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Harpeg oBpa3ua 3Ha4MTeNbHO YEENMHMEIET HEONPELENEHHOCTE YCNOBMA NONYYSHNA CNeKTpos |
PamaHoBCckol MUEDOCNEKTROCKRONWK, B pabore TEOpeTWYECKH OUEHEH MAKCHMANLHLIR DOCT TemMne-
paTtypbl BHYTPW 08pa3Ua NPY BOIABACTEWK NA3EPHDND M2NYYeHus. PE3yneTaT MogenipoBaHng poc-
Ta TEMNEpaTYPL NPpeacTaBned aHaniTu4ecky B BlAe yHkuWn ceoRcTE Npobesl (NokazaTtens pedpak-
LK, ko3gpUUMeHT aGCcopbumMm, TENNONPOBOAHOCTE), MOWKOCTH NA3EPa W 3HEHEHWA aNepTypel dioky-
cvpyiowero ofbbexTvaa. Nokasaro, 410 ACCTUMASMAR TOYMOCTE ONPeasNeHa TEMNEPATYDE N0 COOT-
HOWEHWK WHTEHCWEHDCTEN CTOKCOBCKOH 1 aHTUCTOKCOBCKME NONOC MOKET ObiTh OUBHEHA TEOPETH-
HECKW, 4TO WMEET BONLILIYVIO NPAKTHUHECKYHD IHAYMMDCTE, MNonyyeRa PyHELMOHENEHAR 3a8UCUMOCTE,
CEA3LIRAKILLAR TOYHOCTE ONpENensHUa TeMNEPaTYRs 0DPAa3La C OCHOBHBIMK MCTOUHUKAMIK 3KCNEDI-
MEHTANBHEIX NOrpaWwHoCTeR. OOCYRABHE! DAZNNYHEE NPAKTAYECKK BNUAOLLE GaKkTOPM, BLI3BIBAK -
WKE YXYQWEHWE TEORETUYECKOro oTHOWeHWA dT,/T

Tr—r=rr== = T r—T T

Panedg NenepT nonysun obpasosaHwe no
Ppuaure so Ppairbypreckom yHusepcuTere
(Fepmanua), 3aWKTHE AMNNOM N0 MONEKYNAP-
HOH AMHAMWKE XHAXOKPUCTANNUYECKHX 3nac-
Tomepoe. Wcocneposan adpext Keppa gna
TEPMOTRONHLIXX M NWOTPONHBLIX MONUMEDHBIX
WHAKMX KPUCTANNOE B MHCTHTYTE mw
KYnApHoR xumun, Ppadbdypr. i

¥xe Gyayuu noxtopom gunocodun {FhD}
nayyan 8 CayTremnToONCKOM yHUBEPCUTETE
{BenuxoBpuTaHua) XMMHIO KPUCTIANMYECKHX
D TopUpoBaHHLIX NonWMepoe. COBMECTHD ©
COTPYAHUKAMMW rPyNnsl NOAWMEPOR W KONNOK-
nos Kambpungxcxoro ywmsepcurera (BenvkoG-
PUTaHWA) HCCNBO0BAN CTPYKTYPHBIE W3MEHe-

INTRODUCTION

Soon after a theory of the Raman effect had been
developed that accounted for the different radiant
intensities of Stokes (I jand the corresponding anti-
Stokes (I ) bands in the harmonic oscillator
approximation it was proposed to derive the absolute
temperature Tof the probed sample volume from the
ratio [ /I using the following relationship|1-5|:

P = (v, = v M, + v ) expl(hev WkT)) . (1)
where v, the absolute wavenumber of the exciting
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OBnacTs HAYYHBIX MHTEPECOB — HayYeHWE
CTPYKTYPLI U AMHAMMWKN NONUMEDPHLIX MaTep1a-
NOB C NOMOUbLID MEXAHUYECKMX, ONTHHECKMX W
CNeKTROCKONKYECKM: METOODE.

the wavenwmber of the molecular
vibration giving rise to the Raman signal and . ¢
and k physical constants with their usual meaning.

In practice this was. for various reasons. not
always found to be feasible as outlined. forexample.
in [2]. In this note it is attempted to estimate the
extentofl heating in the focal region of a typical laser
micro-Raman set-up due tothe intense irradiation.
Ultimately an approximation for the upper limit of
the temperature rise will be expressed analvtically
in terms of the relevant instrument parameters and

laser line, v,
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sample properties. Also addressed will be the
practical aspect of determining the error dT/T of
the temperature as derived from Eq. (1). The
experimental uncertainty will be derived as a
function of the Raman band parameters and the
instrument response. Finally. some experimental
difficulties involved in using Stokes/anti-Stokes
ratios for thermometric purposes will be discussed.

RESULTS AND DISCUSSION

Heating effects

Modern dispersive Raman microspectrometers
utilize a conventional optical microscope to directa
laser beam onto the sample and to subsequently
collect the Raman signal in back-scattering geo-
metry. Usually non-immersion objectives with a x50
or x100 magnification and a numerical aperture of
0.55 to 0.95 are used. In the focal point the 1/e
diameter of the laser beam waist typically lies
between 1 and 2um for a x 100 objective. depending
on the wavelength and the quality of the beam and
collimation optics. In the geometrical limit the | /e-
envelope can be represented by two coaxial cones
with their tips joined at the objective focal point.
Waveoptical deviations from this cone shape become
significant in the focal region. See Fig. | for details.

Fig. 1. Scnematic cross-section of laser beam focus with the
radius of he beam waist a Dashad lines represent envelope of
lasar beam in the geametrical limit, Cone half angle a is given by
the objective numencal aperure and the sample rafractive ndax

Propagabon direction of laser lighl coincides with z-axis

Since the envelope is hvperbolic in both. the far
and near focal field. the beam radius is given by =
=c' + [/ b)* -2 where zis the distance from the focus
along the cone axis while a and b are defined by
e = b-tg(e) [68-10]. In air the cone half angle a can be
linked directly to the objective numerical aperture
by NA = sin(«). The hyperboloid can be thought to
consist of infinitesimally thin coaxially stacked discs
of volume dV:

dW(z) = 1 -P(z)dz = ma*(1 + (2by)dz. (2
The propagating laser light passes through each

disc and. in the absence of any attenuation
mechanisms. the irradiance is simply the laser
power divided by the disc area. The irradiance is at
its maximum in the focal point where the beam
diameter is smallest. This picture has to be modified
if scattering and absorption effects become relevant,
Subsequently it is assumed that a change of the
sample refractive index with temperature is insignifi-
cant and that only absorption. in particular. linear
absorption. where the absorption coefficient is inde-
pendent of the intensity has to be considered. Further
Lambert's law l{dz) = Nz-z,) = [z Jexpl - Alz-z)) is
assumed to hold despite the non-parallel nature of
the beam. The variable dz denotes the path length
the light has to travel within the sample tofall (dz=0)
by a factor of exp(-A-dz] from the intensity I{z))
measured at the coordinate of the focal point, 2.
Here the directions of the z-axis and the laser propa-
gation are chosen to be identical and z, was set Lo
zero [See Fig. 1), Differentiating the so simplified
relation with respect to z one arrives at the following
expression for the absorbed laser energy per unit
length:

di(z) = - I{0)-A-exp(-A-z)dz . (2)

with A the absorption coefficient. [0 the laser power
inand zthe distance from the focus. Combining Eq.s
(2] and (3] the power density of the absorbed laser
energy r that eventually dissipates as heat can be
expressed as follows:

pl2) =di{z)idV(z) = -(A-NOW(n &) expl-A-z){1+{z/b)) =
= p(0)-exp(-A-z)(1+(zb)). (4)

On analysing Eq. (4] it can be seen that there is
exactly one local minimum as well as one local
maximum “above” (towards the objective) the focal
position if A'b < | holds. For A-b = 0 the relation
simplifies to p(2)/p(0) = 1 /{1 +[z/b)) representing a
symmetric peak positioned at the focal point and
with FWHM=2b. In this case the geometry of the beam
envelope predominates the functional dependence
of the power density. As A'b approaches 1 the
mininuun and maximum merge and eventually form
a saddle point which transforms into a point of
inflection for A-b > 1. Representative normalised
curves of the absorbed power density versus the
reduced depth variable are shown in Fig. 2.

Two features in Fig. 2 are noteworthy. First, if
absorption oceurs and if the laser is focused within
the sample, that is. the z-coordinate of the sample
surface is negative. the local maximum of the power
density is shifted away from the focus towards the
collimation optics. This shift becomes progressively
pronounced as absorption increasingly overcompen-
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sates geometric effects. Second. dependent on the
absorption coefficient and the distance of the focus
from the sample surface the absolute maximum can
be reached at the surface rather than in the focal
region.
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Fig. 2. Normalised power densily of absorbed lasar energy
versus reduced z-coordinale. Curves are calculated aceording to
Eg. {4). Annotations denote value of dimensioniess factor (4-8)
with A tha material absorption coefficient and b tha characteristic
Z-length as defined i text. Upper arrow indicales propagation
direction of lasar light

Instead of attempting to solve the Laplace
equation for the stationary temperature field in the
most general case the temperature rise will be
estimnated here by approximating the actual heating
region by a spherical volume. Ascan be seen in Fig.2
for A-b = 0.3 all absorbed power density curves
similarly represent. in a wide z-range. a narrow
heating zone around the focus which. in 2, extends
over acharacteristic length of 2k The volume of this
zone is 8/ 3xa’bwhile the radius of a sphere of equal
volume is given by R '=2a'b. Solving ATIR)=0 in the
radial coordinate R for a spherical heating zone
inside an isotropic medium yvields dT[R) = T[R) - =)=
= P/(4=x4.R) for the temperature elevation where P
the absorbed or heating power in Watts and » the
thermal conductivity in W/{Km). Assuming the
temperature gradient vanishes for R < R inside the
heating zone the maximum temperature rise
becomes:

dT, . = Pidni:R). (5)

The heating power can, within an error of 1.5 %,
be approximated by P= [[-b) - [[+b) = [0} (explA-b) -
expl-A:b))=2-[0)-A-b If A-b=0.3. Using the previous
approximations and combining Eq. (5} and the
expressions for R and tg) dT,  can be rewritten ;

dar__ = (A-HOWe) (1677 tg?(ee)) ", (B)

If the focus lies inside a sample of refractive index
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1, the effective cone half angle can be calculated from
Snellius’ law a =aresin{NA/n) [11] and is. like the
laser power [{0) in the focus. within limits. an
experimentally adjustable parameter. Values for n,
range typically from 1.3 {water) to 2.4 {diamond ) while
the objective NA spans, for high spatial resolution
work. from 0.55 to 0.95. In a simplistic approach and
disregarding any refraction effects when using dry
objectives [12] it can be derived from the foregoing
figures that a lies between 13" and 46" and the 2b-
length of the heating zone extends over 1 to 9 um.
Hence. since the considerations assume Ab< 0.3 the
upper limit for A that would be compliant with this
treatment is on the order of 107 /m. Heating is most
noticeable in thermal insulators (A= 0.1 W/Km}and.
thus. with a laser power [[0)= 1 mW typical for micro-
Raman, the first bracketed factor in Eq. (6) equals
1000 Kwhile the second dimensionless one canvary
between 0.12 and 0.34, Under these conditions a
dT,.. as large as a few hundred Kelvin is possible in
principle. For poor thermal conductors (L = 1 to
several W/Km) this value drops accordingly. The
proportionality of dT,, ,, and the quotient A/ 4 reflects
the fact that sample absorption and thermal
conductivity determine equally the extent of any
heating effects whereas the sample refractive index
only has a small indirect influence through tg(a)
which can be offset by the choice of objective. Thus
tar only thermal conduction has been accounted for:
Applving the Stefan-Boltzmann relation to an [solated
sphere with the characteristic radius R, and a
temperature of 700 K [room temperature plus 400 K)
emitting towards a 300 K background shows that
the power loss by thermal radiation is at the most a
negligible 10" mW. The above considerations with
respect todT, hold only in the absence of convection
and are. therefore. applicable exclusively to solid
matter. Also. without any resonance effects coming
tnto play. the Raman or Ravleigh scatter cannot
contribute significantly to any heating effects due
totheir respective weak intensities. The above figures
tend to overestimate dT for several reasons the
mostimportant ones being that:

a) the heat transfer Is least effective for the
assumed spherical shape of the hot zone that
possesses the smallest possible surface area-to-
volume ratio;

b) within a sample principally unavoidable
relraction effects lead to both a change of the beam
profile and a substantial widening of the beam waist
far in excess of the waveoptical limits.

Refraction effects are most pronounced for
samples of high refractive index and dry high NA
objectives and even the use of immersion liquids for
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index matching can only partly compensate for them
[12-14].

Accuracy of Stokes fanti-Stokes thermometry

Based on Eq. (1) the temperature of minute
sample volumes. in confocal operation down to the
order of femtoliters. can be determined contactless.
With regard to thermometry the principally
achievable temperature accuracy isof great interest
and shall be assessed here. Since all modern Raman
spectrometers use photon-counting detectors the
intensity is measured in photon counts (C) rather
than in radiant power {I). Accordingly. the radiant
intensity. I in Eq. {1} is given by I, = C-h-c{v, - v)
while an analogue expression holds for [,
Transformation of Eq. (1) then vields the practically
more relevant relation with M the relative photon
count rate [3.15]:

M =CJC, = ((vy- viW(vy + v )) - expl{hcv,)i(kT)). (7)

The count rates still need to be corrected for the
spectral response of the spectrometer. Usually. the
finite width of the Raman bands can be disregarded
and the sensitivity correction can be accomplished
by applying a single factor. S to the actually
measured photon count rates ¢ and ¢, so thal
M=5c./c,=C./C, Solving now Eq. [7) for T. detining
the factor N= (v, + v, )/ (v, - v, ). differentiating the so
obtained expression with respect toM. Nand n and
subsequent Gauss addition of the respective abso-
lute errors results in:

(AT = (dv /v, ) +

+ [IN(M) + 3In(N) )2 [ (M + 9-(annpe ], )

Assuming v, and v, can be measured within the
same experimental uncertainty, dv and further
straightforward calculation gives (dN/N}* = 3 [dv )*
[[vi? + v 2/ (v - v %) |. The upper boundary for the
factorin square brackets will be reached if v, is at its
minimum while v, equals its maximum value, So the
limit for 9:(dN/N)* can be calculated to be less than
310" based onev=2 cm ', v,=9398 cin ' [correspon-
ding to 1064 num NIR excitation) and v,=4000 cm ',
This is negligible compared with the composite error
(elM/M)* = |defe ) + [de,fe) + [dS/S) which is
realistically no smaller than some 3. 10 because
each individual error is typically at the best in the
percent range. Hence Eq. (8) simplities to;

(dT/TY = (dv/v ¥ + (Khe-(Th 2 (dMMy - (9)

For a given sample temperature the weighting factor

of [dM/ M} in Eq. (9)and generally alsod T/ Tis smallest
for great Raman shifts. In representative circum-

stances (dv/v = 1 /3500, T= 300 Kand dM/M= 3 %)
the best accurracy theoretically achievable is approxd-

mately 0,02 %, Atthe other extreme (dv/v, = 1 /100.
T=1500K. diM/M =3 %)] the value for dT/Treaches
31 % rendering any measurement effectively meanin-
gless. In this case a Raman peak shift of 3500 em!
would reduce the error to an excellent 0,9 % again.
Figures for dT/T {or selected values of v and Tare
shown in Table.

Theoretical values for d7/T in percent for selected Raman
peak shifts and sample lemperatures, Calculations
according to Eq. (9) assume dMM = 3 % and dv=1cm.
According to Eq. (10) dT/T is, o a first approximation,
proportional to ghMAs

Raman shift | 200 K 300 K 600 K | 1500 K
v, [em’]
100 4.3 6.4 126 315
500 048 1.3 2.5 6.3
1500 0.3 04 0.8 2.1
3500 0.1 0.2 0.4 0.9

According to Eq. (10) dT/T is. to a first appro-
ximation. proportional to dM/M . For T-(eM/M) >>
| Kelvinand dv= | em' the second summand predo-
minates Eq. [9) which can then be further reduced
o

gTiT = (kTHihcw, ) [ dMA =

= 0.7 e 'iKelvin( T/v ) (dM/M), )

In practice. various effects additionally deterio-
rate dT/T. These can be classified according to
whether Eq. (1) as such fails or whether the actual
relative band intensities are somehow altered.
Recently it was demonstrated that non-fundamental
bands that owe their entire intensity to anharmoni-
citv can show drastic deviations of their Stokes fanti-
Stokes ratio rom theory [16] while anharmonicity
effects are commonly small for fundamentals and,
therefore. with respect to inten-sity. are normally
insignificant to these. Also if reso-nance effects are
present the prerequisites for deriving Eq. (1) are no
longer valid. Further Raman signals collected from
inside a sample can suffer from frequency dependent
absorption or scattering losses that potentially
modily Stokes/anti-Stokes ratios, Even if absomtion
elfects are absent pure scattering losses can be
marked causing drastic changes of the relative
intensity, particularly in he-terogeneous materials
[17]. Still widely unacknow-ledged is the possible
chromatie aberration of the collection optics which
is potentially important, especially in the near
infrared region. It can change intensity ratios as the
sample is placed at different distances from the
objective because the optimum forus of a Raman
band depends on its absolute wavenumber [ 18], In
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samples possessing strong dispersion the solid
angle under which Raman scatter can be collected
from within and therefore also signal collection
efficiency varies noticeably with wavelength.

SUMMARY

The laser induced temperature rise inside a
sample can be estimated and expressed analytically
using few simple approximations. The sample
absorption coefficient. the thermal conductivity and
the laser power are equally relevant parameters
whereas the sample refractive index and the
objective numerical aperture only have a minor
influence. The notion of a hot spot located exactly at

the focus position provides an increasingly inac-
curate picture as absorption increases. In fact the
zone of highest thermal energy density rather lies
somewhere between the focus and the sample
surface. On assessing the principally achievable
accuracy of temperature determination by Stokes/
anti-Stokes ratios it has been shown that dT/T is
approximately proportional to the Gauss sum of the
relative errors related to measurements of the ins-
trument response and the two Raman band inten-
sities. The temperature can realistically be measu-
red within 1 % error at sufficiently high Raman shifts
atl the cost of long acquisition times because of the
weakness of the anti-Stokes band.
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