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23
24 SUMMARY:
25  As one of the important physical parameters in semiconductors, carrier lifetime is measured
26  herein via a protocol employing the microwave photoconductivity decay method.
27
28  ABSTRACT:
29  This work presents a protocol employing the microwave photoconductivity decay (u-PCD) for
30 measurement of the carrier lifetime in semiconductor materials, especially Si. In principle,
31 excess carriers in the semiconductor generated via excitation recombine with time and,
32  subsequently, return to the equilibrium state. The time constant of this recombination is known
33  as the carrier lifetime, an important parameter in semiconductor materials and devices that
34  requires a noncontact and nondestructive measurement ideally achieved by the pu-PCD. During
35 irradiation of a sample, a part of the microwave is reflected by the semiconductor sample.
36 Microwave reflectance depends on the sample conductivity, which is attributed to the carriers.
37 Therefore, the time decay of excess carriers can be observed through detection of the reflected
38 microwave intensity, whose decay curve can be analyzed for estimation of the carrier lifetime.
39  Results confirm the suitability of the pu-PCD protocol in measuring the carrier lifetime in
40 semiconductor materials and devices.
41
42  INTRODUCTION:
43  Excess carriers in semiconductors are optically excited by the injection of photons with energy
44  larger than the gap between the conduction and valence bands. Excited excess carriers, then,
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disappear by an electron—hole recombination within a time constant known as the carrier
lifetime, which greatly affects the performance of semiconductor devices during operation. As
one of the important parameters for semiconductor devices and materials, the carrier lifetime
is very sensitive to the presence of defects in these materials, and further requires a convenient
method of evaluation. J. Warman and M. Kunst developed a transient technique they named
the time resolved microwave conductivity (TRMC), which involves microwave absorption to
follow charge carrier dynamics in semiconductors?®. Other researchers proposed the transient
photo conductivity (TPC), otherwise known as the microwave photoconductivity decay (u-PCD),
which is the commonly adopted material qualification technique in semiconductor industries
due to its noncontact and nondestructive measurements of the carrier lifetime. In particular,
for silicon carbide (SiC), three major techniques are applicable: p-PCD, time resolved
photoluminescence (TR-PL), and time resolved free carrier absorption (TR-FCA)?~’. Among these
techniques, Yu-PCD is the most widely employed because compared to the other two as it
exhibits surface roughness insensitivity (i.e., measurable for any given various surface
roughness®10) and high signal sensitivity for excited carriers (i.e., using an optimum microwave
component). In general, u-PCD has been preferred for carrier lifetime measurement in SiC and
other semiconductor materials?>%11-19,

The measurement protocol and principle of u-PCD%?%2! js detailed here. In principle, it uses a
reflected microwave as a probe. Here, the microwave reflectance of a sample R(o) is equivalent
to the ratio between the reflected microwave intensity P(o) and the incident microwave
intensity Pin as expressed by Equation 1:

R(0) =52

(1)

By irradiation of a pulse laser, the conductivity of a sample o changes to o + Ag; likewise, R (o)
transforms to R(o + Ao). Thus, AR is given by Equation 2:

AR = R(0 + Ad) — R(g) = X022 _ 2P

(2)

In a perturbation (small Ag) approximation, R(o + Ao) is developed in Taylor series to yield

AP [8R(0)

=% e 3
while Ao becomes

Ao = q(p, + un)Ap, (4)

where q is the elementary charge, u, is the hole mobility, u, is the electron mobility, and Ap is
the excess carrier concentration. From the preceding equations, AR and Ap are related by

AR o q(up + n ) Ap. (5)
The dependence of microwave reflectance on excess carrier concentration allows p-PCD to

observe the time decay of excess carriers, which we can use to estimate the carrier lifetime of
semiconductor materials.

PROTOCOL:
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1. Preparation of the sample
1.1.  Prepare an n-type 4H-SiC epilayer (Table of Materials).

1.2. Wash the sample with acetone and then with water, each for 5 min, using an
ultrasonic washer.

1.3.  Use a nitrogen gun to remove moisture on the sample surface.
2. Preparation of aqueous solutions

2.1. Prepare 1 M each of H,SO4, HCI, Na;SO4, NaOH, or HF at 1 wt% concentration. Select
and prepare an aqueous solution to be measured.

2.2.  Prepare a quartz cell with 5 mm (length) x 20 mm (width) x 40 mm (height) dimensions
and then pour the aqueous solution into it. Put the prepared sample into the cell and then
immerse it into the aqueous solution.

NOTE: At least 4 mL of the aqueous solution in the quartz cell is required for the sample to be
immersed entirely. When changing the solution, treat the sample with ultrasonic cleaning using
acetone and pure water.

3. Preparation of the measuring equipment

3.1. Turn on the power supply of the 266-nm pulsed laser to excite the light source.
Afterwards, set the laser mode on standby.

3.2. Connect the pulsed laser and an oscillator through a Bayonet Neill-Concelman (BNC)
cable. Turn on the oscillator and input a 100 Hz pulse wave to the pulsed laser.

3.3. Connect a photodiode for trigger acquisition through a trigger input channel of the
oscilloscope with a BNC cable.

3.4. Turn on the power supply of the photodiode.

3.5. Irradiate the pulsed laser and place the aperture of the microwave waveguide on the
optical path of the laser light at direction normal to the light.

CAUTION: In the latter process, the experimenter should wear safety eye glasses during laser
irradiation.

3.6. Install a half-mirror on the optical path of the pulsed laser, as shown in Figure 1, and
reflect the pulsed laser to the photodiode.
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3.7. Turn on the oscilloscope and then set its trigger threshold to a voltage sufficient to
signal from the photodiode.

NOTE: The threshold value may be set smaller than the peak of the trigger signal. When an
unintentional reflected light enters the photodiode, the oscilloscope displays a frequency that
differs greatly from the pulsed laser frequency. In this case, repeat step 3.6.

3.8.  Check the trigger frequency with an oscilloscope and tune the oscillator exactly.

3.9. Putthe laser mode on standby.

3.10. Connect a Schottky barrier diode in a microwave waveguide for reflected microwave
detection and a signal input channel of the oscilloscope, through a BNC cable.

3.11. Apply a 9.5V operating voltage to a Gunn diode.

3.12. Place the quartz cell (step 2.2) on the stand in front of the aperture as close as possible.
Fix with tape.

4. Measurement and saving data
4.1.  Turn on the laser light oscillation and irradiate the light to the sample.

4.2.  Place a half-waveplate (A/2), a polarizer, and a power meter on the optical path (Figure
1).

4.3. lIrradiate the pulsed laser to the power meter, as shown in Figure 1. Check the excitation
intensity of the laser.

4.4,  Adjust the A/2 angle for control of the excitation intensity.

NOTE: A/2 changes the polarization direction of the laser light, while the polarizer transmits
only one light polarization direction, through which excitation intensity is controlled. Injected
photon densities are set to 8 x 10'3 cm™ and for the 266-nm laser, the excitation carrier density
in 4H-SiC is 4.5 x 107 cm™3,

4.5. Remove the power meter from the optical path.

4.6. Adjust the time/div and V/div of the oscilloscope so that the peak signal is displayed on
the oscilloscope.

4.7.  Adjust the amplitude and phase of the microwave through an E-H tuner. Check the
oscilloscope and look for the E—H tuner where the peak signal is at maximum. Failed
adjustment of the E-H tuner results in signal loss, as depicted in Figure 2.
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NOTE: An amplifier is used to strengthen the decay signal in case of insufficiently large signal
relative to background noise or when it is not observed even after adjusting the E-H tuner. The
amplifier is placed between the Schottky barrier diode and the signal input channel of
oscilloscope with a BNC cable, as illustrated in Figure 1.

4.8. Repeat steps 4.6 and 4.7 to complete the tuning.

4.9. Adjust the time/div of the oscilloscope and sketch a decay curve in the measurement
area on the oscilloscope.

4.10. Average the signal for an arbitrary number of times to improve the signal-to-noise ratio.

4.11. Save the measurement data as an electronic file to a memory and then remove it from
the oscilloscope.

5. Data processing
5.1. Import the signal data to a personal computer.
5.2.  Plot decay curves obtained from the experiment as a function of time.

5.3.  Calculate the average value of background noise level, subtract it from the decay signal,
and plot it as a function of time.

5.4.  Find the peak value of the decay signal obtained in step 5.3 and then divide the decay
signal by the peak value.

REPRESENTATIVE RESULTS:

Figure 1 shows a schematic diagram of the u-PCD apparatus consisting of a 10 GHz microwave
frequency, X waveguide band, and a rectangular waveguide. The microwave was focused by the
double ridge waveguide and irradiated on the sample. The Gunn diode output power was 50
mW and the phase noise was nearly -80 dBc/Hz.

Figure 3 shows the u-PCD decay curve of a 100-um-thick n-type 4H-SiC sample excited on the
Si-face by 266 nm in the air; u-PCD signal (V) scaled logarithmically was the dependent variable
and time (us) was the independent variable. The signal voltage peak was approximately 0.046 V
prior to amplification. Moreover, the observed voltage of the direct current (DC) component of
the reflected microwave obtained from the oscilloscope DC mode was of the order of several
volts. As recombination of excess carriers progressed with time, the sample’s conductivity and
microwave reflectance decreased.

Figure 4 shows the normalized p-PCD decay curve of Figure 3. Normalization enables
comparison of the time constants with different peak intensities. Typically, carrier lifetime
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estimation based on the decay curve is carried out with the 1/e lifetime 11 parameter,
indicating that time expended to obtain signal intensity decreases from the peak to 1/e
(~0.368). Note that u-PCD decay was not a single exponential and t1/e was influenced by both
bulk and surface recombination. However, comparing the time constant of samples having
different thickness or surface condition necessitated a reference parameter. Usage of 11/ was
convenient given the good signal-to-noise ratio at the initial part of the decay curve and the
simplicity of the data analysis. To characterize the u-PCD signal, half-time lives, la0/Imax, and ko
constant also adopted such parameters??=%4, In fact, t1e was adopted in the SEMI standard:
SEMI MF 15352 as the standard for carrier lifetime measurement of Si. For the decay curve in
Figure 4, t1/. was approximately 0.34 ys.

In Figure 5, the quartz cell, containing the aqueous solution and with the sample on its wall,
was placed on the stand in front of the aperture!l. Each intensity of the irradiated microwave
and the reflected microwave from the sample, as well as the u-PCD signal-to-noise ratio, were
dependent on the distance between the sample and the aperture, which, ideally, should be as
close as possible. In the actual measurement, the distance obtained was as close as possible;
measurement using the quartz cell yielded a distance of 0.5 mm, which was of the same as the
thickness of the quartz cell glass.

Figure 6 shows u-PCD decay curves of the n-type 4H-SiC in the air and in agueous solutions. An
excitation light of 266 nm was irradiated to the Si-face of the 4H-SiC. Aqueous solutions used
had concentrations, as mentioned previously, as follows: 1 M each of H;SO4, HCI, Na;SO4, or
NaOH, or 1 wt% of HF. The time constant of the decay curves was longer with the sample
immersed into the acidic aqueous solutions (i.e., H2SOs4, HCI, or HF), implying that acidic
solutions passivated surface states on the Si-face and reduced surface recombination of the
excess carriers.

Figure 7 shows the pH dependence of 11/ of the n-type 4H-SiC sample excited on the Si-face at
266 nm of light. The pH was calculated from the molar concentrations of H,SO4, HCI, and NaOH.
This figure indicated the carrier lifetime dependence on pH aqueous solutions; therefore, lower
pH would have more effects on the carrier lifetime.

Surface recombination velocity S was calculated to reproduce the t1/c used for the samples. The
decay model of excess carriers has been reported in refs. 2 and 3. To obtain the excess carrier
concentration An(x, t), the following continuity equation was solved. Here, An(x, t) was defined
as a function of time t and depth x in a semiconductor layer; thus,

2
dAn(x,t) _ Da 9“An(x,t) + An(x,t) + BAnZ + CAn3, (6)

at dx2 B
where 15 is bulk lifetime due to the Shockley—Read—Hall (SRH) recombination, D, is the
ambipolar diffusion coefficient, B is the radiation recombination coefficient, and C is the Auger
recombination coefficient.

At the excited and other surfaces, boundary conditions were given by Equation 7:

D 2288 = 5,An(0, t) and D, 25D = Sy An(W, t) 7)
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where Sp and Sw denote the surface recombination velocity of the excited and other surfaces,
respectively, and W is the layer thickness.

Moreover, the initial excess carrier concentration profile using light pulse illumination could be
expressed using Equation 8:

An(x,0) = g, exp(—ax) (8)

where go is carrier concentration at x = 0 and « is the absorption coefficient.

Solving Equation 6 by employing the boundary conditions of Equation 7 and the initial condition
of Equation 8 provided the excess carrier decay curves. In the process, S was estimated by
comparing the 11/. obtained from the experiments and from the calculated decay curves. Least
squares fitting minimized errors between the experimental 11/ in the all conditions and the
calculated t1/e with parameters So, Sw, and ts.

As depicted in Equation 6 carrier recombination is the summation of various decay components,
namely, surface, SRH, radiative, and Auger recombinations, the last two having remarkable high
carrier density. On the other hand, SRH recombination depends on point defects and
dislocations in the bulk of the semiconductor material that form energy levels in the
semiconductor band gap. The energy levels act as stepping stones for carrier transition
between the valence and conduction bands.

pu-PCD also shows nonlinearity at a high injection condition, and overestimates carrier
lifetime%2>26, Figure 8 shows the measured pu-PCD under a high excitation condition. Note that
the decay curve for an injected photon density of 10®> cm™ became more gradual compared to
that for photon density of 10 cm™, owing to microwave nonlinearity. Furthermore, the
measurement examples shown in Figure 3, Figure 4, and Figure 6 were obtained for an injected
photon density of 8 x 103 cm™ resulting in negligible microwave nonlinearity, and Auger and
radiative recombinations but dominant SRH and surface recombinations.

Figure 6 can be taken to exemplify decay curve calculations for the n-type 4H-SiC Si-face excited
by 266 nm light, by referring to the dashed lines, where 15 = 3 us and S for the Si-face Ssi = 200
cm/s or 700 cm/s. For both Ss; settings, the experimental decay curve measured in neutral pH
(air, 1 M NaxS0a4) and in the acidic condition (1 M H;S0a), respectively, were well reproduced,
which meant that Ss; for the n-type 4H-SiC significantly reduced from 700 cm/s to 200 cm/s in
acidic aqueous solutions as hydrogen passivated the surface states on the Si-face.

FIGURE LEGENDS:

Figure 1: Schematic diagram of the pu-PCD device. A part of the laser light is reflected by the
half-reflection mirror. The reflected laser is detected by the photodiode, and a signal coming
from the photodiode is used as a trigger for the oscilloscope. A microwave is generated from
the Gunn diode in the direction bent by the circulator; then, a microwave goes through the
aperture and irradiates the sample. The reflected microwave from the sample comes back to
the aperture and into the circulator, where it is detected by the Schottky barrier diode. Finally,
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the signal coming from the Schottky barrier diode is observed by the oscilloscope.

Figure 2: The pu-PCD signal for a failed tuning of E-H tuner. No measurable peak is observed for
a failed tuning.

Figure 3: The u-PCD decay curve for the n-type 4H-SiC sample with excitation on the Si-face
by 266 nm in air. The pulsed laser is irradiated at time = 0 s at which the signal intensity is at
maximum. This figure has been modified from Ichikawa et al.}! with permissions.

Figure 4: Normalized u-PCD decay curve for the n-type 4H-SiC sample with excitation on the
Si-face by 266 nm in air. The maximum value of the decay curve in Figure 2 is normalized to
unity. The value of the dashed line is 1/e, and 11/. is approximately 0.34 ps as depicted. This
figure has been modified from Ichikawa et al. ! with permissions.

Figure 5: Image of u-PCD measurement in an aqueous solution in a quartz cell. The quartz cell
is placed on the stand in front of the aperture to allow pu-PCD decay curve measurement in an
aqueous solution. The cell dimension is 5 mm x 20 mm x 40 mm (length x width x height).

Figure 6: Normalized and calculated p-PCD decay curves for the n-type 4H-SiC sample with
excitation on the Si-face by 266 nm, in air and aqueous solutions. Solid lines represent the p-
PCD experimental result curves for the aqueous solutions of H,0, H2S0a4, HCL, Na;SO4, NaOH, or
HF. The dashed lines are calculated curves with the bulk carrier lifetime in the epilayers, s = 3
us, and the surface recombination velocity for the Si-face, Ssi = 200 cm/s or 700 cm/s. This
figure has been modified from Ichikawa et al.'! with permissions.

Figure 7: The pH dependence of 11/ for the n-type 4H-SiC sample with excitation on the Si-
face by 266 nm. Carrier lifetime increases as the pH of the aqueous solution decreases. This
result indicates that lower pH will have more effects on the carrier lifetime. This figure has been
modified from Ichikawa et al.'* with permissions.

Figure 8: The p-PCD decay curve of n-type 4H-SiC with excitation of injected photon density of
10'* or 10> cm™? on the Si-face by 266 nm. Measurement with high excitation at photon
density of 10* cm™ makes a more gradual decay curve than that with lower photon density
due to nonlinearity of microwave reflectivity.

DISCUSSION:

In the pu-PCD protocol, step 4.7 is the most important point. The E-H tuner was incorporated
with a movable short circuit in the E and H planes, respectively. Thus, moving the short circuit
of the E tuner or the H tuner changes the amplitude and phase of the reflected microwave and
maximizes the signal amplitude. Tuning has a large influence on the waveform of the decay
curve and must be performed strictly. In case of a weak signal strength where tuning might be
difficult, a few tens of tuning averages may be used. For failed tuning, the u-PCD decay curves
are not observable; only the noise signal of an oscilloscope is observed. Figure 2 shows the
oscilloscope waveform in such a case.
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It is easy to measure highly resistive samples as there is no lower conductivity limit. When the
sample resistivity is low or when the sample is thick, the skin effect of the microwave is not
negligible. The distance until the electric field intensity of the microwave becomes 1/e times is
referred to as skin depth 8, which is expressed by Equation 9:

1

5= [% (V(we)2 +p~2) - (os] 2 (9)

where w is the angular frequency of the microwave, and €, p, and u represent the sample’s
dielectric constant, resistivity, and permeability, respectively. In the case of Si and SiC,
approximate 6 values for the 10 GHz microwave were 9 mm at 50 Q-cm, 2 mm at 10 Q-cm, 500
um at 1 Q-cm, and 150 pum at 0.1 Q-cm. Therefore, measurements for samples with typical
thicknesses (several hundred micron) at less than 0.1 Q-cm will lose 6 accuracy. On the other
hand, the microwave and optical radiation are incident from the opposite of the wafer in this
protocol. A negligible skin effect indicates better microwave and optical radiation from the
same side.

Lower limits depend on the resistivity and thickness of the sample resulting from its interaction
with the microwave. For highly resistive samples, the typical lower limits of the excess carriers
are on the order of 10*? cm™. On the other hand, electron—hole scattering must be considered
at excess carriers greater than 10'® cm™3, as discussed in ref. 13.

The u-PCD decay curves became gentle at high excitation density due to unproportionality of
the microwave reflectivity to the excess carrier concentration such that Equation (3) would lose
its validity'32>2¢ and 11/e would be overestimated. Figure 8 shows the pu-PCD decay curve of a
chemical mechanical polishing surface treatment n-type 4H-SiC with excitation on the Si-face by
266 nm under high excitation intensity.

Moreover, time resolution depends on the performance of the measurement apparatus such as
an excitation source, an oscilloscope, and an amplifier. For example, in this study, the apparatus
consisted of a pulsed laser with pulse width of 1 ns as the excitation source and an oscilloscope
having a frequency band of 500 MHz. Consequently, the minimum measurable lifetime was
estimated at 2 ns.

As mentioned earlier, u-PCD is very useful for characterization of semiconductors such as Si.
Nevertheless, its application can be extended to other materials, for instance, in photoactive
materials including Ti0227-30,

Furthermore, aside from the p-PCD, TR-PL? and TR-FCA introduced at the earlier sections are
the other two carrier lifetime measurement techniques. TR-PL observes the time change of
photoluminescence caused by carrier recombination while TR-FCA observes the time change of
probe light absorption®. Specifically, free carrier absorption occurs when light with energy
smaller than the band gap is irradiated during carrier excitation3. Nevertheless, compared to
these two, u-PCD directly observes electrical conductivity by microwave and has a high surface
roughness and signal sensitivity, making it the more ideal method for carrier lifetime
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measurement for semiconductor device applications.
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ltem 1. The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
DStandard Access

ltem 2: Please select one of the following items:

mOpen Access

DgThe Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The fournal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“\lideo” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. in
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video. '

3. Grant of Rights in Article. in consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b} to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and{c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in ftem 1 above or if no box has been checked in
item 1 above. in consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JOVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video ~ Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, rovalty-free, perpetual {for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and medis whether
now known or hereafter developed (including without
limitation in print, digital and electronic form} throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in {a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or ail of the above, The
~ foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessaryto exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees, If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights. permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Wark. Vhe Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author {or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate ‘the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, . without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author's
facility, the Author shall ensure that the presence of JoVE
employees, agents or indepencent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as neceséary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, Jaboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not bie published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

Assigned copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: ~ i
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Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe documentto +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Thank you for inviting us to submit a revised draft of our manuscript entitled, JoVE59007
to Journal of Visualized Experiments. We also appreciate the time and effort you and
each of the reviewer have dedicated to providing insightful feedback on ways to
strengthen our paper. Thus, it is with great pleasure that we resubmit our article for
further consideration. Please find the revised manuscript and the revised or added texts
were green colored. We have incorporated changes that reflect the detailed suggestions
you have graciously provided. We also hope that our edits and the responses we provide
below satisfactorily address all the issues and concerns you and the reviewers have
noted.

*Editorial comments:*

1. Please employ professional copy-editing services as the language in the manuscript is

not publication grade. There are many awkward phrases and missing articles throughout.

Thank you for pointing out.
We employed professional copy-editing services, and we proofread the sentences.

2. Please revise lines 211-212, 220-221, 229-232, 234-235, 241-248 to avoid previously
published text.

The line was changed as the sentence was revised:(line 211-212 to 219-221, 220-221 to
237-238, 229-232 to 250-253, 234-235 to 255-256, 241-248 to 259-267).

We revised these texts to avoid previously published text.

3. Please revise the title to be more concise.
We changed the title of this paper to Protocol of Carrier Lifetime Measurements in

Semiconductors through the Microwave Photoconductivity Decay Method

4. Please expand your Introduction to include the following: The advantages over
alternative techniques with applicable references to previous studies; Description of the
context of the technique in the wider body of literature; Information that can help readers

to determine if the method is appropriate for their application.

I+
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Thank you for advises. We expanded Introduction to include the advantages over
alternative techniques with applicable references to previous studies with reference.
We added line 51-63 and references.

5. 1.1: Please describe how to prepare the n-type 4H-SiC epilayer. If it is purchased, please
provide product information in the Table of Materials.

The n-type 4H-SiC epilayer is product of Ascatron AB. It is a custom made product. We
added it to the material list.

6. 2.1: What volumes of these solutions are needed?

The sample was immersed solution in the quartz cell. Therefore, we need an aqueous
solution in which the entire sample can be immersed. When using this quartz cell, at
most 4 ml of solution is required.

We corrected line 102-104.

7. 2.2: This step is unclear. Is the sample or the quartz cell containing the sample dipped
in the aqueous solution? What does the aqueous solution stand for, a mixture of 1 M
H2504, 1 M HCI, 1 M Na:SO4 and 1 M NaOH, and HF? Please clarify.

| apologize for the mistake of the paper | submitted last time. | incorrectly entered the
size of the quartz cell. In fact, the size of quartz cell is Length 5 mm x Width 20 mm x
Height 40 mm. These aqueous solutions (1 M H2S04, 1 M HCI, 1 M Na;SO4,1 M NaOH, or
HF at concentration of 1 wt %) are not mixed. Choose one aqueous solution for
measurement. Pour the solution into the quartz cell and dip the sample in the aqueous
solution.We corrected line 95-96, 198-100 and 323.

8. 3.2: What does BNC stand for? Please spell it out.

BNC is an abbreviation for Bayonet Neill Concelman.

We corrected line 111.



*Reviewer #4:*

(1) Some results for de-turning of E-H tuner are helpful.

If tuning of E-H tuner failed, the u-PCD decay curves is not observed but only noise signal
is observed with an oscilloscope. We added Figure 2 (newly numbered) which shows the
waveform of oscilloscope when tuning of E-H tuner is failed.

We added line 170-171 and 307-308.

(2) Some results under higher excitation density are helpful.

Under higher excitation density, Auger and radiative recombination will not be negligible.
In addition, u-PCD decay curves becomes gradual because microwave reflectivity is not
proportional to the excess carrier concentration and Eq. (3) lost validity'32>26, As a result,
T1/e is overestimated under higher excitation density condition. Figure 8 shows u-PCD
decay curve of the chemical mechanical polishing (CMP) surface treatment n-type 4H-
SiC with excitation on the Si-face by 266 nm under high excitation intensity.

(3) As the authors mentioned at L217, the distance between the sample and the aperture
is important for reliable evaluation. The authors should explain how to adjust the

distance for actual measurements.

The distance between the sample and the aperture should be as close as possible,
because it has a great effect on the signal-to-noise ratio of the signal. In actual
measurement, the distances of them is as close as possible. In the measurement using a
quartz cell, the distance of them is 0.5 mm the thickness of the glass of the quartz cell.
We added line231-235.

(4) Physical meaning of ti/e is unclear because decay profiles are not single exponential.

1/e lifetime 11/ is the time excess carrier decay from a peak to 1/e. As you said, p-PCD
decay is not a single exponential and tie is influenced by both bulk and surface
recombination. However, in order to compare time constant with samples with different

thickness or surface condition, an unified criteria is required.



In addition, because the initial part of the decay curve has good signal-to-noise ratio and
simplicity of the data analysis, usage of 11/ is convenient.
In fact, ri/e is adopted in the SEMI standard: SEMI MF 15352 as a standard for carrier lifetime

measurement of Si. We revised and added line 218-226.

(5) Physical meaning of the bulk lifetime (ts) is unclear. The authors should clarify actual

reaction processes in semiconductor to determine ts.

We defined bulk lifetime as carrier recombination lifetime due to Shockley-Read-Hall

(SRH) recombination. We are sorry ambiguous definition in the previous manuscript.
SRH recombination depends on point defects and dislocations in bulk of a semiconductor
material. This is because that the point defects and dislocations form energy levels in the
band gap of the semiconductor. The energy levels act as stepping stones for carrier
transition between the valence and conduction bands.

We revised and added line 255 275-280.

*Reviewer #5:*

-The transient technique using microwave absorption to follow charge carrier dynamics
in semi-conductor, mainly developed by J. Warman and M. Kunst, is usually named TRMC
(Time Resolved Microwave Conductivity), see Ref. 5 in the text. Some authors are using
also TPC (Transient Photo Conductivity). In this work, this technique is called u-PCD. It is
not a problem, but a reference to TRMC should be made, and the authors should clarify

their choice.

Thank you for the suggestion. We added sentences at line 51-55.

-TRMC (u-PCD) is very useful for semi-conductors like Si, but it has been employed a lot
to characterize photoactive materials like TiO2. A reference to this application of the
method should also been made.

Schindler, K.-M., and Kunst, M. (1990) "Charge-Carrier Dynamics in TiO2 Powders," J.
Phys. Chem., 94, pp. 8222-8226.

Savenije, T. J., de Haas, M. P., and Warman, J. M. (1999) "The Yield and Mobility of Charge
Carriers in Smooth and Nanoporous TiO2 Films," Zeitschrift fiir Phys. Chemie, 212, pp.
201-206.



Colbeau-Justin, C., Kunst, M., and Huguenin, D. (2003) "Structural influence on charge-
carrier lifetimes in TiO2 powders studied by microwave absorption," J. Mater. Sci., 38, pp.
2429-2437.

Thank you for pointing out. | will expand a description about TiO,. We added the
sentences at line 384-386 and references.

-The TRMC decay is not easily simulated by a simple physical model. Mainly because two
or more distinct phenomena occur during the decay. The characterization of the decay
with one parameter is not trivial. The choice and the use of tie parameter should be
clarified and simplified. A reference to other used parameters may be useful (half-time
lives, 140/Imax, kD constant...).

Kolen'ko, Y. V, Churagulov, B. R., Kunst, M., Mazerolles, L., and Colbeau-Justin, C. (2004)
"Photocatalytic properties of titania powders prepared by hydrothermal method," Appl.
Catal. B Environ., 54, pp. 51-58.

Carneiro, J. T, Savenije, T. J., Moulijn, J. A., and Mul, G. (2011) "The effect of Au on Ti0O2
catalyzed selective photocatalytic oxidation of cyclohexane," J. Photochem. Photobiol. A
Chem., 217, pp. 326-332.

Luna, A. L., Novoseltceva, E., Louarn, E., Beaunier, P, Kowalska, E., Ohtani, B., Valenzuela,
M. A., Remita, H., and Colbeau-Justin, C. (2016) "Synergetic effect of Ni and Au
nanoparticles synthesized on titania particles for efficient photocatalytic hydrogen
production,” Appl. Catal. B Environ., 191, pp. 18-28.

| appreciate your suggestion. As you said, other parameters can be employed and
recombination phenomena are not simple to be described by only ti/e. But in the Si
industry, this parameter is commonly used. We described reason for adoption of 11/ at
line 218 to 226.
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