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. ABSTRACT
Raman microprobe scattering is shown to be a useful non-invasive real-time probe during thin film processing.
Applications during laser-assisted processing that are relevant to microelectronics are emphasized.

1. INTRODUCTION

Raman scattering is a fast, nondestructive diagnostic of many properties of semiconductors and insulators. Though
Raman analysis has been used mostly ex situ after processing,! it is equally useful for in situ measurements within a
processing chamber and for real-time measurements. This paper will survey the diagnostic capabilities of Raman scattering.
Empbhasis will be placed on the use of Raman spectroscopy with ~ 1 um lateral resolution, i.e. Raman microprobe scattering,
as a real-time probe during thin film processing. Though many of the examples discussed in this paper involve in situ
measurements during localized laser processing, which is also known as direct laser writing, the methods described here are
applicable to all forms of thin film processing. The emphasis of this work is on materials and thin film processes of interest
to microelectronics.

The identifiable features of a Raman spectrum are the number of observed peaks, their shifts, linewidths and
intensities, and the polarization dependence of the peaks.! For example, composition can be analyzed from the types of peaks
and their shifts. Local temperature can sometimes be determined from Raman peak shifts and widths. The phase of the
material, for example the existence of a solid vs. a liquid phase, may be deduced by peak intensities and polarization
properties. The identification of crystallinity, such as determining whether the material is a single crystal, polycrystalline or
amorphous, and the measurement of grain sizes can be made from Raman linewidths, shifts and polarization properties.
Similarly, damage can be identified and assessed by using this information. The magnitude and direction of localized stresses
can be measured by looking at Raman shifts and the peak splittings. Also, in some semiconductors doping levels can be
measured by looking at altered features in the Raman spectrum caused by doping and by the appearance of new features.
Examples of Raman analysis that illustrate most of these capabilities will be presented here.

Raman scattering involves the inelastic scattering of an elementary excitation. In Stokes scattering, an elementary
excitation is created and the scattered photon has less energy than the incident laser photon, while in anti-Stokes scattering an
excitation is annihilated and the scattered photon has relatively more energy. In most examples of interest here optical
phonons are the elementary excitations that are created or destroyed, though in some cases electrons or holes may be scattered
or, in superlattices, folded acoustic phonons can be scattered. The rate of scattering Raman photons is ~ co3x2/a, where © is
the laser frequency, % is the Raman susceptibility, which has all the dynamical information and as such is sensitive to the
polarization of the incident and scattered beams, and o is the absorption coefficient at the laser wavelength (which is usually ~
the absorption coefficient at the Stokes or anti-Stokes wavelength).2 The lateral spatial resolution is at best ~ A/2, where A
is the wavelength of the light used, and the depth resolution is ~ 1/20.

Spontaneous Raman signals are usually very weak, so signal enhancement is often necessary. This can be done by
working with shorter A, making use of resonances in %, and, when possible, by surface enhanced Raman scattering (SERS)?
and by taking advantage of optical interference effects.4 It is also essential to maximize the collection solid angle and data
collection times. Collection times can be improved relative to those for photomultiplier detection at the exit slit of a
scanning monochromator, by detecting the spectrally dispersed radiation with an intensity-enhanced photodiode array, CCD
array, or a position sensitive resistive anode detector (Mepsicron).5-9 With good signal collection, thin films of
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semiconductors and insulators can be analyzed. In some cases, the weak Raman signals from surfaces, monolayers on
surfaces, and interfaces can also be studied.4-6:9-11

In most studies, visible or ultraviolet lines from a cw argon-ion or krypton-ion laser have been used as the sources of
photons. However, pulsed lasers and lasers based on semiconductor diode lasers can be employed if the flux of photons is
high enough and if the laser linewidth is sufficiently narrow. Conventional lenses and microscope objectives are often used
for photon delivery and collection. Retractable fiber optic-based systems may prove to be very important for real-time
monitoring applications. Figure 1 shows a schematic of in situ Raman analysis of laser processing and a schematic of the
experimental apparatus used in some of the studies described here.
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Figure 1. (a) Schematic of a laser-assisted reaction using a scanning, focused laser at frequency wj to heat the substrate and
provide photons for Raman scattering, to obtain photons at ws. In this example of laser CVD the substrate could be bathed
in silane gas. (b) Experimental apparatus used for in situ and real-time Raman microprobe analysis during laser-assisted
processing.

2. RAMAN DIAGNOSTICS

2.1 Temperature Probes

For uniformly heated solids the Raman peak can often be represented by a lorentzian with a frequency shift wp(T)
and a width I'p(T) (FWHM) that are functions of temperature T. Because of anharmonicity, op decreases with T, while IT'p
increases with T. Consequently, either the Raman shift or linewidth can be used as a probe of temperature. Using Raman
microprobe analysis, the probed region can be ~ A/2 wide and 1/2c deep. If temperature variations occur over a larger spatial
extent, then the local temperature is obtained directly. If there are temperature variations even on such a fine scale, as there
can be when tightly focused lasers are used for local heating, the measured profile may not be lorentzian and the observed
profile must be deconvoluted, as in Ref. 12, to determine the temperature profile.

The example of laser heating in silicon is examined here. In Figure 2, the zone-center optical phonon frequencies
@p(T) and linewidths Tp(T) for c-Si are plotted up to the melting temperature.!3-15 Near ~ 1000 K the Raman shift varies
by ~-0.03 em UK. In uniformly-heated silicon, remote noninvasive temperature measurements can be made on Si wafers
with an accuracy better than 5 K. For a nonuniformly-heated sample, the Raman profile is spatially averaged over the local
temperature profile. This has been investigated for the very extreme case of Raman probing of small Si disks on silicon
dioxide and sapphire substrates heated by an argon-ion laser that was focused to a ~ 0.6 pm spot size.12 The temperature
profile was probed either by the heating laser or by a second focused laser that was scanned across the disk. One series of
spectra is shown in Figure 3a for laser heating and Raman probing of silicon disks on sapphire by the same beam. Since
these spectra are averaged over the local temperature, the temperature profile cannot be directly determined from the data in
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Figure 2. Instead they were compared with Raman spectrum simulations, where were obtained by using temperature profiles
determined by solving the heat flow equation during laser heating. A series of simulated spectra are shown in Figure 3b.
Peak temperatures can be determined within ~50 K up to the silicon melting point (1690 K) by comparing these experimental
and simulated Raman spectra for these very nonuniform temperature profiles. Sometimes the effects of strains and laser-
produced electron/hole pairs can prove to be important in such Raman simulations.

@ ®)
530 30
N\
T S as]
520 25+
3 >
~ -
= 510 20
+ T I
g o—
= 500 z 15
n L (5
C 490 =
S ; 10
: S
480 £ 5
02 s |
470 " L A 1 i L . 1 o n e 1 L
0 400 800 1200 1600 0 400 800 1200 1600

T (K) T (K)

Figure 2. Raman (a) shifts and (b) widths of crystalline silicon vs. temperature T, from Ref. 15. Data are taken from Refs.
13 - 15. Fits of various models of the temperature dependence of phonon energies and decay rates are also shown.
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Figure 3. Series of (a) observed and (b) simulated Raman spectra during laser heating of 4-um diameter silicon disks on a
sapphire substrate using a focused laser with 0.6 pum spot size, from Ref. 12. Experiments were conducted with 20, 30, 50,
75 and 85 mW (from right to left) and the simulations assumed 20, 40, 60, 70, 80, 90, and 100 mW.

2.2 Phase Changes

One way phase changes can be detected and subsequently followed is by polarization Raman scattering. This has
been used to follow laser melting of silicon; similar observations have also made for germanium.ls'17 Si(001) has a strong
Raman spectrum in the backscattering configuration when the laser is polarized in the x direction and the analyzed Raman
signal is polarized in the y direction, i.e. for the z(x,y)z configuration; whereas, the Raman signal vanishes for the z(x,x)z
configuration. Figure 4 shows how this can be used to determine laser melting of silicon by a static cw laser that is focused
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on the surface. In the partially molten silicon formed during laser heating, solid pieces float within the melt and so the
crystalline axes of each piece is rotated relative to those of the nonmelted solid. Therefore, using the reference frame of the
unmelted solid, there are peaks for both z(x,x)z and z(x,y)z polarizations at the Raman frequency for solid silicon at its
melting point, 482 cm-1.15 Molten silicon has no Raman peak, and the higher z(x,y)z peak in this figure represents non-
melted material. These spectra were taken during the first 0.5 sec of melting. They can be followed for longer times to
examine the flow of the molten material. Also, melting-assisted processes, such as laser etching of Si by chlorine gas, can
be followed using this polarization probe.16.17
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Figure 4. Raman spectra during laser melting of c-Si using (a) z(x,x)z and (b) z(x,y)z polarizations, from Ref. 15,

2.3 Composition

Thin film composition can be followed using Raman scattering. One example of real time analysis of a thin film
process is shown in Figure 5, where cw laser-assisted etching of copper films by chlorine gas is followed by Raman
microprobe analysis before, during and after this process that uses a scanned argon-ion laser for local heating.1® Before
etching, three peaks from amorphous Cuz0 are seen from the oxidized surface (149, 215 and 646 cm-1). During etching, a
strong peak near 282 cm-! is seen from nondesorbed CuCly products. After etching, in addition to the CuCly peaks, a broad
peak below ~ 200 cm! is seen due to CuCl. No evidence of oxidized copper remains. In analogous experiments, real-time
Raman scattering demonstrated the growth of CupO during laser-assisted oxidation of copper films.16
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Figfure 5. Raman spectra (a) before, (b) during and (c) after laser-assisted etching of a Cu film on glass by chlorine gas, from
Ref. 18.
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Another example of using Raman scattering for stoichiometry measurements involves determining the Si and Ge
fraction in Ge-Si alloys. These alloys have three Raman peaks, a Ge-Ge like mode near 300 cm-1, a Ge-Si like mode near
400 cm1, and a Si-Si like mode near 500 cm~1.19 Though the peak shift, width and relative intensity of each of these three
peaks depend on composition, the best probe of composition is the Raman shift of the Si-Si peak, which decreases with
increasing Ge fraction.20 This has been used as a composition probe after local laser writing of Ge-Si alloys lines with a
focused cw lzager beam?! and after purely thermal and excimer laser-assisted CVD of large-area Ge-Si alloy films, as is shown
in Figure 6.

8007 (q)

As deposited

Intensity (arbitrary units)

30001 (b)
Si-Si
: Laser annealed —
2000 4
3 As deposited
10001
Sx
o 3

250 300 350 400 450 500 550
Ramon Shift (cm™')

Figure 6. Raman analysis of CVD-grown Ge-Si alloy thin films showing (a) a silicon fraction x = 0.42 of a polycrystalline
film and (b) an initially-deposited amorphous film and the annealed polycrystalline film with x = 0.92, from Ref. 20.

Also, in a relatively simple use of Raman scattering as a probe of composition, Magnotta and Herman observed in
real time the laser CVD of Si, from silane, on Ge substrates.?2

2.4 Doping

Sometimes the doping of a semiconductor can modify the optical phonon Raman spectrum of a semiconductor,
making it a useful diagnostic. These changes can be traced to perturbations due to the dopant atoms and those due to free
carriers.23 For example, new phonon modes can appear because of the substituted atoms. A local Si-B mode is observed
near 620 or 644 cm™! due to 11B or 10B doping of Si (in addition to the first-order peak at 520 cm-! and the two-phonon
peak near 620 cm-! in intrinsic Si),24:25 and a local Ge-Al mode is seen near 360 cm™1 in Al-doped Ge (in addition to the
300 cm-! first-order peak in Ge).26 Also, the dopant atom can lower the symmetry of the crystal and some features that are
forbidden in the undoped crystal can become somewhat allowed in the doped crystal. For example, in Raman scattering of
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undoped GaAs (001) in backscattering configuration only LO modes are seen. TO modes can also be seen in the Raman
spectrum of doped GaAs.2’

Free carriers can affect Raman scattering of optical phonons either by single particle or collective motion effects.23
Single particle effects occur at very high doping levels, typically >> 101%cc. For example, the Raman lineshapes in heavily
p-type doped Si can become very asymmetric, and at high enough doping levels the spectrum can evolve into a peak and a
dip. This is due to a Fano-type interference between the Raman scattering of optical phonons and the "electronic” Raman
scattering of holes. Collective particle effects can become important at much lower doping levels. In partially ionic crystals,
such as GaAs, the LO phonon mode (at frequency @phonon) and plasmons (@plasma) couple to form L4 and L. modes. The

electron density n can be determined from the frequencies of these modes since it is related to the plasma frequency as ~ Vn.

This diagnostic has been used to determine the width of a line feature in GaAs that was doped by Zn using local laser
heating in Zn(CH3)2.27 Figure 7 demonstrates that this is accomplished by making use of the decreased crystal symmetry in

the doped region.
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Figure 7. (a) Raman analysis of GaAs that is locally doped by Zn by laser doping, from Ref. 27. In undoped GaAs only the
LO mode is seen, while in this heavily doped sample the TO mode is also observed. (b) The intensity of the LO peak (top
trace) and TO peak (bottom) across the laser doped line, with a scan 45° across the line.2’ This gives a linewidth of 2.0 um.

2.5 Crystallinity

In first-order Raman scattering from crystals the wavevector q of lattice vibrations is well defined, and only optical
phonons near zone-center (q = 0) participate in Raman scattering. In polycrystalline materials of decreasing grain size,
phonons increasingly further away from zone center begin to participate and the Raman shift decreases, the width increases,
and the profile becomes asymmetric.28 Polarization Raman scattering can be used to determine grain orientation.2% For
amorphous material, the entire phonon dispersion curve is sampled by Raman scattering, leading to a very broad peak at
relatively low frequency. Figure 6b shows that crystallinity can be determined using Raman scattering. The Ge-Si film
deposited by CVD20 initially has the broad spectrum displayed in the figure, which showed that the film was amorphous.
This was analyzed ex situ, but could have as easily been performed in situ. After annealing, the film was re-examined in situ.
The Raman peak becomes sharp, with contributions mostly near ¢ = 0 zone-center, which indicates (large-grained)
polycrystalline material. The closely-related topic of Raman assessment of damage after processing has also been addressed.30

2.6 Stress

Stress-induced strain perturbs phonon frequencies, thereby perturbing the Raman spectrum. This has been well
characterized for zone-center phonons in silicon.3! In Si, there are three degenerate phonons at q = 0, one LO and two TO
phonons. Strain can shift and sometimes split these levels. In backscattering from Si(001), only the LO peak can be seen
and strain will shift this peak. For other configurations, scattering from two or three of these phonons can be allowed, and
strain can shift and split the Raman spectrum. This has been used to determine stresses in silicon films after patterning or

processing in several studies.32:33 Stress effects can also be important during heating of surfaces by localized beams, and can
lead to perturbations of the Raman spectrum.34
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3. CONCLUDING REMARKS

This paper has surveyed the use of Raman scattering to monitor thin film processing in situ and in real time. The

broad range of properties measured by Raman scattering and its high spatial resolution combine to make it a unique probe.
The data obtained from real-time Raman monitoring can be used to understand the physics and chemistry underlying the thin
film process and can also be used for real-time monitoring and control.
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