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By introducing the random and systematic errors in simulated data computed from conventional frequency-scan

and laterally resolved modulated free carrier absorption theory models, we investigate the relative determination sensitiv-

ities of three electronic transport properties, namely, carrier lifetime, carrier diffusivity and front surface recombination

velocity of silicon wafers determined by frequency-scan and laterally resolved techniques. The phase and amplitude data

with random errors as functions of the modulation frequency at zero pump-probe-beam separation or of the two-beam

separation at four different modulation frequencies are simultaneously fitted to an appreciated carrier diffusion model to

extract three transport parameters. The statistical results and fitted accuracies of the transport parameter determined

by both techniques are theoretically analysed. Corresponding experimental results are carried out to compare to the

simulated results. The simulated and experimental results show that the determination of the transport properties

of silicon wafers by the laterally resolved technique are more accurate, as compared with that by the frequency-scan

technique.
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1. Introduction

In order to build a silicon-based microelectronic
device that provides optimal performance, it is nec-
essary to characterize the electronic transport prop-
erties of semiconductors (i.e., the carrier lifetime τ ,
the carrier diffusivity D and the front surface re-
combination velocity s1 (FSRV)) before, during and
after processing. Until now, numerous nondestruc-
tive optical techniques based on modulated photo-
excitation, such as modulated free carrier absorption
(MFCA),[1−4] photo-carrier radiometry (PCR),[5−8]

photo-modulated thermoreflectance (PMR),[9−11] and
infrared photothermal radiometry (PTR),[12−14] have
been developed and implemented into the transport
property characterization of semiconductors. In PMR
and PTR both thermal and free-carrier waves con-
tributing to the signal have resulted in signal inter-
pretational and computational difficulties due to the
large number of variables involved and thus given rise
to the question of uniqueness of the measured set of
transport parameters. The major advantage of MFCA
and PCR over PMR and PTR has been found to be

that there is only the free-carrier contribution to the
signals and thus the transport properties of semicon-
ductors can be determined more accurately. However,
recent investigations[8,15] have demonstrated that the
determination accuracies of carrier lifetime and FSRV
can be unacceptable unless the carrier diffusivity D

is known in advance with high precision. Unfortu-
nately, it has been indicated from investigations by
Rodriguez et al.[16] that the carrier diffusivity values
of most wafers depend on the injection level and pro-
cess parameters, and, as a result, the carrier diffusiv-
ities vary widely. This carrier diffusivity uncertainty
causes considerable deviations of both fitted τ and s1

from the real values of measured wafers.
Until recently, a laterally resolved MFCA tech-

nique (LR-MFCA) was proposed by Zhang et al.,[17]

which has a number of potential advantages over con-
ventional MFCA and other existing methods, and it
has been employed to characterize the electronic trans-
port properties of semiconductors. It was justified in
a previous paper[18,19] that unlike the dependences of
conventional frequency-scan MFCA (FS-MFCA) and
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PCR signals on the modulation frequency, the LR-
MFCA signals are dependent on the pump-probe-
beam separation and highly sensitive to the lifetime
and FSRV, especially to the diffusivity and thus D, τ

and s1 can be simultaneously obtained with high pre-
cision. However, until now, no quantitative analysis
has yet been done regarding the relative determina-
tion accuracies of the transport properties by the FS-
and LR-MFCAs.

In this article, computer simulation is performed
to analyse the relative measurement accuracies and
to estimate the uncertainty of the fitted transport
parameters by the FS- and LR-MFCAs via a multi-
parameter fit procedure. First, sets of amplitude and
phase data as functions of modulation frequency at
zero probe-pump offset for FS-MFCA, and of probe-
pump offset at four different modulation frequencies
for LR-MFCA are created, respectively, by introduc-
ing both random and systematic errors into the ampli-
tude and phase behaviour calculated with a rigorous
three-dimensional carrier diffusion model. Then, these
data sets with errors are multiparameter fitted with
the same carrier diffusion model to extract the life-
time, diffusivity and FSRV by minimizing the mean
square variance for the FS- and LR-MFCAs. This
fitted procedure is repeated 30 times with data sets
with different errors. The statistical results of these
simulations are then analysed and compared to the
input transport parameter values. Additionally, the
comparison between the statistical results obtained by
these two methods is done and the relative accuracies
of fitted results are estimated. Finally, corresponding
experimental results are presented and compared to
the simulated results.

2. Theoretical model

In the MFCA technique, an intensity-modulated
beam (with photo-energy greater than the energy gap
of wafer) used as pump beam periodically generates
an excess carrier within the sample. Subsequently,
there is an excess carrier population in the sample by
carrier diffusion and recombination at the surface and
in the bulk of the sample. This process is monitored
by another probe beam (with a photo-energy below
the energy gap of wafer) transmitting to the sample.
The excess carrier absorption in the probe beam (free-
carrier absorption) induces the fractional modulation
of the probe beam intensity, which is proportional to
the number of free carriers that the probe beam en-
counters along its path within the sample. Then the

MFCA signal can be expressed as follows:[18]

∆I(ω; r)
I

= −const×
∫ ∞

0

F (k, ω)J0(kr)kdk, (1)
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Here, α, L, and s2 are the absorption coefficient, thick-
ness and rear surface recombination velocity (RSRV)
of the semiconductor wafer, respectively. I and ∆I

are the un-modulated and modulated portions of the
intensity of the transmitted probe beam; ω = 2πf

with f the modulation frequency of the pump beam
intensity and r is the pump–probe–beam separation.
W is the effective radius of the pump beam.

It is found from Eq. (1) that the entire MFCA
data contain information of the transport properties
of the specimen, the size of both the pump and the
probe beams and their separation, as well as the mod-
ulation frequency of the pump beam. Therefore, the
three transport parameters, τ , D, and s1, of the semi-
conductor wafer can be extracted by measuring the
dependence of the MFCA signal on the modulation
frequency (FS-MFCA)[2] or on the pump–probe–beam
separation (LR-MFCA)[17,18] via multi-parameter fit-
ting.

In order to determine the transport parameters
of the silicon wafers by fitting the experimental data
of LR- and FS-MFCA amplitude and phase to the
rigorous theoretical model [Eq. (1)], the mean square
variances for FS- and LR-MFCAs must be minimized.
Here, the mean square variance for LR-MFCA is de-
fined in Ref. [18] and that for FS-MFCA defined in
Ref. [19].

3. Simulation

In this section, computer simulations are per-
formed to show the relative determination accura-
cies of the carrier lifetime, the carrier diffusivity, and
FSRV of silicon wafers by FS- or LR-MFCA meth-
ods when experimental errors are introduced into the
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simulations. The experimental parameters and their
respective errors are set according to the experimen-
tal details.[17,18] In our simulations, RSRV is fixed to
104 cm/s, since RSRV has little effect on the MFCA
signal and is an insignificant transport parameter of
silicon wafers used in micro-electronic devices.[8]

In the MFCA experiment, the amplitude and
phase measurement errors depend on the time con-
stant of the lock-in amplifier. In the FS-MFCA sim-
ulations we assume ±2% normally distributed ampli-
tude and phase errors. However, in LR-MFCA we as-
sume ±4% normally distributed amplitude and phase
errors, which are higher than those in FS-MFCA. This
is due to the fact that with increasing two-beam sep-
aration, the decrease in the signal results in the de-
crease of the signal-to-noise ratio and then the increase
of the measurement errors. Since a mechanical motor-
ized stage is used to move the turning mirror and to
focus the lens assembly in LR-MFCA, there may be a
small misalignment in pump–probe–beam separation.
Therefore, we assume a ±3-µm offset in a two-beam
separation. In the FS- and LR-MFCA experiments,

both exciting and probe beams are focused onto the
sample surface. The effective size of the exciting spot
is the convolution of the pump and probe spots. A
Gaussian spot with a focusing radius of 25 µm is as-
sumed in our simulations. In the FS-MFCA method,
the lifetime and FSRV can be determined accurately
only when the effective radius of pump beam is known
previously with high precision. In practice, it is diffi-
cult to accurately measure the radii of the pump and
probe beams in the experiments. Therefore, due to
possible misalignment, we assume a maximum ±3-µm
error in the spot radius, i.e., the radius lies randomly
between 22 µm and 28 µm in FS-MFCA. On the other
hand, since the signal of the LR-MFCA is particularly
sensitive to the radius of exciting beam, the radius
set as a free parameter can be extracted with a multi-
parameter fit procedure. During the measurement pe-
riod at each frequency, a small frequency shift (0.2%)
is also assumed for both FS- and LR-MFCA. A sum-
mary of the assumed experimental errors is given in
Table 1.

Table 1. Assumed experimental errors in the simulated FS- and LR-MFCA amplitude and phase data.

Parameter Error Error distribution profile

FS-MFCA

Phase ±2% normal

Amplitude ±2% normal

Frequency ±0.2% normal

Beam size 22 µm∼28 µm uniform

Offset in two-beam separation ±3 µm uniform

LR-MFCA

Phase ±4% normal

Amplitude ±4% normal

Frequency ±0.2% normal

Offset in two-beam separation ±3 µm uniform

In FS-MFCA the amplitude and phase are recorded at 37 different modulation frequencies covering the
10 Hz and 1 MHz range, as shown in Fig. 1 (symbols).

Fig. 1. Simulated FS-MFCA amplitude (a) and phase (b) data and their best fit for a silicon wafer.
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For LR-MFCA, a set of amplitude and phase data
is created at four different frequencies, as shown in
Fig. 2 (symbols). At each frequency, amplitude and
phase points are recorded at 15 different two-beam
separations. The separation of two spots is chosen
to be close to the experimental value, which is de-
termined by the signal-to-noise ratio of the MFCA
signal and the sensitivity of the signal-to-individual
transport parameter.[18] The simulated amplitude and
phase data at all four frequencies are fitted to obtain
the three transport parameter values. This simulation
and fit procedure is repeated 30 times. Then the fitted
results are statistically analysed.

Fig. 2. Simulated LR-MFCA amplitude (a) and phase

(b) data and their best fit at frequencies of 1, 10, 100, and

400 kHz, respectively, for silicon wafer.

In the simulations, the following parameter val-
ues are used: D = 20 cm2/s, τ = 10 µs, and S1 =
103 cm/s. The thickness of the wafer is set to 525 µm.
The input parameter values are in typical ranges of
the transport properties of high-quality silicon wafers.
The fitted results are presented in Table 2 and a typ-
ical run of the simulation for FS- and LR-MFCAs is
presented in Figs. 1 and 2 (solid lines), respectively. In
our case, the selected frequency combination is 1, 10,
100, and 400 kHz in LR-MFCA. We have found from
Figs. 1 and 2 that for both FS- and LR-MFCAs, all
the simulated data and corresponding theoretical fits

clearly agree well for both amplitude and phase. From
Table 2, the average amounts of the carrier lifetime,
carrier diffusivity and FSRV are 10.4 µs, 20.3 cm2/s,
and 969 cm/s for FS-MFCA; and 10.0 µs, 20.0 cm2/s,
and 1020 cm/s for LR-MFCA, respectively. Appar-
ently, all the statistically mean values of the three fit-
ted parameters are very close or equal to the respective
input values. This implies that it is possible to simul-
taneously determine the lifetime, diffusivity and FSRV
by both methods. The mean square errors of the pa-
rameters shown in Table 2 is ±2.0 µs, ±2.6 cm2/s, and
±390 cm/s, corresponding respectively to the percent-
ages of ±22%, ±18%, ±39.3% for FS-MFCA; whereas
the mean square errors are±0.5 µs (±5%), ±0.2 cm2/s
(±1%), and ±167 cm/s (±16.7%) for LS-MFCA. It is
evident that the determination accuracies have been
improved by a factor of 4.4 for carrier lifetime, of 18
for carrier diffusivity and of 2.4 for FSRV in spite of
the higher mean square variance in LR-MFCA than
that in FS-MFCA. This reveals that for each param-
eter, the fitted results of the transport properties de-
termined by LR-MFCA are more reliable than those
by FS-MFCA. As was analysed in Ref. [18], this is due
to the fact that the sensitivity of the MFCA signal to
the individual transport parameter, and especially to
the diffusivity, significantly increases with increasing
pump-probe-beam separation. Furthermore, we find
from Table 2 that in LR-MFCA the statistically mean
value of the beam radius is nearly equal to the input
values and the corresponding statistical error is only
±0.7 µm (±2.8%). This indicates the feasibility of
the simultaneous determination of the beam radius by
LR-MFCA. This is particularly important because it
is difficult to measure the size of the pump and probe
beams. Using the effective radius set as an unknown
parameter during the fitting procedure, the reliability
of the measurement can be improved. However, fur-
ther simulation demonstrates that if the beam’s radius
is also set as a variable in FS-MFCA, all the fitted re-
sults including the fitted radius are unacceptable and
thus unreliable. Even if in FS-MFCA there is zero
measurement error of the spot radius when one calcu-
lates simulated data, the statistically mean values of
the lifetime, diffusivity and FSRV are (10.3±2.1) µs,
(19.9±1.6) cm2/s, and (1010±330) cm/s, respectively,
during which the radius set as a variable is fitted. Cor-
responding statistical errors are still higher than those
determined by LR-MFCA, which are presented in Ta-
ble 2. Accordingly, another advantage over FS-MFCA
is that the effective radius of the exciting beam can be
determined with high precision by LR-MFCA.
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Table 2. Statistical simulation results for the FS- and LR-MFCA.

Parameter Input value Fitted results Mean variance

FS-MFCA

Lifetime/µs 10 10.4±2.0

4.7±1.5×104Diffusivity/(cm2/s) 20 20.3±2.6

FSRV/(cm/s) 1000 969±390

LR-MFCA

Lifetime/µs 10 10±0.5

1.9±0.3×103
Diffusivity/(cm2/s) 20 20±0.2

FSRV/(cm/s) 1000 1020±167

Radius/µm 25 25±0.7

4. Experimental results and dis-

cussion

The instrumental configuration used for FS- and
LR-MFCA is shown in Fig. 3 and has been de-
scribed in more detail elsewhere.[17,18] Briefly, the
excess carriers are created optically by a periodi-
cally intensity-modulated diode laser (785 nm) with
an optical energy greater than the band gap energy
of the wafers and monitored by another continuous
diode laser (1570 nm), having an optical energy be-
low the band gap energy. The two beams were made
collinear with a beamsplitter arrangement and over-
lapped within a 25-µm area of the sample surface,
which is determined by LR-MFCA. The intensity
change ∆I of the transmitted probe beam due to free
carrier absorption to the probe beam is measured by
an InGaAs photo-detector and recorded by a lock-in
amplifier to provide the amplitude and phase of the
MFCA signal. The illuminated spot can be moved on
the wafer surface by transversely moving the turning
mirror and focusing lens assembly in the pump-beam

Fig. 3. Schematic diagram of the frequency-scan and lat-

erally resolved MFCA experimental setup.

path. The sample used in the experiments is a [100]-
oriented p-type silicon wafer, 8 Ω·cm–12 Ω·cm, im-
planted with P+ at energy of 80 keV. The thickness of
the wafer is 525 µm. The wafer is implanted at room
temperature with a dose of 1×1010 cm−2.

In FS-MFCA, the amplitude and phase of the
signal are recorded as functions of the modulation fre-
quency at zero pump–probe–beam separation. In LR-
MFCA the dependences of the amplitude and phase
on the two-beam separation are measured at five mod-
ulation frequencies: 3, 10, 30, 100, and 400 kHz, by
linearly scanning the excitation spot across the centre
of the probe spot. In order to determine the transport

Fig. 4. Dependences of (a) the MFCA amplitude and (b)

phase on modulation frequency for a silicon wafer. Sym-

bols: experimental data; solid lines: best-fit curves.
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Fig. 5. Dependences of (a) the MFCA amplitude and

(b) phase on the pump–probe–beam separation for a sili-

con wafer, measured at five modulation frequencies: 3, 10,

30, 100 and 400 kHz, respectively. Symbols: experimental

data; solid lines: best-fit curves.

parameters of the sample. The experimental data
measured in FS- and LR-MFCAs are then fitted to
the theoretical model [Eq. (1)], respectively. Figures
4 and 5 present the experimental data (symbols) mea-
sured by FS-MFCA and LR-MFCA and the corre-
sponding best fits (solid lines), respectively. The best-
fit estimates are D = 17.6 cm2/s, τ = 36 µs, and
s1 = 16127 cm/s with a square variance of 7.85×10−4

in FS-MFCA and D = 18 cm2/s, τ = 33.9 µs, s1 =
11850 cm/s with a square variance of 1.89×10−3 in
LR-MFCA. Obviously, for each technique the experi-
mental data and corresponding theoretical fits clearly
agree well for both amplitude and phase, as shown in
Figs. 4 and 5. Moreover, the differences of the fitted
D, τ and s1 values by FS- and LR-MFCAs are 2.4%,
8.3% and 26%, respectively, indicating that the fitted
results using both methods are considerably identical
within measurement errors. This implies that both
the FS- and LR-MFCA methods can be employed to

determine the transport properties of silicon wafers.
We have concluded from the analysis in the previous
section that the fitted results by LR-MFCA are more
accurate than those by FS-MFCA. Furthermore, in
FS-MFCA nonlinear recombination,[20,21] the irregu-
larity and uncertainty of the beam radius may render
the interpretation of the FS-MFCA experimental re-
sults to be very difficult, resulting in the higher un-
certainty of the fitted results. On the other hand, in
LR-MFCA these factors affect the signal only within
the effective radius of the pump beam. Therefore, the
determination accuracies of the transport properties
by LR-MFCA are more accurate, while there are great
measurement errors.

5. Conclusions

A quantitative comparison between FS-MFCA
and LR-MFCA from the standpoint of their relative
determination accuracies for the transport properties
(the lifetime, the diffusivity and FSRV) of the semi-
conductors by both methods via multi-parameter fit-
ting have been made. By introducing system errors in
simulated data, the statistical errors of the fitted re-
sults for LR-MFCA are less than those for FS-MFCA.
It is justified that compared with FS-MFCA, the LR-
MFCA signal is more sensitive to the transport prop-
erties and consequently the determination accuracies
of fitted results are more reliable. Simulations have
also suggested that in FS-MFCA the uncertainty of
the size of the pump beam radius can result in an
increase in measurement errors of the fitted results,
while in LR-MFCA the size of the pump beam radius
is a free parameter and can be extracted accurately
during the fitting process. In addition, experiments
have been performed to determine the transport prop-
erties of silicon wafers by FS- and LR-MFCAs, respec-
tively. The fitted results have confirmed that the life-
time, the diffusivity and FSRV could be extracted by
FS- and LR-MFCAs, respectively. The experimental
results have also indicated that the fitted lifetime, dif-
fusivity and FSRV values obtained by LR-MFCA are
more accurate than those by FS-MFCA. The results
are in good agreement with the simulated results.
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