High accuracy Raman measurements using the Stokes and anti-Stokes
lines
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We show that by measuring the separation between the Stokes and anti-Stokes peaks excited by two
different laser lines we obtain a very precise determination of absolute phonon energies. The method
is useful for measuring small changes of these energies with strain, temperature, laser power, etc. It
doubles the changes and avoids the necessity of using the reference lines in the Raman spectra. The
method can be applied for the determination of phonon deformation potentials, for the
characterization of strained heteroepitaxial layers, and for micro-Raman analysis of strain in silicon
integrated circuits. We give examples of phonon shifts in Si, Ge, GaAs, InAs, and GaP as a function
of applied biaxial strain, laser power, and temperature. 1997 American Institute of Physics.
[S0021-89707)02120-9

I. INTRODUCTION IIl. THE METHOD AND ITS EXPERIMENTAL
IMPLEMENTATION
Te literature values of optical-phonon frequencies in

various semiconductors show a scatter of a few wave num-
bers. Even under the same conditions of temperature, strai
energy density of the laser spot, etc. the position of the pea
in Raman measurements performed on the same sample m
show a scatter of up to 1 crh. This may be due to small

Let us imagine that the sample is illuminated simulta-
eously with two laser line¢E} andEj5 in Fig. 1). Each of
lese lines gives rise to the Stokes and anti-Stokes peaks
ere we assume that there is only one phonon enatgy
nSXtedS by ES and EAS, respectively. The relative intensities

A ) . .
errors in the steps of the monochromator, to errors in th I )Z;)@afo/rk%g“ﬁ? el;s;;llnfss?hc;uIghboengﬁpgﬂgit.exe%lg%to
calibration of the zero, etc. In many cases, high accuracy emper(;turékT~24 me(\)/ and the optical—phonon energies
the absolute energies of the phonons is not necessary bhlé in the range 25-65 meV so that the Stokes line can be
there are important examples of the contrary. For instancgy, ,ch stronger than the anti-Stokes dsee Table )L If the
Raman spectroscopy has been used as a tool for the charagsaration of the laser lines is not far from two times the
terization of strained-layer heterostructdrésor for the de- phonon energy 2w, then the Stokes and anti-Stokes "@}
termination of strain in silicon integrated circuit&In these and EAS will be clo,se to each other and their separation can
cases it is important to know the values of the phonon freqg melasured to a high accurdsgy, 0.1 cmiil). As the sepa-
quencies in the unstrained case and to determine their smafition of the laser lines is known to a higher accuracy, we

variations. AISO, determination of the phonon deformationcan determine the phonon energy from the Simple equation:
potentials from uniaxial measurements requires an accuracy

of about 0.1 cm?. Similar accuracy is desirable for measur- 1 L_pELy_ =S_ EAS

ing the phonon shifts with temperatufaround 2 cm? per hoo=5[(E2~ED~ (B2~ E7)] @
100 K) or with laser power. The solution to that problem
may be a reference line in the spectra. This may be the sha
line from a spectral lampor a plasma line from the laser.

This equation determines absolute phonon energies with
o5 cm? accuracy. Small changes éfw, (due to strain,
The plasma lines seem more convenient because they amtemperature, etr.can then be detected with high precision
in the same beam as the exciting line. However, it is noY?%%lUSEZ andE; “will be shifted in the opposite directions

: ' Y|.e., the changes are multiplied by a factor ¢of Bhe sepa-

always possible to find a plasma line in the appropriate SpeGzyinn of the laser lines can be either greater or smaller than

tral range around an arbitrary laser line. In this article We% wo: in the latter case the order of the Stokes and anti-
propose another method which involves two laser lines a”%toke,s peaks would be reversed.

allows one to determine absolute phonon ener¢aes their An obvious question arises: Can we find appropriate
shifts) with 0.1 cm * accuracy. The method doubles the shift pairs of laser lines such that their separation is not far from
of the lines, which is important when we consider small ef-37 ,,; for a given material? In Table | we list the possible
fects of the order of 1 cmt (the typical range in uniaxial pairs of lines of an argon laser that can be used for the
stress experimentt§). It works well at room temperature determination of phonon energies in different semiconduc-
(and abovgfor all materials that have a decent Raman signators. We considered the following wavelengttis nm):

so the anti-Stokes line can be measured. It is not applicablg28.7, 514.5, 501.7, 496.5, 488.0, 476.5, 472.7, 465.8, 457.9,
at low temperatures when the anti-Stokes lines disappear. 454.5, 351.1, and 363.8, which are available in some models.
We assumed that we are interested in the Raman spectrum

3High Pressure Research Center, Polish Academy of Sciences, 01-142 WJP—etWeenﬁwLo_ and i wto [longitudinal optical (LO) a_nd
saw, Poland. transverse opticdlTO)]. Therefore we looked for the pairs of
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ergies by boldface. It is quite fortunate that some argon laser

lines are close to resonances for GaP, InAs, Ge, and Si. For

II-VI semiconductors, the optical-phonon energies are usu-

ally lower than in lll-V so thati wy /KT is around 1 at room

temperature and the Stokes and anti-Stokes lines are of com-

parable intensity.

The simultaneous use of two laser lines is difficult to

| I achieve because it would require multiline operation with
> special filters. However, it is much simpler to use the single

ES Ef ESES E EfS Energy line operation of the laser. If we use a charge coupled device

(CCD) detector with a fixed grating position, we can take

FIG. 1. Schematic idea of the Stokes/anti-Stokes method. Two laser linefwo subsequent spectra first using E]? line and then the

E} andE; lead to Stoke€® and anti-Stoke&"® peaks around each line. By EL |ine. In case we use a photomultiplier and we record the

measuring thésmal) separation betwee; * andE3 we obtain the absolute 2 . . -

value of the phonon energy through Ea). spectra W!th the grating moving step by step, we can change

the laser line when the spectrometer scans the range between
E> andE/}S. This was actually the method we used because

lines whose separation is 20—100 cirlarger than 2w, o, the CCD detector usually offers poorer resolution than the
or 20—100 cm? lower than Zwrg. In both cases we can photomultiplier.

register the Stokes and anti-Stokes spectra separated by In principle, it is possible to use higher power for tg
20—100 cm?. As we see in Table I, there are several possidine than for theE5 line to compensate for the lower intensity
bilities for each material. An important additional criterion is of the anti-Stokes signal. However, the higher power may
to select asE} the line with high scattering efficiencfto ~ cause broadening and shifting of the line. As long as one
enhance the anti-Stokes pealdigh scattering efficiendy measures the changes of the Stokes/anti-Stokes separation
can be achieved by resonant effetighen the laser energy with some external factofstrain, temperatupe different
approaches the transition energy of some critical point in thgrowers ofE; andE5 are acceptable, provided they are kept
interband spectdaand also by small absorption coefficient constant during the experiment. We preferred to use the same
close to the direct gap. In practice, for a given material, allpower for E'i and Elz' and to enhance the anti-Stokes signal
available laser lines can be checked for the Raman signal arltyy approaching some resonances vEB_hh

those giving high scattering efficiency are good candidates In our experiments we used a XY-800 DILOR double
for Ek. In Table I, we indicate the appropriate pairs of en-spectrometer with a GaAs photomultipliddamamatspand

TABLE I. Pairs of argon laser lines that can be used for the Stokes/anti-Stokes method in different semicon-
ductors. The values in brackets indicate the separation of the considered linestinTera pairs for which the

signal is enhanceftiue to resonant effegtare in boldface. The LO and TO phonon energies for each material
and an estimate of the Stokes/anti-Stokes intensity ratio for the LO phonon at room tempekature (
=24 meV) are also listed.

oo fhwTo Pairs of argon laser linedn nm)
Semiconductor (cm™)  (cm™l)  exp(—hw o/KT) and their separatioin cm™1) in parens
Si 520 520 15 496-4701014), 476—-454(1016, 514-488

(1056, 528—501(1018, 488—465
(977, 501-476(1054), 351-363
(994

Ge 300 300 48 528-514(522) 514-49§(705),
514-501(496),501—488 (560), 488—472
(663), 472—457 (684), 465-454
(534)

GaAs 289 266 45 488—47@95), 514-501(496), 488—472
(663, 472—-457(684), 514—496
(705, 476-465(482)

InP 343 306 6 514-496705), 501-488(560), 528-514
(522), 465-454(534), 514-501
(496), 488-476(495)

InAs 238 217 35 488-476(495),496—488(351),501—488
(560),465—454(534),514—501
(496),528-514(522),465—457(370)

GaP 403 365 8.2 514-496 (705), 496-476(845), 476-457
(852, 472—-454(847), 488472
(663, 472—457(684)
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FIG. 2. Schematic cross section of the pressure cell used for the biaxial Raman Shift (cm -1)

deformation studies. The semiconductor sam(henned down to 20-70

um) is glued to a ceramic plate with a circular hole. This forms a diaphragm

which is then deformed by gas pressure of a few (e gas is supplied FIG. 3. Stokes/anti-Stokes spectra fo(18i0) at two temperatureexcited

from the reductor by a capillayyThe inner surface of the diaphragm can be by 496.5 and 472.7 nm lingsThe anti-Stokes part was multiplied by 5. The

studied through the quartz window. separation of Stokes and anti-Stokes pea&sAS) is indicated for each
spectrum.

the photon counting technique. The monochromator step was

0.1 or 0.2cm? and the count time of the detector ranged Stokes/anti-Stokes method is useful in such studies as we

from 0.5 to 5 s. The entrance and the exit slits were from 50vill demonstrate in the following.

to 100 um and the middle slit was always twice that of the =~ We also tested our method for studying the phonon

entrance slit. The excitation was by a LEXEL 95-3 argonshifts with laser power and with temperature. The tempera-

laser. The power on the sample was typically 20-60 mwture was varied between 300 and 600 K by gluing the

with the spot diameter between 50 and 1@fh. Raman samples with silver paste to electrically heated ceramic

peaks were fitted with standard curve-fitting procedures irplates. The plates had a thermal expansion coefficient similar

order to achieve the required accuracy of Stokes/anti-Stokd® that of the semiconductors which we studied in order to

separation. Phonon peaks were usually Lorentzian, where@yoid the strain induced by temperature changes. The tem-

the plasma peaks had Gaussian shapes. perature of the plates was measured by a thermocouple
The application of biaxial strain was achieved by theplaced close to the sample. With increasing temperature the

diaphragm method described in Ref. 10. The sample wagnti-Stokes lines increased so our method works better.

thinned (etched down to 20—70um and then glued to a A systematic review of the phonon shifts with biaxial

ceramic plate with a circular hol@-5 mm in diametgr  Strain and with temperature will be the subject of a separate

When the gas pressure is applied to the sample, we obtaipaper. Here, we mainly want to demonstrate the usefulness

biaxial strain in the center of the diaphragm, tensile on theof the Stokes/anti-Stokes method for five different materials

outer surface, and compressive on the inner surfsee Fig.  that we studied.

2). Photoluminescence measurements on such diaphtdgms

have shown that with a gas pressure of a few bar we obtain

biaxial stresses of a few kbar. The deformation is roughly|. APPLICATION OF THE METHOD TO DIFFERENT

proportional to the square of the diameter-to-thickness ratiocSEMICONDUCTORS

We used pressures up to 20 bar supplied by a reductor ona < n

He bottle. The importance of tunable biaxial strain in Raman

measurements stems from the fact that Raman scattering has For the strongest argon ling§14.5 and 488 ninthe

been used for the characterization of strained heteroepitaxiaeparation of the Stokes and anti-Stokes peaks is only about

layers[like InGaAs on GaAqRef. 9 or GaAs on Si(Ref. 15cm}, which is slightly too small while for Ek

1)]. =496.5nm andE;=472.7 nm, the separation is around
Theoretical expressions for the strain-induced shifts o026 cm ! (see Table )l In Fig. 3 we show the spectra for

phonon energies can be obtained from the model developetiese two lines at room temperature and at 1554ith the

in Ref. 11 for the diamond structure. In that case, the triplyanti-Stokes part multiplied by)5The power on the sample

degeneratg =0 optical phononwg is split by biaxial strain  (for both lineg was 30 mW and the zero of the monochro-

into a singlet and a doublet. The shifts of the sindlei; and  mator was set at the 496.5 liffthis is why the Raman shift

of the doubletA wy are linear in strain and can be expressedshown is negative Using accurate values for the laser ener-

by the phonon deformation potentials, g, andr, and the gies from Ref. 12:E;=496.507 nm andE5=472.686 nm,

elastic constants;;, C1», andc,,. Biaxial experiments can we obtain the room temperature value of the phonon energy

be used to obtaip, g, andr for different materials by using in our sample to be equal to 520.68 th With increasing

diaphragms with different crystallographic orientations. Ourtemperature, the separation between the Stokes and anti-
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FIG. 4. Stokes/anti-Stokes separation for the LO phonon as a function o
pressure applied to @00 diaphragm(1.7 mm radius, 7Qum thickness

The spectra were taken in the center of the diaphragm on the (@ension

and inner(compressionsurface.

Stokes lines $—AS) decreases by around 6.48 chnwhich
means that the phonon energy is reduced by 3.24'cifhe
linewidth increases substantially.

In Figs. 4 and 5 we present the results obtained on a 3.-
mm silicon diaphragn§70 um thick) subject to pressure. In
Fig. 4 the variation of th&—AS separatiorii.e., the double
of the LO—phonon shiftin the middle of the diaphragm is
shown for tensile and for compressive strain. The compres
sion (tension was obtained on the inné€outen surface(see
Fig. 2). Biaxial tension(compressionlowers (increasesthe

(111)-Germanium
diaphragm

(a)

_ 1
AS-S = 106.31 cm AS (514.5 nm)

P = 6.55 bar A‘J\
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1 1 A 1 i 1 n 1

Raman Intensity (arb. units)

300 320 340 360 380 400
Raman Shift (cm™)

106.5 T T T
- (111)-Germanium b
£ diaphragm (b)
£ 106.0} .
@
o
c
e
Q& 1055} .
!'_é TO-like phonon
n slope = 0.205 cni'/bar
<
) 105.0f .

4
Pressure (bar)

FIG. 6. Stokes/anti-Stokes separati@vith 514.5 and 496.5 nm excitatipn

phonon energy. The effect is stronger for the tension than fofom the center of a Ga11 diaphragm measured on the outer surface
the compression and is nonlinear with the applied pressurétensile straii The diaphragm was 3 mm in diameter and 6@ in thick-

In Fig. 5, we show the results of the radial scan of the innepess(@ The spectra fop=0 andp=6.55 bar;(b) Stokes/anti-Stokes sepa-
surface of the diaphragm subject to a pressure of 3.6 bar, THaUON as a function of pressure,

compressive strain in the middle of the diaphragm become

S

tensile at the edge and vanishes around 0.6 mm beyond the

edge. The distribution of strain in silicon diaphragms is im-
portant for the design of piezoresistive pressure setisansl
our method can be useful for such studies.
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FIG. 5. Radial scan of the deformatiémeasured by the Stokes/anti-Stokes
separatioj on the inner surface of a @00 diaphragm subject to 3.6 bar
pressurg1.7 mm radius, 7Qum thickness
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B. Germanium

Here, the strongest signal is obtained for the 528.7 and
514.5 nm lines because of the proximity of the+ A, reso-
nance in interband transition$,which occurs at 540 nm.
Therefore, one of these lines can be selected for exciting the
anti-Stokes peak. On our laser, the 528.7 line required a spe-
cial mirror so we chose to work with the 514.5 and 496.5
lines. The power on the sample was 60 mW for each line.
The zero of the monochromator was set at 496.5 nm. For
(111) samples, we used crossed polarizatiGnsident par-
allel to (110) and scattered parallel td12) in order to see
only one line(the doublext In Fig. 6a) we show theS—-AS
spectra from the centeff @ 3 mmdiaphragm(60 um thick-
ness. On some spectra, a narrow plasma line could be seen
and it served as an additional reference. Plasma lines are
very narrow(below 1 cmi'}), so the spectrometer step has to
be small to measure their position accurately. In Fi) @ve
summarize the results for tensile strain. The phonon shifts
seem linear and they are around0.1cmi Ybar. Even
though the effects are small (1.4 ch), the scatter of points
is below 0.1 cm? so the overall accuracy is quite good.

Trzeciakowski, Martinez-Pastor, and Cantarero 3979

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



111)-GaA
(@
diaphragm

AS (488.0 nm)

AS-S(TO) = 38.42 cm”
AS-S(LO) = 86.67 cm”

Raman Intensity (arb. units)

S (476.5 nm)

200 220 240 260

Raman Shift (cm '1)

280

(111)-GaAs
diaphragm

(b)

89}

TO-phonon
slope=0.444 cmi'/bar

S-AS (cm”)

LO-phonon

87F slope=0.215 cm'/bar

38

0 1 2 3 4 5 6

Pressure (bar)

FIG. 7. (a) Stokes/anti-Stokes spectfexcited by 488 and 476.5 nm lines
from the center of a GaA§11) diaphragm(3 mm diameter, 2Qum thick-
ness$ for p=0 and p=6 bar (outer surface tensiorand (b) Stokes/anti-

Stokes separation for LO and TO phonons vs pressure.

The temperature change of tH&-AS separation for

AT=130 K was 6 cm?, slightly less than in Si.

C. Gallium arsenide

For GaAs, different argon lines yield a similar Raman

T M ) v 1 v
S-AS(TO) = 25.88 cm’
S-AS(LO) = 73.06 cm’

S (476.5 nm)

T=332°C
AS (488.0 nm)

Raman Intensity (arb. units)

P= 0 bhar
- = x S-AS(TO) = 41.03 cm’
AS-S(TO) = 41.03 cm (TO) cm_1 (111) Gahs
. AS-S(LO) = 87.91 em”’ S-AS(LO) = 87.91 cm —
' ' ' 200 220 240 260 280

Raman Shift (cm™)

FIG. 8. Evolution of the Stokes/anti-Stokes spectra(bfl) GaAs with
temperature.

temperature. At 332 °C the anti-Stokes lines are of compa-
rable intensity to the Stokes lines. The temperature shift is
slightly larger for the TO than for the LO phonon. In Fig. 9
we present th&—AS separation for the LO phonon {100
GaAs as a function of the power incident on the sanffiie

laser spot was about 100m in diametey. Figure 9 shows
that there is a substantial dependence of the phonon energy
on the laser power; no saturation can be observed down to 10
mW. This is related to the strong absorption of the argon
lines in GaAs so that the incident power is dissipated in a
very narrow region close to the surface. That means that
precise room temperature values of the phonon energies are
hard to obtain and that in measurements of small shifts of
these energies it is essential to keep the power on the sample
constant.

D. Indium arsenide

The strongest Raman signal was obtained for the 488 nm
line which is close tde; resonance for InAs. Therefore, we
chose the same pair of lines as for GaAs: 488.0 and 476.5
nm. The zero of the spectrometer was set at 476.5 nm. In

signal; the shortest wavelengths were only about 20% better
than the longest. We chose the 488.0 and 476.5 nm argon

lines which give a separation of the Stokes and anti-Stokes

lines for the TO phonon close to 40 ¢ The power on the — ' ' ' :

sample was 60 mW for each line and zero of the monochro- .E 88.5
mator was set at 476.5 nm. For tfiEll) sample, the polar- e

izations were both parallel to tHa10) direction in order to °

observe the TO and LO phonons. The spectra from the cente 2 88.0

of the GaA$111) diaphragm(3 mm diameter, 2Qum thick- g = 1
nes$ at zero and at 6 bar pressure are shown in Fig).7 %’ LO-phonon

The variation of the&s—A S separation with pressure is shown S

in Fig. 7(b). With biaxial tension, the TO—phonon energy ‘2 87.5 -
decreases twice as fast as the LO—phonon energy. This is il cn

qualitative agreement with the predictions of the model of
Ganesaret al!! A quantitative comparison is difficult be-
cause of the large scatter of deformation potentialg, and

r reported in the literatur®

In Fig. 8 we show the evolution of the spectrum with function of power incident on the samplgpot diameter 100 um).
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AS-S(TO) = 25.35 cni’ (100)-GaP
AS - S (LO) = 100.48 cni’ diaphrag
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FIG. 10. (a) Stokes/anti-Stokes specff@xcited by 488 and 476.5 nm lines FIG. 12. (a) Stokes/anti-Stokes spectfaxcited by 514.5 and 496.5 nm
from InAs(111) for two values of laser powerR,=40 mW) and(b) the lines) from the center of GaR00) diaphragm taken for Brewster-angle
Stokes/anti-Stokes separation for LO and TO phonons as a function of laséncidence forp=0 andp=6 bar (outer surface tensignThe diaphragm
power. was 3.4 mm in diameter and 30m in thickness.(b) Stokes/anti-Stokes

separation for LO and TO phonons vs pressure.

Fig. 10(a) we show the spectra for two powers of the incident

light [the polarizations were both parallel {410)]. The shows that there is no saturation in the range of powers ap-

power dependence of th8-AS separation[Fig. 1Q0b)] plied and that the LO phonon shifts more than the TO. The
same happens with increasing temperat(fey. 11). At
higher temperatures the LO phonon disappeared due to

" T T plasmon—phonon coupling; InAs is a narrow gap material

AS-S(TO) = 62.88 cm’ and thermal excitation of carriers is very strong.

AS-S(LO) = 20.50 cni’ From the biaxial deformation experiments on dia-

phragms, we obtained a shift for the TO phonon 24% larger

than for the LO phonon. This implieGising the theory of

Ganesaret al)'! that the deformation potential w3 should

be much smaller than the value0.76 obtained in Ref. 8.

More studies are necessary to elucidate this discrepancy.

S (476.5 nm)

AS (488.0 nm)

E. Gallium phosphide

AS-S(TO) = 61.01 cni’ All visible argon lines are above the indirect gap in GaP

AS-S(LO) = 17.53 cm’ ) (2.28 eV at room temperatyréut below the direct gap at

200 220 240 260 280 2.78 eV. Raman scattering is extremely intense because of
Raman Shift (cm -1) the proximity of the resonance and because of the small ab-

sorption coefficient; Raman efficiency is proportional to the

FIG. 11. Temperature variation of the Stokes/anti-Stokes spectrum ipduare of the scattering |end‘fﬁ:0r this reason, the signal i§
InAs(111). strongest for the 514.5 nm line and we chose to work with

Raman Intensity (arb. units)
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514.5 and 496.5 nm linegdéhe same as for GeThe zero of separated from those due to the strain. In these cases it is
the monochromator was set at 496.5 nm. The signal was smportant that our method supplies the absolute phonon en-
strong that the incident power could be set very low. How-ergies regardless of the calibration of the spectrometer.
ever, this was not important because we observed no shift of The method fails at low temperature because of the van-
the S—AS separatior(and no change of the linewidthwith ishing of the anti-Stokes signal but the above-mentioned ap-
increased laser power up to 100 mW. The laser power iplications are usually performed at room temperature, where
dissipated in a wide region of the samgtlue to small ab- most devices operate.
sorption coefficientand the heating effects are much smaller
than in all the other materials that we studied. ACKNOWLEDGMENTS
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