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A general theoretical model for the infrared photothermal radiometric (PTR) 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 Physics. [S0021-8979(99)01310-9]

I. INTRODUCTION

Among the physical parameters of interest, the electronic
transport properties of semiconductors, namely, the carrier
diffusivity, the minority carrier lifetime, and the surface re-
combination velocities have attracted great attention in re-
cent semiconductor large scale integration (LSI) manufactur-
ing. Evaluating these parameters is essential for
characterizing semiconductor wafers and for modeling fabri-
cated circuit devices on Si. Laser-induced photothermal de-
tection techniques have been developed to monitor kinetics
and transport properties of photogenerated carriers in semi-
conductors. Since optoelectronic behavior can be monitored
in a noncontacting and nondestructive manner, these
methods have advantage over conventional techniques
such as frequency-dependent photoluminescence'  or
photoconductivity* methodologies. Photothermal beam de-
flection (PBD) and photomodulated thermoreflectance
(PMTR) are the most frequently used techniques for these
noncontact studies.” The photothermal studies are based on
the well-known fact that the absorption of an intensity modu-
lated or pulsed irradiation on semiconductor results in the
variation of temperature and plasma density profiles, the
temporal behavior of which is affected by the thermal and
electrical characteristics of the materials.

Among photothermal methodologies, infrared photother-
mal radiometry (PTR) has recently been under rapid devel-
opment for semiconductor characterization*™'! owing to its
remote, noncontacting character and its potential advantages
in characterizing both thermal and several electronic proper-
ties of semiconductors. PTR allows the measurement of op-
tically induced black body radiation from the semiconductor
surface. It has been shown that the frequency-domain PTR
signal is extremely sensitive to the photoexcited carrier

“0n leave from: Department of Electronic Engineering, Miyazaki Univer-
sity, Miyazaki, Japan; electronic mail: ikari@pem.miyazaki-u.ac.jp
YCurrent address: Therma-Wave, Inc., Fremont, Calfornia.

0021-8979/99/85(10)/7392/6/$15.00

7392

plasma-wave in semiconductors and possesses up to five or-
ders of magnitude higher carrier plasma-to-thermal contrast
than the PMTR method.'® This fact has attracted particular
attention to the PTR technique for ion implantation and de-
vice fabrication process monitoring with carrier-plasma wave
technology.!? PTR applications to ion implanted silicon wa-
fers with qualitative analysis of the influence of thermal an-
nealing have been reported and a preliminary quantitative
experimental study has been performed on the efficiency and
sensitivity of the carrier plasma wave to implantation-
induced damage in Si.”

We have already demonstrated that the one-dimensional
PTR technique is capable of characterizing ion-implantation
effects on the electronic properties, as well as monitoring the
contamination of Si wafers®® and Si electronic devices.®’
Here, ‘‘one-dimensional’’ refers to the experimental configu-
ration in which the size of the incident laser beam is large
compared with the carrier plasma diffusion length. The com-
mon feature of all previous theoretical and experimental pho-
tothermal studies of semiconductors is that only homoge-
neous or discontinuously inhomogeneous materials have
been assumed, with the exception of one published report.'?
Correspondingly, the obtained values for carrier lifetime 7 or
diffusivity D usually refer to the bulk or layer characteristics
of semiconductors. However, modern device processing and
die sectioning requires the improvement of the spatial reso-
lution of PTR, allowing for measurements within the scribe
lines or LSI patterning on product wafers. In this paper, a
general three-dimensional model for the PTR signal from
semiconductor substrates is developed and compared with
experimental results for Si wafers.

Il. THEORETICAL MODEL

The PTR detection geometry for semiconductors has
been reported earlier.® The exciting laser beam is assumed to
be of finite size with a Gaussian profile exp(—2r2/d2), is
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modulated with the angular frequency w(=2f) and fo-
cused on a laterally semi-infinite semiconductor surface. The
radius of the semiconductor wafer is assumed to be suffi-
ciently large compared with the radius of the laser beam and
the detector aperture. The direction of the incident beam is
normal to the surface plane. No azimuthal variation of the
PTR signal is considered, i.e., the semiconductor is assumed
to be isotropic thermally and electronically. The thickness of
the wafer is L and the radius of the illuminating spot can be
changed by using high quality lenses. The emitted infrared
(IR) radiation is monitored by a fast detector focused on the
excitation spot. The aperture size of the detector is finite and
is also taken into account in the calculation. The present
linear model is valid under the condition of carrier low in-
jection. In our experiments, the laser power was sufficiently
low to ensure the linear response of the PTR signals as a
function of laser intensity.

A. The plasma-wave component

As in the development of one-dimensional PTR signal
generation theory,'? the operating mechanism involves a
photoexcited carrier plasma-wave component (injected ex-
cess carrier density) and a thermal component (temperature
rise). In the one-dimensional model, however, the radial spa-
tial variation of excess carriers and temperature rise are not
relevant to the calculation. In the present three-dimensional
case, carrier diffusion and heat conduction along the radial
direction, as well as along the axial direction in the sample
are taken into account for the first time using cylindrical
coordinates. A pair of conventional coupled plasma and heat
diffusion equations is written and solved in Hankel space.
For the plasma component of the total PTR signal, the in-
jected three-dimensional carrier density is calculated by the
following carrier transport equation:

V2AN(E0) = GPAN(E.0)= aPy (_2r2—_ )
r,o o, r,w W—D-nexp 72— Az

(1)
with the boundary conditions at the front and rear surface of
the wafer

d
D,,—;AN(r,z;w)|z=0=slAN(r,O;cu),

(2)
a
DnEAN(r,z;w)[Z=L= —5,AN(r,L;w),

where, 0'§=(1 +iw7,)/D,7,, D, is the minority electron
carrier diffusivity, 7, is the carrier lifetime, a is the optical
absorption coefficient, and s; and s, are the front and rear
surface recombination velocities, respectively. P and hv are
the power and the photon energy of the incident laser beam.
n is the quantum yield, which is the optical-to-electronic
energy conversion efficiency.

When the energy of the exciting laser light, 2 v, is larger
than the band-gap energy of the semiconductor, the light is
strongly absorbed within a thin surface layer of the material.
In this case, the absorption coefficient o does not appear
explicitly in the plasma-wave equations, a phenomenon akin
to photoacoustic saturation.'* The plasma-wave component
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of the PTR signal is obtained from the Hankel transform
N(z,\;w) of N(r,w), Eq. (1), by integrating over the thick-
ness of the wafer, which takes into account deep-lying bulk
Planck radiation emission from photogenerated and diffused

carriers, according to Kirchhoff’s law of detailed balance.!?
The result in Hankel space is

L
F(\,w)= fo N(z,\;w)dz

€)

e~ Nd8
" (Dub,+s))b,

The collection efficiency of the IR detector can be taken into

account by integrating the resulting expression over the ef-

fective aperture (or the area of A) of the detector, assuming a
disk shape of radius a:

A2+e~b"1‘ )
Az_Ale—ZEnL’ .

~ 1 (a_
S]’I’R,plasma()\vw)z KJ;) F(K’ w)JO()\P)PdP

|
=;‘KF(}\,(0)J|()\G). (4)

Finally, inverting the Hankel transform §pm‘plasma()\,w)
yields

1 3
SWR.Plasma(w)z.;Efo F()\,w)ll()\a)d?\, (5)

where J,(x) is the Bessel function of the first kind and of
order one. The parameters in Egs. (3) to (5) are defined as
follows:

bi=}\2+o',2,, (6)
D,,b,,'*sl

ATD s 7
Dnbn+s2

Az——b—_—nbn*sz' (8)

B. The thermal-wave component

The thermal-wave component is also calculated in the
same manner from the following coupled equation:

V2AT(r,w)— o?AT(r Es

s p L)+ kTAN(r,w)
_ aPnp(hv—E,) [ 2r?
B hvkmd? exp( &) ©)

where & is the thermal conductivity. o?=iw/D, and D, is the
sample thermal diffusivity. The heat source due to carrier
relaxation to the conduction band edge and carrier band-to-
band or band-to-defect recombination are included in the
foregoing equations. They appear as the fourth and third
term in Eq. (9), respectively. Additional heat sources at the
surface boundaries are considered through the boundary con-
ditions

0
Kgz—AT(r,z;w)lzz():s,EgAN(r,O;w),
(10)
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w
K;;—Z—AT(r,z;w)[z=L=s2EgAN(r,L;w).

The PTR signal for the thermal-wave component is calcu-
lated by means of its Hankel transform as in the case of the
plasma-wave component of the PTR signal, Eq. (5). The re-
sult is

1 (> _
SPIR thermal( @) = %,f G(N,w)J (Aa)dX, (11)
0
where
— L~
G()\,(u)=f T(z,\,w)dz. (12)
0

After considerable algebraic manipulation, it can be shown
that for strong super-band-gap absorption

1—e bt et —1
—_— + ——
b, )P T,

1—e bl 1—e bl
+B3 b +B4 b e T,
n n

G()\,Q)):Bl(

_ (13)
The parameters in the above equations are given as follows:

_hl—hzeub'L

b= (14)
hle_b’L'—hz _
B=(T:— e, (15)
E e—)\zdzlg A,
B,=— 2 ,
’ whvkm(bﬁ-b?)(Dnbn—sl)(Az—Ale*”’nL)
(16)
B,—B (A‘) a7
4v 3 A2 >
S17Ty _
hlz“;_,(bﬁ“b,z)(Bﬁme 2t
b” —2b,L
— 5 (B3—Bye ), (18)
t

i sama (63— 0B+ B ~b, (B B)le ™,
(19)
and
b2=\2+g?. (20)
The three-dimensional PTR signal is finally obtained by

taking a weighted superposition of Eq. (5) and Eq. (11) to-

* account for the plasma-wave (injected excess carrier density)
and the thermal-wave (temperature rise) component, respec-
tively. Typical variations in the PTR phase of Si wafers as a
function of modulation frequency with three different spot
sizes d have been calculated. Since the signal amplitude is
not sensitively dependent on these physical parameters, only
the phases are shown in the simulation of Fig. 1. In this
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FIG. 1. Typical variations in the PTR phase of Si wafers as a function of
modulation frequency with three different spot sizes d. The carrier lifetime,
the carrier diffusion constant, and the surface recombination velocities on
front and rear side were assumed to be 300 us, 30 cm?/s, 1500 cm/s, and

- 10° cm/s, respectively. The aperture diameter of the detector and the sample

thickness were set at 1 mm and 10 cm (semi-infinite), respectively. The
dashed curves represent the absence of thermal-wave contributions.

calculation, we used 300 us for the carrier lifetime, 30 cm?/s
for the n-type minority carrier diffusion constant, and 1500
and 10° cm/s for the surface recombination velocities on
front and rear side, respectively. The actual aperture diameter
of 1 mm was used for the IR mercury cadmium telluride

"(MCT) detector throughout the calculations in the present

paper. For the particular simulation of Fig. 1, the sample
thickness was set at 10 cm (semi-infinite). The dashed and
solid curves in Fig. 1 correspond to zero and finite contribu-
tion of the thermal component, respectively. Since the detec-
tor aperture diameter is 1 mm in the present case, large varia-
tions occur in the shape of the curves from one dimensional
(spot size d=10 mm) to strongly three dimensional (d=0.01
mm). For the one-dimensional case where the laser beam
spot size is sufficiently large compared with the aperture size
of the detector, the heat conduction along the radial direction
has no effect on the PTR signal generation mechanism. A
similar situation prevails for carrier diffusion, as long as the
diffusion length is large compared to the aperture size.
Therefore, the expected curves should be the same as that
reported for one-dimensional model.® In the one-dimensional
case, one may estimate the carrier lifetime from the turning
point of the frequency dependence of the PTR signal phase.
These facts indicate that care should be taken in determining
the carrier lifetime by such estimation. Three-dimensional
effects strongly modify the curve and the carrier lifetime is
usually underestimated if the one-dimensional model is used.
The recombination of diffused carriers along the radial direc-
tion renders the nominal carrier lifetime shorter than the true
value, if not properly taken into account. '

When the contribution of the thermal component of the
PTR signal becomes large, the PTR phase decreases drasti-
cally in the lower frequency region. This lag is due to the
much slower diffusion of heat than the carrier recombination.

Copyright © 1999. All rights reserved.
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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 the
calculation.

The thermal component does not affect the signal in the
higher frequency region in both one- and three-dimensional
models. The effect of the dimensionality is important to cor-
rectly analyze the PTR signal. Figure 1 overall indicates that
three-dimensional effects should always be considered for
estimating physical parameters such as carrier lifetime, car-
rier bipolar diffusion coefficient and surface recombination
velocity from the frequency scan of the PTR signals.
Figure 2 shows the 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 the calculation. Both plasma- and
thermal-wave terms are included in the full drawn curves.
Two dominant peaks appear in the phase for the one-
dimensional case of 4=10 mm. When the beam size be-
~comes smaller, the shoulder apparent at 10 kHz merges into
a broad single peak around 1 kHz. The signal amplitude
decrease becomes less steep from the one- (d=10 mm) to the
three-dimensional case (d=0.01 mm). This is so because ra-
dial losses of carriers and heat contribute to signal decay
throughout the entire frequency range and not only at fre-
quencies when the carrier and thermal diffusion lengths be-
come equal to the detector size.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

The detailed experimental setup for our PTR measure-
ments has been reported earlier.!® The schematic of the ap-
paratus is shown in Fig. 3. In the present case, the spot size
of the exciting laser beam could be controlled by use of high
quality optical lenses. Three typical radii of the laser beam
spot size d were chosen; 0.085, 0.68, and 1.36 mm. These
values were estimated by Gaussian fitting of the measured
beam profile. Care was taken to keep the exciting laser
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FIG. 3. Schematic setup for the experimental apparatus. The spot size of the
exciting laser beam could be controlled by use of high quality optical lenses.

power low enough to obtain a linear dependence of the sig-
nal on the excitation intensity. The excitation beam was
modulated from 10 Hz to 100 kHz via an acousto-optic
modulator (AOM). The infrared emission was collected by
two collimating off-axis paraboloidal mirrors and was fo-
cused onto a liquid nitrogen cooled HgCdTe IR detector with
spectral response between 2 and 12 um. The PTR signal
from the preamplifier was fed into a lock-in amplifier and
was processed by a personal computer.

Figures 4(a) and 4(b) show the observed PTR signal am-
plitude and phase, respectively, for a p-Si wafer. The surface
of the wafer underwent oxidation in O,/HCI, subsequent
chemical etching in HF and finally was rinsed in distilled
water. The experimental data were almost the same as re-
ported earlier.’ No drastic change was observed by changing
the beam diameter within the foregoing range of spot sizes.
The curve fits of the theoretical model to the data were car-
ried out, and the results are also shown in Fig. 4 as solid,
dashed and dotted curves for laser beam spot sizes of 1.36,
0.68, and 0.086 mm, respectively. Best fitted carrier lifetime
T, , diffusion coefficient D, , front, s, and rear, s,, surface
recombination velocity are 200 us, 6 cm?/s, 50 cm/s, and
103 cm/s, respectively. It is noted that the plasma-wave con-
tribution dominates the PTR signals in the entire frequency
range. The ratio of thermal to plasma term became zero in
this case. The long lifetime, small surface recombination ve-
locity and small thermal wave contribution mean that this
wafer was of high quality, with no significant defects or im-
purities near the surface region.

The observed PTR signal amplitudes and phases for an
ion implanted p-Si wafer as a function of the modulation
frequency are shown in Figs. S(a) and 5(b), respectively.
Phosphorous ions were implanted with an approximate dose
of 10'%ions/cm? and the implantation energy was set at 50
keV. Using the theoretical model, the experimental data
shown as open squares, circles and triangles were used in a
multiparameter fit. The results are shown as solid, dashed,
and dotted curves for laser beam size of 1.36, 0.68, and
0.086 mm, respectively. The observed 7,,, D,, s, and s, of

Copyright © 1999. All rights reserved.
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FIG. 4. Observed PTR signal (a) amplitude and (b) phase for a p-Si wafer.
The surface of the wafer underwent oxidation in O,/HCI, subsequent
chemical etching in HF and finally was rinsed in distilled water. The curve
fits of the theoretical model to the data are shown as solid, dashed and dotted
curves for laser beam spot size of 1.36, 0.68, and 0.086 mm, respectively.

this wafer were determined to be 25 us, 100cm?/s, 1000
cm/s, and 10° cr/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 to
be ten times larger than that of the plasma term. Good agree-
ment between the theory and the experiments was obtained
except for the very high frequency range where depth inho-
mogeneities due to deep ion-implantation damage can be
expected.'®!® Since implantation causes surface damage and
generates impurities and carrier traps both in the bulk and the
surface, the observed carrier lifetime decreases and surface
recombination velocity increases, as expected. Although the
features for the ion implanted Si wafer have already been
measured,’ we have applied the developed three-dimensional
analysis to the experimental results to obtain quantitative and
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FIG. 5. Observed experimental and theoretical PTR signal (a) amplitudes
and (b) phases for an ion implanted p-Si wafer as a function of the modu-
lation frequency. Phosphorous ions were implanted with an approximate
dose of 10'%jons/cm? and the implantation energy was set at 50 keV. Laser
beam sizes were 1.36, 0.68, and 0.086 mm.

reliable estimation of the electronic parameters of Si wafers
from the experimental results.

IV. CONCLUSIONS

A three-dimensional PTR signal model taking into ac-
count the finite size of the exciting laser beam, the sample
thickness and both plasma- and thermal-wave contributions
to the signal has been developed. The observed PTR fre-
quency responses for Si wafers are well explained by the
three-dimensional PTR model through multiparameter simul-
taneous fit of the PTR amplitude and phase. Carrier diffusion
and heat conduction both along the radial and axial direction
of the sample were taken into account simultaneously. The
variations of the signal with the pump laser beam size were
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also quantified. These three-dimensional measurements are
quite useful for semiconductor wafers patterned for LSI cir-
cuits.
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