










point-by-point scanned images are shown in the insets of
Figs. 6 and 7. In Fig. 6, all PCR amplitude-frequency re-
sponses have two pronounced bending points �knees� with
corresponding features in the phase-frequency responses. As
was shown earlier, this type of behavior is the result of two
time constants. The longer lifetime, �1, corresponds to the
resistance-capacitance �RC� time constant of the p-n junc-
tion, while the shorter lifetime, �2, corresponds to minority
carrier recombination.12,21 The �1 is controlled by junction
capacitance and dynamic junction resistance at peak photo-
voltage. Based on the detailed formulation of the free-
carrier-wave problem on both sides of the p-n junction22,23

involving two characteristic lifetimes, the PRC frequency
curves were best-fitted to a simplified version of the model22

SPCR�f� =
K1�1

1 + i2
f�1
+

K2�2

1 + i2
f�2
, �4�

where K1 and K2 are material-property-dependent constants.
The best-fitted �1 and �2 values at locations A–F �Fig. 6,
inset� are presented in Table II. The results clearly show a
decrease in minority carrier lifetime �2 in the area with de-
creased carrierographic amplitude image, Figs. 5 and 6 �in-
set�. The time constant �1 changes only slightly as expected

from the essentially uniform junction geometry, also accom-
panied by negligible change in peak photovoltage generated
by the modulated laser beam. In a manner similar to the Si
wafer carrierographic images of Fig. 3, the optimal contrast
in both amplitude and phase images of Fig. 6 is obtained at
frequencies around the first and second knees. The point-by-
point PCR images at 10 kHz shown in the inset of Fig. 6
correlate very well with features evident in the EL images of
Fig. 4 and in the low-frequency lock-in carrierographic im-
age of Fig. 5. The resolution of the images in Fig. 6 is supe-
rior to that of the foregoing images owing to the short carrier
wavelength �and ac diffusion length� at high frequency. In
view of this result, efforts are currently expended to signifi-
cantly increase the modulation frequency of camera-based
lock-in carrierography in order to improve spatial resolution
and fast imaging consistent with in-line process monitoring.

Unlike the PCR frequency dependence, the MPV fre-
quency response is significantly less sensitive to the spatial
distribution of the transport parameters and nonradiative re-
combination centers in the solar cell �Fig. 7�. The ac photo-
voltage is slightly higher in areas with longer carrier recom-
bination lifetime, which generates contrast in the MPV
image insets very similar to the PCR images in Fig. 6. As
with the PCR frequency dependencies, the MPV response in
Fig. 7 exhibits two very mild knees, more so in phase than in
amplitude. These features are caused by changes in the RC
time constant, corresponding to variations in junction resis-
tance and capacitance which change with the photovoltage
across the junction under high laser intensity.12,21 The MPV
curves from the various locations A–F are very similar, un-
like the PCR frequency scans, with major differences only in
the f �10 kHz phase. These differences are related to the
short carrier diffusion length at high f being more sensitive
to local �near surface� carrier trapping effects which render
the phase lags at the locations with high trap densities �e.g.,
in the form of grain boundaries� smaller than those from
nondefective or nonboundary regions. In Fig. 7�b�, the order
of phase lag increase for f �10 kHz signifies increase in the
local optoelectronic quality of the probed site.

In order to study the effects of dc optical bias on the
solar cells, MPV frequency scans with low-intensity modu-
lated laser beams at two superband-gap wavelengths from
locations near points E and F, Fig. 5, are shown in Fig. 8.
830-nm and 980-nm modulated laser beams were used, as
well as a combination of the 980-nm modulated laser beam
with a superposed 830-nm dc laser beam �30.9 mW� acting
as optical �equivalent forward� bias. Under the superposed

TABLE II. Fitted characteristic lifetimes of mc solar cell at various loca-
tions according to two-lifetime PCR model, Eq. �4�.

Location
�1

�ms�
�2

��s�

A 0.261 1.51
B 0.302 0.81
C 0.224 1.87
D 0.265 1.22
E 0.292 1.00
F 0.227 1.91

FIG. 7. ac photovoltage �MPV� frequency scan at specific solar cell points
locations. �a� Amplitude and �b� phase. Inset: 10 kHz point-by-point scanned
image with 200 �m step. Laser beam spotsize �110 �m across the same
area of the solar cell as in Figs. 5 and 6. A–F: coordinates of specific points
corresponding to inset image.
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830-nm dc excitation MPV exhibited the same value as the
maximum peak photovoltage in the case of the higher power
modulated excitation of Fig. 7. The equivalent circuit model
in the inset of Fig. 8�a� was used to fit the data to the theo-
retical photovoltage frequency dependence Vph�f� �Refs. 24
and 25�

Vph�f� = Iph	 1

Rj
+ i2
fCj
−1

=
K3

1 + i2
f�RC
, �5�

where Iph is the photocurrent, Rj =dV /dI is the dynamic junc-
tion resistance; Cj is the junction capacitance; f is the modu-
lation frequency; K3= IphRj is a fitted parameter, and �RC

=RjCj is the RC time constant. As in the case of the large-

amplitude photovoltage from the higher laser power, the
small-amplitude MPV is slightly higher at locations with
higher carrier recombination lifetime �e.g., point F� for both
830-nm and 980-nm modulated laser beams. The phase fre-
quency dependence is practically the same up to approxi-
mately 10 kHz at both locations although it strongly differs
for cases with and without optical bias, Fig. 8�b�. The knee in
the MPV frequency dependence for the p-n junction without
dc optical bias is in the same frequency range as the first
knee in the large-amplitude MPV dependence of Fig. 7. Fur-
thermore, the knee with the 830-nm dc optical �effective for-
ward� bias junction lies in the same range as the second knee
in Fig. 7. This correlation confirms that the first knee in the
large-amplitude MPV dependence is determined by the RC
time constant corresponding to photovoltage near 0 V and
the second high-frequency knee is due to the RC time con-
stant corresponding to the peak photovoltage.12,21 The RC
time constants for small-amplitude MPV were derived from
fits to Eq. �5� and are presented in Table III. Although they
are very different with and without optical bias, however,
they are the same at both locations E and F.

We note that in the high frequency range, f �10 kHz,
the small-amplitude MPV frequency dependence is different
under two-wavelength excitation. For 830 nm modulated ex-
citation, the MPV frequency amplitude follows a f−1 depen-
dence and the phase remains practically constant at −90°.
For 980 nm modulated excitation, the MPV amplitude devi-
ates from the f−1 dependence at higher frequencies �Fig. 8,
inset�, also followed by significant phase deviations. The ap-
pearance of the second knee originates in minority carrier
recombination lifetime, when the ac diffusion length be-
comes shorter than both thickness, L, and optical absorption
depth, 1 /�, where � is the optical absorption coefficient.24,25

Then the minority carrier lifetime can be calculated from
�n=1 /2
fb, where fb is the frequency of the knee. The fore-
going condition is satisfied for 980-nm high-frequency MPV
excitation, for which � is approx. 100 cm−1 in silicon. It is
important to note that this feature in the MPV frequency
dependence is approximately in the same frequency range as
the second knee of the PCR frequency dependence. Similar
to PCR behavior, the second MPV knee shifts to higher fre-
quencies at locations with smaller carrier recombination life-
times. The calculated two MPV minority carrier lifetimes
from fb at both locations E and F are also shown in Table III.
Some discrepancies in the MPV values �3.8 and 4.8 �s�
compared to those obtained from the PCR frequency depen-
dence �1.0 and 1.9 �s� are not well understood at present.

TABLE III. Characteristic lifetimes of mc solar cell at two locations extracted from MPV frequency scan.

Illumination

Location E Location F

�RC

�ms�
�n

��s�
�RC

�ms�
�n

��s�

Modulated 980-nm laser beam 2.0 3.8 2.1 4.8
Modulated 980-nm laser beam and 30.9 mW 830-nm dc
laser beam 0.064 0.066
830-nm modulated laser beam 2.0 2.0

FIG. 8. MPV frequency scan with low-intensity modulated laser beams near
points E and F, Fig. 4. �a� amplitude; �b� phase. Point E: �—980-nm modu-
lated beam; �—980-nm modulated beam, and 830-nm dc beam with the
same peak power as in Fig. 7; �—830-nm modulated beam. Point F:
�—980-nm modulated beam; �—980-nm modulated beam and 830-nm dc
beam with power equal to the peak power in Fig. 7; �—830-nm modulated
beam. Theoretical best fits to Eq. �5�.
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They are probably related to the different subsurface elec-
tronic transport paths probed by the two techniques.

By the same token, the overlap among the experimental
curves of high-amplitude MPV, Fig. 7, at frequencies f
�10 kHz can be interpreted by the very small variation in
the spatial distribution of the MPV, with the RC time con-
stants remaining practically the same at the various locations
across the solar cell, thereby indicating junction homogene-
ity. Nevertheless, the comparison between the PCR and MPV
images points to a higher sensitivity to defects and recombi-
nation centers of the former technique, although the MPV
inset amplitude and phase images in Fig. 7 show that ad-
equate contrast exists and yields excellent correlation with
that of the PCR images. However, in addition to the poorer
contrast, MPV requires sequential point-by-point optical ex-
citation to yield spatially resolved imaging, compared to the
fast full-illumination PCR imaging by camera lock-in carri-
erography demonstrated in this work, at vastly shorter time-
per-image requirements.

3. Photocarrier transport mechanisms of MPV and
lock-in carrierographic imaging

In order to further investigate the correlation between
MPV and PCR imaging, Fig. 9 shows PCR and MPV line

scans at several frequencies made vertically along the dotted
line in the inset of Fig. 6. The line scans clearly show the
excellent degree of correlation across the solar cell in agree-
ment with the images in Figs. 6 and 7, albeit with much
lower contrast dynamic range for the MPV signals. The PCR
amplitude dips and phase-lag peaks are the result of beam
crossing nonradiative recombination-promoting grain bound-
aries which decrease the carrier-wave density �amplitude�
and shift the PCR phase lag to smaller values, closer to the
front surface due to enhanced recombination or trapping. In
agreement with the phase images accompanying the carriero-
graphic Figs. 2 and 5, the low-frequency PCR phase scans
are less sensitive to those defects and grain boundaries, as
deeper subsurface contributions to the carrier-wave integral
in Eq. �1� tend to mask the effects of the near-surface recom-
bination centers. The optimum contrast for amplitude occurs
at frequencies at which the ac diffusion length is commensu-
rate with the subsurface depth of the recombination center.
On the other hand, the MPV amplitude signal shows measur-
able contrast only at low frequencies, whereas the phase con-
trast is best at the highest frequencies �here: 100 kHz�. The
reason for these MPV differences is the series resistance of
the solar cell which further dampens the free photoexcited
carrier density wave away from its generation location, while

FIG. 9. Vertical point-by-point PCR and MPV line scans with step 20 �m along the dashed line in Fig. 6 at several frequencies. �a� PCR amplitude; �b� PCR
phase; �c� MPV amplitude; and �d� MPV phase.
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diffusing toward the closest electrode for collection and con-
version to photovoltage: the exponential spatial decay of the
diffusing carrier wave with its characteristic ac diffusion
length19 effectively blocks carrier collection from generation
distances longer than Le���. For example, at locations along
the line midway between electrodes the lowest frequencies
�longest ac diffusion length� yield the highest signal and con-
trast �Fig. 10�. All carriers arrive at the electrode for collec-
tion essentially IP with the modulated excitation source at 10
Hz, Figs. 7�b� and 9�d�. Substantial phase-lag differences
between recombination centers and intact optoelectronic
source locations occur at much higher frequencies f
�10 kHz, Fig. 7�b�, in agreement with Fig. 9�d�. It is inter-
esting to note the MPV phase reversal from lag to lead in the
f =10 and 100 kHz line scans, Fig. 9�d�, at the various defect/
grain boundary crossing regions. The low-frequency phase
lags can be explained by carrier trapping in the rear-surface
region, whence the deeper, underlying regions contribute the
photocarriers dominating the MPV signal. These photocarri-
ers can reach the closest electrode thanks to their long ac
diffusion length at low frequency �lateral diffusion�, however
the MPV phase is lagged as they originate at subsurface lo-
cations farther away than those from the near-surface nonde-
fective regions. Figure 9�d� shows evidence that high fre-
quency MPV signals are dominated by laser detrapping of
carriers trapped at defects and/or grain boundaries: given the
short ac diffusion length at f �10 kHz, the flux of detrapped
free carriers generated closest to the neighboring electrode
dominates the flux of the deeper-lying subsurface-generated
free-carrier wave which is exponentially damped with dis-
tance from the electrode. As a result, the MPV phase from
the defect/grain-boundary locations exhibits a lead over that
from deeper intact locations with significant subsurface con-
tributions to the electrode-collected free-carrier-density
wave. This mechanism is also present in the PCR signal and
laser detrapping contributes to phase lead at all frequencies,
thereby establishing the stronger near-surface depth-
profilometric character of the PCR depth-decaying carrier
wave over MPV. In summary, highest MPV imaging contrast

in mc solar cells can be obtained with low frequency ampli-
tude �low spatial resolution� or with high frequency phase
�high spatial resolution�.

4. Subsurface optoelectronic defect sensitivity and
depth-profilometric character of lock-in
carrierography

In order to show the subsurface-defect-sensitive and
depth profilometric character of the solar cell carrierographic
image contrast, and link it to optoelectronic transport param-
eter changes induced by lattice damage to the substrate, Fig.
11 shows lock-in carrierographic amplitude images taken

FIG. 10. Horizontal point-by-point MPV line scans with 20 �m step at several frequencies. �a� Amplitude and �b� phase.

FIG. 11. Lock-in carrierographic amplitude images of a solar-cell fragment
area at 10 Hz before �a� and after �b� mechanical damage to the back
surface.
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with the expanded 532-nm laser from the front side of a mc
solar-cell fragment before and after back-surface mechanical
damage. In agreement with the Si substrate damage results of
Fig. 2, the mechanical damage led to amplitude decrease at
that location with a corresponding �much smaller� phase
change �not shown here�, creating contrast superposed on the
mc grain-boundary structure of the solar cell. At higher fre-
quencies, point-by-point PCR images of the same location
were obtained through scanning with the focused 830-nm
laser beam, Fig. 12. At 1 and 100 kHz, there is substantial
phase contrast in both images. However, at 100 kHz the
damaged area contrast has significantly decreased in both
amplitude and phase images. This is consistent with the de-
creased ac diffusion length, Eq. �2�, which diminishes con-
tributions from back-surface recombination while improving
resolution and contrast of near-front-surface regions where
the majority of recombination centers is located. This type of
carrierographic image quality is expected from improve-
ments �increases� in the sampling rate of camera-based
lock-in imaging.

IV. CONCLUSIONS

Lock-in carrierography �or PCR imaging� of multicrys-
talline silicon solar cells was introduced in two modalities:
low frequency camera-based imaging and high-frequency
point-by-point scan-based imaging. This novel technique
was supplemented by, and compared with, MEL and MPV
imaging. It was shown that contrast in NIR camera-based
carrierographic images depends on the spatial integral of the
free photoexcited carrier-wave density and thus is very sen-
sitive to the grain-boundary and surface recombination-
inducing structure of solar cells. Optimal contrast in both
amplitude and phase images is obtained in the region of the
knee of the frequency response curve. Imaging contrast and
resolution is similar to that of MELI and superior to MPVI
with the added advantage of the noncontacting nature of
lock-in carrierography, thereby rendering this method suit-
able for fast optoelectronic quality control imaging at any
and all stages of solar cell fabrication. The method allows for
contactless control of spatially resolved transport parameters
�lifetimes� of solar cells at operator-defined subsurface

FIG. 12. Lock-in carrierographic amplitude and phase images of the back-surface damaged solar-cell fragment area of Fig. 11 at 1 kHz ��a� and �b�� and at
100 kHz ��c� and �d��.

114513-10 Melnikov et al. J. Appl. Phys. 107, 114513 �2010�

Downloaded 24 Dec 2010 to 128.100.48.213. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



depths �fixed modulation frequencies�. The contrast physics
of lock-in carrierography is controlled by the local character-
istic lifetimes in the solar cell, namely the RC time constant
of the p-n junction or the minority carrier recombination
lifetime, depending on the modulation frequency at which
imaging is obtained. It was shown that lock-in carrierogra-
phy is very sensitive to subsurface electronic defects and can
provide depth profilometric images with judicious adjust-
ment of imaging frequency �camera frame rate�. Comparison
with MPV line scans revealed the possibility of laser de-
trapped photocarrier contribution to the PCR imaging, espe-
cially at high frequencies, f �10 kHz. Comparison between
camera-based and point-by-point scan-based imaging has
shown that it is imperative to increase the sampling rate of
commercial NIR InGaAs cameras for optimal optoelectroni-
cally sensitive amplitude and phase carrierography imaging
of solar cells.
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