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A variety of photomodulated thermoreflectance (PMTR) data have been obtained for two germanium wafer
samples (one crystalline and the other ion-implanted and unannealed), and three silicon wafer samples (one crys-
talline, unimplanted; the other implanted and flash-annealed; and the third an amorphous thin layer). Physically
different mechanisms contributing to the PMTR signals have been formulated theoretically for these materials.
For the crystalline and implanted-annealed samples it was found that the PMTR signal has two main components,
one due to temperature modulation (thermal wave); the other due to the free-carrier density modulation (the
Drude effect). For the ion-implanted-unannealed and amorphous materials two.components were found to be dom-
inant: one due to the thermal wave; the other due to the band-filling of localized gap states. The two component
mechanisms were validated in a quantitative manner by curve-fitting experimental PMTR. frequency-response
data, while taking into account the photocurrent (PC) responses of the samples. As a result, unambiguous de-
convolution of the electron-hole plasma or trapped-carrier contribution and the thermal-wave component to the
PMTR signal were obtained throughout the frequency range 1 kHz-1.6 MHz.
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1. Introduction

In recent years, the photomodulated thermoreflectance
(PMTR) technique has been used quite extensively to
qualitatively characterize the electronic/thermal trans-
port properties of crystalline and ion-implanted semi-
conductors.’™ The basis of the PMTR technique is as
follows: A semiconductor wafer is illuminated with an in-
tense (> 10* Wem™?), modulated, monochromatic pump
beam - usually from a laser - which is capable of exciting
electrons from the valence band to the conduction band.
This optical excitation causes the reflectance of the sam-
ple to be modulated at the modulation frequency of the
pump beam. The modulated reflectance of the semicon-
ductor is detected via a second laser beam, the probe,
which is co-incident with the pump beam on the sample.

There are several mechanisms possibly contributing to
the PMTR signal from a semiconductor sample in re-
sponse to super-bandgap optical illumination: The non-
radiative de-excitation of the photo-carriers causes the
temperature modulation of the sample (a thermal wave),
resulting in thermoreflectance modulation termed the
thermoreflectance effect;®) the change in the free-carrier
density induced by the intensity-modulated pump beam
in turn modulates the reflectance via the Drude effect,®
and through the band-filling of the conduction and va-
lence band states;'® the optically-induced modulation
of the surface built-in electric field causes reflectance
modulation via the Franz—Keldysh mechanism, a phe-
nomenon known as the photoreflectance (PR) effect;*V
finally, if there is a large density of localized states in
the energy gap, which is the case for amorphous and
ion-implanted semiconductors, the optical band-filling of
localized gap-states can also change the sample modu-
lated reflectance.’>®) The relative sizes of the various
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effects detailed above depend upon several factors, such
as the pump and probe photon energies, the intensity of
the pump beam, the thermal and electronic properties of
the sample, the modulation frequency, and the spot-size
of the pump beam.

In this work, several Ge and Si semiconductor samples
were studied using the PMTR technique, with additional
insights from photocurrent (PC) measurements. A de-
tailed three-dimensional theoretical/numerical model of
the PMTR signal was also developed. Based on this
model, a quantitative method for estimating the compo-
nents of competing electronic and thermal mechanisms
was developed and applied to crystalline, ion-implanted
and amorphous samples. The method derives its signal
deconvolution capability from the determination of in-
ternally self-consistent, best theoretical fits to a series of
PMTR frequency resporises under a wide range of pump
laser-beam spotsizes. As a result, the dominant signal
generation mechanisms for crystalline (c-) Si and Ge,
implanted (im-) Ge, and amorphous (a-) Si were unam-
biguously and quantitatively resolved for the first time.

2. Theoretical Model of the PMTR Effect

The basic relation for the PMTR signal takes into
account that there are two main and physically differ-
ent components to be considered: a thermal component
(ARr) due to lattice absorption and heating and a (free
or trapped) carrier component (ARy):

where R is the sample reflectance, and AR is the modu-
lated reflectance. It is convenient to write:

OR
= — AT 2
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where OR/OT is the temperature reflectance coefficient,
OR/BN is the carrier reflectance coefficient, AT is the
modulated temperature rise, and AN is the photomod-
ulated excess-carrier density. In general, when calcu-
lating AR for an air/sample interface, one must take
into account the depth dependence of AT and AN. Un-
der superband-gap excitation and in the vast majority of
cases, Wagner and Mandelis'® have shown that it is valid
to replace AT and AN in egs. (2) and (3) with AT, and
ANy, the surface thermomodulation and excess-carrier
modulation values, respectively.

2.1 The Carrier Component of AR

For a semiconductor the value of 8R/ON can be esti-

mated from the Drude model:!®

OR AZe? n~—1 4

ON ~  2m2eemrn(n+1)3 )
Here, A is the probe wavelength, e is the electronic
charge, €, is the permittivity of free space, c is the
speed of light in vacuum, n is the refractive index, and
1/m* = 1/m?+1/mf, where m? is the electron effective
mass, and m; is the hole effective mass. Equation (4) is
based on the valid assumption that k, the extinction co-
efficient, is much smaller than n, and that the sample is
a “good” crystalline material (or, w, > 1/7,, where w, is
the optical angular frequency of the probe radiation, and
s is the carrier scattering/relaxation time). The deriva-
tion of Equation (4) for c-Si and c¢-Ge, assumes that the
PMTR signal component due to the PR effect is negli-
gible, which is reasonable for the experimental situation
where high excitation fluence is employed.'™® Also, it
was assumed that the optical band-filling of extended
states is not significant, which is consistent with inde-
pendent calculations.??

For im-Ge and a-Si, the value for 8R/ON was expected
to be related to the band-filling of localized gap-states,
rather than to the Drude effect. Since the nature of
the gap-states was not known, no reliable estimate for
the magnitude of 8R/IN could be made for these ma-
terials. On the other hand, modeling performed for the
related situation of the optical band-filling of extended
states in the conduction and valence bands of im-Ge in-
dicated that OR/ON should be greater than zero when
the probe photon energy is much greater than the energy
gap.'® For a-Si the probe photon energy was also much
greater than the damage layer mobility gap. It was thus
expected that OR/ON would also be positive.

For the ¢-Ge and c-Si samples, the theoretical value of
AN was obtained by solving the carrier diffusion equa-
tion:

8(AN)
ot

where AN is the modulated photo-carrier density , D
is the average of the electron and hole diffusion coeffi-
cients (an approximation to the ambipolar value), 7 is
the band-to-band recombination time, and S(r,z,t) is
the source function for the photo-carrier generation. The
source term represents the response of the sample to a fo-
cussed pump beam with a radlally-symmetnc Gaussian
profile, and is of the form:

= DV?*(AN) — g + S(r, 2, 1) (5)
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where « is the optical absorption coefficient of the pump
beam, P is the peak number of photons absorbed by the
sample each second, w is the 1/e radius of the pump
beam, w is the angular modulation frequency, z is the
distance into the sample, and r is the radial coordinate.

Equation (5) was solved using the Hankel transform
technique,?” and the boundary conditions used to deter-
mine AN took into account both surface recombination
and the finite thickness of the c-Ge and c¢-Si samples. In
general, AN (r, z) is complex:

AN(r,z) = AN, +iAN; (7)

The carrier lifetime 7 of eq. (5) was assumed to be
independent of AN, an assumption which is usually only
valid when AN is small. Since the value of AN can be
quite large during a PMTR experiment, due to the high
intensity of the pump beam, 7 may become a function of
AN, for instance, via an. Auger mechanism.??

Since the band-filling of gap-states was expected to
dominate the Drude effect in the damage layer of the im-
Ge and a-Si samples, the value of AN to be employed
should be a function of the population of non-equilibrium
carriers trapped in the localized gap-states. Thus, eq.
(5) does not strictly apply, and one must generalize the
problem to finding the carrier population of the localized
states in the gap as a function of energy. Since this
type of problem cannot be realistically tackled, due to
uncertainties regarding the nature and the behavior of
the gap-states in the im-Ge, eq. (5) was employed to
determine the population of the states responsible for the
band-filling effect, and an effective recombination. time
was assumed for these states. With regard to boundary
conditions, the im-Ge damage layer and the a-Si surface
thin-film layer were assumed to be in contact with a semi-
infinite, insulating substrate. This assumption reflects
the expectation that the trapped carriers in the damage
layers were not able to easily move into the crystalline
substrate material, and was justified a posterior: through
the model fit to the data .

2.2 The Thermal Component of AR
Although AR/OT can, in principle, be theoretically
calculated,'® it is much more convenient to determine
this parameter experimentally. &R/OT has been tabu-
lated in the literature for c-Si and for a number of vis-
ible wavelengths, but no data exist for c-Ge, im-Ge or
a-Si. Therefore, in this work the foregoing parameter
was quantified experimentally. The theoretical value of
AT was obtained by solving the heat diffusion equation:
8(AT)

ot

where AT is'the modulated temperature (peak-to-peak),
B, is the sample thermal diffusivity, and F(r,z,t) is the
heat source function. The heat source function is com-
posed of two components, one related to the almost-
instantaneous intraband relaxation of hot photo-carriers,
and the other related to the non-radiative interband re-
combination of the thermalized photo-carriers; these two

= B.V*(AT) + F(r, z,t) ®)
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components will be denoted as F; and F;, respectively.
The intraband heating component is?*

Bs aP
k_s Tw?
where hv is the pump photon energy, E, is the energy
gap, and k, is the sample thermal conductivity. Also,

Fy(r,2,t) = (hv — E,) x e~ e /W gt (g)

the interband heating component is??)
. AN(r,z,t
Fir.zt) = B 2 AVE2D )

where 7 is the non-radiative quantum efficiency (the
percentage of recombination energy converted to heat-
effectively one for c-Ge and im-Ge), and AN is the mod-
ulated free-carrier density. Since F, depends upon the
carrier recombination/transport properties of the sam-
ple, ARy provides information regarding both the ther-
mal and the electronic properties of the sample.

Equation (8) was also solved using the Hankel trans-
form method.??) With regard to boundary conditions,
the c-Ge and c-Si samples were considered to be of fi-
nite thickness, with the front surface in contact with
a semi-infinite body of air, and the back surface insu-
lated; surface carrier recombination was taken into ac-
count. The im-Ge and a-Si samples were modeled as a
thin layer upon a semi-infinite substrate, with the front
surface in contact with a semi-infinite body of air. In
general, AT (r, z) is complex:

AT (r,z) = AT, +iAT; (11)
2.3 Calculation of AR from AN and AT

Once the AN and AT components have been theoret-
ically determined, eq. (1) can be used to determine the
amplitude and phase of the AR phasor:

AR(r,z) = AR, +iAR; (12)

where
OR OR
AR, = E—fATr + N AN, , (13)
and
OR OR

Overall, the modulated reflectance has a peak-to-peak
amplitude of:

ReAR(r, z,t)| = V AR,?> + AR,
| b K

and the phase lag is given by:
AR;
— 4an-1 [ 21H
Or = tan ( Rr) (16)

In addition to calculating AR(r, z), simulation of the
experimental PMTR signal requires that one take into
account the intensity profile of the probe beam. If both
the pump and probe beams are at normal incidence,
and they are concentric Gaussian beams, the reflectance
modulation sampled by the probe beam is:

(15)

2 oo
<AR>=— / AR(r)e /R rdr  (17)
p JO

where R, is the 1/e radius of the probe beam. In fact, if
R, < w, then < AR >=~ AR (r = 0), and modeling the
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PMOR signal is simplest in this case.

3. Materials and Experimental

The two Ge samples of this study were identical ex-
cept for the fact that the implanted sample had a thin
damage layer on its surface. The c-Ge wafer was cut
from a single-crystal boule, yielding a < 111 > surface
orientation. The Ge melt had been doped with gallium,
creating a p-type material with a resistivity of about 15
Q cm. The thickness of the wafer was about 200 pm, and
the diameter was 5 cm. One face of the substrate was
polished to a mirror-smooth finish, while the other face
had a matte appearance. The im-Ge sample was fabri-
cated by implanting a crystalline substrate with 100 keV
phosphorus ions to a dose of 10 cm~?. According to
published ion-range tables,? these implant parameters
should create an amorphous damage layer with a thick-
ness of about 0.13 pum. Three different samples of silicon
were also studied, two crystalline samples and an amor-
phous thin film. The two crystalline samples had the
following processing history: First, a < 100 >, n-type
wafer with a thickness of 385 pm and a resistivity of 100
Q cm was ion-implanted over half of its surface with ar-
senic ions. The implantation dose was 10 cm=2 at 180
keV. The wafer then was flash-annealed at 950°C for 20 s
to remove the lattice damage and electrically activate the
dopant. Following this annealing, the implanted side of
the wafer had a new surface-layer resistivity of 10 2 cm.
The non-implanted Si will be henceforth labeled as c-Sil,
and the implanted-annealed sample will be labeled c-Si2.
The a-Si sample was obtained from Mitel Semiconduc-
tors (Bromont, Quebec, Canada) and consisted of a 0.8
pm layer of amorphous silicon deposited on a crystalline
silicon substrate at 570°C by a low-pressure chemical va-
por deposition process. This deposition temperature was
close to the critical level (670°C) at which the film would
be expected to be polycrystalline.

PMTR measurements were performed using the appa-
ratus shown in Fig. 1. The pump beam was focussed onto
the sample using a 3-cm focal length achromat, and at-
tained a minimum 1/e radius of 5.7 pm beyond this lens.
The 3-cm lens was mounted on an z—y—z micrometer
translation system, allowing the lens/sample separation
distance (z-axis) to be varied in order to alter the pump

Sample L | Probe
L 1 | Photodiode Art laser
Filter (514.5 nm)
L4
L+ |
H BS
; A AOM
| BEX
L+ M3 M1
He-Ne Laser
M3 (632.8 nm)
Pump Reference
Photodiode
Fig. 1. Schematic diagram of PMTR apparatus. AOM -

acousto-optic modulator; BEX — beam expander; BS — beam
splitter; IA — iris aperture; M — mirror; L — lens
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spot-size on the sample. The lens could be translated
in the z—y plane, normal to the propagation direction of
the pump beam, in order to precisely position the laser
spot on the sample.

The probe beam was obtained from an unpolarized, 2
mW He—Ne laser, operating at a wavelength of 632.8 nm.
The probe was expanded five times, and then focussed
onto the sample with a 7.3 c¢m focal length achromat
lens. The focal point of the probe beam was made to co-
incide with the pump spot by adjusting the lens/sample
separation distance. The minimum 1/e probe radius was
measured to be 6.3 um. The probe beam did not strike
the sample at normal incidence, but had an angle of in-
cidence of 28°; therefore, the beam projection on the
surface was an ellipse with a long axis about 13% longer
than the short axis. The output signal from the probe
detector was input to a lock-in analyzer. Two different
lock-in models were employed: For modulation frequen-
cies from 100 Hz to 160 kHz, the EG&G Model 5204
was used, and for frequencies from 100 kHz to 1.6 MHz,
the EG&G Model 5202 high-frequency instrument was
utilized.

After raw PMTR data were obtained, the amplitude
of the experimental signal was converted to an absolute
quantity, AR/R per watt of absorbed pump power, and
the experimental PMTR. phase was converted to an ab-
solute phase (0 to 360°) relative to the excitation wave-
form. The normalization of the raw PMTR data was
made possible by the complete calibration of the exper-
imental system, and the normalization scheme ensured
that both amplitude and phase data would be free of ar-
tifacts due to the frequency response of the measuring
system.

In order to obtain the carrier lifetime, the transverse
modulated photocurrent (PC) was measured as a func-
tion of modulation frequency. Metal contacts were made
on opposite edges of the sample, and electrical leads were
attached. A d.c. voltage was applied to the sample via
the external conductors, resulting in a field which was
oriented parallel to the illuminated surface. Then, the
sample was excited with a modulated laser beam, which
was defocused so that the sample was illuminated in a

uniform manner. The PC flowing through the sample

was probed by measuring the a.c. voltage drop across
a small reference resistor placed in series with the sam-
ple, Fig. 2. The carrier lifetime was extracted from PC
frequency response data using the method described by
Warabisako et al.?®

4. Results
4.1 Determination of the temperature reflectance coef-
ficient

The temperature reflectance coefficient was obtained
as follows. A sample was mounted on the end of an alu-
minum rod. The rod had a resistance wire coiled around
it, and when a dc current was passed through the wire,
the rod slowly heated up. The reflectance of the sam-
ple was monitored with a He—Ne laser, which reflected
from the sample to a monitoring photodiode. The sam-
ple temperature was estimated via a thermocouple probe
also mounted on the end of the aluminum rod.
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Fig. 2. Schematic diagram of experimental apparatus used for
measuring the transverse modulated photocurrent.

At the start of a test, the initial temperature T} of the
sample was recorded; then, the photodiode reflectance
signal was monitored until it was steady, after which
sample heating commenced. The reflectance signal was
monitored until a new temperature (13) was reached,
about 50°C above room temperature. For a given tem-
perature difference of AT = T}, — Ty, the value of R/OT
can easily be shown to be:

om_nvm

8T AT | V(L
where R is the nominal reflectance of the sample, and
V(T;) is the photodiode signal at temperature T;. Due to
the very small signal changes which were induced during
a typical test, the measurement of 8R/9T was repeated
several times for each sample, and an average value was
calculated.

In order to test the accuracy of the method used to
determine 8R/OT an initial experiment was performed
on a ¢-Si sample, since the value of dR/8T for c-Si at
632.8 nm is available in the literature.?® The present
technique yielded a value of 6.0 x 107°K~!, as com-
pared to the literature value of 4.2 x 1075 K™!; thus, it
was assumed that the heater method overestimated the
value of OR/9T by 43%. Taking into account the above-
mentioned assumption as a systematic error, the value of
OR/8T determined for the c-Ge was 1.85x107*K™", and
the value for the im-Ge was 6.1 x 107 K=, Owing to the
large scatter of the He-Ne laser beam by the a-Si sample,
no accurate experimental estimate was possible for the
OR/OT value of this sample. The average estimate was
(4.24+0.9) x 10—°* K~

Photocurrent spectra were also obtained for all the
samples. The resulting signals from the crystalline wafers
were almost three orders of magnitude higher than those
from the implanted and amorphous surfaces, a result
consistent with the expected fast trapping time constant
and the low mobility for trapped carriers in defect-rich
semiconductors. Figure 3 shows the frequency depen-
dence of the photocurrent signal from the c-Ge sample.
A similar plot was obtained for ¢-Si. Following standard
analyses®® a carrier lifetime 7 = 10us was extracted
from the “knee” frequency w* in this plot for c-Ge. The
¢-Sil and ¢-Si2 samples behaved like typical crystalline
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Fig. 3. Modulated photocurrent (per watt of absorbed pump
power, per unit applied dc bias) vs. angular modulation fre-
quency for c-Ge. Details: A = 514.5 nm; sample resistance =
937 Q; dc bias = 0.2 V.

semiconductors, with free-carrier lifetimes in the range
from 16 ps (c-Sil) to 28 ps (c-Si2). Surface recombina-
tion velocities (SRVs) were estimated®® in the 100-1000
m/s range for these samples, using the slopes of the de-
creasing high-frequency signal in semilogarithmic plots
similar to Fig. 3. For ¢-Ge Fig. 3 gave a power depen-
dence on frequency equal to w=%"®. This suggests®® a
value of SRV in the range 10-100 m/s. The respective
data from the im-Ge and the a-Si did not follow the
expected behavior, but instead exhibited a photocurrent
curve dominated by localized trapping states: It has been
found that photo-carriers in materials like amorphous Ge
and Si are trapped in times shorter than 107* 5,27 28
followed by a much longer recombination time span. In
general, it was not possible to assign a single character-
istic relaxation time to the im-Ge sample.

4.2 PMTR signal transient studies

Opsal et al.®) reported PMTR. measurements on c-Si
for which the signal was observed to vary slowly as a
function of time. In particular, the PMTR signal was
found to increase or decrease monotonically from its ini-
tial value to a steady-state value which was different from
the initial value. The observed temporal effects where
attributed to the trapping of photo-carriers by surface
states, and it was found that the temporal effects could
be eliminated by growing a thermal oxide layer on the
sample surface, a treatment which is known to passivate
certain surface states related to Si dangling bonds.

For the c-Ge and c¢-Si samples, no transient effects
were observed for absorbed pump intensities as high as
3.5x 10° Wem ™2, at 10 kHz. On the other hand, the im-
Ge and a-Si PMTR signals tended to decrease with time
when the absorbed intensity was above 4.7 x 10° Wem ™2
at 10 kHz. Disordered materials like im-Ge and a-Si have
a large density of localized gap-states which are known to
undergo metastable, light-induced changes, such as the
Staebler—Wronski (S—-W) effect.?® In the present case,
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the light-induced changes in the PMTR signal were usu-
ally fully reversible at room temperature, indicating that
a relatively small activation energy was required for re-
turning a sample to its dark-state; therefore, it does not
seem likely that the observed temporal changes in the
PMTR signal were due to a typical S—W effect, which
is not surprising since both im-Ge and a-Si samples did
not contain hydrogen, which is important when the S-W
effect occurs in a-Si. Graf et al.>® have observed photo-
induced changes in the properties of a-Si:H which they
believe are precursors to the S—-W effect; they hypoth-
esized that illumination caused dangling bonds to form
which were not subsequently locked into a metastable
state via hydrogen attachment. This precursor to the
S-W effect may have been responsible for the temporal
effects evidenced for the im-Ge and the a-Si samples.

Since the thermal component of the PMTR signal for
the im-Ge and a-Si samples should have been quite insen-
sitive to the occupation of the localized gap-states in the
thin surface damage layers, it is likely that their PMTR
transient behavior was actually related to the band-filling
component.

4.3 PMTR signal intensity dependence

The PMTR signal was measured as a function of ab-
sorbed pump intensity. Measurements were performed at
1 MHz. The pump wavelength was 514.5 nm, the probe
wavelength was 632.8 nm, and the 1/e pump radius was
5.7 pm.

For the c-Ge material at 10 kHz (Fig. 3), the PMTR
amplitude increased linearly with intensity at lower pow-
ers (I'°%), and with a weak supra-linearity at higher
powers (I*®). This behavior was explained®” by as-
suming that the c-Ge PMTR signal was dominated by
the thermal component, and that a combination of Auger
carrier recombination and the temperature dependence
of the thermal conductivity yielded the supra-linear be-
havior at elevated powers. According to the model pre-
sented in ref. 31, the intensity dependence of the Drude
component of the PMTR signal should be strongly sub-
linear when Auger recombination is dominant while the
intensity dependence of the thermal component should
be weakly supra-linear. The calculations performed in
ref. 31 also indicated that the Auger recombination ef-
fect should be very important at the higher power lev-
els of Fig. 4. Therefore, if the Drude signal compo-
nent was dominant for the c-Ge, this material would
have yielded a strongly sub-linear intensity dependence,
rather than the supra-linear behavior which was actu-
ally observed. An additional piece of evidence indicating
the dominance of the thermal component over the Drude
component in the c-Ge was that the phase was usually
in the range 0 to —45°, indicating thermal domination
(OR/OT > 0), while a PMTR signal dominated by the
Drude effect would have possessed a phase near —180°,
since (8R/ON < 0).

The ¢-Si2 sample exhibited behavior similar to that
of im-Ge. On the other hand, for the ¢-Sil the PMTR
amplitude increased linearly with intensity at low opti-
cal powers (~ I'%7), and with significant supra-linearity
at higher powers (~ I%4%). The Auger mechanism is
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Fig. 4. Normalized PMTR amplitude vs. absorbed pump power
for c-Ge, at 10 kHz. Details: pump A = 514.5 nm; probe
A = 632.8 nm; nominal 1/e pump radius = 5.7 pm; nominal
1/e probe radius = 6.3 pm.

not capable of yielding such strong non-linearities.?!) It
is possible that the SRV was also a function of the free-
carrier density for the c-Sil, and that this effect was re-
sponsible for the observed supra-linearity. The intensity
dependence of the PC further indicated that the carrier
lifetime and/or the SRV was dependent on carrier den-
sity for this sample. An additional possible source of the
supra-linearity is, of course, the temperature dependence
of the thermal conductivity and diffusivity.

4.4 Signal modulation frequency dependence and mech-
anism deconvolution

For all PMTR modulation frequency varying exper-
iments, the pump wavelength was 514.5 nm, and the
probe wavelength was 632.8 nm. Data were taken at a
minimum of four different 1/e pump radii: 5.7, 8.4, 15.5,
and 23.3 pm. The frequency was varied from 10° to
1.6 x 10® Hz. Due to the limited bandwidth of the lock-
in analyzers, each high-frequency scan consisted of two
separate experiments each employing a different lock-in
analyzer. The high-f scans were only performed with
pump radii of 5.7 and 23.3 um.

Since the pump beam radius has a significant effect
upon the deconvolution of the frequency response of
the PMTR signal, this parameter was well character-
ized. The spatial profiles of the focused pump and probe
beams were determined, and the beam radii were care-~
fully controled during PMTR measurements. The pump
radius was varied by adjusting the position of the fo-
cusing lens with respect to the sample, leading to a de-
gree of uncertainty regarding the exact pump spot-size.
Therefore, when PMTR signal, S(f), data were fitted to
the theoretical model, the pump radius was one of the
adjustable parameters. With regard to the fidelity of
the experimental data, the normalized S(f) curves were
usually quite smooth, but in situations where the points
deviated somewhat from a smooth curve, a three-point
smoothing algorithm was employed.

The curve-fitted amplitude plots were absolutely cali-
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brated for the incident laser fluence, and the curves were
converted to their true, absolute values (AR/R per watt
of absorbed pump power) by using the multiplying fac-
tors provided in some of the figure captions to be pre-
sented below. With regard to the curve-fitting proce-
dure, a sample’s properties were obtained from the liter-
ature, or by independent measurement. For the c-Ge and
¢-Si samples it was quite straightforward to obtain many
of the required material properties, since they have been
widely tabulated in the literature. On the other hand,
for the im-Ge and the a-Si samples it was not possible to
obtain many of the required physical parameters with a
high degree of accuracy, due to the fact that electronic
relaxation and transport are not very well understood in
disordered materials, and because the behavior of a par-
ticular sample is strongly dependent upon its processing
history.

For the crystalline samples, the only material param-
eter which was not well characterized was the Drude re-
flectance coefficient (DRC). Using eq. (4), the DRC for
c-Ge was estimated to be —3.0 x 1072 m?, taking into
account that the Ge refractive index (n) is 4.6,°? and the
reduced mass (m*) is 0.11 times the electron mass, m,.**
For c-Si the DRC was estimated to be —2.5 x 1072° m?,
using®® n = 4.2 and®® m* = 0.16m,. It should be kept
in mind that the theoretical carrier diffusion equation,
eq. (5), does not take into account Auger recombina-
tion, which was known to be present during the PMTR
optical intensity-dependence measurements on the c-Ge
and c¢-Si. This omission was accounted for, to some ex-
tent, by the fact that the value of the SRV was used
as an adjustable parameter during the fitting of the ex-
perimental PMTR data to the theoretical model. To
rigorously account for Auger recombination in the car-
rier diffusion equation, the non-linear diffusion equation
must be solved by numerical means, which is very com-
plicated for the three-dimensional form of the carrier dif-
fusion equation. The effects of Auger recombination for
the one-dimensional carrier and heat diffusion equations
have been considered elsewhere.V

Overall, the following criteria were used to obtain
the best-fit parameters for mechanism deconvolution: 1)
The theoretical and experimental PMTR S(f) amplitude
curves had to match in terms of shape, and to a lesser de-
gree, in terms of absolute magnitude. 2) The theoretical
and experimental S(f) phase curves had to match well
in an absolute sense. 3) The fit-value of the pump radius
had to be within 40% of the nominal value. Usually, the
error was less than 25%, except when the nominal radius
was below 10 pm. 4) The SRV had to be within the range
indicated by the photocurrent data, and the DRC had
to be within a factor of five of the nominal theoretical
value. 5) The same set of parameters had to yield good
curve-fits for all of the different pump radii employed.

With respect to the uniqueness of the optimal set of
best-fit parameters (pump radius; SRV, and DRC), due
to the fact that the fitting routine required agreement
with entire sets of data, each obtained with a differ-
ent (and measured) laser beam radius, and since both of
the other fitting parameters were known to a certain de-
gree from either theoretical or experimental photocurrent
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considerations, it is estimated that the chosen best-fits
were within 20% of their “true” values. The deviation of
the best-fit laser spotsize from the measured values was
used as a criterion of the uncertainty in the quantita-
tive contribution of a particular mechanism (electronic
or thermal) in the signal deconvolution process. The pa-
rameters used to obtain the S(f) curve-fits for the c-Ge
and c-Si samples are presented in Table I. With regard to
the data in this table, the SRVs were adjustable parame-
ters, and their fit-values were within the range indicated
by the frequency response of the transverse photocur-
rent. The recombination times were also obtained from
the photocurrent data. The temperature reflectance co-
efficient was measured as described in §4.1.

Data were obtained over the range 1 kHz to 1.6 MHz.
Figure 5 shows the data obtained with the nominal pump
radius of 5.7 um. Both amplitude and phase fits are
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excellent over the entire frequency range for both crys-
talline samples. The data also yielded an excellent qual-
ity curve-fit for the 1/e pump radius of 23.3 um. Re-
garding the use of literature values for the only non-
measured parameters in Table I (carrier diffusion coef-
ficient, pump absorption coefficient, sample energy gap,
and the thermophysical properties), their values are very
well established for c-Si and c-Ge.®**% Intentional vari-
ations of up to 5% in these parameters gave best-fit val-
ues of the pump radius, SRV and DRC well within the
20% uncertainty of their ”true” values discussed above.
Any variations in the sample reflectance at the pump or
probe wavelengths from their literature values,?® tended
to rigidly shift the amplitude curves vertically. This re-
sulted in simple re-definitions of the multiplying factors
(theory) and had no effect on the values of the calcu-
lated best-fit parameters. Table II shows the best-fitted
and nominal pump radii for the various scans performed
for the samples c-Ge, ¢-Sil and ¢-Si2. The fittéd radii
were generally larger than the nominal values, but the
discrepancies tended to decrease as the radius increased.

For the im-Ge and a-Si samples, however, a signifi-
cant number of material properties were not well char-
acterized. The thermal conductivities of amorphous and
crystalline Ge are quite different: im-Ge is likely to have
a thermal conductivity somewhere between the two ex-
tremes presented by the crystalline and amorphous ma-

* terials., In addition, although the Drude effect is nor-

mally quite negligible in disordered materials (due to
the fast trapping of photo-carriers), disordered materi-
als seem to provide a signal component which is related
to the filling of localized gap-states, states which are very
difficult to model accurately. Nevertheless, it was found
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Fig. 5. (a) PMTR amplitude (3J) and phase (o) vs. modulation frequency for c-Ge; the nominal 1/e pump radius is
5.7 pm, and the best-fit radius is 7.5 um. The solid lines are theoretical fits. Multiplying factors to convert the
PMTR amplitude to AR/R per watt of absorbed power are 0.147 (experiment) and 0.13 (theory). The absorbed
pump power was 14 mW, and the experimental data had one cycle of smoothing. (b) Same as (a) for c-Sil. Best-fit
radius was 7.0 um. Multiplying factors are 0.011 (experiment) and 0.0078 (theory). The absorbed pump power
was 66 mW and the experimental data had two cycles of smoothing. (c) Same as in (a) and (b) for c-Si2. Best-fit
radius was 7.14 pm. Multiplying factors are 0.020 (experiment) and 0.0136 (theory). The absorbed pump power
was 152 mW and the experimental data had two cycles of smoothing.
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Table I. Physical parameters used to fit c-Ge and c-Si experimen- Table III. Physical parameters used to fit im-Ge and a-Si exper-
tal S(f) data to the theoretical model of §2. imental S(f) data to the theoretical model of §2.
c-Ge c-Sil c-5i2 im-Ge a-Si
Surface recombi- Surface recombination ve-
. 0 0
nation velocity (m/s)® 10 30 500 locity (m/s)?)
T n B B T B = —F
Rel():;)mbmatlon time 10-5 1.6 x 105 2.8 x 10-5 Reco.mblr'xatlo.n time (s).a) 10~7 10
(s) Carrier diffusion coefficient 2.9 x 10-5 1.6 x 10-5
Carrier diffusion o = 16-3 54 10-3 2.4 x 1073 (m?/5)") : :
coefficient (m? /s)®) ’ ’ SR/BN @ 632.8 nm (m®)<) 4.9 x 1028 3.0 x 102°
OR[N @d)632’8 —3.0x10729 —8.0x1072° —8.0x 10~2° Pump ~absorption coeffi- 5 47 36) 1.44 x 107 40)
nm (m?)® cient (m™—?)
Pump absorption - 6 & Pump photon energy (eV) 2.4 2.4
. .0 0 .46 0 1.46 x 10
coefficient (m~1) 6.0x1 1461 * Sample energy gap (eV) 0.66°) 1.639)
Pump photon en- Reflectance @ 632.8 nm 0.46%%) 0.40%0)
2.4 2.4 2.4
ergy (eV) Reflectance @ 514.5 nm 0.4839) 0.44%9)
’ —I\f =5 =5
Samr:)le emergy gap o o 11 11 dR/6T @632.8nm (K- 1)) 6.1 x 10 4.2 %10
(eV) Thermal conductivity (W/m-K)  138) 3538)
Refl;actance Q6328 0.48 0.35 0.35 Specific heat (J/kg-K) 310°) 6913%)
nm Density (kg/m?) 5324°) 2328
Reﬂ;)actance Q@sl14.5 0.50 0.38 ©0.38 Layer thickness (m) 0.134 x 10~° 0.8 x 10~6
gx; 76T @ 632.8 a) assumed b) Ref. 35 c¢) fit parameter d) same as c-Ge
am (K=1)P) T 1.85x107*  42x107° 42x107° e) measured f) Ref. 37 g) calculated, ref. 24
Thermal conduc-
tivity (W/m-K)©) 59 148 148
Specifi . . .
pectiic }i?at 310 691 691 order for acceptable fits to be obtained. Since the Drude
(J/kg-K) . . .
" reflectance coeflicient is usually negative (see ref. 16 for
1 c - . - - -
Density (kg/m?) 5324 2328 2328 exceptions), and it was expected to be insignificant com-
Sample thickness o0 103 (3gs. 10-% 0385 x 10-3 pared to the thermal-wave contribution anyway, due to

(m)®)
a) fit parameter b) measured c) Ref. 34 d) Eq. 4 e) Ref. 32

Table II. Normal and fitted 1/e pump radii for the c-Ge, c-Sil
and ¢-Si2 S(f) data. Probe radius: 6.3 pm.

Fitted radius (um)

Normal radius

(pm) c-Ge c-Sil c-Si2
5.7 7.6 7.9 9.0
8.4 9.4 9.2 9.5

15.5 19.3 16.1 15.6

23.3 28.5 21.0 20.8

34.4 39.6

45.6 51.1

that adequate S(f) fits could be obtained for the im-Ge
and a-Si by judiciously adjusting the electronic transport
properties and the carrier reflectance coefficient. The
im-Ge sample was considered to consist of two homo-
geneous layers, a surface layer of amorphous Ge, and a
bulk layer of ¢c-Ge. In reality, there was a gradual tran-
sition from amorphous to crystalline material, but the
abrupt-change model was assumed to be adequate, since
the thermal diffusion length was much greater than the
thickness of the implanted layer (< 1lum). Therefore,
the damage layer was extremely thermally thin, and the
signal was not expected to be very sensitive to the exact
nature of the near-surface region. The a-Si sample was
by its fabrication a thin film.

When an initial attempt was made to fit the experi-
mental S(f) data to the theoretical model, assuming that
only a thermal component was present, an acceptable fit
was impossible. Subsequently, when a Drude component
was included in the fitting procedure, the sign of the
carrier reflectance coefficient had to be made positive in

the very high defect/trap densities in these materials, a
different carrier-related PMTR component was required
and hypothesized to exist: the band-filling of localized
gap-states. This assumption was also consistent with the
fact that the carrier reflectance coefficient for the band-
filling effect should be positive for the probe wavelength
employed.'>19

The parameters used to obtain the S(f) curve-fits for
the im-Ge and a-Si are presented in Table III. In or-
der to model the trapped-carrier signal component, it
was necessary to know the recombination time and car-
rier diffusion coefficient for the localized carriers, and
the band-filling reflectance coefficient. Unfortunately, it
is not possible to define a single carrier lifetime in dis-
ordered materials, since the lifetime is time dependent.
Nevertheless, a carrier lifetime of 107 s was chosen for
both samples; this value is both less than the lifetime in
the c-Ge and c¢-Si substrates (107° s), and much longer
than the trapping time in im-Ge and a-Si (107! s). The
SRV was set to 0 m/s: since the implanted and amor-
phous layers were very thin (< 1um) compared to the
plasma diffusion length (~ 30um),? the SRV was effec-
tively included in the carrier lifetime. With regard to the
carrier diffusion coefficient (CDC) for the trapped carri-
ers, it was noted that in a-Si the CDC is about 225 times
less than in c-Si;*® since Ge and Si share many similar-
ities, it was assumed that the CDC in the im-Ge was
also 225 times less than in the ¢-Ge. The band-filling re-
flectance coefficient was used as a fitting parameter, and
it was adjusted until good fittings were obtained; note
that using the band-filling reflectance coefficient as a fit-
ting parameter helped to compensate for any errors made
in estimating the values of the carrier lifetime, CDC, and
SRV. The specific heat and density were assigned values
known to be valid for c-Ge and polysilicon.>® The energy
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gap of im-Ge was assumed to be the same as for c-Ge;
that of a-Si was assumed to be®” 1.6 eV. The a-Si op-
tical properties were obtained from Aspnes et al.*® The
thickness of the implanted layer in im-Ge was calculated
from tabulated ion-implantation data.?¥) Any variations
in these parameters by more than 10-12% tended to yield
best-fit pump-beam radii values over 40% of the nominal
value, in violation of criterion 3, and were thus discarded.

Figure 6 shows the frequency dependent data obtained
with the nominal pump radius of 5.7 um. The amplitude
fits are excellent over the entire frequency range. The
phase fits are very good, although increasing discrep-
ancy between theory and experiment became noticeable
at the high-frequency extreme. This may be due to inho-
mogeneous recombination time and/or carrier diffusion
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Fig. 6. (a) PMTR amplitude (0) and phase (o) vs. modulation

frequency for im-Ge; the nominal 1/e pump radius is 5.7 um,
and the best-fit radius is 8.7 um. The solid lines are theoretical
fits. Multiplying factors to convert the PMTR amplitude to
AR/ R per watt of absorbed power are 0.102 (experiment) and
0.0844 (theory). The absorbed pump power was 20.7 mW, and
the experimental data had two cycles of smoothing. b) Same as
in (a) for a-Si. Best-fit radius was 7.13 pm. Multiplying factors
are 0.090 (experiment) and 0.056 (theory). The absorbed pump
power was 28.2 mW, and the experimental data had two cycles
of smoothing.
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Table IV. Nominal and fitted 1/e pump radii for the im-Ge and
a-Si S(f) data. Probe radius: 6.3um. ’

Nominal radius Fitted radius (um)

(pm) im-Ge a-Si
5.7 7.1 7.1
8.4 9.1 6.8

15.5 17.8 16.6
23.3 28.9 23.8

.coefficient depth profiles in the sample.*!) Similar data

obtained with larger laser beam radii were of a similar
quality to those obtained for the smallest radius of 5.7
pm. Table IV shows the best-fitted and nominal pump
radii for five different S(f) scans. The fitted radii were
generally larger than the nominal values, but the discrep-

‘ancies between the two values tended to decrease as the

radius increased. Just as in the case of the crystalline
samples, the theoretical model of the PMTR effect could
well explain the major features and trends in the ex-
perimental data sets from the implanted and amorphous
semiconductors.

5. Discussion

The intensity dependence of the photocurrent indi-
cated the presence of Auger recombination effects in the
crystalline semiconductors at high excitation fluences.
Corroborating theoretical modeling®?) shows that Auger
recombination yields a Drude (free-carrier) PMTR sig-
nal with a strongly sub-linear intensity dependence, and
a thermal PMTR signal with a weakly supra-linear in-
tensity dependence. Both types of intensity dependence
were actually observed in ¢-Ge (Fig. 4) and in c¢-Si, pro-
viding unambiguous evidence that the signals measured
in this work were thermally dominated. On the contrary,
the im-Ge and a-Si signals were linearly dependent on
intensity until saturation and transient phenomena were
initiated at high powers. Therefore, the measurement of
the frequency responses, S(f), gave unequivocal proof
that the c-Ge signal was thermally dominated, and that
the im-Ge and a-Si signals had both a thermal and a
trapped-carrier component. With regard to the c-Si sam-
ples, the curve-fitting of the S(f) data to the theoretical
model indicated that the Drude free-carrier and thermal-
wave components were of similar magnitude. Further-
more, it was possible to fit all the S(f) data to the theo-
retical model in a quantitative manner, using reasonable
values for all the physical parameters (Table I) as inputs
to the model. It appears that the differences between
the S(f) curves for the ¢c-Sil and c-Si2 samples were due
to the much higher SRV in the c-Si2, most likely re-
Jated to residual ion-implantation damage which was not
completely annealed away. Thus, the PMTR technique
shows promise toward quantitative imaging applications
of the SRV of semiconductors.

Using the foregoing curve-fitting procedures, the good-
ness of the theoretical fits to the experimental frequency
data such as in Figs. 5 and 6 made it possible to iden-
tify uniquely to within 20% the carrier and thermal-wave
portions in each signal, by use of the composite theoret-
ical model of §2 and the combination of literature and
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Fig. 7. PMTR amplitude vs. frequency for c-Ge. The solid line
is the theoretical fit, and the squares / circles are experimental
data. The fitted 1/e pump radius is 7.5 ym and the nominal
value is 5.7 pm.
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Fig. 8. PMTR amplitude vs. modulation frequency for im-Ge;

the nominal 1/e pump radius is 5.7 pm, and the best-fit radius
is 8.7 pum. The squares represent experimental data, the solid
line is the theoretical fit, and the dashed line is the thermal
component from theory. See Fig. 6 for further details.

experimental values shown in Tables I and III. With re-
gard to the c-Ge sample, the curve-fitting of the S(Jf)
data to the theoretical model indicated that the thermal
component was several orders of magnitude larger than
the Drude free-carrier component, Fig. 7. The almost en-
tirely thermal contribution to the signal shown in Fig. 7
is consistent with the high surface-state density known
to dominate the electronic behavior of semiconductor
Ge. A high surface trapping mechanism of photo-excited
carriers would tend to convert the absorbed optical en-
ergy into thermal energy very efficiently, thus yielding
an apparent 100% thermal transport response. For the
implanted Ge sample, the thermal component was sig-
nificant, but there was no significant Drude component,
Fig. 8. Instead there was a signal which was hypothe-
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Fig. 9. PMTR amplitude vs. frequency for c-Sil. The solid line
is the theoretical fit; the dashed line is the thermal component
from theory; and the squares/circles are experimental data. The
fitted 1/e pump radius is 7.0 pm and the nominal value is 5.7
pm.

sized to be related to the band-filling of localized gap-
states.’> ' The trapped-carrier signal component was
found to be very sensitive to the type of gaseous ambi-
ent in contact with the sample.

For the crystalline silicon materials, the thermal com-
ponent was found to dominate at low frequencies, while
the Drude component became quite significant near 1
MHz, especially for the larger pump spotsizes (> 15um).
Figure 9 shows a S(f) curve obtained for the c¢-Sil sam-
ple, exhibiting a large Drude signal component, the rela-
tive size of which grows as the frequency is increased.
The change in the relative importance of the mecha-
nisms of the PMTR signal is even more evident in the
phase data, which are not presented here. The strong
non-linear power law dependence of the PMTR signal
on the pump intensity (= I*:°) observed for c-Sil at
10 kHz further indicates that Auger recombination ef-
fects were of some importance.'” The c-Si2 specimen also
showed both thermal and Drude character, Fig. 10, but
the Drude component was less significant than for the
non-implanted c¢-Sil sample, consistent with the higher
SRV measured for c¢-Si2 and the possibility of residual
damage.

For the a-Si sample, the S(f) data could only be fit-
ted to the theoretical model, Fig. 11, when it was as-
sumed that both a thermal and a carrier-related signal
were present. Furthermore, it was found that acceptable
fits could only be obtained when the sign of the carrier
reflectance coefficient was positive. Importantly, the pos-
itive sign required for acceptable fits was consistent with
theoretical modeling of the band-filling effect performed
by Gay and Klauder!® and also verified by ourselves.
Overall, Fig. 11 indicates that the trapped-carrier sig-
nal component was quite large for the a-Si sample over
a wide range of frequencies.
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Fig. 10. PMTR amplitude vs. frequency for c-Si2. The solid line
is the theoretical fit; the dashed line is the thermal component
from theory; and the squares/circles are experimental data. The
fitted 1/e pump radius is 7.1 pm, and the nominal value is 5.7
pm.
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Fig. 11. PMTR amplitude vs. frequency for a-Si. The nominal

1/e pump radius is 5.7 um, and the best-fit radius is 7.1 um. The
solid and dotted lines are theoretical fits. Multiplying factors to
convert the PMTR amplitude to AR/R per Watt of absorbed
power are 0.009 (experiment) and 0.0564 (theory). The absorbed
pump power was 28.2 mW, and the experimental data had five
cycles of smoothing.

6. Conclusions

Three-dimensional models for the PMOR signal in
crystalline and ion-implanted germanium have been pre-
sented, and these models have been verified both qualita-
tively and quantitatively in experiments with wafer sam-
ples under well-controlled crystal growth and implanta-
tion conditions. A signal component associated with the
trapped-carrier band-filling effect was hypothesized to
exist in a-Si and im-Ge. The respective signal genera-
tion mechanism in the ¢-Ge and c-Si (unimplanted or
implanted-annealed) samples was the well-known Drude
effect.

A. MANDELIS and R. E. WAGNER

A quantitative method for reconstructing the under-
lying components of competing electronic and thermal
mechanisms contributing to the experimental PMOR
data was demonstrated for the first time. The inversion
method was based on quantitative determination of each
component’s contribution to amplitude and phase of the
signal over a wide frequency range with high confidence
regarding uniqueness of the vectorial-type of component
addition, by determining best curve-fits to a series of fre-
quency responses under a wide variation of pump laser
beam sizes, while keeping the material parameters of the
theoretical fit constant throughout the entire set of data.
As a result, it was shown that c-Ge exhibits almost en-
tirely thermal-wave contribution even under the tightest
pump-beam size (= 5.7um) and at the highest modu-
lation frequencies employed in this work, while im-Ge
and a-Si have significant contributions from both ther-
mal and trapped-carrier mechanisms. Unimplanted c-
Si was found to exhibit mixed Drude and thermal-wave
contributions, with the former increasing in relative size
with increasing frequency. Implanted and flash-annealed
c-Si exhibited a similar combination of components with
diminished Drude contribution, perhaps due to residual
post-annealing defects. The degree of confidence in the
quantitative mechanism deconvolutions from entire sets
of frequency-response data under different pump-laser
beam spotsizes was estimated to be no worse than 20%.
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