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Carrier-density-wave transport property depth profilometry using
spectroscopic photothermal radiometry of silicon wafers I:
Theoretical aspects

Derrick Shaughnessy and Andreas Mandelisa)

Photothermal and Optoelectronic Diagnostics Laboratories, Department of Mechanical and Industrial
Engineering, University of Toronto, Toronto M5S 3G8, Canada

~Received 9 October 2002; accepted 13 February 2003!

A theoretical model for the photothermal radiometric~PTR! signal from an indirect band-gap
semiconductor excited by a laser of arbitrary wavelength is presented. The model has been used to
investigate the spectral dependence of the sensitivity of the PTR signal to variations in the electronic
transport parameters of the sample. Simulations show slight variations of the sensitivity to carrier
lifetime and carrier diffusivity with excitation wavelength due to changes in the strength of the
thermal contribution to the signal that are a result of changes in the difference between the photon
energy and the band gap. The sensitivity of the PTR signal to changes in the front surface
recombination velocity is shown to have a strong dependence on the excitation wavelength with the
sensitivity decreasing as the absorption depth of the excitation source increases, allowing
spectroscopic carrier-density-wave depth profilometric measurements. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1565498#
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I. INTRODUCTION

Several optical characterization techniques have b
developed to determine the transport parameters of semi
ductor wafers: Recombination lifetime,t ; carrier diffusivity
or diffusion coefficient,D; front surface recombination ve
locity, S1 ; and back surface recombination velocity,S2 . The
lifetime that is generally measured during wafer charac
ization is an average of the carrier lifetimes throughout
optical absorption depth in the sample, which vary spatia
due to the irregular distribution of defects and impurities t
act as recombination centers. The large number of cry
defects at the surface results in a much shorter lifetime
carriers in the vicinity of the surface as compared to thos
the bulk, and has led to the following definition of the effe
tive lifetime1

teff
215tbulk

21 1tsurface
21 . ~1!

Laser-induced photothermal radiometry~PTR! is a pow-
erful characterization method that is capable of monitor
all four of the aforementioned transport parameters.2 Inves-
tigation of the PTR signal dependence on the surface co
tions for optical excitation over a range of absorption dep
will lead to knowledge that could allow for depth profilom
etry of the carrier lifetime, and thus monitoring of contam
nation or implantation layers in silicon wafers, by varyin
the optical absorption depth and mathematically deconvo
ing the overlayers.

Distinctly from purely optical methodologies, the phot
thermal radiometric technique relies on the collection
black body radiation from a sample that has been excited
an intensity-modulated or pulsed light source. For semic
ductors, there are two sources of infrared radiative emissi

a!Electronic mail: mandelis@mie.utoronto.ca
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Following absorption of optical photons of energy grea
than the band-gap energy,Eg , carriers will have kinetic en-
ergy (hn2Eg) that is released through a rapid (;10212 s)
relaxation to the respective~conduction or valence! band
edge. The short time scale of this process makes diffus
effects negligible3,4 and results in a prompt thermal sourc
with a distribution equivalent to the optical absorption pr
file. In indirect-gap semiconductors, and in particular in s
con, photoexcited carriers will further diffuse throughout t
material, for an average timet, before undergoing nonradia
tive recombination in the bulk and at the surface. This res
in a delayed thermal source of magnitudeEg at the location
of every recombining electron–hole pair. If the optic
source is harmonically modulated at angular frequencyv,
these thermal sources result in an induced harmonic temp
ture change of the material,T(x,v): Along with the infrared
emissions that exist at ambient temperature, as predicte
Planck’s Law, there will be superposed the emissions du
the induced temperature fluctuations. It is assumed that
temperature fluctuation is small compared to the dc temp
ture of the material, so that a first-order approximation of
Stefan–Boltzmann Law gives the ac radiated power in
optically opaque media as

DW~v!'4«sT0
3DT~v!, ~2!

wheres is the Stefan–Boltzmann constant,« is the surface
emissivity, andT0 is the ambient temperature.

The photoexcited carrier plasma itself is also a radiat
infrared source. While infrared radiation lacks the ene
required to excite carriers across the band gap and cr
electron–hole pairs, free carriers do weakly absorb infra
radiation in lower-energy intraband and band-to-defect tr
sitions. Thus, the injection of free carriers will increase t
6 © 2003 American Institute of Physics
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infrared absorption of a semiconductor. According to K
choff’s law of detailed balance, the rate of emission of bla
body radiation per wavelength interval for a body at therm
equilibrium with its surroundings is equal to the rate of a
sorption of incident radiation for the same waveleng
interval.5 Although the system is not in equilibrium whe
excess carriers are present, it has been shown that Kirch
law can still be applied to situations involving nonequili
rium carrier injection.6 Accordingly, the existence of infrare
absorption necessitates the existence of infrared emis
and, introducing a modulated free carrier density, produ
an ac infrared emission that is proportional to the depth
tegral of the free carrier density. This amounts to each
combining photoexcited carrier acting as a Planck emiss
radiator.7

The emitted radiation from both thermal and electro
sources is collected over a fixed solid angle and focused
an appropriate infrared detector. In the case of a modula
source, the signal is monitored by a lock-in amplifier and
amplitude and phase of the PTR signal are fitted to an
propriate theory to determine the electronic transport par
eters.

In this work, a rigorous theoretical framework for mo
eling the spectroscopic PTR signal from a semiconduc
sample as a function of the optical absorption depth of
exciting radiation in the semiconductor is established. T
sensitivity of the PTR signal to the transport parameters
various penetration depths is examined and the potentia
spectroscopic PTR as a depth profilometric technique is
tablished.

II. THEORETICAL MODEL

The following model is for the PTR signal from a sem
conducting sample excited by a normally incident Gauss
shaped laser beam with an axially symmetric intensity pro
I 5I 0 exp(2r 2/w2) and arbitrary wavelength. Here,w is the
spotsize of the laser beam. The absorption of superband
photons results in a photon density that decays exponent
in the axial direction according toe2bz, whereb5b(l) is
the absorption coefficient~the Beer–Lambert law!. Despite
the crystallographic structure of Si and other semicond
tors, it is assumed that the material is isotropic, both th
mally and electronically, so that for cylindrically symmetr
optical excitation, the field will be independent of the a
muthal angle. The emitted infrared radiation is focused o
an appropriate detector of radiusa.

The theory for PTR signal generation from an excit
semiconductor is well established, but previous presentat
have not been complete. A common assumption has b
that the thermal component of the signal is negligible and
PTR amplitude is then fit to a simplified expression to obt
carrier recombination lifetime and in some instances surf
recombination velocities.8,9 Although it has been shown tha
the ratio of the contribution from the plasma component
the thermal component is larger for PTR than other pho
thermal detection techniques,10 we have found that the ther
mal component superposed over the plasma contributio
too significant to be neglected altogether.11 Furthermore, as
Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP
k
l

-

f’s

on
s
-
-
n

to
ed
e
p-

-

g
e
e
at
of
s-

-
e

ap
lly

-
r-

o

ns
en
e

n
e

o
-

is

discussed next, it is necessary to fit both the PTR amplit
and phase to satisfy uniqueness when attempting to de
mine the complete set of transport parameters. Recent
complete theoretical model for the three-dimensional inf
red PTR signal from strongly absorbed incident radiation
been presented.12 In this work, that theoretical model is ex
panded to describe the three-dimensional PTR signal fro
semiconductor undergoing low-level carrier injection fro
an optical source with an arbitrary absorption coefficient.

The transport of thermal energy and electronic carriers
an electronic material excited by a modulated source can
described by the temporal Fourier transforms of the heat c
duction and Boltzmann transport equations, respectiv
These coupled diffusion equations can be solved in Han
space and the complete PTR signal can be determined.
thermal-wave fieldT(r ,z;v) is the solution to the following
heat diffusion equation:13

¹2T~r ,z;v!2s t
2~v!T~r ,z;v!

52
1

k
@Qt~r ,z;v!1Qr~r ,z;v!#, ~3!

wheres t
25 iv/a, a is the thermal diffusivity,k is the ther-

mal conductivity, andQt andQr stand for the spatial therma
and carrier recombination sources of infrared radiation,
spectively. The thermal boundary conditions are

2k
d

dz
T~r ,z;v!U

z50

5S1EgN~r ,0:v!, ~4a!

k
d

dz
T~r ,z;v!U

z5L

5S2EgN~r ,L:v!, ~4b!

and the two thermal sources are

Qt~r ,z;v!5
bPh~12R!~hn2Eg!

hnpw2 e2~r /w!22bz, ~5!

and

Qr~r ,z;v!5
EgN~r ,z;v!

t
, ~6!

whereP is the power of the incident excitation source,h is
the probability that an incident photon produces an electro
hole pair,R is the reflectivity,hn is the photon energy, and
Eg is the band-gap energy. The carrier-density-wave fi
N(r ,z;v) is the solution to the temporal Fourier transform
the transport equation:13

¹2N~r ,z;v!2se
2N~r ,z;v!52

Ge~r ,z;v!

D
, ~7!

wherese
25(11 ivt)/Dt. The boundary conditions for the

carrier-density wave are

D
d

dz
N~r ,z;v!U

z50

5S1N~r ,0:v!, ~8a!

D
d

dz
N~r ,z;v!U

z5L

52S2N~r ,L:v!, ~8b!

and the injected carrier density is
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Ge~r ,z;v!5
bPh~12R!

hnpw2 e2~r /w!22bz. ~9!

Taking advantage of the azimuthal independence of
fields, the two boundary value problems can be solved
taking Hankel transforms

F̃~q,z;v!5E
0

`

F~r ,z;v!Jo~qr !rdr , ~10!

and solving the resulting one-dimensional ordinary differe
tial equations using Green’s function techniques.13 The Han-
kel transforms of the transport equations are

d2

dz2 T̃~q,z;v!2j t
2T̃~q,z;v!1

EgN~q,z;v!

kt

52
bhP~12R!~hn2Eg!e2~q2w2/4!2bz

2phnk
, ~11!

where

j t
25q21s t

25q21
iv

a
, ~12!

and

d2

dz2 Ñ~q,z;v!2je
2Ñ~q,z;v!

52
bhP~12R!

2phnD
e2~q2w2/4!2bz, ~13!

where

je
25q21se

25q21
11 ivt

Dt
. ~14!

Solving the carrier-density-wave field boundary value pro
lem in Hankel space and integrating over the depth of
sample yields:

Ñ~q;v!5E
0

L

Ñ~q,z;v!dz

5E~q!F ~12e2jeL!

je
~C1~q!1C2~q!e2jel !

2
~12e2bL!

b G , ~15!

where

E~q!5
bPh~12R!e2q2w2/4

2hnpD~b22je
2!

,

C1~q!5A1A2Fb12b2e2~b2je!L

A22A1e22jeL G ,
C2~q!5

b1A12b2A2e2~b2je!L

A22A1e22jeL ,

A1[
Dje2S1

Dje1S1
,
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A2[
Dje1S2

Dje2S2
,

b1[
Db1S1

Dje2S1
,

b2[
Db2S2

Dje1S2
.

The solution of the thermal-wave field in Hankel space, af
integrating over the sample depth is:

T̃~q;v!5E
0

L

T̃~q,z;v!dz

5B1

~12e2j tL!

j t
2B2

~12ej tL!

j t

1B3

~12e2jeL!

je
1B4

~12e2jeL!

je
e2jeL

1B5

~12e2bL!

b
, ~16!

where

B1[
h1~q!2h2~q!e2j tL

12e22j tL
,

B2[
h1~q!e2j tL2h2~q!

12e22j tL
e2j tL,

B3[2
EgE~q!C1~q!

kt~je
22j t

2!
,

B4[2
EgE~q!C2~q!

kt~je
22j t

2!
,

B5[2
H~q!2~Eg /t!E~q!

k~b22j t
2!

,

H~q!5
bPh~12R!~hn2Eg!e2q2w2/4

2hnpD
,

h1~q!5
S1EgE~q!

kj t
~C1~q!1C2~q!e22jeL21!

2
je

j t
~B32B4e22jeL!2

b

j t
B5 ,

h2~q!52
S2EgE~q!

kj t
~C1~q!e2jeL1C2~q!e2jeL

2e2bL!2
je

j t
~B32B4!e2jeL2

b

j t
B5e2bL.

Calculation of the PTR signal due to the combined
frared emissions of the thermal wave and the carrier-den
wave must take into account the efficiency of the detector
integrating over the effective detector aperture.12 Assuming a
circular aperture of radiusa, the PTR signal will be:
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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SPTR5
Cp

pa E0

`

Ñ~q;v!J1~qa!dq

1
Ct

pa E0

`

T̃~q;v!J1~qa!dq, ~17!

where Cp and Ct are weighting factors to account for th
relative strength of the two contributions~carrier wave and
thermal wave! to the signal.

III. NUMERICAL SIMULATIONS

The theoretical model has been used to simulate the
sitivity of the PTR response in Si to the transport propert
at several optical absorption depths over the range from 0
mm to 33.4 mm. The excitation wavelengths used for th
simulations are shown in Table I with their correspondi
optical absorption depths. Unless otherwise noted, the va
for the electronic parameters used in the simulations art
51023 s, D525 cm2/s ~corresponding to ambipolar diffu
sion!, S15300 cm/s,S25600 cm/s,Cp51310220 a.u., and
Ct5150 a.u. A sample thickness of 675mm ~a typical Si
wafer!, a beam radius of 80mm and an effective detecto
radius of 115mm were used for all of the simulations. Wit
the exception of the frequency-scan simulations, which
performed at constant incident power and account for va
tion in the reflection coefficient, the photon flux crossing t
front surface is constant for the simulations at each wa
length. The results of the simulations are presented nex
highlight several factors contributing to the uniqueness
PTR frequency-scan fits, the spectral dependence of the
signal over the range of physically relevant values for
transport parameters, and the experimental arrangemen
should be used to best identify each transport paramete

A well-known property of the amplitude of the PTR sig
nal from an electronic material is the saturation at low f
quencies with a characteristic bend that occurs atvt;1. The
PTR amplitude at a frequency such thatvt.1 is indepen-
dent of lifetime ~for reasons related to the electronic wa
number that will be discussed next! and thus, at high fre-
quencies, the slope of the PTR frequency-scan amplitud
independent of lifetime. At low frequencies (vt,1), the
fast response of carriers with respect to the modulation
riod results in a saturated amplitude, with respect to f
quency, that has a magnitude that increases with increa
lifetime due to the contribution of a larger number of carrie
to the depth integral. Thus, in order to extract lifetimes fro
experiment it is important to ensure that frequencies be
;1/~2pt! are probed. At low lifetimes, the strength of th
carrier-density-wave source is significantly decreased and

TABLE I. Optical properties of silicon for various wavelengths.

l ~nm!
n

Ref. 15
k

Ref. 15 R
b5

4pk

l
~m21!

1/b ~m!

514 4.225 0.060 0.381 1.473106 0.6831026

710 3.773 0.0115 0.338 2.043105 4.9131026

810 3.685 0.006 0.328 9.313104 10.7431026

950 3.6 0.002 26 0.32 3.03104 33.431026
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superposition of the thermal signal with the plasma sig
can result in a PTR amplitude that is not saturated at
frequency but has a negative slope with a magnitude dep
dent on the relative strength of the thermal component. T
presence of a strong thermal component also results in
increase in the phase lag for the low frequencies as the
time decreases.

The prevalence of the thermal component has ramifi
tions on the spectral dependencies of the PTR sensitivit
changes in the carrier lifetime. While the sensitivity of th
PTR signal component from the carrier-density wave to
carrier lifetime shows no variation with changing absorpti
depth, the strength of the thermal component at low frequ
cies and low lifetimes does introduce a spectral depende
of the signal to lifetime. For a constant photon flux across
surface, the shorter wavelengths deposit more energy to
lattice via the rapid thermalization of excited carriers, pr
portional to the difference between the photon energy and
band-gap energy, and thus exhibit higher amplitudes
larger phase lags as a result of the larger thermal compon
Simulations using the aforementioned transport proper
show that at low frequencies the difference in the strength
the thermal component is significant: Comparing the 514
and 950 nm results at 100 Hz reveals a difference of 19%
amplitude and 3.7° in phase for a lifetime of 1ms but once
the lifetime reaches 127ms, there is a difference of only
1.8% in amplitude and 1.2° in phase. At 5 kHz, there a
essentially no spectroscopic features to the amplitude w
the phase exhibits a slight separation for lifetimes below
proximately 20ms.

A similar simulation for the dependence of the PTR s
nal on the diffusion coefficient~or diffusivity! shows that the
amplitude decreases at all frequencies as the diffusivity
creases. This is a result of increasing lateral transport
decreases the carrier density within the field of view of t
detector. For frequencies such thatvt@1, the electronic
wave number is dependent solely on the diffusivity,se

'( iv/D)1/2, resulting in an increased sensitivity of the PT
phase to diffusivity at higher frequencies. The difference
the effects of a variation of lifetime and diffusivity on th
high-frequency response ensures a unique fit with respe
these two parameters. However, the complicated depend
of the signal on the other transport parameters present in
~15! does not allow the diffusivity to be easily extracted d
rectly from the slope of the amplitude or phase.

Examination of the spectral dependence of the PTR s
sitivity to the diffusion coefficient shows resolved amplitud
and phase as the diffusivity decreases. A similar simulat
with the front surface recombination velocity~FSRV! equal
to zero shows no such spectral dependence and thus id
fies the source of the diverging signals with decreasing
fusivity. The more strongly absorbed wavelengths depo
carriers much closer to the surface than the longer wa
lengths and as the diffusivity decreases the surface reco
nation becomes more prevalent, suppressing the amplitud
the shorter wavelengths. However, it should be noted tha
literature values for the carrier diffusion coefficient~a review
by Rodriguezet al.2 found values ofDn;35 cm2/s andDp

;12.5 cm2/s), any spectral separation of the PTR respo
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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due to this phenomenon is minimal and would be difficult
resolve experimentally.

Of greater significance in this range of diffusivities is t
relative increase and decrease, respectively, of the l
frequency amplitudes and phase as the excitation wavele
decreases. At higher diffusivities, the relative strength of
thermal component of the signal with respect to the el
tronic contribution increases as carriers leave the field
view of the detector. The shorter the wavelength, the gre
the difference between the photon energy and the band
energy, and thus the larger the thermal contribution from
rapid transfer of energy to the lattice via phonons bef
carrier diffusion occurs. This results in shorter waveleng
having a slightly lower sensitivity to the diffusion coefficie
for high diffusivity values. However, forD535 cm2/s at 100
Hz, the amplitude difference and phase difference betw
the 514 nm and 950 nm values are 3.2% and 1.2°, res
tively. Again, any spectroscopic features introduced by t
phenomenon would be difficult to resolve experimentally
decrease in the thermal weighting factor eliminates this sp
tral dependence and results in the response from the va
excitation wavelengths converging as the diffusivity i
creases.

Although the diffusion length of an excited carrier
related to the diffusivity by the relationLD5(Dt)1/2, for
modulated injected carriers, the distance traveled by a ca
is described by the diffusion length of the carrier-dens
wave,Lac(v)5LD /(11 ivt)1/2. If this ac diffusion length is
longer than the wafer thickness, carriers are able to trave
the back surface and the back surface recombination velo
~BSRV! will affect the PTR signal. Neither the amplitude n
the phase is sensitive to the BSRV at high frequencies, wh
the ac diffusion length becomes short relative to the sam
thickness. At low frequencies, such thatvt,1, the ac diffu-
sion length is very weakly dependent on frequency thus
contribution to the PTR signal due to the back surface
combination is essentially constant with respect to freque
For sufficiently long ac diffusion lengths, increased BSR
results in higher recombination that decreases the ca
density and thus lowers the low-frequency saturation leve
the amplitude curve.

The PTR phase is not sensitive to changes in the BS
at low frequencies because the signal is still dominated
the forward diffusing carrier-density-wave component a
the relatively few carriers reflected from the back surface
not significantly phase shifted with respect to the forwa
moving carrier wave. However, as the frequency increa
the phase centroid~determined by the weighted phase shi
of the reflected carrier wave and the forward carrier wa!
becomes significant and we see a change in the phase a
BSRV increases. This appears as an overall phase lag
expected from the enhanced importance of the reflec
carrier-density-wave contribution. Finally at high freque
cies, the ac diffusion length is too short for the critica
damped carrier wave to reach the back surface and the q
ity of the back surface becomes irrelevant. This amplitu
phase response is unique to the variations in BSRV and
lows for the possibility of scanning the sample at
intermediate frequency and utilizing variations in phase w
Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP
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no corresponding variation in amplitude to map the BSRV
The variation of the PTR signal with small changes

the BSRV for a high-quality surface~i.e., a surface with low
carrier recombination velocity! is similar to that resulting
from small variations in the recombination lifetime and su
gests that it may be possible to compensate for chan
among these two parameters for a high-quality surface,
lowing for the possibility that only a range for the BSRV ca
be established. The simulations show little or no spec
dependence for the sensitivity to the BSRV because the
crease in penetration depth over the selected wavele
range chosen in this study is relatively short compared to
sample thickness.

The PTR amplitude and phase are both sensitive to
FSRV over the entire frequency range of interest~Fig. 1!
with higher sensitivity at higher frequencies. The shorter
diffusion length at higher frequencies keeps the injected c
riers closer to the surface and thus increases the probab
of interaction with the recombination centers at the surfa
Higher recombination rates due to high FSRV values low
the carrier density and result in lower amplitudes. Excitat
sources with smaller absorption coefficients exhibit a sma

FIG. 1. Simulated PTR amplitude~a! and phase~b! as a function of FSRV.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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decrease in amplitude for a given change in FSRV si
fewer carriers are deposited in the vicinity of the surface

The PTR phase lag initially decreases with increas
FSRV for high enough frequencies such that the ther
wave component is nearly negligible@compare the 0.1 kHz
phase curve and the 5 kHz and 50 kHz phase curves in
1~b!#. This is so because the higher recombination rate at
surface creates a larger carrier density gradient that resu
a higher diffusion rate toward the surface and moves
carrier-density-wave distribution centroid nearer to the s
face. This phenomenon, in the absence of any interfere
from the thermal component signal, leads to saturated ph
lags with the signal from more strongly absorbed wa
lengths exhibiting smaller phase lags than the deeper
etrating wavelengths. However, for very high surface reco
bination rates the thermal component of the signal begin
dominate, even at high frequencies that are generally do
nated by the carrier wave component, causing an increas

FIG. 2. Amplitude~a! and phase~b! of simulated PTR frequency scans fo
various excitation wavelengths with FSRV50 with a closeup of the low-
frequency phase~c!.
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the phase lag@Fig. 1~b!#. The prevalence of the thermal con
tribution over that of the plasma decreases as the absorp
depth of the excitation source increases.

The stronger influence of the front surface on the P
signal for shorter wavelengths can also be seen in Figs. 2
For these frequency-scan simulations, the incident po
was assumed constant resulting in a shift of the amplit
curves to higher magnitude as the photon energy decre
and the number of photons, and consequently the numbe
injected carriers contributing to the depth integral~assuming
a quantum yield of one free carrier per absorbed photo!,
increases. The influence of the photon energy is also ex
ited in the low-frequency phase lag and the slope of
low-frequency amplitude curve~Fig. 2!. Although these ef-
fects are small, the shorter wavelengths do exhibit a stee
slope and a larger phase lag@Fig. 2~c!# at low frequencies
than do the longer wavelengths. This is consistent with
creasing the thermal contribution with the signal phase c
troid dominated by harmonic conduction heat~thermal-
wave! transfer to the bulk. The higher-energy photons of t
shorter wavelengths release more thermal energy through
intraband thermalization process after they have been
sorbed. It should be noted that while the higher reflect
coefficient at shorter wavelengths, which has been accou
for in the model, does contribute to the difference in t
carrier injection rate, this difference is too small to be t
only contributing factor to the separation of amplitude curv
seen in Fig. 2. Clearly, the difference in number of photo
absorbed,E5Nhn, is the main source.

FIG. 3. Amplitude~a! and phase~b! of simulated PTR frequency scans fo
various excitation wavelengths with FSRV5104 cm/s.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The sensitivity of the PTR signal to the electronic co
dition of the front surface for several penetration depths
shown in Fig. 3 whereS15104 cm/s. It is clearly evident
that the FSRV has a greater influence on the PTR resp
for the shorter wavelengths with shallower optical absorpt
depths than on the response for the longer wavelengths
the wavelength and absorption depth decrease, the reco
nation at the front surface increases leading to a signal th
increasingly dominated by the thermal-wave componen
manifested in the increased phase lag and greater slope i
low-frequency region and the diminishing presence of
characteristic ‘‘knee’’ in the amplitude curve. For an e
tremely poor surface withS15105 cm/s ~Fig. 4!, the PTR
response becomes dominated by the thermal signal. H
ever, as the optical penetration depth is increased, the
mal contribution due to the surface recombination becom
less overbearing and the response begins to display the
acteristics of a pure carrier-density-wave response. T
when attempting to determine the FSRV it is best to u
excitation wavelengths with a short absorption depth to
crease the signal sensitivity to the surface recombination
locity. On the contrary, when the bulk transport paramet
of a semiconductor must be determined, low optical abso
tion coefficient ranges must be arranged, so as to minim
surface absorption.

It has been shown previously that the parameters of
terest for the PTR characterization of a semiconductor~t, D,
S1 , S2 , Ct , and Cp) each have unique influences on t
amplitude and phase of the PTR signal.2 This allows for a

FIG. 4. Amplitude~a! and phase~b! of simulated PTR frequency scans fo
various excitation wavelengths with FSRV5105 cm/s.
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unique set of parameter values to be determined by fit
experimental results to the theoretical model. More rec
work14 suggests that for long lifetime samples (t'1023 s)
with high-quality surfaces (S1,300 cm/s) the effects o
small variations in the surface recombination velocities
the PTR response are difficult to distinguish from slig
changes in recombination lifetime.

In order to investigate the uniqueness of a fit to expe
ment from a sample meeting these criteria, a set of par
eters with a FSRV of 200 cm/s were chosen as a baseline~to
simulate an experimental frequency scan! and attempts were
made to fit theoretical responses for different FSRVs to t
baseline response through the variation of the remain
transport parameters while attempting to maintain the spr
of the amplitude and phase from low to high frequency w
minimal separation from the baseline at all frequencies. F
ure 5 shows the ratio of the simulation to baseline amplitu
and difference in simulation to baseline phases for sev
values of FSRVs. A decrease in the FSRV can be comp
sated for by decreasing the lifetime and increasing the di

FIG. 5. Amplitude ratio~a! and phase difference~b! between baseline the
oretical response and attempted fits to the baseline for fixed changes i
FSRV and no constraints on remaining transport parameters~— t
5230ms, D527.3 cm2/s, S150 m/s,S252.0 m/s,Cp51.006310220, and
Ct5157; -- t5390ms, D526.2 cm2/s, S151.0 m/s, S252.0 m/s, Cp

51.004310220, and Ct5154; • • • • t53.50 ms, D524.3 cm2/s, S1

52.0 m/s, S252.0 m/s, Cp50.995310220, and Ct5146;
t55.00 ms, D523.3 cm2/s, S153.0 m/s, S251.6 m/s, Cp50.988
310220, andCt5146).
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sion coefficient and an increase in the FSRV can be comp
sated for by increasing the lifetime and decreasing
diffusion coefficient. It is not possible to achieve a perfect
to the baseline curve because the knee, slope, and spre
the amplitude and phase curves cannot be identically re
duced with different transport parameters. However, it is p
sible to compensate for changes in the FSRV~to 100 cm/s
and 250 cm/s! and produce a frequency curve with amplitu
variation,1% and phase variation less than 0.2°. Such sli
differences are not visible on the scale of the entire f
quency scan making it difficult to discern the set of para
eters that truly provides the best fit to the experimental d
For this reason, the error between the experiment and
theoretical fit must be calculated to quantitatively determ
the quality of the fit.

In order to obtain the best estimate of the transport pr
erties of a material with high-quality surfaces and long li
time, it is thus necessary to examine the ratio of the am
tudes and the phase difference in a similar manner to
presented in Fig. 5. At approximately 1 kHz, we see t
when the FSRV is lower than the baseline, attempts to fi
the baseline result in a knee that occurs at too high a
quency, the higher amplitude at the intermediate frequenc
and a high-frequency slope that is too large. This effect
lows the curve to cross back over the baseline and mainta
minimal separation. A similar behavior is exhibited in th
phase difference plot. It is also clear that these features
come more extreme as the FSRV is further decreased
that an increase in FSRV above the baseline results in sim
trends in the opposite directions.

The plots presented in Fig. 5 are for a 950 nm excitat
source incident on Si. A similar investigation using 514 n
excitation provided similar trends and values. Although
PTR responses from excitation sources with longer abs
tion depths in Si show lower sensitivity to the quality of th
front surface than the response from the use of more stro
absorbed wavelengths~as discussed herein!, at low FSRV,
there is little to no spectral dependence on the sensitivity
the PTR signal to changes in the FSRV~see Fig. 1!.
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IV. CONCLUSION

A three-dimensional theoretical model for the PTR s
nal from a semiconducting sample excited with
wavelength-scanned laser beam and variable arbitrary op
absorption coefficient has been presented. The effect
variation of the transport parameters for increasing opt
penetration depth has also been discussed.
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