Single Nanowire Thermal Conductivity
Measurements by Raman Thermography
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ABSTRACT A facile, rapid, and nondestructive technique for determining the thermal conductivity of
individual nanowires based on Raman temperature mapping has been demonstrated. Using calculated absorption
efficiencies, the thermal conductivities of single cantilevered Si nanowires grown by the vapor—liquid —solid
method are measured and the results agree well with values predicted by diffuse phonon boundary scattering.
As a measurement performed on the wire, thermal contact effects are avoided and ambient air convection is found
to be negligible for the range of diameters measured. The method'’s versatility is further exemplified in the reverse
measurement of a single nanowire absorption efficiency assuming diffuse phonon boundary scattering. The
results presented here outline the broad utility that Raman thermography may have for future thermoelectric
and photovoltaic characterization of nanostructures.
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any interesting and potentially

useful properties of semiconduc-

tor nanowires (NWs) stem from
the parity of their confined dimension (the
diameter) with important nanometer-scale
characteristic lengths. For example, silicon
nanowires with diameters on the order of
their phonon mean free paths or less exhibit
suppressed thermal conductivities due to
phonon boundary scattering.” Surface
roughening may diminish Si NW thermal
conductivities even further, introducing the
possibility of viable silicon thermoelectric
devices.” In another exemplary case, the di-
electric mismatch between a NW and its
surrounding medium gives rise to resonant
interactions with electromagnetic radiation
when the wavelength of the incident field is
commensurate with the radial dimension
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10.1021/nn1012429 Despite recent advances in the under-
standing of nanowire (NW) properties, the
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hindered by a lack of rapid, nondestructive
characterization methods with submi-
crometer resolution. In the measurement
of NW and nanotube thermal conductivity,
precise measurement methods based on
microheating’® and the 3w technique'®
have been developed. However, these tech-
niques require carefully microfabricated de-
vices, and the NW must be suspended
across the device—a process that is often
slow and tedious and is essentially destruc-
tive. Interfacial contact resistances can also
result in a potentially significant source of
error for these methods, especially for large
diameter NWs.? As a noncontact probe of
local temperature with submicrometer
resolution, Raman thermometry is espe-
cially suited for measuring nanostructure
thermal properties and has recently been
applied to graphene'’ and carbon nano-
tube bundles.’? In such a method, optical
absorption of the material at the relevant
wavelength must be independently mea-
sured or estimated.

In this paper, we present a simple, non-
contact method to measure the thermal
conductivity of cantilevered NWs by locally
heating them along their axes with a fo-
cused laser while simultaneously measur-
ing the local temperature at the same spot
through Raman spectrometry. Optical ab-
sorption is calculated using a solution to
Maxwell’s equations for an infinite dielec-
tric cylinder and is validated by the good
agreement of the extracted thermal con-
ductivities with those expected due to dif-
fuse phonon boundary scattering. By com-
paring results performed at reduced
pressure to those done in air, we find that
convection does not induce significant er-
ror for the range of diameters probed. Fi-
nally, we note that if a functional relation-
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ship for thermal conductivity is known, this method
introduces a simple way to directly measure optical ab-
sorption cross sections.

RESULTS AND DISCUSSION

Figure 1a shows a top view schematic of the mea-
surement setup. A Raman map is made around a canti-
levered Si NW (an example is shown in Figure 1b) by
moving the sample with respect to the laser spot us-
ing a nanopositioning stage. The laser heats the NW at
a length from the trench wall, L, where it crosses the NW
axis. In Raman spectra of crystals, the position of
phonon lines depends on temperature as a result of an-
harmonicity in the vibrational potential energy. Thus,
temperature can be measured locally at the same laser
spot by the position of the optical phonon peak in the
acquired Raman spectra. For Si NWs with diameters as
small as 30 nm and for the temperature range of 20 to
300 °C, the peak position depends linearly on tempera-
ture and matches the same dependence found in bulk
Si. Therefore, we use the bulk Si temperature depen-
dence for Si optical phonon frequency (dw/dT = —0.022
+0.001 cm~" °C™")."® The trench wall acts as a ther-
mal sink maintaining constant (room) temperature, and
the heat transfer problem is effectively one-dimensional
for two reasons: First, in cases where the effective
phonon mean free path for heat transfer in bulk crys-
tals (on the order of a few 100 nm for Si at room tem-
perature'?) is expected to be larger than the relevant
sample dimension, it may not be possible for a temper-
ature gradient to exist across this dimension.'” This is
true for Si NWs with diameters in the range studied
here. The axial dimensions are much longer than the
same effective phonon mean free path, making local
temperature definition unproblematic along NW
lengths. Second, since the laser spot diameter is much
larger than the NW diameter, the measured tempera-
ture can be considered radially averaged and the heat
problem is rendered one-dimensional.

Radiative heat loss is negligible compared with con-
duction near room temperature.®'? In the simplest case
where convection may also be neglected, the problem
may be treated with a simple linear heat resistor model.
At steady state under these conditions, the tempera-
ture will be constant from the laser spot to the end of
the NW (opposite side from the NW base). Then the
temperature difference is given by
L )o M

nD2k,

AT = (Rc+

where Q is the heat conducted down the wire, D,, is
the NW diameter, R. is the thermal contact resistance
at the NW base, k,, is the NW thermal conductivity, and
AT is the difference between the radially averaged tem-
perature at the laser spot L and the temperature at the
NW base (AT =T — T,). Considering that AT increases
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Figure 1. (a) Schematic (top view) of the measurement principle. (b)
SEM image of an as-grown cantilever Si NW (scale bar = 5 um).

linearly with L, we may instead measure the slope S of
AT versus L (determined by linear regression) and rear-
range (1) to develop a simple expression for thermal
conductivity that bypasses a dependence on the ther-
mal contact resistance as well as any effect from the un-
certainty in the absolute magnitude of L:
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If we assume that all of the laser power absorbed is
converted to heat that is conducted down the wire,
then Q is proportional to the laser power at the sample
(P) and the ratio of NW area exposed to the beam to
the area of the focused beam spot. Using an average la-
ser power is appropriate since the full laser spot diam-
eter is sampled along the length of NW directly under
the beam. Approximating the exposed area as wD,,D,/2,
where Dy is the laser spot diameter, the NW thermal
conductivity may be expressed as

8cQ,P
= 3)

ko = nSD, D,
The parameter c is a correction factor that represents
the proportion of incident radiation transmitted (not
extinguished) with a window in place that was neces-
sary when low pressure measurements were performed
to examine the assumption of negligible convection.
At low pressure (<107" Torr), the mean free path of air
molecules is over 1000 times larger than the NW diam-
eters, and convection is negligible.'? This is not neces-
sarily true at ambient pressure. The value of ¢ was esti-
mated by measuring Raman spectra of bulk Si(111)
substrates with and without the window in place. Given
the small frequency change in the Raman scattered
light from the incident light in comparison to the fre-
quency of the incident radiation, the window likely ex-
tinguishes incident and scattered radiation almost
equally. Since the window extinguishes light twice for
Raman spectra collected with the window in place, we
obtained a value of c estimated at 0.47 = 0.02 from the
square root of the relative intensities of bulk Si Raman

. . - . A AN
VOL.4 = NO.8 » 4908-4914 = 2010 ACI\JANI() | 4909



spectra with and without the window in place. A more
detailed explanation for how c is estimated is given in
the Supporting Information.

The most important parameter in eq 3 is the absorp-
tion efficiency, Q,, defined as the ratio of the absorp-
tion cross section to the geometrically obstructed
area.'® As noted in the beginning of this article, the sub-
wavelength dimensions of NWs result in diameter-
dependent modulations in their interactions with light
from their dielectric mismatch with the environment. In
particular, light absorption resonances arise when the
wavelength is matched to an eigenmode of the
nanowire.>® Accurate calculation of these resonances
may be performed using finite difference techniques,**
but in simple cases, a more computationally friendly ap-
proach is to solve for Q, using Mie-type solutions to
Maxwell’s equations, which have been shown to de-
scribe the diameter and incident wavelength-
dependent optical behavior of NWs very well both in
Raman spectra® ® and photocurrent
measurements.®” > For radiation at normal incidence
polarized along the NW axis (TM polarization), the ab-
sorption efficiency for an infinite circular dielectric cylin-
der can be calculated using the following equation:'®

_2 N 25N g
Q,= a[Re(BO + ZZB,,) — 1B, — 2;|Bn|

n=1

(4)
where

- mJ (@) (mo) — J,(ma)J (o)
B, = mH,(0)J;(mo) — J (mo)H,(c) ©)

In these equations, m is the complex index of refrac-
tion, J, is the Bessel function of the first kind, H, is the
Hankel function of the second kind, a = wD,,/\, where
\ is the wavelength of incident light, and prime denotes
differentiation with respect to the parenthetical argu-
ment. Using complex index of refraction values at A =
632.8 nm for bulk single-crystal Si,'” the calculated ab-
sorption efficiencies for Si NWs exhibit characteristic
resonances at particular diameters, as shown in Figure
2. Implicit in our approach are assumptions that the na-
tive oxide layer (~2—3 nm) has only a negligible effect
on absorption and that this calculation based on a cyl-
inder works well for Si NWs though their actual radial
cross sections are hexagonal.'® Furthermore, because
our NWs exhibit varying degrees of tapering, we use a
diameter that is averaged over the probed length, the
consequence of which we will discuss later.

Figure 3a is a SEM image of a 78 nm diameter Si
NW measured in this study, and Figure 3b is the corre-
sponding Raman intensity map of the same wire in am-
bient air at a laser power of 0.4 mW. An illustrative Ra-
man spectrum centered on the optical phonon
frequency taken at the point marked by a circle in (b)
is shown in Figure 3c. This shape is typical for single-
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Figure 2. Calculated Si NW absorption efficiencies, Q,, as a
function of diameter using eq 4 in the text.

crystal Si and shows no asymmetric broadening to
lower wavenumber that is characteristic of phonon con-
finement and is usually found only in Si NWs less than
~20 nm in diameter.'® (Raman mapping under vacuum
and selected spectra from this map for this wire—the
smallest diameter wire investigated in this report—are
given in the Supporting Information.) A line profile of
the Raman shift is extracted from the highest intensity
vertical line on the Raman map, marked by a black
dashed line in Figure 3b, and the temperature increase
as a function of L is obtained using the known dw/dT
value, as shown in Figure 3d. The step size may be made
arbitrarily small (limited by the piezoelectric stage reso-
lution) as long as the laser-induced temperature differ-
ence increases monotonically along the NW axis and
the total temperature increase is greater than the tem-
perature measurement error. Additionally, though the
maximum temperature rise does exceed 100 K in some
measurements, the thermal conductivity of Si NWs has
been found to be very flat in the vicinity of room tem-
perature,’ indicating that it may be considered constant
for this limited temperature range.

The simplicity of both setup and calculation ren-
ders the cantilever geometry used here ideal for the
measurement of thermal conductivity through com-
bined laser heating and Raman thermography. The nor-
mal incidence of the laser is a noteworthy aid in simpli-
fying the calculation; heating with laser light at an
oblique incidence requires the inclusion of transverse
electric (TE) cross modes in determining the absorption
efficiency.’® In principle, though, Raman thermogra-
phy may also be applied to nanowires or nanotubes in
a variety of in-plane geometries, which are commonly
used in many characterization methods. For nanowires
in a bridging geometry for instance, the thermal con-
ductivity can be obtained from the curvature of the
parabolic temperature—position curve (convection and
radiation are asssumed to be negligible). Unfortunately,
the thermal contact resistance remains in the expres-
sion, adding a level of uncertainty.?° Typical device ge-
ometries (where a NW sits on top of an insulator with
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metallic electrical contacts) may also be considered,
though a term accounting for heat transfer to the sub-
strate must usually be included in the analysis.?’ Never-
theless, with the precision temperature measurements
possible through Raman thermometry, it may be pos-
sible in any setup to decompose the heat transfer prob-
lem in a way to isolate thermal conductivity, or to study
limiting cases such as when thermal contact resistance
is negligible, indicating the versatility of Raman thermal
measurements. Moreover, Raman thermometry may
be used in conjunction with other electrical or optical
measurements to reveal concurrent thermal behavior.

In all conditions, care must be taken to distinguish
signal from the NW under inspection from other nearby
NWs. While the Rayleigh criterion for resolution indi-
cates a minimal in-plane NW separation of approxi-
mately half the laser spot size (~0.6 um here), easy dis-
crimination of the Raman signal from distinct NWs of
the same type suggests a practical separation of a
couple of micrometers. Additionally, there are possible
limitations in the length or diameter of NWs investi-
gated through the technique presented here. While the
minimum or maximum NW length is not set by the
separation of the contacts (as is the case in the micro-
heater method®), the length of the NW must be longer
than the laser spot diameter to preclude end effects,
and the NW should be long enough so that a
temperature—position slope may be obtained with
minimal error. However, since the conductive thermal
resistance of the NW grows with increasing distance
from thermal sink, for large L it may approach equiva-
lence with convective thermal resistance. In the NWs
studied here, the length used is also kept to a minimum
since the taper of the NW may significantly change the
optical absorption behavior across a large L value. Fur-
thermore, in NWs with diameters smaller than those
studied here (<~30 nm), measurements are compli-
cated by the inability to actually see the NWs under the
optical microscope, the increased likelihood of destroy-
ing the NWs with the laser irradiation and other fac-
tors such as the effects of phonon confinement on the
Raman spectra.'® However, the fact that the laser is ac-
tually expected to heat the NW implies that there is no
minimal diameter if proper precautions are used.

The results of thermal conductivity measurements
on six Si NWs at low pressure and in air are shown in Fig-
ure 4. For comparison, we have also included the Si
NW thermal conductivities above room temperature
(~310 K) previously measured by Li et al." through
heated Pt microthermometers® as well as the expected
curve for Si NW thermal conductivity if the only addi-
tional factor lowering its value from that of pure bulk Si
is fully diffuse phonon boundary scattering. Applying
Matthiessen'’s rule for multiple scattering, the expected
NW thermal conductivity is given as
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Figure 3. Representative measurement on a single ~78 nm Si NW. SEM
image (a) and the corresponding map of the optical phonon integrated
peak intensity (b) of this NW. The scale bar is 500 nm for both images. (c)
Raman spectrum centered on the optical phonon frequency acquired
from the point in (b) marked by a black circle. (d) Temperature differ-
ence at the laser spot from the ambient temperature as a function of the
distance (L) from the NW—wall contact.

Dwkbulk

kW’exp = m (6)

where kpyi is the bulk Si thermal conductivity (148
W/mK at room temperature) and Iy is the effective

bulk Si mean free path, which is approximately ~300
nm as obtained from measurements on thin films.'*
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Figure 4. Thermal conductivity measurements for individual
Si NWs in air and at low pressure. The predicted curve as-

suming diffuse boundary scattering is included for compari-
son, as well as previous experimental data from VLS Si NWs
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Figure 5. Inverse measurement of the absorption efficiency for an individual
highly tapered Si NW. (a) SEM image of the tapered Si NW (scale bar = 500 nm).
(b) Experimental AT vs L for this NW and expected values calculated accord-
ing to eq 1 but allowing D,,, Q,, and k,, to vary with L. (c) Comparison of Q, cal-
culated according to eq 4 with the value back-calculated from the experimen-
tal data in (b) using k,, predicted by the phonon boundary scattering model
at the mean diameter for the NW shown in (a).

There is reasonable agreement between the measured
points and the predicted values.

It is also notable that many of the measurements
made in air and those made at low pressure match
each other well, although the gaseous mean free path,
Amfp (Which is inversely proportional to absolute pres-
sure), is very different in each case. When Ang is much
larger than the diameter (\ /D = 10), then convection
may be understood in terms of individual collisions of
gas molecules on the NW surface and its contribution
can be calculated according to the kinetic theory of
gases.? In this regime, convective heat transfer is lin-
early proportional to the pressure®>?* and is negligible
in comparison to conduction.'®?? In the other extreme
where Anp/D = 0.1 (the continuum regime), thermal
gradients with a scale on the order of the NW diam-
eter can exist in the surrounding gas ambient, and con-
vection tends to be more significant. Quantitative heat
convection is then usually estimated according to em-
pirical correlations. For the transitional regime in which
our measurements in air were performed (\mp/D = 1),
the relative contribution of convection is not always
clear. The similarity in NW thermal conductivity values
for measurements in air and vacuum suggests that con-
vection is not a major source of error in this measure-
ment. However, other methods of measuring thermal
conductivity may be more sensitive than the one pre-
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sented here, especially if they depend on small, pre-
cisely measured temperature differences.

A clear exception to the agreement between the
measured data and the boundary scattering model oc-
curs for a diameter of approximately ~180 nm that is
circled in Figure 4. A SEM image of this nanowire is
shown in Figure 5a. The average diameter was used
for estimating the value of the calculated Q, to apply
in determining ky, but due to an anomalously high
taper for this NW, the actual diameter range probed
crosses a large absorption resonance, as seen in Figure
5c. To examine this aberrant measurement in more de-
tail, we calculated expected values of AT as a function of
the L by replacing the average D,, in eq 1 with a value
that changes linearly with L as obtained by the mea-
sured taper. The value of Q, is allowed to change as well
according to its dependence on D,, in eq 4, and the ex-
pected thermal conductivity from eq 6 is used making
it diameter-dependent, as well. Thermal contact resis-
tance is neglected as it should only shift the tempera-
ture difference at the base.

The resulting values are shown alongside the experi-
mentally measured values in Figure 5b. While the two
curves appear to agree near the NW base, the calcu-
lated AT values quickly fall off before ~1 wm. The de-
crease in both k, and D,, over L should increase AT, so
it is clear that the calculated curve is dominated by the
behavior of Q.. The experimental results then suggest
that the NW is absorbing 633 nm wavelength light reso-
nantly. Indeed, with the diameter fixed at the average
value of ~180 nm and by using the thermal conductiv-
ity from eq 6 at this diameter value, we find that this
NW possesses an effective absorption efficiency of ap-
proximately ~0.7 £ 0.3, close to the resonant maxi-
mum of ~0.94, as seen in Figure 5¢. We believe that
the difference in the mean diameter of this NW from
the calculated diameter of the absorption resonance
may reflect the inability of this simplified calculation to
address absorption in highly tapered NWs. However,
previous photocurrent measurements have shown that
experimental resonance curves may be shifted and
broadened from the calculated Mie resonance
values.®® Furthermore, the geometric cross sectional
shape may also affect the specific resonant position,* so
we cannot rule out a shift in resonant behavior from
the calculated curve due to the fact that the Si NWs here
are not perfect cylinders but rather possess a hexago-
nal cross section.

While this is a complication with regard to thermal
conductivity measurements, it provides an opportunity
to directly and quantitatively measure single nanostruc-
ture absorption cross sections. In photocurrent mea-
surements, for example, while external quantum effi-
ciency, mg, is measured, the internal quantum efficiency,
7, and Q, are coupled and neither is directly
measured.>* Having an independent means of measur-
ing Q, would make photovoltaic characterization of
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nanostructures more complete. The potential to mea-
sure the absolute magnitude of absorption cross sec-
tions through Raman thermography by techniques
such as the one described here may provide a valu-
able complement to other photovoltaic measurements.
In cases where the thermal conductivity of a nanostruc-
ture is well-understood but the morphology makes op-
tical absorption estimates unclear, this is especially
valuable.

CONCLUSION

In conclusion, we have presented a simple, non-
destructive method to measure NW thermal conduc-
tivities based on Raman thermography. The method
may be expanded to other geometries such as sus-

EXPERIMENTAL SECTION

Si NWs were synthesized by vapor—liquid—solid (VLS)
growth from 50 or 200 nm Au nanoparticle catalysts®® on the
{111} walls of previously fabricated silicon-on-insulator mi-
crotrenches.?” The large height of the trenches (80 um) makes
any Si background signal negligible when collecting Raman
spectra from cantilevered NWs. Au agglomeration and ripening
leads to a diameter distribution.?® Though conditions were opti-
mized to minimize NW taper, even very slight tapering gives
rise to some error in the measured NW diameters, the implica-
tion of which was discussed in the Results and Discussion sec-
tion. The NW dimensions were measured from SEM images ob-
tained using a Leo 1550 field emission SEM. The diameter error
values used in the analysis are obtained from the NW taper in the
region probed by the laser spot and are larger than the resolu-
tion of this SEM.

Raman spectra were acquired in backscattering configura-
tion using a JYHoriba LabRAM spectrometer at room tempera-
ture. The excitation line was provided by a HeNe laser (632.8 nm
wavelength) through an Olympus BX41 super long working dis-
tance 100X confocal microscope (numerical aperture = 0.6),
which produces a 1.27 wm diameter laser spot. The incident la-
ser light was linearly polarized along the NW axes to maximize
scattered intensity® and simplify the optical absorption calcula-
tion. This was achieved by setting a half-wave plate polarizer in
the beam path before the sample to zero and aligning the
sample such that the NWs would lie along the laboratory axis
corresponding to the direction of the electric field polarization.
No polarizers were applied to the collected signal. Power at the
sample position was controlled by neutral density filters and var-
ied from 0.25 to 2 mW as measured by a hand-held laser power
meter. Raman mapping was done using a high-resolution piezo-
electric positioning stage (Pl P-562.3CD) with a 10 nm mini-
mum step, interfaced with Labspec v.4 software on a personal
computer. Steps along the wire axis ranged from 0.2 to 0.5 pum
for total probed lengths from 1.2 to 5 wm, while at least six steps
each 0.33 or 0.5 pm were taken across each NW axis. In some
cases, the wall contact was not actually in the Raman map, which
is acceptable since the thermal conductivity measurement does
not depend on thermal contact resistance. Raman spectra at
each point are the average of at least three measurements with
an integration time of 5 s or greater. Some of the measurements
were performed with the sample held at pressures less than
107" Torr using a Linkam THMS350 V vacuum stage (pressure re-
duced by a mechanical pump) with a ~0.3 mm thick borosili-
cate glass window attached to the piezoelectric stage.

The line of highest Raman signal intensity along the NW
axis direction was used to determine the temperature profile.
First-order optical phonon peak positions in Raman spectra
taken along the length of NWs were obtained using fitting func-
tions built-in to the LabSpec software specifically for Raman
mapping, and a Lorentzian line shape was used. In a few cases,
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pended NWs, and the ability to easily select indi-
vidual NWs or nanotubes to study makes it ideal for
the rapid thermal characterization of one-
dimensional nanomaterials. Furthermore, the
method may be used to quantitatively measure ab-
sorption cross sections directly, a convenient capa-
bility if applied to axial nanomaterials with nonregu-
lar physical cross sections such as sawtooth faceted
NWs2* or branched NWs,?® with important implica-
tions for engineering nanowire-based photovolta-
ics.* The results demonstrated here highlight the
great versatility of Raman spectrometry and the in-
dispensible role that it will play in the fast develop-
ment of technologies that take advantage of the
unique size-dependent properties of nanostructures.

fitting was also performed (again to a Lorentzian line shape) us-
ing the Origin software package to check the results from fitting
in LabSpec and to obtain estimates of the error in peak position
and hence the error in the temperature measured at each point
along the wire axis. Conversion of the peak position data to tem-
perature data was accomplished by applying the anharmonic re-
lationship between these two properties, the measurement of
which is described elsewhere.’® Measurements on each NW were
initially performed at a conservatively low power and then ana-
lyzed to determine if the thermal conductivity data could be ex-
tracted. If a clear temperature rise along the NW axis was not ob-
served, the measurement was performed again at a laser power
one level higher. Temperature—position slope values were ob-
tained from at least 5 points, though in most cases 7 to 12 points
were used.
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