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ABSTRACT: We present a calibration-free dynamic carrier lifetime imaging approach, based on the infrared lifetime
mapping (ILM) technique. Introducing the dynamic evaluation procedure we show that the lifetime is determined ana-
Iytically from the signal ratio of infrared camera images recorded directly after turning on an excitation source and after
steady-state conditions are established within the sample. A comparison with microwave-detected photo conductance de-
cay measurements shows an excellent quantitative agreement. We show that signal blurring is a fundamental issue of the
dynamic approach and introduce a method to overcome this limitation. This method combines dynamic and static-ILM
measurements and allows for high resolution lifetime measurements in measurement times as fast as 1 sec per wafer.
Keywords: carrier lifetime, imaging, thermography, multicrystalline, silicon

1 INTRODUCTION

Infrared lifetime imaging (ILM)* also known as carrier
density imaging (CDI)? is a fast carrier lifetime imaging
technique. In the past, this technique has proven to be a
versatile tool for lifetime measurements in scientific re-
search®®. It’s widespread application, however, has been
hindered by a complex calibration procedure. Moreover,
the strong impact of optical sample properties on the
measurement results limited the application of ILM to
wafers with planar surfaces. In order to overcome the
necessity for a calibration of the signal amplitude, we
introduce a dynamic carrier lifetime imaging approach,
based on ILM, yielding spatially resolved carrier lifetime
data within short data acquisition times in the range of
seconds®.

One drawback of the dynamic ILM approach is a reduced
signal to noise ratio in low lifetime regions if compared
to the steady-state approach. A second drawback is a
reduced spatial resolution, which is caused by a stronger
impact of internal reflections of the emitted light on the
dynamic evaluation than on the steady-state approach.
After introducing the dynamic-ILM approach, we focus
on the effect of signal blurring and an increasing noise
level in the dynamic evaluation with decreasing lifetime.
Both issues are solved by a combination of the dynamic
and the steady-state approach, which combines the ad-
vantages of both approaches.

There are two additional effects, impacting on the results
of a dynamic ILM measurement on wafers with small
carrier lifetimes. One of them is the switching time of the
light source. A second effect is a triangular shaped signal
component originating from a pulsed heating of the sam-
ple which is subject to a rectangular shaped pulsed exci-
tation.

A detailed description of these two effects is out of scope
of the present work and was performed in [7].

2 PRINCIPLE OF DYNAMIC ILM

In the dynamic ILM approach charge carriers are excited
by a square wave shaped illumination with photon ener-
gies above the bandgap energy of silicon. The time de-
pendence of the carrier density for a non-injection de-
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Fig. 1: Schematic of the generation rate G, excess
carrier density n(t) and image acquisition during one
measurement period of length T.

pendent carrier lifetime, t is given by
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Here, G denotes the time-independent generation rate.
Figure 1 shows the time dependence of the excess carrier
density Dn together with the generation rate G, normal-
ized to their maximum values, and the image integration
times t;,. The time dependence of the excess carrier den-
sity Dn(t) is investigated by recording one image of the
infrared emission of the sample directly after switching
on the light source, a second one after steady-state condi-
tions are established in the wafer, a third one after
switching off the light source, and a fourth one after the
carrier density has dropped to its equilibrium value.
These images are processed using a lock-in algorithm
with a sine- and a cosine-function as correlation func-
tions. Using four images recorded during each lock-in
period, the sine correlation (Sg,) yields the difference
between image 2 and image 4, which, for lifetimes small



compared to the length of a lock-in period T is the
steady-state signal due to the excess charge carriers. The
cosine correlation (Se) Yields the difference between

image 1 and image 3, and contains the transient informa-
tion on the carrier density at the rising and falling edge of
the illumination,
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comparison, the result of a MW-PCD measurement® is
0 given in Fig. 2(b). The same lifetime structures and the
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Fig. 2 (a) Dynamic-ILM image of a 10cm x 10cm mc-
Si wafer with SiN passivation. Data acquisition time
was 1 sec. (b) MW-PCD lifetime mapping of the same
sample. Data acquisition time was 20min. The white
lines mark the linescans used for a quantitative
comparison.

3 SPATIAL RESOLUTION

As can be seen from Figs. 2 and 3 the spatial resolution
of dynamic ILM images is reduced if compared to MW-
PCD measurements or steady-state ILM measurements.
The reason for this lower spatial resolution is the stronger
impact of signal blurring on the dynamic than on the
steady-state evaluation. Signal blurring is caused by in-
ternal reflections of the infrared light and the diffusion of
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Fig 4.: Wafer with a high lifetime region (t. = 500
us) and a low lifetime region (tg = 5 Ws). One per
cent of the radiation generated by the charge carriers
of each individual region is transferred to the other
region and emitted from there.

charge carriers from high- into low lifetime areas due to a
concentration gradient. The most detrimental effect is the
reflection of infrared light.

To understand the impact of this on the dynamic ILM
approach we consider a simple test case. We assume a
wafer which is separated into two regions, one of low
lifetime (tqw = 5 ps) and one of high lifetime (tygn = 500
us). Let us further assume that 1% of the infrared light,
generated in each of these regions is transferred to the
other region (e.g. by internal optical reflections) and
emitted there. This case is sketched in Fig. 4.

The impact of this radiation transfer (crosstalk) on the
steady-state signal is such that the signal is reduced from
500 to 495.05 in the high lifetime region, and increased
from 5 to 9.95 in the low lifetime region. As a conse-
quence, the lifetime in the low lifetime region would be
overestimated by a factor of two in a steady-state ILM
analysis.

In the dynamic approach, the situation is different. Half
of the light, emitted in the low lifetime region, carries the
time information of the high lifetime region. The result-
ing signal shape as a function of time is sketched in Fig.
5. After turning on the illumination source, the signal
rises quickly to half its maximum value, due to the light
emitted by the charge carriers of the low lifetime region.
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Fig. 5: Simulated signal shape as a function of time in
the low lifetime region. Half of the signal is due to
light emitted by charge carriers with 5 ps lifetime, the
other half is emitted by charge carriers with a lifetime
of 500 ps. The inlay displays the first 3 ms in a higher
resolution.
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Fig. 6: Dynamic and steady-state lifetime as a function
of the fraction of intemally generated light which is
transferred to the other part of the wafer prior to
emission (crosstalk fraction).

It then continues to rise further, with time constant ty;gp
as the rest of the light emitted in this region originates
from the charge carriers in the high lifetime region. The
abrupt change in the time constant becomes most obvious
in the inlay, showing the first 3 ms after turning on the
illumination intensity in more detail. As a result, the dy-
namic ILM lifetime becomes ty,, = 212 ps in this case.

Figure 6 gives the dynamic and the steady-state life-
time as a function of the fraction of internally generated
light which is transferred to the other part of the wafer
prior to emission (crosstalk fraction). An overestimation
of the lifetime in the low lifetime region by a factor of
two requires this crosstalk fraction to be smaller then 10
in the dynamic evaluation and smaller than 10 in the
steady-state evaluation.

This simple example illustrates the strong impact of sig-
nal blurring on the dynamic evaluation, leading to a
blurred appearance of the dynamic ILM lifetime images.

4 NOISE ANALYSIS

A second drawback of the dynamic evaluation is the
higher noise level for measurements on wafers with short
lifetimes if compared to the steady-state measurement.
The general noise properties of the lock-in thermography
system, installed at ISFH are given in Fig. 7 as a function
of the total data acquisition time. The noise measurement
is performed with the detector signal S in a single image
corresponding to 66% of the maximum detector signal in
saturation, but without pulsed signal component. The
measured data is fitted by a 1/ t-fit as expected from
theory™. The noise amplitude in Fig. 7 is given in digital
camera units (left scale) and as noise equivalent tempera-
ture difference (NELD) in mK (right scale).

It has been discussed in Ref [11] that a conversion of the
noise level to a noise equivalent lifetime difference
(NELD) is advantageous to analyze the noise properties
of lifetime measurements.

In order to convert the noise level into a NELD, the mag-
nitude of the noise level must be calibrated to absolute
units of carrier density and/or lifetime, using the same
procedure as in a steady-state ILM measurement. We
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Fig. 7: Noise level (std. dev.) of the lock-in
thermography system as a function of total data
acquisition time. The solid line is a 1/ t fit, which is the
theoretical expected shape of the curve.

derive the conversion factor that converts the camera
signal into units of absolute carrier densities in the same
way as proposed in [11], using a set of differently doped
planar reference wafers. A value of 6.5x10 carri-
ers/(m2xdig.unit) is found. The noise equivalent lifetime
difference in a steady-state ILM measurement is then
determined by,

]- 6.5 10 carriers
m2dig.unit
G

NL[dig.unit
NELD =

(4)

where NL is the noise level, plotted in Fig. 7.
In the dynamic analysis, the difference between the
steady-state signal in the second image, S, and the signal
at the rising edge, S, or, respectively, the difference be-
tween the background without illumination S, and the
signal at the falling edge of the illumination, S;, are
evaluated. Therefore this signal difference is defined as
the dynamic ILM signal amplitude,

ty - exp ~
eff eff t

eff
Saynaim =52 =S =S;m t 5)
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With this definition of the dynamic signal amplitude, the
noise analysis is carried out in the same way as for the
steady-state measurement. As a result, the conversion
factor between the ILM signal, S,y and the lifetime must
be multiplied with the term in brackets from eq. (5) in the
dynamic evaluation. Additionally, both, sine- and cosine-
correlated signal are used in the dynamic evaluation,
increasing the noise level by a factor of 2. Alltogether,
the equation for the NELD in a dynamic ILM measure-
ment becomes,
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Fig. 8: Steady-state and dynamic NELD for data
acquistion times of 1 sec, 10 sec and 100 sec as a
function of effective lifetime, ..
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Equations 4 and 6 are plotted in Fig. 8 as a function of
t. for measurement times of 1, 10 and 100 sec. Whereas
the NELD is independent from ty in the steady-state
ILM approach, it increases with decreasing lifetime in
dynamic ILM, due to the vanishing dynamic signal con-
tribution. At a lifetime of te = 100 ps the NELD in a
dynamic ILM measurement is 17 s after a measurement
time of 1 s, 5.4 ps after a measurement time of 10 s and
1.7 ps after a measurement time of 100 s. For the steady-
state analysis, a NELD of 1.2 ps is reached after a meas-
urement time of 1 s.

Note that the stated values for the NELD depend on the
wafer and background temperature, as well as on the
surface properties of the sample under test, the illumina-
tion intensity and the image integration time t;,.. The val-
ues given here are valid for a wafer temperature of 70°C,
a background temperature of 15°C, an image integration
time of 1100 ps, an illumination intensity of 1 sun and
samples with planar surfaces. For textured samples, the
ILM signal amplitude increases by a factor of up to ten,
leading to a decrease of the conversion factor between
signal amplitude and lifetime by the same factor. Thus,
the above stated values represent upper limits on the
noise level.

5 COMBINED DYNAMIC AND STEADY-STATE
ILM EVALUATION

While the dynamic ILM technique has the advantage that
an image of the carrier lifetime is obtained without the
need of an intensity calibration of the signal amplitude,
steady-state ILM provides a better spatial resolution and
a lower noise level. Here we introduce a combination of



Fig. 9.:(a) Steadytate ILM signal amplitude on a 1(

10 cm? m-Si wafer. (b) MWPCD lifetime mapping ¢
the same wafe Data acquisition time was 1000 sec. (c¢)
Dynamic ILM lifetime image of the same wal
acquired in 1 sec data acquisition tin(d) Lifetime
image obtained from the combination of dynamic
stead-state ILM measurementData acquisition tin
was 1 ses

both methods which allows for precise measurements of
wafers with low carrier lifetimes without the need of a
calibration of the signal amplitude based on reference
samples. The idea is to use the highest lifetimen ftioe
dynamical approach to scale the steady-state ILM ampli
tude.

For this purpose, a dynamic ILM measurement is per-
formed on the wafer. The steady-state ILM sigi$aly,
which is contained in the sin-correlated image ofdie
namic ILM measurement, is displayed in Fig. 9(a). The
dynamically evaluated lifetime is displayed in F8{c).
The steady-state ILM signal is then corrected for spatia
emissivity variations by dividing, y through a relative
emissivity image determined according to Eq. (A.3). The
resulting emissivity-corrected steady-state ILM image
(not shown) is finally scaled to absolute carrier lifeds.
This is done by allocating the sigrig| v of the area of
100 Pixels with maximum signal in the emissivity —

Fig. 10: Comparison of the lifetime along the wt
line in Fig. 9. The dynamically scaled ste-state
ILM measurement closely agrees with the data {
MW-PCD.

corrected steady-state ILM image to the vallg, v of
the corresponding area in the dynamic ILM image. The
carrier lifetime of each pixel results according to

=Sum’ —f%dynlLM - (7

j.ILM
The unscaled steady-state ILM image is displayeddgn F
9(a). In addition, a lifetime mapping obtained from an
MW-PCD measurement is displayed in Fig. 9(b). The
dynamic lifetime image shown in Fig. 9(c) displaye th
lifetime structure of the wafer correctly but does rest r
solve short scale lifetime variations. These variatiare,
however, clearly visible in the scaled and emissigy-
rected steady-state ILM image shown in Fig. 9(d), which
shows the same structures as the MW-PCD mapping of
Fig. 9(b). The measurement time however was reduced
from 1000 sec for the MW-PCD mapping to 1 sec for the
combined ILM measurement. In order to provide a more
guantitative comparison of the results of the dynaityic
scaled ILM measurement and the MW-PCD measure-
ment, the lifetimes along the white lines in Fighy and
9 (d) are compared with each other in Fig. 10. The alptic
impression of Fig. 9 that MW-PCD and dynamically
scaled ILM closely agree with each other is confirmgd b
this quantitative comparison.
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6 CONCLUSIONS

In this paper we presented our newly developed dynami-
cal lifetime imaging technique, which allows self-
consistently-scaled lifetime imaging for the first ¢éim
Two drawbacks of the dynamic technique, which are a
reduced spatial resolution and an increasing noisd lev
with decreasing carrier lifetime are investigated. We
show that these drawbacks can be surmounted by a com-
bination of the dynamic- and the steady-state ILM ap-
proach without the need for additional measurements.
Thus we arrive at a technique, suitable for a quiak an
precise evaluation of the effective carrier lifetimstdi
bution of passivated silicon wafers. We confirmed our
results with reference measurements, using the well es-
tablished MW-PCD technique achieving an excellent
agreement. With the combination of dynamic and stead
state ILM, a complete lifetime image is measured with
total data acquisition times in the range of 1 dast
enough for inline inspection.
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APPENDIX A EMISSIVITY MEASUREMENTS ON
S| WAFERS

The infrared emissivity of a Si-wafer, placed on tHegin

red mirror can be determined from one infrared image of
the wafer at a temperature well above room temperature.
In order to account for the non-zero infrared emission of
the mirror itself, we subtract the signal measured with
sample placed on the mirrd¥,yioi(Ts), from the signal
measured with sampl€&,5(Ts). Since the emission signal

of a 300 um thick, 4 cm planar wafer is not much
higher than the emission signal of the empty infrared
mirror, this is especially important for planar wafers,



