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ABSTRACT

Simulations were carried out to study the uniqueness range of Heterodyne Lock-in Carrierography (HeLIC) imaging measurements
of carrier transport parameters (bulk lifetime, diffusion coefficient, and front and back surface recombination velocities) of
silicon wafers. Theoretically, HeLIC can resolve all four transport parameters; however, in practice, the presence of experimental
noise does not allow all those parameters to be measured reliably and uniquely from HeLIC images alone. An extended range
of simultaneously determined unique transport parameters was attained through the combination of HeLIC camera pixel and
photocarrier radiometry (PCR) experimental frequency response data via a multi-parameter fitting procedure. Two n- and
p-type wafers with different surface recombination velocities were used to illustrate the simulation results. Quantitative HeLIC
images of diffusion coefficients and surface recombination velocities were obtained, with bulk lifetime values determined from
PCR frequency scan measurements. The combined approach was shown to be able to resolve all four transport parameters
uniquely and thus reliably.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083168

I. INTRODUCTION

The accurate determination of minority carrier transport
parameters (i.e., carrier lifetime, diffusion coefficient, and
surface recombination velocities) in silicon is important for
process control and device modeling in the semiconductor
and more specifically the photovoltaic industry. Photocarrier
radiometry (PCR),1 a spectrally gated frequency-domain pho-
toluminescence (PL) modality that filters out thermal infrared
photon emissions, employs a single-element near-infrared
detector to evaluate photoexcited free-carrier density wave

(CDW) radiative recombination in electronic solids such as
silicon wafers by recording the amplitude and phase of PL
photon generated PCR signals. PCR can be used for the non-
contact simultaneous determination of the transport parame-
ters of silicon substrates2–4 and devices5–7 through best-fitting
the amplitude- and phase-frequency dependencies to appro-
priate CDW theoretical models by means of suitable multi-
parameter fitting processes.

High detection efficiency camera-based luminescence
techniques like electroluminescence8 and PL9 are used to
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characterize the performance of silicon materials and devices
in the time domain.10–12 Lock-in carrierography (LIC)13 is
an imaging counterpart of PCR. It is a contactless and
calibration-free frequency domain PL imaging methodology
that can yield quantitative effective lifetime images13–16 and
electrical parameters of solar cells.17,18 To obtain quantitative
images, heterodyne lock-in carrierography (HeLIC) was intro-
duced to address the need for high frequency responses
required to measure recombination lifetimes and other fast
photocarrier relaxation processes, so as to overcome the
limited frame rate of state-of-the-art near-infrared cameras.
The heterodyne technique operates by employing two differ-
ent modulation laser frequencies and has been successfully
used to characterize the performance of silicon sub-
strates.19,20 It is worth mentioning that the heterodyne ampli-
tude is the only effective signal channel for HeLIC because
the heterodyne phase across all frequencies is close to 0° due
to the small difference between the two superposed modula-
tion frequencies. As a result, the simultaneous determination
of carrier transport parameters using HeLIC amplitude only
has not been investigated to-date. Recently, the bulk lifetime
and the surface recombination velocity images of wet-cleaned
silicon wafers were simultaneously obtained by best-fitting
the HeLIC amplitude-frequency dependences to CDW theory
under the assumptions of the known diffusion coefficient and
fixed bulk lifetime, while surface processing (chemical clean)
conditions were varied.21

In this paper, the suitability of HeLIC imaging for the
quantitative determination of carrier transport parameters is
examined. The uniqueness and ensuing reliability ranges for
simultaneous determination of the carrier transport parame-
ters were investigated by means of simulations which led to
expanding those ranges through the combination of HeLIC
and PCR measurements. The combined measurements were
then used to construct quantitative images of Si wafer trans-
port properties of two wafers (n- and p-type) with different
surface recombination velocities.

II. THEORY

PCR and its imaging counterpart, LIC, are frequency
domain (FD) dynamic PL techniques, the signals of which are
determined by the radiative recombination kinetics of excess
carrier density waves generated by modulated laser beams.
Under low injection conditions (meaning that the excess
carrier density is much smaller than the doping density), the
depth-dependent carrier distribution in a semiconductor
wafer can be described by the one-dimensional carrier diffu-
sion equation15,22,23

D
@2Δn(t, z)

@z2
� Δn(t, z)

τb
� @Δn(t, z)

@t
¼ �G0βe�βzg(t), (1)

where D is the minority carrier diffusion coefficient, Δn(t,z) is
the photogenerated excess carrier density, τb is the bulk life-
time, G0 is the average optical generation rate, β is the optical

absorption coefficient, and g(t) is the temporal modulation
function.

The solution n(ω, z) of the Fourier transform of Eq. (1) can
be expressed as

Δn(ω, z) ¼ C1e�σz þ C2e�σ(L�z) � G0β

D(β2 � σ2)
e�βz, (2)

where σ = [(τb
−1 + iω)/D]1/2 is the carrier density wavenumber,

L is the wafer thickness, C1 and C2 are integration constants
determined by the appropriate boundary conditions at the
front and rear surfaces of the wafer, ω = 2πf is the angular
frequency, and f is the modulation frequency

D
dΔn(ω, z)

dz

����
z¼0

¼ SfΔn(ω, z ¼ 0),

D
dΔn(ω, z)

dz

����
z¼L

¼ �SrΔn(ω, z ¼ L),

(3)

where Sf (Sr) is the front (rear) surface recombination velocity
(SRV).

A. Homodyne photocarrier radiometry (HoPCR)

The conventional linearized PCR response represents the
homodyne model which can be expressed in the form22

SHo(ω) ¼ C
ðL

0

Δn(ω, z)dz, (4)

where C is a proportionality factor that takes into account the
band-to-band carrier radiative quantum efficiency and the
frequency-dependent properties of the instrumentation.1,16

B. Heterodyne photocarrier radiometry (HePCR)

The linearized heterodyne model can be expressed as15

SHe(Δω) ¼ C0
ðL

0

Δn(� ω1, z)Δn(ω2, z)dz, (5)

where Δω = |ω2– ω1| and C0 is a proportionality factor. Here,
Δn(–ω1, z) =Δn*(ω1, z) indicates the nonlinear frequency mixing
and the beat-frequency detection nature of heterodyne signals,
where * denotes complex conjugation.

III. NUMERICAL SIMULATIONS OF HOPCR AND HEPCR
THEORY AND RESULTS

To determine the transport parameters of Si wafers,
both the experimental amplitude and phase of HoPCR can be
recorded and then fitted to Eq. (4) using a multi-parameter
fitting.1,6 In our previous study,24 the ability of PCR for the

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 065701 (2019); doi: 10.1063/1.5083168 125, 065701-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


accurate determination of carrier lifetime was estimated to
encompass values as long as 100ms. If the diffusion coeffi-
cient is known, the carrier lifetime and front surface recombi-
nation velocity can be determined with uncertainties
approximately ±20% or less. However, for HeLIC, the differ-
ence between the two beating modulation frequencies is
always small (2 Hz in our case), so the heterodyne phase is
nearly 0° as mentioned above. Therefore, only heterodyne
amplitude-frequency dependencies were fitted to Eq. (5) via a
multi-parameter fitting procedure.21 In this section, the sensi-
tivity of HeLIC to determine transport parameters (bulk life-
time, τb; diffusion coefficient, D; front surface recombination
velocity, Sf; and rear surface recombination velocity, Sr)
uniquely, and thus reliably, is investigated using a numerical
simulation method.

In the numerical simulations, the absorption coefficient
of the wafer, β, was assumed to be 789 cm−1, which corre-
sponds to crystalline silicon irradiated with 808 nm25 light.
The wafer thickness, L, was measured to be 690 μm. The het-
erodyne amplitude at various frequencies was calculated
through Eq. (5) with transport parameter values assumed to
be τb = 1 ms, D = 18 cm2/s, Sf = 10 cm/s, and Sr = 50 cm/s.
When the effect of an individual transport parameter on the
heterodyne amplitude was investigated, the other transport
parameters remained fixed at their assumed values.

The influence of transport parameters on the heterodyne
amplitude at various frequencies is shown in Fig. 1. From
Fig. 1(a), it is found that at 100Hz, the amplitude increases
with increasing carrier lifetime and becomes saturated above
τb = 10ms. This behavior is similar to that described previ-
ously.24 The bulk lifetime has a weak influence on the hetero-
dyne amplitude at high frequencies (ω = 2πf≫ τb

−1). This is so
because the PL signal is always proportional to the diffusion
length which takes on the form Lac≈ (D*/ω)1/2 at high fre-
quencies, independent of bulk lifetime. In that frequency
range, the carrier diffusion wave behaves entirely like a
thermal wave. It follows that to accurately measure a long
bulk lifetime, the heterodyne amplitude should be measured
at low frequencies. Figure 1(b) shows that the diffusion coeffi-
cient affects the heterodyne amplitude at all frequencies:
increasing D moves the centroid of the CDW deeper into the
wafer bulk, thereby decreasing the carrier density and the
heterodyne signal. Figure 1(c) shows the amplitude as a func-
tion of the front surface recombination velocity at 0.1 kHz, 1
kHz, and 10 kHz. The heterodyne amplitude is sensitive to the
front surface recombination velocity in the range of 0.1-100
m/s. In this range, the amplitude decreases with increasing
surface recombination velocity, which means that the surface
recombination velocity can be accurately determined.
Figure 1(d) shows the amplitude dependence on the rear

FIG. 1. Simulated heterodyne PCR amplitude as a function of transport parameters. The values assumed for τb, D, Sf, and Sr are 10 ms, 18 cm
2/s, 10 cm/s, and 50 cm/s,

respectively. (a) Bulk lifetime, (b) diffusion coefficient, (c) front surface recombination velocity, and (d) rear surface recombination velocity.
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surface recombination velocity at 0.1 kHz, 1 kHz, and 10 kHz.
Similar to conventional HoPCR,24 HeLIC is not sensitive
enough to accurately determine high rear surface recombina-
tion velocities or at high frequencies where the ac carrier dif-
fusion length is much shorter than the thickness of the wafer.

The foregoing simulation results show that the HeLIC
methodology can be used to determine the four transport
parameters simultaneously theoretically via multi-parameter
fitting within specific value ranges. Reducing the unknown
parameters by one or more can highly improve the accuracy
of fitting results. To test this feature, the front and rear
surface recombination velocity were assumed to be the same
in a recent study,21 i.e., Sf = Sr≡ s. In our best-fitting program,
we used the fminsearchbnd solver26 to minimize the sum of
the squares of errors between the experimental and calcu-
lated data.5 A simulation method was employed to explore the
validity of the fitting program. The simulated HeLIC amplitude
data with two sets of transport parameters and 11 points in
the frequency range from 100Hz to 10 kHz were calculated
with known parameters and are shown in Fig. 2(a). The
best-fitted parameters were also obtained and are shown in
Fig. 2(a). They were found to be exactly the same as the
assumed parameters in both cases.

The range of these parameters that can be accurately
determined by HeLIC simulated data generated by Eq. (5)
with experimental errors was identified. The simulated HeLIC
amplitude data with 11 points were calculated with the values
shown in Table I assuming D = 18 cm2/s. Worst-case random
noise corresponding to average measurement errors on the
order of 10% in view of the fact that the amplitude at the
highest frequency fluctuates by ±10% was added to each sim-
ulated datum. Figure 2(b) shows the two sets of simulated
data and the corresponding best-fitted dependencies: D = 18
cm2/s, τb = 1ms, and s = 1 cm/s for a low surface recombina-
tion velocity case (Case I); D = 18 cm2/s, τb=1ms, and s = 10m/s
for a high surface recombination velocity case (Case II); and
D = 18 cm2/s, τb= 10ms, and s = 3.4 cm/s for the case where

the bulk lifetime is equal to the surface recombination life-
time (Case III). For Case I, the best-fitted diffusion coefficient
and bulk lifetime were close to the simulated values; however,
the fitted SRV exhibited a large difference with the pre-set
value. For Case II, the fitted diffusion coefficient and SRV
were close to the simulated values; however, the fitted bulk
lifetime was very different from the pre-set lifetime. For Case
III; the three fitted parameters (bulk lifetime, diffusion coeffi-
cient, and SRV) were close to the simulated values. In all three
cases, the diffusion coefficient could be resolved accurately
with the fitted error for D being less than ±5.6%. In this analy-
sis, a given parameter was assumed to be resolved if the
best-fit error for that parameter was less than ±30%.

Table I shows the ability of HeLIC to resolve the trans-
port parameters for various combinations of lifetime and
surface recombination velocity values. The diffusion coeffi-
cient can always be resolved in all cases. Bulk lifetimes or
SRVs can be resolved with added noise on the order of 10%.

FIG. 2. Simulated HeLIC amplitude dependence on frequency and corresponding best-fitted dependencies and results. (a) Amplitude-frequency dependence according to
Eq. (5) and (b) amplitude-frequency dependence with 10% added random noise.

TABLE I. The value ranges of HeLIC-determined bulk lifetimes and/or surface
recombination velocities from calculated data with added random noise simulating
experimental signal levels.
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FIG. 3. A schematic of the combined experimental LIC and PCR system.

FIG. 4. Heterodyne amplitude image at f1 = 100 Hz for (a) the p-type wafer, (b) the n-type wafer, and (c) the HeLIC amplitude-frequency responses and best-fits to Eq. (5)
at point A in (a) and point E in (b).
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Table I also shows the surface lifetime, τs, a function of SRV.27

If the bulk lifetime is much higher than the surface lifetime,
the SRV can be resolved. On the other hand, if the bulk life-
time is much smaller than the surface lifetime, the former can
be resolved. As an outcome of the foregoing simulations, it was
found that the simultaneous improvement of the resolution
range of bulk lifetime and SRV requires better matching fre-
quency range, more frequency data, and better signal-to-noise
ratio (SNR) performance of the experimental system. In addi-
tion, it was determined that conventional HoPCR can be used
to improve the simultaneous and precise determination of the
transport parameters.22 Therefore, in the experimental plan for
this work, combined HeLIC and HoPCR were used for reliable
simultaneous resolution of the transport parameters.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A schematic diagram of the experimental HeLIC system
combined with PCR is shown in Fig. 3. Two 45-W, 808-nm

fiber-coupled diode lasers were used to illuminate sample
areas up to 10 × 10 cm2. These two lasers were sine-wave
modulated with frequencies f1 and f2 = f1 + 2 Hz using a two-
channel function generator. The laser beams were collimated,
homogenized, and spread by a microlens array across the
area. The mean intensity of each laser was 100mW/cm2.
An InGaAs camera (bandwidth: 900-1700 nm, 320 × 256
pixels, exposure time: 0.13-16.6ms) was used to measure
HeLIC amplitude signals. A data acquisition card (NI
USB-6259) was employed to generate the reference (2 Hz)
and camera-trigger signals. For PCR, a single-element InGaAs
detector was used to measure the signal amplitude and
phase. The reflected laser beam was blocked with a 1000-nm
longpass filter located in front of the camera and the InGaAs
detector. The camera and the detector recorded signals at
the same time. A lock-in amplifier demodulated the amplitude
and phase of PCR signals. Synchronous oversampling28 with
external triggering of the camera was implemented for HeLIC
imaging. Simultaneously with the HeLIC measurements, the

FIG. 5. HoPCR amplitude (a) and phase (b) at point A of the p-type wafer in Fig. 4(a) measured at f1 simultaneously with HeLIC. Also shown are data from points B, C,
and D and their best-fits to Eq. (5).

FIG. 6. HoPCR amplitude (a) and phase (b) at point E of the n-type wafer in Fig. 4(b) measured at f1 simultaneously with HeLIC.
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lock-in amplifier demodulated the PCR signals at frequency
f1 or f2.

Two samples were measured. Sample I was a 150-mm,
690-μm thick silicon wafer (p-type, B-doped) with both sur-
faces passivated with oxide layers. Sample II was a 290-μm
thick n-type (P-doped) 100-mm silicon wafer with both sur-
faces partly passivated with amorphous-Si (α-Si). Frequency
scan experiments were performed on these two wafers.

Figures 4(a) and 4(b) are the HeLIC amplitude images of
sample I and sample II at f1 = 100Hz, respectively. HeLIC pixel
amplitude-frequency dependencies at point A in Fig. 4(a) and
point E in Fig. 4(b), as well as the corresponding best-fits to
Eq. (5), are shown in Fig. 4(c). At the same time, HoPCR ampli-
tudes and phases at f1 at Point A and Point E were also
recorded. The selected points in Figs. 4(a) and 4(b) were used
for conventional PCR experiments with f1 = f2.

Figure 5 shows the HoPCR amplitude-frequency and
phase-frequency scans at point A performed at f1 simultane-
ously with HeLIC performed at f1 and f2 = f1 + 2 Hz. The con-
ventional PCR amplitudes and phases of points A, B, C, and D
of sample I are also shown in Fig. 5. Similar data obtained at
point E in Fig. 4 are shown in Fig. 6. The PCR amplitude
obtained with the two laser beams and f1 = f2 is higher than
that measured with only one laser on at f1, as expected, and
the phases are essentially coincident, as expected in the
signal linearized limit.

The best-fitted results (amplitude and phase) to Eq. (4) at
points A and E obtained with two different measurements
from HoPCR and simultaneously from HeLIC at f1, f2 = f1 + 2 Hz
and with HoPCR frequency response data with f1 = f2 are
shown in Table II. The transport parameters of the p- and
n-type wafers obtained with PCR at f1 simultaneously with
HeLIC at f1, f2 = f1 + 2 Hz were found to be in good agreement
with those obtained using PCR at f1 = f2. Note that the
best-fitted value of the minority carrier diffusion coefficient
of the n-type wafer was smaller than that of the p-type wafer
as expected.23 Based on the simulations, only two parameters

could be resolved using HeLIC alone. Both frequency range
and parameter range, including reducing signal noise, are key
factors determining how many parameters can be resolved.
The use of PCR and the concomitant high SNR of its two
channel signal (amplitude and phase) outputs simultaneously
with the lower-SNR, single-channel (amplitude) pixel fre-
quency dependence of HeLIC images, strengthened the
uniqueness of the transport parameter measurements.24

Specifically for these two samples, the surface recombination
velocity and the diffusion coefficient could be uniquely
resolved. In order to resolve three transport parameters, the
best-fitted bulk lifetime from the HoPCR measurement was
employed. For the multi-parameter best-fitting procedure of
the HeLIC pixel frequency response, the PCR bulk lifetime
was fixed and the diffusion coefficient and the surface recom-
bination velocity were varied. Table III shows the best-fitted
D and s once the bulk lifetime is fixed for points A and E of
the two samples of Fig. 4, respectively. The best-fitted D and
s values using HeLIC also coincide with, or are very close to,
the values from the PCR measurements in Table II. This con-
sistency of measurement results shows that HeLIC can pre-
cisely and uniquely (therefore, reliably) characterize the
transport parameters like PCR does, despite the fact that
there is only one signal channel available in the HeLIC pixel
frequency response. This conclusion sets the stage for fast
quantitative HeLIC imaging of transport properties of semi-
conductor materials and devices to replace the time-
consuming and inefficient PCR raster scanning of wafer sur-
faces. Table IV shows the transport parameters obtained at
points A, B, C, and D on sample I using conventional HoPCR
measurements. The local bulk lifetimes are very close to each
other and can be assumed to be approximately constant
within standard deviation over the entire p-type Si wafer.
Using this assumption, Fig. 7 shows the diffusion coefficient
and SRV images for the two samples after the bulk lifetime
was fixed, assumed to be constant. Compared to the minority

TABLE II. Best-fitted HoPCR amplitude and phase transport parameters at point A for the p-type wafer and point E for the n-type wafer measured at f1 = f2 and at f1
simultaneously with HeLIC measured at f1, f2 = f1 + 2 Hz.

Wafer type Measurement method τb (ms) D (cm2/s) s (m/s)

p-type HoPCR at f1 = f2 1.46 ± 0.05 10.4 ± 0 0.91 ± 0.01
HoPCR at f1 simultaneous with HeLIC at f1, f2 = f1 + 2 Hz 1.04 ± 0.02 9.4 ± 0.02 0.81 ± 0.02

n-type HoPCR at f1 = f2 1.48 ± 0.01 2.83 ± 0.01 0.23 ± 0.01
HoPCR at f1 simultaneous with HeLIC at f1, f2 = f1 + 2 Hz 1.30 ± 0.18 2.44 ± 0.03 0.19 ± 0.02

TABLE III. Best-fitted HeLIC amplitude transport parameters at point A of the
p-type wafer and point E of the n-type wafer. The bulk lifetimes were obtained from
HoPCR measurements.

Wafer type τb (ms) D (cm2/s) s (m/s)

p-type 1.46 (fixed) 10.65 0.81
n-type 1.30 (fixed) 3.31 0.20

TABLE IV. Best-fitted transport parameters at four points of the p-type wafer in
Fig. 4 from PCR measurements at f1 = f2.

p-type wafer τb (ms) D (cm2/s) s (m/s)

Point A 1.46 ± 0.05 10.4 ± 0 0.91 ± 0.01
Point B 1.45 ± 0.22 8.38 ± 0.35 1.01 ± 0.05
Point C 2.13 ± 1.06 10 ± 0.18 0.87 ± 0.11
Point D 1.25 ± 0.25 8.85 ± 0.25 0.80 ± 0.07
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carrier (holes) diffusion coefficient image of the n-type wafer,
the mean value of the minority carrier (electrons) diffusion
coefficient of the p-type wafer shown in Figs. 7(a) and 7(c),
respectively, is higher, as expected. The mean value of the
SRV of the n-type wafer was found to be smaller than the
p-type wafer as shown in Figs. 7(b) and 7(d). It can thus be
concluded that the amorphous-Si layer has a better surface
quality than the oxide layer.

V. CONCLUSIONS

In this work, simulations and experimental validations
were carried out to investigate and optimize the uniqueness
and reliability ranges of carrier transport parameter measure-
ments (bulk lifetime, diffusion coefficient, and surface recom-
bination velocities) of n- and p-type silicon wafers, using
multi-parameter best-fits of HeLIC image pixel frequency
responses to heterodyne theory to fit experimental data in
the presence of noise. The simulations produced value ranges
in which transport parameters can be measured uniquely,
thus yielding quantitative HeLIC images of those parameters.
HeLIC was found to be able to resolve the diffusion coeffi-
cient and bulk lifetime and/or surface recombination velocity

depending on the relative values of the latter two quantities.
It was found that combined simultaneous HeLIC and HoPCR
measurements were effective and sufficient for uniquely
resolving all four transport parameters, thereby yielding
quantitative images of the diffusion coefficient and SRV of
two silicon samples, n- and p-type wafers with different
surface recombination velocities and similar bulk lifetimes.
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