . . -100 1 L 1 N 1 . 1 . 1
After considerable algebraic manipulation, it can be shown 1 2 3 4 5
that for strong super-band-gap absorption Log frequency (Hz)
~G A -B 1-e™Pt +B et—1 FIG. 1. Typical variations in the PTR phase of Si wafers as a function of
N, 0)= 1 bt 2 bt modulation frequency with three different spot sizk§he carrier lifetime,

the carrier diffusion constant, and the surface recombination velocities on

1—e bnt 1—e bnL front and rear side were assumed to be 380 30 cnd/s, 1500 cm/s, and
+Bj3 ) 4( g bl 10° cm/s, respectively. The aperture diameter of the detector and the sample
bn bn thickness were set at 1 mm and 10 ¢semi-infinite, respectively. The
(13 dashed curves represent the absence of thermal-wave contributions.

The parameters in the above equations are given as follows:

h,—h,e it calculation, we used 30@s for the carrier lifetime, 30 chts
Bi=— o2 (14 for the n-type minority carrier diffusion constant, and 1500

and 18 cm/s for the surface recombination velocities on

h,e Ptt—h, b front and rear side, respectively. The actual aperture diameter
BZ:(WMT)E o (19 6f 1 mm was used for the IR mercury cadmium telluride
(MCT) detector throughout the calculations in the present
Ege‘”zdz’8 ( A, ) paper. For the particular simulation of Fig. 1, the sample
Bs= k7 (b2—b2)(Doby—5y) | Ap—Age 2Pt thickness was set at 10 c@emi-infinitg. The dashed and
(16) solid curves in Fig. 1 correspond to zero and finite contribu-
tion of the thermal component, respectively. Since the detec-
B —B (ﬁ) 17 tor aperture diameter is 1 mm in the present case, large varia-
478A,) tions occur in the shape of the curves from one dimensional

(spot sized=10 mn) to strongly three dimension&i=0.01
h,=— SlTn(bﬁ—bf)(Bg+B4e‘2an) mm). For_the o_n_e-dimensional case Wh_ere the laser be_am
b, spot size is sufficiently large compared with the aperture size
b of the detector, the heat conduction along the radial direction
— _“(33_549—2%), (18) has no effect on the PTR signal generation mechanism. A
by similar situation prevails for carrier diffusion, as long as the
1 diffusion length is large compared to the aperture size.
h2=b—[szrn(bﬁ—bt2)(83+ B,) —bn(B3—B,)]e 2Pt Therefore, the expected_ curves should be thg same as that
t reported for one-dimensional moddh the one-dimensional
(19 . T .
case, one may estimate the carrier lifetime from the turning
and point of the frequency dependence of the PTR signal phase.
b2= 224+ o2 (20 These facts indicate that care should be taken in determining
t te the carrier lifetime by such estimation. Three-dimensional
The three-dimensional PTR signal is finally obtained byeffects strongly modify the curve and the carrier lifetime is
taking a weighted superposition of Ep) and Eq.(11) to  usually underestimated if the one-dimensional model is used.
account for the plasma-waymjected excess carrier dengity The recombination of diffused carriers along the radial direc-
and the thermal-wav@emperature rigecomponent, respec- tion renders the nominal carrier lifetime shorter than the true
tively. Typical variations in the PTR phase of Si wafers as avalue, if not properly taken into account.
function of modulation frequency with three different spot When the contribution of the thermal component of the
sizesd have been calculated. Since the signal amplitude i$TR signal becomes large, the PTR phase decreases drasti-
not sensitively dependent on these physical parameters, ondally in the lower frequency region. This lag is due to the
the phases are shown in the simulation of Fig. 1. In thismuch slower diffusion of heat than the carrier recombination.
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FIG. 3. Schematic setup for the experimental apparatus. The spot size of the
Log frequency (Hz)

exciting laser beam could be controlled by use of high quality optical lenses.

FIG. 2. Simulated PTR amplitude and the phase of a 0.5 mm thick Si wafer,

the actual size for LSI applications. Carrier lifetime, electronic diffusivity,

and front surface recombination velocity are the same as those in Fig. 1. The

surface recombination of carriers at the rear boundary is now included in thpower low enough to obtain a linear dependence of the sig-

calculation. nal on the excitation intensity. The excitation beam was
modulated from 10 Hz to 100 kHz via an acousto-optic

The thermal component does not affect the signal in thénodulator(AOM). The infrared emission was collected by

higher frequency region in both one- and three-dimensional’ " colllmatmg o_ff-a_X|s paraboloidal mirrors and was fq-
models. The effect of the dimensionality is important to cor—Cused onto a liquid nitrogen cooled HgCdTe IR detector with

rectly analyze the PTR signal. Figure 1 overall indicates thafpeCt:ﬁl respons?f.betweer} i gntd ﬂmll ) Tkh.e PTRl.?'gnal q
three-dimensional effects should always be considered fgrom the preampiifier was 1ed into a lock-in ampiifier an

Lo ; C e as processed by a personal computer.
estimating physical parameters such as carrier lifetime, car¥@s :
rier bipolar diffusion coefficient and surface recombination Figures 4a) and 4b) show the observed PTR signal am-

velocity from the frequency scan of the PTR signals. plitude and phase, respectively, fop<i wafer. The surface

Figure 2 shows the simulated PTR amplitude and theof the wafer underwent oxidation in @HCI, subsequent

phase of a 0.5 mm thick Si wafer, the actual size for LSICh?m'C_?_LetChmg n Hrlagdt finally w?s ”?St‘;d in distilled
applications. Carrier lifetime, electronic diffusivity and front water(.j (T. erEerLTent.a ha a were a rk;]os debsarrr:e as re-
surface recombination velocity are the same as those in FiiOr ed eariier. No drastic change was observed by changing

1. The surface recombination of carriers at the rear boundar. hﬁ beam ?.'?m?t?hr V\f['rt]hm tkt'.e floregglr:gt r?rr]\g% Otf Spot sizes.
is now included in the calculation. Both plasma- and € curve Tits ot the theoretical modet to the data were car-

thermal-wave terms are included in the full drawn curves!1€d 0ut, and the results are also shown in Fig. 4 as solid,
Two dominant peaks appear in the phase for the onedashed and dotted curves for laser beam spot sizes of 1.36,

dimensional case ofi=10 mm. When the beam size be- 0-68, and 0.086 mm, respectively. Best fitted carrier lifetime
-

comes smaller, the shoulder apparent at 10 kHz merges intd"’ d'quS'(in coef1‘||C|§tnDn, f;%nt, Slbl ar?g reasrgz, s/urfaced
a broad single peak around 1 kHz. The signal amplitudéecom ination velocity are 20s, 6 cnt/s, CM/s, an

decrease becomes less steep from the @10 mm to the tl(i ctm/ S: drespectnvei)r/]. Itpl_err;otgd trllat. thteh plasrtpa—\;vave con-
three-dimensional cage=0.01 mn). This is so because ra- U'Pution dominates the signals In the entire requency

dial losses of carriers and heat contribute to signal decagla.nge' The ratio of t_hermal to plasma term becaf“e Zero in
throughout the entire frequency range and not only at fre—h's. case. The long lifetime, small sur.facg recombination ve-
guencies when the carrier and thermal diffusion lengths bel-OCIty and smqll thermgl wave con'tnb.u'tlon mean that .th'S
come equal to the detector size. Waf_e_r was of high quality, WIFh no significant defects or im-
purities near the surface region.

The observed PTR signal amplitudes and phases for an
ion implantedp-Si wafer as a function of the modulation

The detailed experimental setup for our PTR measurefrequency are shown in Figs.(@® and 5b), respectively.
ments has been reported earfi&The schematic of the ap- Phosphorous ions were implanted with an approximate dose
paratus is shown in Fig. 3. In the present case, the spot siz#f 10'%ions/cn? and the implantation energy was set at 50
of the exciting laser beam could be controlled by use of highkeV. Using the theoretical model, the experimental data
quality optical lenses. Three typical radii of the laser beanshown as open squares, circles and triangles were used in a
spot sized were chosen; 0.085, 0.68, and 1.36 mm. Thesenultiparameter fit. The results are shown as solid, dashed,
values were estimated by Gaussian fitting of the measurednd dotted curves for laser beam size of 1.36, 0.68, and

beam profile. Care was taken to keep the exciting lase®.086 mm, respectively. The observed D, s;, ands, of

Ill. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 4. Observed PTR signgh) amplitude andb) phase for a p-Si wafer.  FIG. 5. Observed experimental and theoretical PTR sig@aamplitudes

The surface of the wafer underwent oxidation i /BICI, subsequent and(b) phases for an ion implanted p-Si wafer as a function of the modu-
chemical etching in HF and finally was rinsed in distilled water. The curvelation frequency. Phosphorous ions were implanted with an approximate
fits of the theoretical model to the data are shown as solid, dashed and dotteidse of 18°ions/cnt and the implantation energy was set at 50 keV. Laser

curves for laser beam spot size of 1.36, 0.68, and 0.086 mm, respectivelyheam sizes were 1.36, 0.68, and 0.086 mm.

_ _ reliable estimation of the electronic parameters of Si wafers
this wafer were determined to be 28, 100cnd/s, 1000  fom the experimental results.

cm/s, and 10cm/s, respectively, from the curve fitting pro-

cedure. It is seen that a considerable contribution of the ther-

mal component appears. The thermal term was estimated {0 concLUSIONS

be ten times larger than that of the plasma term. Good agree-

ment between the theory and the experiments was obtained A three-dimensional PTR signal model taking into ac-
except for the very high frequency range where depth inhoeount the finite size of the exciting laser beam, the sample
mogeneities due to deep ion-implantation damage can biickness and both plasma- and thermal-wave contributions
expected?® Since implantation causes surface damage antb the signal has been developed. The observed PTR fre-
generates impurities and carrier traps both in the bulk and thguency responses for Si wafers are well explained by the
surface, the observed carrier lifetime decreases and surfatieree-dimensional PTR model through multiparameter simul-
recombination velocity increases, as expected. Although th&aneous fit of the PTR amplitude and phase. Carrier diffusion
features for the ion implanted Si wafer have already beemnd heat conduction both along the radial and axial direction
measured,we have applied the developed three-dimensionabf the sample were taken into account simultaneously. The
analysis to the experimental results to obtain quantitative andariations of the signal with the pump laser beam size were
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also quantified. These three-dimensional measurements are. Sheard and M. Somekh, Mon-destructive Evaluation (Progress in

quite useful for semiconductor wafers patterned for LSI cir- Photothermal and Photoacoustic Science and Technology Vokdikd
by A. Mandelis(Prentice—Hall, Englewood Cliffs, NJ, 1994. 111.
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