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The influence of vignetting on the photocarrier radiometrysPCRd measurements of semiconductor
wafers has been investigated both theoretically and experimentally by analyzing the vignetting
effect on the PCR amplitude and on the frequency dependence of the PCR amplitude and phase. The
vignetting effect significantly reduces the PCR amplitude and modifies the frequency dependencies
that are widely used to extract simultaneously the electronic transport propertiessthat is, the carrier
lifetime, the carrier diffusion coefficient, and the front and rear surface recombination velocitiesd of
semiconductor wafers. When using the frequency dependence of the PCR signal to determine the
transport properties, the effect of vignetting can be accounted for by an “effective detector size”—a
reduced detector size determined by the actual detector size and the vignetting effect.© 2005
American Institute of Physics.fDOI: 10.1063/1.1921450g

I. INTRODUCTION

In recent years, photothermal radiometrysPTRd1–7 and
photocarrier radiometrysPCRd8–10 techniques have been ex-
tensively used in semiconductor characterization. Both tech-
niques rely on the detection of infraredsIRd emission from
the semiconductor sample optically excited by an intensity-
modulated laser beam with photon energy greater than the
fundamental energy gap of the material. The frequency de-
pendencies of the PTR or PCR amplitude and phase are
widely employed to extract the electronic transport proper-
ties of semiconductor materialssi.e., minority carrier lifetime
t and diffusion coefficientD, as well as front and rear sur-
face recombination velocitiess1 and s2d.5–7,9,10 In a typical
PTR or PCR experiment, an optical imaging system consist-
ing of a couple of off-axis paraboloidal reflectors6,8 or sre-
flectived objectives7,10 is used to collect, collimate, and focus
the IR emission onto an infrared detector, that is, to image
the IR emission source onto the detectorsusually a liquid-
nitrogen-cooled HgCdTe detector or an InGaAs photodioded.
The amplitude and phase of the detected PTR or PCR signal
depend on the IR emission intensity and profilesdetermined
by the intensity, size, and profile of the excitation beam and
by the electronic transport and/or thermal properties of the
sampled, the collection capacity of the imaging systemsde-
termined by the effective sizes and focal lengths of the two
objectives, and the distance between themd, and the quantum
efficiency, size, and shape of the detector. A vignetting effect,
which occurs in the IR imaging system, affects the frequency

dependencies of both amplitude and phase and therefore has
to be appropriately accounted for in data processing in order
to correctly extract the transport properties.

In a typical optical imaging system, vignetting occurs for
off-axis points where the relative illumination decreases as
the radial distance from the optical axis increases. Up to now,
little attention has been paid to the vignetting effect of the IR
collection systems used in PTR and PCR experiments. Bis-
son and Fournier11,12 and Paoloni and Fournier13,14 reported
the effect of diffraction on the thermal diffusivity measure-
ment with PTR microscopy. There has been no report on the
vignetting effect in the PTR or PCR systems. The vignetting
effect, if not appropriately accounted for, will significantly
affect the performance of the PTR or PCR system and the
accuracy of the simultaneous determination of the electronic
transport and/or thermal parameters of the measured materi-
als. In this article, we report on a detailed investigation of
the effect of vignetting on PCR signals and on the determi-
nation of the electronic transport properties of semiconductor
wafers.

II. EXPERIMENTAL DETAILS

The experimental PCR setup is schematically shown in
Fig. 1. A frequency-doubled Nd: yttrium—aluminum–garnet
laser sCoherent, CAd pumped tunable Ti: sapphire laser
sCoherent, CAd was used as the excitation source. The laser
was operated at 830 nm wavelength and the power of
the beam was approximately 23 mW. The laser beam was
modulated with an acoustic-optic modulator and then fo-
cused onto the surface of the sample with a focusing lens.
The radius of the beam at the surface was measured by a
5 mm-pinhole scanning and was found to be approximately
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25 mm. The IR emission from the sample was collected and
focused onto an InGaAs detectorsThorlabs, NJd through a
pair of reflective objectivessCoherent, CAd.15 The first ob-
jective with a numerical aperturesNAd of 0.5 and focal
length of 5.41 mm was used to collect and collimate the IR
emission, and the second objective with a NA of 0.28 and
focal length of 13.35 mm was used to focus the collected IR
emission onto the InGaAs detector. The distance between the
two objectives was approximately 120 mm. The size of the
detector was 1.0 mm in diameter and its spectral response
range was 0.8–1.8mm. A spectrally matched filter was used
to further block any leakage of the excitation source. The
sample used in this experiment was as100d oriented nonim-
planted p-type silicon wafer. The thickness of the sample
was approximately 675mm.

Assuming perfect alignment, in the object field, the rela-
tive illumination function of the IR collection optics consist-
ing of two reflective objectives, as used in the PCR setup
shown in Fig. 1, was calculated with Zemax®16 and is pre-
sented in Fig. 2 with the dashed line. The difference from the
illumination function sthe solid lined of a typical two-
refractive lens systemswith the identical NAs and focal

lengths as the two reflective objectivesd is due to the effect of
the central obscuration of the reflective objectives. The first
and second objectives have percentage obscuration of 12.2%
and 18.9%, respectively. The optical magnification of the
system was 2.47, determined by the ratio of the focal lengths
of the second objective to the first one. Due to the vignetting
effect, IR emissions outside a circle with a radius of approxi-
mately 0.16 mm could not be collected by the detector at the
image field.

III. INFLUENCE OF VIGNETTING ON PCR SIGNAL

Since the throughput of the collecting optical system is a
function of the radial position at the object field, the collec-
tion efficiency of the optical system for IR emission varies
with the field coordinate and must be included in the expres-
sion for PCR signal. Taking the relative illumination function
Hsrd into account, the PCR signal measured by a detector
with an effective radiusa projected into the object field is
given as

SPCRsvd = 2p ·E
0

a

SPCR-Osr,vdHsrdrdr . s1d

Wherea is the radius of the detector divided by the optical
magnification of the two-component collection system.
SPCR-Osr ,vd is the IR emission intensity at positionr of the
object field, which is expressed as follows:6,8,10

SPCR-Osr,vd = CE
0

`

Fsd,vdJ0sdrdddd s2d

with

Fsd,vd =
1 − exps− bLd

b
fA + B expsbLdg

+
E

a
f1 − exps− aLdg, s3d

where

b2 = d2 +
1 + ivt

Dt
, s4d

E =
as1 − RdhP

2phvD
·

exps− d2a2/4d
b2 − a2 , s5d

A = −
1

H
fa2b1 expsbLd − a1b2 exps− aLdgE, s6d

B = −
1

H
fb1 exps− bLd − b2 exps− aLdgE, s7d

H = a2 expsbLd − a1 exps− bLd, s8d

a1 =
Db − s1

Db + s1
, s9d

b1 =
Da + s1

Db + s1
, s10d

FIG. 1. sColor onlined. Schematic diagram of PCR experimental setup.

FIG. 2. Relative illumination functions for IR emission collection optics
consisting of two refractive lensesssolid lined and two reflective objectives
with central obscurationssdashed lined.
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a2 =
Db + s2

Db − s2
, s11d

b2 =
Da − s2

Db − s2
. s12d

Here D and t are the minority carrier diffusion coefficient
and lifetime of the sample, anda and L are its absorption
coefficient and thickness, respectively;s1 ands2 are the front
and rear surface recombination velocities of the sample, re-
spectively.R is the reflectivity of the front surface at the
excitation wavelength.P andhv are the power and the pho-
ton energy of the incident laser beam,v=2pf is the angular
modulation frequency of the incident laser power andh is
the quantum yield, which is the optical-to-electrical energy
conversion efficiency. In the following, the influence of the
vignetting effect on the PCR signal and on the frequency
dependence of the PCR signal are calculated and discussed
in detail. The relative illumination function calculated with
Zemax® and presented by the dashed line in Fig. 2 is used in
the calculations.

To investigate the effect of vignetting on the PCR per-
formance, we first compare the calculated dependencies of
PCR amplitude and phase on the projected detector sizesthat
is, the actual detector size divided by the magnification fac-
tor of the two-objective systemd for cases with the vignetting
effect present and absent. The results are presented in Fig. 3.
The following electronic transport parameter values of the
sample were used in the calculations:t=0.1 ms,D
=35 cm2/s,s1=500 cm/s, ands2=104 cm/s. These values
are typical for a nonimplanted silicon wafer.10 The absorp-
tion coefficient is assumed to be 6.63104 m−1, which is the
absorption coefficient of crystalline siliconsc-Sid at 830 nm
wavelength.17 Without the effect of vignetting, the PCR am-
plitude first increases rapidly as the detector size increases,
and gradually becomes saturated as the influence of the
transverse carrier diffusion on the detected PCR signal de-
creases and eventually becomes negligible. On the other

hand, the effect of vignetting is negligible when the detector
size is much smaller than the cutoff radius as a smaller de-
tector collects IR emissions only near the center of the IR
emission source where vignetting is nearly nonobservable.
The influence of vignetting increases as the detector size in-
creases, which results in decreasing PCR amplitude and
phase lag. The PCR amplitude becomes independent of the
detector size once the projected detector radius becomes
larger than the cutoff radiussapproximately 0.16 mmd. In this
case the detected signal is determined solely by the cutoff
radius. At low frequency, such that the ac carrier diffusion
length is substantially larger than the cutoff radius, vignetting
effect reduces the saturated PCR amplitude level to approxi-
mately 5% of the saturated value when the vignetting is ab-
sent. This is due to the fact that the vignetting effect greatly
reduces the contribution of IR emissions at the off-axis
points in the object field to the detected PCR signal. For
applications requiring high signal-to-noise ratios, such as ion
implant dose monitoring,18 the PCR amplitude level could be
increased by over one order of magnitude by redesigning the
optical collection system to minimize the vignetting effect.

Since the frequency dependence of the PCR signal is
widely used in the simultaneous determination of electronic
transport propertiessthat is, the carrier lifetimet, the carrier
diffusion coefficientD, and the front and rear surface recom-
bination velocitiess1 ands2d of semiconductor materials via
a multi-parameter fitting process, the effect of vignetting on
the frequency dependence of the PCR signal directly affects
the uniqueness and accuracy of the determined multi-
parameter values, and therefore warrants thorough investiga-
tion. Frequency scan curves with and without taking into
account the vignetting effect are presented in Fig. 4. The
projected detector radius at the object field was assumed to
be 0.2 mmsthe actual detector size divided by the magnifi-
cation factord. The frequency behavior with and without the

FIG. 3. Calculated PCR amplitude and phase vs the projected detector ra-
dius with absencesdashed lined and presencessolid lined of vignetting effect.
The assumed parameter values are listed inside the figure. The modulation
frequency is assumed to be 1 kHz.

FIG. 4. Theoretical frequency dependencies of PCR amplitude and phase
with absence and presence of vignetting effect. The solid points represent
the dependencies with the presence of vignetting and a projected detector
radius of 200mm. The amplitude is amplified by a factor of 2.03. The solid
and dashed lines represent the dependencies without the presence of vignett-
ing and with a projected detector radius of 200 and 110mm, respectively.
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vignetting effect is quite different. This is because the con-
tribution of IR emissions at the off-axis points to the detected
PCR signal is frequency dependent, and both the frequency
dependence and the vignetting effect have a different radial
dependence. The off-axis contribution decreases with the in-
creasing frequency as the photocarriers are confined more
locally to the excitation source as the frequency increases.
They are located at the center of the object field, where the
vignetting effect is minimal. The influence of the vignetting
effect on the PCR amplitude and phase therefore decreases
with increasing frequency, a fact which results in pronounced
differences between the signal frequency dependencies in the
absence and presence of the vignetting effect. However, if
only the self-normalized PCR amplitude is considered, the
PCR frequency scan in the presence of vignetting effect can
be fitted with a reasonable accuracy using a theoretical
model that does not account for the presence of vignetting
effect but with a reduced detector size, as presented in Fig. 4.
We refer to the reduced detector radius as “effective detector
radius.” For the example presented in Fig. 4, the effective
detector radius is approximately 110mm, compared to the
actual projected detector radius of 200mm.

Since a complete PCR theoretical model which takes
into account the vignetting effect is too complicatedsit re-
quires a double integrationd to be used in a multi-parameter
fitting procedure to simultaneously extract the transport
properties of the investigated sample, the PCR model with-
out accounting for the vignetting effect has to be used in the
multi-parameter fitting. The use of the effective detector ra-
dius could significantly simplify the multi-parameter fitting
process for the measurement of the electronic transport prop-
erties by avoiding the use of the complicated theoretical
model. However, care has to be taken when determining the
effective detector size, as simulation results show the value
of the fitted effective detector radius depends slightly on the
transport properties of the reference sample. For example,
assuming a lifetime of 0.1 ms, a minority electron diffusion
coefficient inp-type material of 35 cm2/s, and a front sur-
face recombination velocity of 500 cm/s, the best-fitted ef-
fective detector radius is 110mm. The effective detector ra-
dius changes to 105mm if the diffusion coefficient is that of
minority holes inn-type materials12 cm2/sd. If the lifetime
is 5 ms and the front surface recombination velocity is 1
3105 cm/s, the effective detector size then reduces to
100 mm. Therefore, for optimal measurement accuracy the
reference sample used to determine the effective detector
size should have transport properties very close to those of
the investigated samples. It is worth mentioning that once the
projected detector size is larger than the cutoff size deter-
mined by the vignetting effect, the effective detector size is
solely determined by the vignetting effect and the transport
properties of the reference sample, independent of the actual
size of the detector.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Experimentally the vignetting effect was investigated by
measuring the radial position dependence of the PCR ampli-
tude while scanning a 50mm pinhole and an InGaAs detec-

tor assembly across the detection field. Considering the op-
tical magnification of the IR collection system, the spatial
resolution of the detector was approximately 20mm at the
object field. Figure 5 shows the theoretical and experimental
amplitudes of the PCR signal as a function of radial position
at the object field for a nonimplanted silicon wafer, with and
without the presence of the vignetting effect. The full circles
represent experimental results. The solid line is the theoreti-
cal result considering the vignetting effect and the dashed
line is theoretical results without accounting for the vignett-
ing. The assumed values of parameters weret=70 ms,D
=35 cm2/s,s1=412 cm/s, ands2=104 cm/s, respectively.
When the effect of vignetting was taken into account, good
agreement between theory and experiment was obtained
around the central region. The signal was cut off at approxi-
mately 0.16 mm from the central position, in agreement with
the theoretical prediction. The difference near the edge may
be due to possible misalignment of the system, and the depth
distribution and multi-reflections of the IR emissions inside
the sample that are not considered in the theoretical model. It
should be mentioned that perfect alignment of the whole
PCR system, especially the IR collection optics, is extremely
difficult, as the photocarrier IR emissions are invisible and
extremely weak. Experimentally, the system is aligned to
maximize the PCR signal amplitude by iteratively adjusting
the longitudinal positions of the sample and the detector and
the lateralstransverse and horizontald positions of the two
reflective objectives. Care was taken to avoid double peaks
of the PCR signal at the detection plane. The presence of
double peaks was an indication that the two objectives were
certainly misaligned, though the absence of the double peaks
did not necessarily imply a perfect alignment of the two
objectives.

The frequency dependence of the PCR signal for a non-
implantedp-type silicon wafer was then measured and the
results are presented in Fig. 6. The frequency dependence
was recorded with two lock-in amplifierssLIAsd. The first
LIA sSRS Model SR850d recorded the PCR signal from 100
Hz to 100 kHz and the second onesSRS Model SR844d
recorded the signal from 100 kHz to 1 MHz. Together the
amplitude and phase of the PCR signal were recorded at a
total of 32 frequency points spanning from 100 Hz to 1
MHz. To eliminate the influence of the instrumental transfer

FIG. 5. Theoreticalssolid and dashed linesd and experimentalssolid pointsd
PCR amplitudes vs the radial position at the object field. The modulation
frequency was 1 kHz. The solid and dashed curves represent the calculated
PCR amplitudes as function of the radial position with the presence and
absence of the vignetting effect.
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function, the amplitude and phase of the PCR signal were
normalized by the detector signal recorded with the scattered
light of the excitation beamsin this case the filter in front of
the detector was removedd. After normalization, the ampli-
tudes and phases recorded with the two LIAs were merged in
the overlapping frequency rangesaround 100 kHzd. The
measured frequency dependencies of the PCR amplitude and
phase were then fitted to the theoretical model6,10 without the
presence of the vignetting effect via a least-squares process
to determine an effective detector radius. The effective de-
tector radius was later used as a known parameter in multi-
parameter fittings for determining the electronic transport
properties of ion-implanted silicon wafers.19 In the fitting,
the lifetime and front surface recombination velocity of the
sample, as well as the effective detector radius, were set as
free parameters to minimize the following mean square
variance:

Var =

o
i=1

N S1 −
ATsf id
AEsf id

D2

N
+

o
i=1

N

ffTsf id − fEsf idg2

o
i=1

N

ffEsf idg2

. s13d

HereATsf id andAEsf id, andfTsf id andfEsf id are the theoret-
ical and experimental PCR amplitudes and phases at modu-
lation frequencyf i, respectively.N is the total number of data
points. The carrier diffusion coefficient and rear surface re-
combination velocity were assumed to be 35 and 104 cm/s,
respectively. The accurate value of the rear surface recombi-
nation velocity is not critical, as for this sample the PCR
signal has a low sensitivity to back surface recombination in
the used frequency range.20 The fitted lifetime and front sur-
face recombination velocity were 70ms and 412 cm/s, re-
spectively, in agreement with typical values for nonim-
planted silicon wafers. The fitted effective detector radius

was approximately 54mm, much smaller than the estimated
theoretical value, 103mm, assuming a perfect alignment of
the IR collection optics. This discrepancy is believed to be
due mainly tos1d misalignment of the PCR system as men-
tioned above;s2d the multi-reflections of IR emissions at the
front and rear surfaces; ands3d the depth distribution of the
IR emissions inside the sample. Boths2d ands3d cause image
blurring at the detection plane, result in defocusing of the IR
emission source at the detector surface and therefore a reduc-
tion of the fitted effective detector size. The good agreement
between the experimental frequency scan and the theoretical
fit indicated that, for determining the electronic transport
properties of semiconductor wafers via frequency scan and
multi-parameter fitting, the influence of vignetting occurred
in the IR collection optics and even misalignment of the
system can be properly accounted for by a reduced effective
detector radius.

Theoretical and experimental results have shown that the
vignetting effect significantly affects the PCR amplitude
measurement and frequency scans, and therefore has to be
properly addressed, in order to extend the applications of the
PCR technique to quantitative implantation dose monitoring,
electronic transport characterization of semiconductor mate-
rials, etc. Even though the vignetting effect has been consid-
ered only for a specific PCR system employing two reflective
objectives to collect the IR emissions, vignetting is a com-
mon phenomenon affecting PCR, PTR, and other IR emis-
sion based systems in which it is difficult or impossible to
collect all diffusely emitted photons and therefore to com-
pletely avoid the vignetting effect. A practical PCR or PTR
system design should be optimized by compromising the
spatial resolution, collection angle, and the vignetting effect.
In any PCR or PTR systems where high spatial resolution is
critical, the IR emission collection optics used in such sys-
tems usually presents strong vignetting effect that has to be
properly corrected in data processing. In this case the effec-
tive detector radius approach has been shown to be a prom-
ising method to cancel the influence of vignetting.
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