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Abstract

We review a number of recent significant developments in the use of Raman scattering (first-order as well
as second-order) to characterize semiconductors in bulk, thin film or device form. Areas to be discussed
include microcrystalline and amorphous tetrahedrally bonded solids (particularly Si), ilon-damage and laser-—
annealing effects, microscopiec nature of potential fluctuaticens In alloy semiconductors (including single
crystal metastable materials), determination of the composition dependence of conductien band effective
mass and scattering times, HgCdTe and CdTe, zome-folding in superlattices, correlation of light scattering
and transport properties in quantum well structures, interfaces (including semiconductor/vacuum, Schottky
barriers, MOS, heterojunctions) and determination of strains (Including temperature dependence) at the
interface of §1 on various substrates.

Introduction

Raman scattering (RS) 1s an extremely useful tool for characterizing semiconductors, either in bulk, thin
film or device form, RS depends on electron-phonon (lattice vibrations) interactionst, and therefore
is an important complement to other spectroscopic techniques (ellipsometry, modulated reflectivity,
luminescence, XPS, AES, LEED, SIMS, TEM) many of which are functions of the electronic states. Since
electron-phonon interactions are very sensitive to local environments, RS cam give information about
material {or device) structure and/or quality on the scale of a few lattice constants. For example, this
spectroscopic method can be used to study the microscopie nature of structural and/or compositional
disorder, clustering, etc. Also since RS is a second order optical processl’2 it contains symmetry
information not available from first-order Interactions. For example, in diamond and zincblende-type
semiconductors first-order optical processes are not sensitive to the polarization of the radiation
(relative to the crystal axes) whereas in RS the scattering intemnsity for a given phonon mode is a function
of both the incident and scattered light polarizations. This dependence leads to symmetry informaticn
that can be utilized to characterize many materials parameters. Furthermore, by using various excitation
lines with different penetration depths it 1s possible to perform depth profiling measurements.

In materials characterization RS has been used to evaluate such quantities as crystal quality,
composition of alloy semiconductors, carrier concentration and scattering time (o 2 1017 cm—3), structural
and compositional disorder, ion-damaged and laser-annealing effects, etc., These aspects of RS have been
discussed in articles by Abstrelter et al3 and Tsu.%s3 RS can also be utilized to study the nature of
oxides on compound semiconductors as discussed by G. Schwartz . In this paper we review a number of
recent significant developments in the use of Raman scattering (first-order as well as second-order) to
characterize semiconductors in bulk, thin film or device form. Areas to be discussed include micro-
crystalline and amorphous tetrahedrally bonded sclids (particularly 5i), ion-damage and laser-annealing
effects, microscopic nature of potential fluctuations in alloy semiconductors (including single crystal
metastable materials), determination of the composition dependence of conduction band effective mass and
scattering tlmes, HgCdTe and CdTe, zone-folding in superlattices, correlation of light scattering and
transport properties in quantum well structures, interfaces (including semiconductor/vacuum, Schottky
barriers, MOS, heterojunctions) and determination of strains (imcluding temperature dependence) at the
interface of Si on various gubstrates. .

Background of Raman Scattering

Raman spectroscopy involves two photons - one incident and one scattered - and hence is different from
one photon processes. 22 In the Raman effect a photon is scattered inelastically by the solid with the
subsequent creation or annihilation of a phonon.’/ The process 1s very similar to ipelastic scattering
of x-rays or neutrons by a crystal. The conservation rules (energy and momentum) for the first order
Raman effect are: )

= fuy +"E1w (1)
'hk =k, + Jﬁ+ ' (2)
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Table T. Symmetry selection rules for backscattering from "1deal™ dizmond — and— ]
zincblende-type semiconductors ‘

‘Surface
<100 > < 110 > < 111>
Made :
Lo Allowed @) Forbidden Allowed 2)
TO Forbidden © Allowed @) Allowed )
1

a) Allowed for this surface for at least one polarization configuration.

The second-order Raman effect is a scattering process in which two phonons participate L They may
both be created (giving a Stokes component in the scattered light) or one may be created and the other
destroyed (giving a Stokes and anti-Stokes component) or both may be destroyed (giving an anti-Stokes
component) .

If the two created phonons have branch indices ¢ and o~ (e.g. TA, LA, etc.) and their wavevectors
are q and q', then energy and momentum conservation give

hwgq +Ho . . =T1mi -'Flms (3)

g q
-E + ‘EE‘ = ﬁ;i _-mis (4)

The branch indices and wavevectors can take all values consistent with these restrictions. Thus the wave-
vectors need not be small, as in first-order scattering, but can take on values throughout the Brillouin
zone. The phonon wavevectors are typically three orders of magnitude larger than the light wavevectors
over the major part of the zome, and Eq. (4) can be replaced by

Wk -0 (5)

to a very good approximation. The vibrational frequencies are the same at wavevectors +g and —-q, and the
energy conservation condition can thus be written

: = - 6
T“’crq # b - Fu)i Fws (6}

g
Amorphous and microcrystalline materials

Microcrystalline materials

The first-order Raman spectrum has provided a Do = 16cm!
fast and convenient method to determine whether a . <5iem!
semiconductor such as silicon is erystalline or Asymmetry =113
amorphous. For example, as discussed above, the
conservation of phonon momentum, g, in crystalline
silicon (e-Si) leaves as Raman active only the zone
center (g = 0) optic phonon at 522 cm~l{see Fig. la),
which gives rise to a single line with a natural
linewidth of Ty = 3.5 ece~l. In amorphous silicen
(a-81i) the gq-vector selection rule does not apply
at all due to the loss of long range order. AllL
phonons in Fig. la are therefore allowed and the

- measured
—calculated

INTENSITY {aq.u.}

RAMAN

Raman spectrum resembles the phonon densit¥~of-
states with prominent humps around 140 cm™ ! and

480 cm™~, the former having its origins im the w‘cij

TA phonon while the latter is related to the TO

phonons ‘4. . Thus the observation of these broad Fig. 2 Measured and calculated

features or the sharp line at 522 em~l has been used Raman line of a ue-5i

to differentiate between a-8i and c-5i. sample., The dashed line

) indicates the Raman shift

Within the past several years a mumber of for c~51. The asymmetry

investigators have reported spectra intermediate is defined as T,/ Ip

between the two extreme cases described abave 3, where T, and Ty are the

They always involve a shift of the 522 em™ i line low and high frequency half

towards lower energy accompanied by an asymeetric ' widths, respectively, .of

broadening. This phenomenon has been taken as the Raman line (Ref. 13).
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where Wi, ki refer to the egnergy and momentum, respectively, of the incident photon, wg, hkg refer

Wy, 4, refer to the phonon created (minus sign) or destroyed (plus sign)
(1) and (2) the minus sign is called the Stokes compoment while the plus
Hence RS is a property of the vibrational medes of the semiconductor.

to the scattered photen while
in the scattering event. In Egs.
sign is the anti-Stokes component.

In an "ideal" crystal (i.e., a solid having translational symuetry) the spatial correlation (5C) length
of the phonon is infinited leading to plane-wave phonon eigenstates. Also the momerntum of the incident
1ight commonly used in RS {i.e., visible or near-visible lasers)} is negligible compared with the crystal
momentum. Thus the phonons invelved in first-order RS have hgpz @ [(see Egs. (1) and {2)) and hence are
at the center of the Brillouin zome ( I'- point). However, disorder or finite-size effects may partiaily
or completely relax momentum conservation. 1In a material with structural disorder, the Raman spectrum is
essentially that of the phonon density of states. Even in a material having only compositional disorder,
momentum non-conserving processes may OCCUr because of the potential fluctuations induced by a random
distribution of different constituents.

Plotted in Fig. la and 1b are the phonon dispersion relations along <100> and < 111 » for the optic and
acoustic phonons for Si and GaAs, respectively. TFor the diamond type material such as Si (which are
homopolar) the g 0 (™~point) optic phonons are triply degenerate and hence only one line is seen in the
first order—Raman spectra of such solids. However, in the case of zincblende-type the q = 0 degeneracy
is lifted because of the lack of inversion symmetry and the related polar character. The zone—center
phonons are designated as lomgitudinal optic (LO) and transverse optic {T0) modes, the former always being
at higher frequencies. Thus two Features, LO and TO, are observed in the first-order RS of semiconductors
such as GaAs. For many alloy semiconductors, such as Ga] xAlxAs, a two—mode behavior is observed 3,4
i.e., GaAs-like and AlAs-like TO and LO phonons. It has been demonstrated that the internal fields
associated with the LO phonon mode can couple to various collective electron modes .~

As discussed above the Raman intensity is a function of the polarization of the incident and scattered
light relative to the crystal axes 1.2 For example, in the backscattering configuration, which is
eriployed in most semiconductors?, only the LO phonon is allowed for the <100s surface, the TO mode
being forbidden. However, for the case of the <110 >face the TO phonon is allowed while the L0 meode is
forbidden. ¥or the <11l> surface both LO and TO modes can be observed. These results are summarized in
Table I. It should be ppinted out that these selection rules are valid only for the "ideal" erystal, i.e.,
in the absence of perturbations (electric or magnetic fields, etc.) and/or g-linear terms.10,11

For the Group IV semiconductors these symmetry selection rules in general, have limited use since the
L0 and TO modes are degenerate. However, for zincblende type materials, since this degeneracy is removed,
these selection rules can be employed to evaluzte many important material parameters. For example,
observation of the symmetry-forbidden TO mode from the <100 > surface can be related to crystal quality-l"5




evidence of a " microcrystalline phase" in 81 (uc-5i).
A similar effect has been reported for jpc-Geld

1 T T T T

and lUe-GaP l4 L . P P P
' Q- Si{SPUTTERED) b
Richter, Wang and Leyl3 have developed a - — —MNO HEAT TREARVENT 475
detailed model to quantitatively explain this e HT AT 650°C, dhrs

observation in siliceon. A more gqualitative model
has been presented by Tsu et al 15 | For a finite
material the mode correlation functions of the
phonons become finite due to the lack of tramsla-
tional symmetry, Thus there is a relaxatian of

the q = @ selection rules. Reference 13 has assumed
a Gaussian localization factor exp (-2r2/L2) for the
phonon wave function, where L is the diameter of the
microcrystalline phase (assumed to be spherical).
Upon Fourier transformation this leads to an

average over q with a similar weighting factor,

RAMAN INTENSITY

axp (-q2L2/4). The above considerations lead to a léo 250 360 460 560
red shift and an asymmetric broadening with tailing

towards low frequencies as the q = 0 selection rule RAMAN  FREQUENCY lcm-t)

is relaxed. Shown ip Fig. 2 are the results of

Ref. 13 with L = 40 & for the Hc—8i phase. The Fig. 3 Raman scattering intensity (in
dashed line indicates the Raman shift for ¢-Si. arbitrary units) vs. Raman

The calculation produces a shift Aw = 1.6 cm™ 1, ' frequencies (in em~l) for a
r=5.1 cml and an asymmetry = 1.13. The asymmetry sputtered sample before and after
is defined as To/Ty , where Ty and Ty are the heat treatment at 650°C for 6
low frequency and high frequency halfwidths, re- hours. The noise and plasma
spectively, of the Raman line. The agreement iine for the sample before heat-
between experiment and theory is quite good thus ing have been removed for

making it possible to evaluate the pe-Si particle clarity (Ref. 12),

size from the first-order Raman spectra.

We shall show below that the g-vector relaxation
model can also be employed to explain the Raman
spectra of topologically disorder semiconductors.

Structural and crystallization effects in a-S5i, a-Ge and a-C

A number of invﬁif%%?%%fs have used the features of the Raman spectra to gain insights into microscopic
structural effects "> V7%, Tsu and co-workers have used the features of the Raman spectra of a-5i
materials (a-SiF:H, a-5iH and sputtered a-5i) i.e. the broad features around 140 cm1(TA) and 480 cm~1 (TO}
and the relatively sharp structure in the 500-522 cm~l range ( lie-5i phase) to investigate many important

aspects of the growth and recrystallization of these solids 12,16,

For example, Raman scattering has been utilized to characterize the change in structural order parameter
for three types of a-5i mentioned above. Figure 3 shows the Raman spectra for a sputtered a-5i sample
before and after heat treatment 12. The plasma lines of the Ar-ion laser (sharp features) were left in
purpesely to obtain an exact calibration of the Raman frequencies. Note that Wy shifts from 462 em—t
before heat treatment to 475 cm~l after annealing at 6509C for 6 hours while @y, shifts down from 145 to
137 en—l. There is also a very substantial change in the linewidth of the TO phonen and the intensity of
the ratio Irp/Tra. Similar results for heat treated a~Si:F:H and a-Si:H. By correlating the Raman
results with electronic properties, these authors were able to conclude from the above Raman features that
in relation to a-5i (sputtered)} there is an increase in local order in the amorphous phase for a-Si:H and
particularly for a-Si:F:H. The improvement in structural order is consistent with the reduction in
electronic gap states. These authors also have discussed the details of the Raman features, i.e. shifts,
linewidths and intensities, in relation to topological and bond-angle variations

Maley et al have used both Raman scattering and optical absorption measurements to investigate the
substantial changes in a-Si deposited under conditions of variable substrate temperature 18. These
results indicate an approximately linear variation of the optical gap with the inverse width of the TO-like
band. Also reported are similar preliminary results for a-Ge. These investigators mention that the
variations in both the phonon and electronic states in these tetrahedrally coordinated amorphous solids are
primarily due to modifications of the bond angle distribution,

Shimada et al studied the structural propertieslgf the two phase silicon system (i.e., a-S5i and wc-8§1)
by means of Raman scattering from the TA-like band . They mention that this feature is a sensitive
probe of the randomness of the Si-5i bonding structure in pe-Si.

Although the above articles have noted that a relation between bond-angle variation and Raman linewidth
exists no detailed correlation has been made. Recently, a calculation 23 involving the experimental
values of Raman-strain parameters of c¢-5i and c-Ge has been used to give a quantitative relation between
the bond angle variations and the measured linewidth of the TO-like bands in a-Si and a-Ge, respectively.
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T - T I The details of the Raman spectra of the pe-5i
phase (relatively sharp features in the 500-522 em—1
range) have been employed to study the crirical
volume fraction for conductivity percolation in
P-doped Si:F:H alloysl? and the nucleation and
growth rates of a-Si alleys 16, In the former
experiment a mumber of samples of highly P-doped
a-Si:F:H alloys were prepared having a range of
volume fractiom, p , of c-5i embedded in an a-S3i
matrix. The integrated Raman scattering intensity I,
of the crystalline part relative to Iz of the
amorphous component is used to deduce p ., TFigure 4
shows the typical Raman spectra of two such samplesl7

The curve denoted by p” = 0.1% has been
resolved into two parts, I {shaded) and I.. A
computer program was used to fit a typical amorphous
spectrum having a maximum located at 480 em™ . After
subtracting I, from the total measured scattering,
the remaining area under the curve is attributed to
L., the contribution of the fraction of crystallinity
¢ - These authors have found that the measured
critical volume fraction at the onset of rapidly
increased conduction in this two-phase system of
microerystallites embedded in an amorphous matrix is
pe = 0.18. This value coincides with the theeoret-
ical percolation limit and serves to explain the

RAMAN INTENSITY (ARB.UNITS)

| 1 i i

350 400 450 S00 550
RAMAN FREOUENCY (Cm_') conduction process in these two-phase materials.

Raman scattering has also been utilized to study

Fig., 4 Raman intensity versus Raman amorphous and microcrystalline carbon and related
frequency for a two-phase materials such as graphite and coal <™, Several
system, microcrystallites studies show that as—deposited a-C £ilms have only
embedded in an amorphous matrix graphite-like bonding while amnealing produces uc—C
(Ref. 17). that grows in size with annealing conditions 20,21,

On the other hand a-C:H films prepared by glow
discharge shows evidence for the uc-C phase with no annealingzz.

Ion~damage and laser annealing

Ton-damage and laser annealing in semiconductors are processes of considerable technological importance
as well as methods of producing controlled damage for studying the nature of disorder in solids. There have
been a mumber of studies utilizing Raman scattering to investigate lon-damage and laser annealing in
diamond > and zincblende—type semiconductors 26,

Figure 5a shows the unpolarized backscattering Raman spectrum of an unimplanted sample of < 100> GaAs
(spectrum A, Indicated at the top of the figure are the positions of various zone center and zone edge
phonons 23, The prominent feature at 292 cm—l in spectrum A is the LO phonon (gq=0) with a natural line-
width of 3.0 em~l. The small feature at 269 em—l is the TO phonon (q=0)} which is forbidden in the < 106>
backscattering geometry. The appearance of this peak was not due to misalignment since this experiment
was performed in the true backscattering configuration. Tsu has discussed the origins of this feature in
the forbidden configuration4, Also plotted in Fig. 5a are the spectra for a sample implaated with
270 keV Ast ions to a fluence of 2.4 x 1013 em™% for various polarizatiom configurations (spectra B, C, D
and E). Spectrum F is that for material implanted to a fluence of 3.2 x 1014 ocm=2, The increasing fluence
results in a continuous transformation of the Raman spectra from ¢rystalline (spectrum A) to amorphous
{spectrum F) material. Note also that for a fluence of 2.4 z 10 em™2 the polarization selection rule of
the LO-phonon mode still are obeyed, i.e. it is allowed for the configuration of spectra B and € but 1is
forbidden for the D and E geometries .

Plotted in Fig. 5b are the Raman features of a piece of undamaged gemi-insulating (SI} GaAs (bottom
spectrum), the SI GaAs implanted with Tet at 200 keV to a fluence of 3 x 1015 em2  (top spectrum) as well
as the spectra of the implanted material that has been laser annealed with the 530 mm line of a Nd:YAG
laser with 10n sec pulses at various power densities 4 ., Note that the top spectra of Figs. 5a and 5b are
quite similar, i.e. amorphous material with a broad_ peak at about 260 em~l., Annealing at 5 MW/ em—2 brings
out two features at about 265 cm™l (T0) and 285 em~l (LO). Note that the LO mode is asymmetric while the
TO feature is relatively symmetric. With increased power density the LO mode gains in amplitude, shifts
to higher frequencies, narrows and becomes more symmetric until at 40 MW/em? it closely resembles the
undamaged material. The TO mode decreases in amplitude (relative to the 1L0) and shifts only slightly to
the blue. Thus the effects of laser annealing (Fig. 5b) are the inverse of ion-damage (Fig. 5a). In Fig. &
is shown for 250-350 cm™l the expanded version of the LO and symmetry-forbidden TO phonon for both the
unimplanted and 2.4 x 1013 em~? implanted samples of Fig. 5a. The full width at half-maxima = (Fa + Fb}
is indicated. Note that the LO phonen line for the implanted sample has (a) shifted to lower frequencies
and (b) broadened asymmetricaily ( T[,> I, ). Howaver, the TO feature shows only a small symmetrical
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(Ref. 4).

For the case of the ion-damaged material the
behavior of the LO and TO modes has been quantitative- .
1y explained 25  in terms of a "spatial correlation" (SC) model similar to that used by Richter, Wang and
Ley for 1e-Si. As discussed before, in an "ideal" crystal the region over which the spatial correlation
function of the phonon extends is infinite, thus leading to the usuzl phane-wave phomon eigenstates ?nd the
q=0 momentum selection rule of first-order Raman scattering. However, as the crystal is damaged by ion-
bombardment the mode correlation functions become finite due to the induced defects. Thus, there is a
relaxation of the g=0 selection rule and an associate finite "spatial correlation" size, L.

Based on these considerations it is possible to write T (), the Raman intensity at frequency W , as:
d’q

[m - m(q}] 24 [FO/Z—_’Z (7

where q is expressed in units of 27/a, a being the lattice constant. The parameter T4 (=.3.0 c.m"l) is
the natural linewidth {full-width at half-maxima) of the undamaged material (having a Lorentzian lineshape)
and w(q) represents the dispersion relation of the phonon.

1) ¢ flexp (- of1%/4)

In order to calculate the Raman features of the LO phonon in ion-damaged GaAs, Ref. 2_5 emplayed Eq. (7)
taking for the dispersion w{q) the analytic model relationship:

w (g) = A+ Bcos(mq) 8
which with & = 269.5 cm L and B = 22.5 cm~ 1l repreduces quite well the dispersion of the L0 phonon in GaAs
(see Fig. 1b). Also a spherical Brillouin zone was assumed.

Figure 7 shows the shift Auw;n of the maximum of Ipg(w ) from 252 em~l and T = Fa"’ 'y, the ft}ll‘
width at half masimum of the LO line as a function of L as evaluated fram Egs. (7) and (8) (seolid }IDEJ:
Also shown are the experimental values of Awpg and T for various fluences. From the abm-re equatlons‘lt
is also possible to evaluate the asymmetry | a/l b in relation to Wrp for various L. This is shown in

SPIE Vol. 452 Spectroscopic Characterization Technigues for Semiconductor Technm’qu (1983) / 31




GaAs <I00> : 15¢
270 keV As-Ion Implanted !
i Scal
' cale
- 2.4 % 10% em 2 : -|00'E
= 600K - =
S ; =
= : g
= : <
= : 150 7
2 Unimplanted s @
8 Scale =
S . S
- 800 7 lo =
=) Symmetry Farbicden ) S
E 120+ Phonon H T E
i : i
cor ;
0 ] : L wl —
250 260 270 280 290 300 350
Raman Frequency (cm™")
Fig. 6 Expanded version of

spectra A and C of Fig., 5a

in the range 250-350 cm~l

{Ref. 25).
Fig. B together with the experimental values. The

agreement in both cases is quite good, Thus from

Figs. 7 and 8 it is possible to relate the shift,

broadeni
15

2.4 x 1013 em~2 corresponds to an L x 45

LW (em-)

-5
45
GoAs <I00>
270 keV As-Ion Implanted
-a 150
-3k ; ] FI 160
b Experiment Somple Ilc;‘igzcnf'zl _
— Theory I_|Unimplonted o=l
2 0.56 170
3 1.0
-2 4 1.3 ]
S 1.8 BC
6 2.4 4190
7 3.2 K30
8 4.2
-l ] 5.6
2 6 |75
1l 10 J
= B 200
i3 24 130C
1 : 1 L L T £
) 3 0 15
Trgrac (€M™
Fig. 7 The LO phonon shift, 4w 14,
and broadening, T as a
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#. Such a relation between fluence and average undamaged region size

function of L as determined
from Eqs. (7) and (8){solid
line}. Also shown are
experimental points for
various fluences (Ref. 25).

For example, a fluence of

is consistent with a recent scanning ellipsometry experiment performed on the same samples 27,

The SC model also explains the fact that the TO
phonon exhibits only a small red shift. For this
mode, in GaAs as 1n other 111-V materials, there is
litcle dispersion: Wqp decreases by only about
10-15 el from zome centfr to the edge. Thus, for
the TO phonon, A= 264 cw -~ and B= 6 em™! in Eq. (2}.
This dispersion, when substituted in Eq. (1), vields
only a slight shift to lower frequencies with
decreasing L down to about 45 A. The evolution of
zone-edge phonons with increasing fluence is a
density-of-states effect that can also be understoed
on the basis of the SC model. From Eqs. (7) and (8),
the intensity corresponding to the L0 zone-edge
phonon at 247 ¢m™~ is zero for large L but increases
monotonically with decreasing L.

For ion-damaged GaP Myers et al. 26  have also
observed with first-order Raman spectra a softening
and asymmetric broadening of the LO phonon and almost
no shift of the TO mode. These results are inter-
preted in terms of the disruption of the long-range
ionic ordering which weakens the Coulomb interaction
that is responsible for the difference in energy
between the long-wavelength LO and TQ phonons. Thus,
in their model, the reduction of the coherence length
of the LO mede shifts its energy back to that of the
TO phonon as the damage increases., Such an inter-
pretation explains gualitatively the softening and
asymmetric broadening of the LO phonon line and the
relative stability of the TO mode. There appears to
be no contradiction between the approach of Ref. 25
and that of Ref. 26 since both rely on the concept
of the reduction in coherence length of the phonon
modes. The above analysis is also consistent with
the suggestion of Nakamura and Katoda 28 that
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(Ref, 31), (8} (solid line}. Alsc shown are
experimental points for a number
of Gal-xAlyAs/GaAs and
their implanted samples contain partly crystallized Gag.47Ing, 5348/ InP samples. Repre-
regions. sentative error bars are shown

(Ref, 31). The characteristics of
the samples are listed in Table II.

Alloy semiconductors

Alloy potential fluctuations

In an alloy semiconductor such as Gal-xAlyAs there exist potential fluctuations due to the microscopic
nature of the compositional disorder and hence translational invarlance 1s broken. This effect also will
manifest itself as a gq-vector relaxation process. Indeed, it is found that in ternary alloy semiconductors
the LO phonon mode is asymmetric (I‘a> I‘b) and broader than that of the binary end point materials 3.4.29,30,

First-order Raman scattering Shown in Fig. 9 are the 1O phonon spectra from the <100> surface of
Gay_yAl,As for x=0, 0.39, 0.5 and 0.9. This material exhibits a two-mode behavior i.e., AlAs-like (LOj) and
Gahs~like (LOp) features for 0 <x <1. The GaAs LO-mode (x=0) has a symmetric lineshape with ' =3 en~1
while the other spectra are asymmetric (I‘a > T, ) with a total linewidth T greater than that of GaAs. For
the x=0.9 material the lineshape of LOjp is coml:lﬁicated by the presence of the AL feature, which has been
ascribed to localized phonon mode due to the motion of As atoms about a Ga atom on an Al site 4, The
behavior of the alloy spectra, 1.e., broadening and asymmetry alsc can be quantitatively accocunted for by
q - vector relaxation induced by the microscopic nature of the alloy potential fluctuations 3, In this
case the variable L can be thought of as a correlation length over which the material is compositionally

ordered.

Plotted as the solid line in Fig. 10 is the broadening T and asymmetry T,/ T as a function of the
correlation length L as determined from Eqs. (7) and (8). Also plotted In this figure are the experimental
points for the GaAs-like and AlAs-like modes of a number of samples of Gal_xAles/GaAs (the data for
sample #4 is taken from Ref. 32) as well as the GaAs-like mode of Gag.47Ing.53As/InP [foi: this material the
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Table 1I. Characteristics of the Gaj_, Al As/GaAs and Gag 47Ing 5qAs/InP samples in Fig. 10.

Sample Material Growth Technique

1 Gao‘79Alo.21As/GaAs MOCVD

2 Gao‘64A10'36As/GaAs MBE,

3 GaO.SAlD_éASJGaAS MBE

4 GaD‘EAlo.AAs/GaAs Ref. 33
5 GaD.SAIO.SAS/GaAS LPE

& Gao‘lBAio_BzAs/GaAs LFE

7 Gay (4l, gAs/Gads LPE

8 GaD.lAIO‘QAS/GAAS LPE

9 Gao‘a71n0'53AS/InP MOCVD
+ Gap, 47", 5348/ InF LPE
11 Ga0.471n0-53A5/InP MOCVD
12 Ga0‘471n0‘53As/InP MBE
13 GaO.471n0_53AS/InP MBE

InAs-1like mode is not observed32 The characteristics of the samples are given in Table TI. For

sample #1 the LO7 - mode was too weak to be observed. TFor sample # 4 no data on the L0 peak was reported.
The lineshape of the LO; mode for samples #6, #7 and #§ was complicated by the presence of the AL feature
(see Fig. 9) and so no meaningful data could be deduced.

' The agreement is quite good bhetween the experimental points and the theoretical curve in Fig. 10. This
demonstrates that it is possible to evaluate a microscopic spatial coherence length, L, over which the
material is compositionally cordered.

The data in Fig. 10 reveals several very interesting features. For example for Gaj.,Al As for the
Ga-rich samples the CaAs-like mode is relatively narrow and symmetric in relation to the AlAs—1ike mode
{(for example, samples #2 and #3). However, this situation is veversed at x > 0.5, i.e. the AlAs-iike mode
becomes narrower and more symmetric than the GaAs-like feature. This effect is related to the difference
in S3C length for the GaAs - and AlAs - sublattices as a function of composition x. Barker et.al. have also
reported the narrowing of the linewidth of the GaAs-1like phonon when the sample compositiom is rich in Ga
and narrowing of the AlAs-1ike feature for high Al concentratioms.

Jusserand and Sapriel alsc have explored the relation between alley-induced ¢—vector relaxation and the
asymmetry of the LO-phonon mode33. Their model differs from that of Ref. 31 in several important features:
(a) for convenience they used a Lorenztian to describe the g-vector distribution, (b) their integral is one-
dimensional in g-space (dq instead of a%q), (c) a composition dependent broadening T (x} and (d) a guadratic
dispersion is used which is not valid over the entire BZ, Also Ref. 33 fits the asymmetry of only the
GaAs-like mode (to x = 0.5) and not the AlAs-like feature. Thus the model of Ref. 31 is much more general
and the results are more comprehensive.

Also, recently some extremely interesting Raman experiments 34,35 have been reported on the metastable
semiconducting allays (GaAs)l_xGex and (GaSb)l_xGex. The Raman spectra from the former crystalline alloy
exhibits a "single-mode" type behavior i.e., only one set of optic modes34. The degenerate optic mode of
Ge decreased in frequency and split into two GaAs-like modes with the addition of less than 10 mole % Gas.
With further increases in GaAs concentration the higher-frequency mode remained with the longitudinal optic
mode of GaAs (at about 292 cm~l) while the lower frequency mode broadened, decreased in frequency more
rapidly and finaily merged with the TO mode of GaAs at 269 em™l. The authors suggest that this highly non-
linear behavior may be due to a template effect with the GaAs substrate.

For the crystalline {GeSh}i_,Ge, system optic phonons exhibit a "one-two" type mode behavior, i.e., two
gets of optic modes are ohserved cver part of the composition range with only one mode seen over the
remaining range of compositions35. These results are shown in Fig. 1l. According to the usual Raman
selection rules, for the <100> backscattering configuration the GaSb LO mode and the Ge optic mode are
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9x103 allowed, but the GaSb TO mode is forbidden. Figure
11 shows that twe optic modes were cobserved in the
alloy spectra, one near the GaSb L0 mode at 234 em~l
al- _ and one near the Ge optic mode at 300 em~l. The

(a) GaSb-like mode daes not shift appreciable in fre-
quency as the GaSb content is decreased; however,
7_(b) | its intensity falls rapidly and the peak broadens

considerahly so that it was just discernable in
the (GaSb)p, p7Geg, 73 spectra. On the other hand, the

(c) ] frequenecy of the Ge-like mode decreased from 300 to
257 em™! and the intensity decreased in an approxi-

mately linear fashion as the Ge concentration was
sk (d) ] decreased from 100 to 6 mole %. The linewidth of
this mode remained almost constant in the alloys.

{arbitrary unils)

= The strong damping of the GaSb-like mode with de-
gd__ | creasing GaSb concentraztion suggests that
z (e) {GaSb)y_xGe, follows an intermediate one-twe mode
- pattern. In two-mode behavior, the optical modes
Ea— (f} | of the pure crystal end-members evolve into a local-
2 ized impurity mode of that constituent in the other
g end-member. Intermediate behavior occurs when
ol B creation of a distinct localized wmode does nct take
(g) place, In this alloy, it is suggested that small
concentrations of Ga and Sb in Ge do not induce
Al L localized modes in the lattice for the following
{h) ] reasons: (1) Ga has too small a mass difference
— with Ge to significantly perturb the lattice, and
o ) | \ | . [ . (2) the Ge crystal does not have a gap in its
[#] 100 200 300 400 phonon density of states for creation of the gap
Raman Shift  {em-1} mode associated with heavy substitutional Sb impur-
ities (Mgp/Mge = 1.69). Spectra taken from a 99.8
Fig. 11 Raman spectra from single mole % Ge sample showed no evidence for Ga or Sb
crystals related local modes. In contrast, at the other end
{(a) Ge of the alley concentration range, the Ge-like mode
(b} (GaSb)D.ZYGeO.73 merged into a local mode of 257 em~l as shown in
(c) (GaSb)D.hﬁGeD.56 Fig. 11 {g). The authors attribute this to Ce atoms
(d) (GaSb)O' Geg a4 residing on Sb sites, Ge atoms on Ga sites have
(e) (GaSb) 76580 24 too small a mass difference for creation of a gap
(£) (GaSb}D_gsGe0_14 mole.

(8) (Gasbly g,8eq pg
(h) (GaSb) {Ref. 35) Neote that in Fig. 11 the lineshape of the Raman
spectra from the allcy material is asymmetry broad-
ened in relation to the end point materials. These
authors also attribute this effect as the g-vector relaxation associated with the alloy disorder35, It would
be of considerable interest to analyze the alloy Raman lineshapes of Fig. 11 on a more detailed basis similar

to that presented above for the Gaj.xAlyAs and GaQ,.47Ing,.53 As materials (see Fip. 10).

Reference 35 also makes an interesting observation with regard to the polarization dependence of the alloy
modes, 1.e., in spite of the substitutional disorder in these crystalline samples the polarization dependence
of the optic modes was the same as _that of the zone-center modes observed in pure GaSb and Ge. WHNote that in
Fig. 5a for a fluence of 2.4 x 1013cm_2, which corresponds to a spatial correlation length of about 45 A, the
LO phonon of the ion-damaged material also cobeys the appropriate polarization selection rules.

Compositicnal (or structural) disorder can also actuate normally forbidden Raman features such as zone-
boundry modes. For example, the structure at about 150 em~L in Fig. 11 has been attributed tec a zone-edge
acoustic mode induced by the alley disorder. Note that as shown in ¥Fig. 5a, structural disorder can also
induce zone-edge features. The use of disorder-actuated longitudinal acoustie (DALA) and transverse acoustic
(DATA) modes for materials characterization is presented in Refs. 4 and 30. The relation between the DATA
feature and second-order Raman scattering i1s discussed in the next section.

Second-order Raman effects While most of the attention in Raman scattering has been devoted to the de-
scription and understanding of the properties of the first-order Raman features of elemental, binary and alloy
semiconductors much less effort has been spent on studying two-—phonon spectra, where the density of states
favors near-zone edge phonons (ZEP) e.g., the X and L peints in Figs. la and 1b.

Recently two works have utilized the properties of the two-phonon Raman spectra for alloy semiconducggr
characterization. Teicher et. al. have investigated the two-phonon spectra of Ga;_, Al As and GaPy_,As,
while Sapriel et. al.37 have gained information about the crystalline quality of the GaAs layers of
GaAs-Gaj_,Al As superlattices by comparing the disorder-activated transverse-acoustic (DATA) modes and the
second-crder Raman lines.

Reference 36 reports that the two-phenon spectra show coupled zone-edge phonons, which are GaAs-like,
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AlAs~like and also combinations of GaAs-like
and AlAs-like zone-—edge phonons. Figure 12 shows
the two-phonon RS of several Gaj_,AlyAs crystals
Gals Ails together with the spectra of GaAs and AlAs. As
( ) long as the aluminum content is small (x <30%) the
2TO(X, K)o+
2 TO(

two-phonon spectrum is very much like that of GaAs,
TE VY the peaks tending to blur with increasing x. The
21 O(f\) intensity of the two-phonon spectrum normalized to
. ?[ O(v\ that of LO., remains roughly constant. When x =
SLMVAAS 36.5% the %wo-phonon RS 1s composed of four bands;
————————— —— el the A band 420 cm~! <w< 480 cm'l, the B band
480 em~l <w< 560 em-l the € band 560 cm—l <w<
670 cm—l, and the D band 670 ca~l <w< 800 cm—l.
1 I I | The B band is GaAs-like but without the structure
seen in the pure material. The D band is AlAs-
like, but the sharp 2T0 (X,K) peak has disappeared.

L)

GGOSBAIOEEAS In addition to these two bands, which are found in
any two-mode-behavior-mixed crystals, two addition-
—_— al bands are seen. The one labelled as C between

the GaAs-like and the AlAs-like two phonon bands

is clearly due to combinations of GaAs and AlAs
optical ZEP. Prior te this report such a combina-

| tion band has not been seen in any non-resonant

two-mode-behavior-mixed-crystal, The A band,

A B which does not appear in GaAs is due to combina-

tions of acoustical and optical phonons of GaAs
J GGOG«:}A‘O:"}G As and AlAs. The intensity of the B band, normalized
to the L3 one, does not vary with "x'". For x =
60% the spectrum is similar to that of
* Gap 734l o74s, with the four bands clearly de-
6 fined. For GaPy_,As, the A and C bands discussed

above are not seéen, i.e., only ZEP associated with
—————————————————————— the GaP and GaAs modes.

Raman Intensity (a.u.)

These results have been qualitatively explained
by assuming a random distribution of Ga and Al
GC]O 40)’3\'0 BOAS atoms in the Ga]__xAles crystals and a distorticen
' ' of the lattice structure as well as a departure
from a random distribution of atoms(i.e., cluster-
ing) in the GaPj_,As system.

Sapriel et. al. have studied Raman and Brillouin
e e e e e = scattering from GaAs-Ga)_ Al As superlattices and
have observed zone-folding of the LA branch. 1In
addition they have investigated the relative

| | I I intensities of the disorder-activated transverse
; acoustic (DATA) mode and the second-order 2TA

GGO E?AIO 73 AS mode Iin GaAs from the zone edge of the unfolded
. . o1 O Bz37. Since the amplitude of the DATA mode is

clearly less than that of the 2TA structure they
conclude that the disorder in the GaAs layers is
2LOI“' quite small. The good crystalline quality of the
superlattices have also been verified by the high
degree of polarization of the Raman features?’.

''''' el etiadal WAt §

400 500 600 700 800
. Despite the significance of Hg;_,CdyTe from

WGVE Number(cm“') both fundamental and applied perspectives and the
utility of RS in studying semiconductors only two
Raman investigations of bulk (or thin film)

Hg) _;Cd, Te and CdTe

Fig. 12 Second-order Raman spectra of material have been reported®®.3J, Mooradian and
Gahs, AlAs, Ga Alg A8, Harman3® have used RS to measure the composition
0'32 "A dependence of the transverse (TI0) and longitudinal

Cag, es8ln. 3648, Gag 4otlg gohS

and GaU 27A10 73As {(Ref.36 ). {L0) optical phonon frequencies. Hgq.yCd,Te has a

two-mode behavior like Gal_xAJ.xAs. Even though
the spectra for the comstituent binaries, HgTe and
CdTe, were presented, no spectrum for Hgy ,Cd,Te was included in the paper. Furthermore, the polarization de-
pendence of the various features was not investigated. The compositional dependence of the To and LO frequen-
cles has also been investigated using far infrared reflectivity (FIR)™Y»

' - 34 :
Recently, the first polarization-dependent RS study in Hgy_;Cd Te { ¥ =~ 0.2) has been reported . The

36 / SPIE Vol 452 Spectroscopic Characterization Techniques for Semivonductor Technology {1983/




experiment was performed at 77°K in the backscattering geometry from both < 100 > and < 111 > surfaces with
various polarization configuraticons and using several excitation wavelengths near resonance with the Ej opti-
cal gap. The bulk HgTe-like and CdTe-like TO and L0 phonen (q=0) features were observed as well as a strong
symmetry forbidden TO mode {HgTe-like} from the < 100 > surface. TIn additiom, features were recerded which
appear to be related to deviations from the ideal, stoichiometric crystal. For example, a feature at 108 em~1
was reported which has also been seen in EgTe but not CdTe. It has been suggested that it may be due to an
anti-site defect, i.e., Hg on Te sites. In addition another structure has been tentatively assigned to
clustering effects which have also been gbserved in FIR measurementstl,

Reference 39 also reports the observation of a coupled LO phonon-intersubband excitation (5_) due to the
inversion layer {which occurs in p-Hgj-xCd;Te}. This S_ feature was found to be extremely sensitive to sur-
face treatment and may prove to be a valuable tool to study surface conditions and pregaration. It has been
found that this feature is more surface sensitive than electrolyte electroreflectance3? at the E; optical
feature since the penetration dgpth of the light is about 250 % in this wave length region while the depth
of the inversion layer is £ 50 A.

. As reviewed by G. Schwartze RS can be utilized to study the nature of oxides on the surface of various
compound semiconductors., Recently, Adar et. al. 2 have measured RS from native oxide films on Hgn 9C 3Te.
They have observed features which can be correlated with the Raman peaks of bulk HgTeOs, CdTely and Te i.
Their spectra below 200 em™' contains spuricus effects from nitrogen in the air,

The use of Raman microprobe spectroscopy to characterize Te precipitates in Bridgmann-grown CdTe crystals
has been reported 3, These precipitates appear to be in the high pressure phase since the observed spectral

lines are similar to those of elemental Te under high pressure.

Conduction band masses and scattering times

Olege et. al., have recently reported the determination of the compostion dependence of the electron ef-
fective mass (and scattering times) for the Inj_y..Ga, Al As (lattice matched to InP) by means of Raman
scattering from the coupled LO-phonon-plasma mode4z. As discussed in Ref. 1-4, the peak of the plasmon-like
Raman band (L+) is a measure of the plasma frequency wp {(provided it lies well above the LO phonon fre-
quencies) while the linewidth gives a scattering time. Since the plasma frequency w, is related to the
carrier effective mass mc*(w ul/mt)by measuring the position (and width) of the plasmen-1like mode as a
function of compesition these authors were able to deduce the mass (corrected for non-parabolic effects) as
well as the scattering time, and hence mobilities.

Superlattices and quantum well structures

There is a considerable body of work on Raman scattering from superlattic554=30’37’a5 and quantum well
structures. Most of these works have been devoted to the investigation of basic interactioms, such as
light scattering from the two-dimensional electron gas confined in modulated doped structuresas_aa etc. While
these studies are of considerable fundamental importance, it appears that only twe areas have specific char-
acterization applications. These are discussed below.

Zone-folding effects - In a superlattice the new periodicity in the direction perpendicular to the layers
result in a folding of the Brillouin zone#?. ‘Two recent studies have shown clear BS evidence for zone—
folded acoustic phonons in a superlattice37,45. Shown in Fig. 13 is the Raman spectru, Zf a superlattice
consisting of 1720 periods of 13.6 8 GaAs-11.4 R AlAs grown on a < 100 > GaAs substrate 5. The sharp
features denoted Al(l) and Bz(l) at about 65 cm~l are from LA phonons (see Fig. 1b) folded to the zone center
from q=2n/d in the extended zone, where d is the superlattice period. Sapriel et. al. have observed
similar effects. However, their zone folded LA lines were observed at about 200 cm~} since their super-
lattice had d = 54 A. Thus the positions of these lines can be used as a measure of the superlattice period.
Although not discussed in the above references the width
of these zone-folded lines also may be of value in deter-
mining superlattice gquality. For example, a broadening

! ] ! ! ! [

! 1
of these lines may indicate non-uniform layers. }Iﬂ}) 200K
Quantum well structures - Recently, Pinczuk et. al. have gl ;t;%g%?ev +Bzﬂi3ﬂ
reported the first indication that resonant Inelastic } 2 !

light scattering can play a role in the characterization
of the transpert properties of electrons confined in

Intensity

the GaAs-({AlGa)As heterostructures®®, An unusual Eﬂijﬂ+ Bz (LO2}
manifestation of the relation of electron mobili- #
ties with light scattering spectra is that, parti- E{LO2) ¥

cularly for mobilities lower than 30,000 cmZIVS, the
spectral lines shapes depend on the incident phonon

. | 1 | 1 | ! !
energy. This effect has been interpreted as arising 100 200 300 200
from a breakdown of the requirement of wave vector Raman Shift (cm=1}
conservation in resonant inelastic light scatter-
ing. Such a breakdown 1s believed to be associat-
ed with electron relaxation processes similar to . Fig. 13 Raman spectrum of a (GaAs, AlAs)
those that limit the electron mobilities. superlattice (Ref. 45).
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Figure l4 shows the FWHM of the band of the Eyy transition of single GaAS‘(AIO.IZGaO,ga)AS quantum as well
samples with the highest mobjlities. These are 28,000 cm2/Vs, 62,000 cm?/Vs and 93,000 cm2/Vs for samples 1,
2 and 3, respectively. Although a correlation between FWHM and electron mobilities could be anticipated, the
data in Fig. 14 show that the FWHM measured in sample 1 has an unexpected dependence on the incident photon
energy. In this sample, the one of those considered in Fig. 14 that has the lowest mobility, the FWHM has a
peak for spectra obtained with photon energies close to the maximum in resonant enchancement (indicated as

Ep in Fig. 14).

To interpret these results, these authers have proposed that resomant inelastic light scattering by the
intersubband excitations is affected by wave vector relaxation processes similar to those that limit the
electron mobilities. These relaxation processes are due to the scattering of the electrons by the Coulomb
potential of the ionized donors. Under these circumstances, 1t 1s expected that the condition of wave
vector conservation breaks dowm for resonant light scattering., Therefore, the intersubband transitions
active in backscattering spectra are no longer necessarily vertical, but may occur with an in-plane wave
vector transfer ¢. The gnergy of Such a non-vertical intersubband transition is shifted from the vertical
subband spacing by'ﬁzlq-K/m* +‘Ezq /2m*, where i is an arbitrar two-dimensional electron wave vector limited
to |K|< Ky and Kp is the Fermi wave vector. Since there 1s a continuum of such energies, the spectral bands
of non-vertical intersubband transitions are expected to show considerable width or even appear as a quasi-

continuum.
Thus, in resonant inelastic light scattering spectra of very high mobility electrons in modulated-doped
moltiple quantum-well GaAs—{AlGa)As heterastructures a correlation between the FWHM of intersubband

transitions and the Hall mobilities has been observed.

Interfaces

Semiconductoy ~ wvacuum

Among various types of interfaces, the most fundamental one Is the interface between a semiconductor sur—
face and vacuum. The surface pinning of the Ferml level originally treated by Mead and Spitzer50 has been
clarified by recent studies in photoemission®! which showed that on a clean and well-cleaved surface GaAs
there are no filled surface states in the gap and consequently no surface band bending. However, exposing the
surface oxygen definitely results in a band bending. Stolz and Abstreiter were able to utilize the
coupled phonon-plasmon mades in Raman measurements to examine a clean, UlV-cleaved < 110 > GaAs surface.

Since the selection rules for backscattering geometry on a < 110 > surface allow pnly first order Raman
scattering by transverse optical (T0) phonons (see Table I} and thus the LO-phonon scattering is forbidden by

T T T 1 T T T T T T T

FWHM OF Egq TRANSITION H
61 sams—(at 016 A _ n-GaAs,6.7x107cm ™3, a4q =4x108cm
- a s !
i 042 >70.88 i T=40K fet =70 !
5 - L
- T SAMPLE | .
4L >
E B E
-t ; 2
E il
a3 7] =
; | i —
2k .
N SAMPLE 2 dz=99A |
"_‘_‘_q.,‘rﬂt"r1r-*F1.—qb—q‘
1L A
| SAMPLE 3 g dz=151A viem™)
| ] 1 l ] ! 1 L1 ] |
188 1.90 193 Fig. 15, Coupled LO-ph 1
. g. . ouple —phonon-plasmon
INCIDENT PHOTON ENERGY (eV) nodes for UNV-cleaved <110 >
: GaAs. Dots: experimental data
Fig. 14 Full width at half maxima (FWHM) _ for Ag =406.7 nm z(yy)z

Full line: fit with Lindhard-
Mermin dielectric function
(TO phonen not included by
fit). <(Ref. 52).

of the Eg; intersubband transition as a
function of incident photon energy.

Ep = 1.880 eV is the photon energy of the
maximum in resonant enhancement

(Ref. 48).
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symmetry. Under resonant Raman conditions near the B] peak of GaAs at 2,94 eV, the breakdown of this symetry
forbidden scattering is quite pronounced due to surface electric field, and other impurity induced effects.
Figure 15 shows an example of their results for a UHV-cleaved < 110 > oriented n—Cads having a carrier concen-
tration of 6.7 x 1017 cm—3. As carrier concentratiom increases, optical absorption increase confines the inci-
dent laser light closer to the surface resulting in larger scattering from the forbidden LO due to stronger
effects from the surface electric fieldll.%6, Since the intensity of the allowed TO phonon is unaffected by
the surface charge, the ratio ILO/ITO may serve to quantity the effects of the surface electric field as a
function of the carrier concentration, and in turn may serve to quantify the flat band condition. Returning
to Fig. 15 note that there is present @ strong LO peak obviously uncoupled to the plasmon mode. Offhand, one
would have concluded that a fairly sizable surface depletion still existad, However, Stolz and Abstreiter
reasoned that a very large optical absorption in the order of 100 em~1 which is in the range or larger than
the Thomas-Fermi screening vector causing the plasmon to be heavily Landau damped®®- and thereby causing the
LO-mede to be unscreened. From the phonon dispersion of GaAs, and unscreened LO-peak correspending to

Aq = 4 x 105 em™1l should be down shifted in frequency by 1 em1 (see Fig. 7)., Since this shift depends on
optical absorption, which in turn increases with carrier concentration, the higher the carrier density, the
greater should be this shift. We suggest further work at this point.

Schottky barrier and MOS junctions

As pointed out by Pinczuk et. al.>® not only can Raman scattering be used, as in photoemission, ro study
band bending on clean surfaces, it can also provide information for heavily contaminated surfaces. Schottky
barriers made with semitransparent metal films as well as heterojunctions in which one of the layers is at
least partially transparent to the incident light. The abave authors observed that the band bending at the
etched < 111 > B surface of n-InP is approximately 0.2 V, muech below 0.55 V after evaporation of a partially
transparent Ag film due to the formation of a Schottky barrier. Furthermore the difference in band bending
obtained far a low and a high power level should be equal te the saturation surface photovoltage. Thus
Raman scattering is a useful tool for the study of band bending in Schottky barrier formation and effects
related to surface photovoltage.

The Raman scattering from heavily doped n-GaAs with and without a semi-transparent metal film has been in-
vestigated by Tsu et, al.>d. They have reported a shift of the LO phonon frequency from 292 cm-l to as high
as 302 em 1 depending on the applied bias voltage. They speculated that the presence of a metal contact mav
increase the surface recombination time of the laser excited carriers resulting in a shift to higher fre-
quency due to plasmon-phonon coupling. Although a systematic study on the intensity dependence was not pur—
sued in their work, it seems that such as investigation can further clarify the mechanism as well as the
possible application to the field of surface recombination and steady state carrier injection.

Several groups have recetnly used Raman scattering to probe reactions at the metal/semiconductor interface.
Nemanich et. al. have studied the interfacial structure of Pd on < 100 > Si%® as well as Pd on 2—Si:H57 whiie
Tsang et. al. have investigated Pt on < 100 > and < 111 > 3i surfaces3%. Both groups report new Raman features

in the range 50 - 300 em™! which can be assigned to the formation of the silicide, For example, vibrational
modes of surface silicide layers as thin as 10 £ and silicide layers iess than 40 % thick buried under 140 %
of Pt have been observedi8. These works are of considerable significance and demonstrate the utility of Raman
spectroscopy for silicide interface studies to identify and characterize thin reacted layers. 1In particular
the use of the interference phenomena to enhance the Raman signal from the interfacial region is similar to
the quarter-wave transfer for impedance matching,

Raman scattering at resonance at the E; gap at InAs surfaces in MOS junctions formed on n- and p-Inas sub-
strates has been used to obtain information about the space~-charge region. A narrow peak just below the un-
screened LO phonon peak for both n- and p-InAs at 77°K for zero and positive gate voltages was observed by
Ching et. al.”??. It has been attributed to scattering by LO phonons coupled to collective inter-subband
excitations which is the couterpart of the coupled plasmon-phonon mode in a two—dimensional electron-plasmon
system. Since the electron wavefunction in either an accumulated eor inverted surface regiom is highly local-
ized, there will be broadening associated with the q—vector relaxation and down shifts due to dispersion
because the maximum phonon frequency in most diamond and zinc-blende semiconductors is located at q = ¢. A
specific theoretical treatment of Raman scattering in surface quantization has been exzplored by Tsu and
Bsakif0, oOn the other hand, this wavevector relaxation due to wavefunction localization is a particular case
of a general class of wavevector relaxation treated in this review,

Heterojunctions

Raman scatterin may be used to characterize the interface of a heterojunction forméd by a GaAlAs epilaver
on GaAs substrate®', In particular, information can be obtained about (a) composition x of the Gaj_ Al (As
epilaer, (b) crystalline quality of the epilayer, (c) band bending at the interface, (d} carrier depletion
from the GaAs substrate, and (e) carrier concentration of the GaAs substrate material. TFigure 16 shows the
Raman spectra of GaAs substrate and that of CaAlAs epilayer taken from Paravanthal et. al.??-0l, wNote that
the L_ and Ly medes of the substrate were also detected because the optical absorption for the epilayer at
5145 § is quite small. The position of the L_ is down shifted somewhat from the GaAs substrate shown in the
top spectrum. This is an indication that a slight carrier depletion has resulted in the formation of the
hetercojunction. In fact, the presence of a_potential mismatch at a GaAlAs-GaAs interface was first experi-
mentally confirmed by tunneling experiment 2 in a double -barrier, GaAlAs-GaAs-GaAlAs structure. Because of the
potential mismatch, it {s obvious that band bending will result and subsequently lead to a slight carrier
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depletion. However, the interfacial region is graded
in a LPE grown heterostructure having a linear

length comparable or exceeding the depletion width,
therefore interdiffusion of dopants should be in-
volved. In Fact, since the GaAs substrate is doped
with 83 at 3 = 1018 cm™3 and the LPE melt is not
doped with Si, the dopant is expected te outdiffuse
from the GaAs into the LPE melt. Similarly, Te in
the melt would result in a doping at the GaAs sur-
face layer is lower than the bulk. They have esti-
mated the doping level in the epilayer to be n =
1.7 x 1018 em—3. This type of interdiffusion and its
effect on carrier concentration and of course, the
information whether band bending is present, can be
obtained from one scan using Raman spectroSCOpy. The
value of Raman scattering in the characterization of
the interfacial region of a heterojunction is quite

conclusive.
Strain

The Raman spectrum is seasitive to the strain in
the lattice and therefore can be used to measure
stress in crystalline samples. Under stress, there
are changes in the spring censtants which character—
ize the phonon dispersion of solids. Many detailed
studies of the effects of uniaxial and hydrostatic

pressure on the frequency of the zone-center optical
phonons by Raman scattering have appeared in the
literature. In particular, Anastassakis et. al.
experimentally obtained the splitting and shifts of
the q = 0 triply degenerate optical phonons for a
uniaxial stress aleng < 001 > or < 111 > of crystal-
line silicon, and Cerdeira et. al. have extended
the study to include Ge as well as many zine-blende
semiconductors. Strain-induced shifts of zome edge
phonons have been measured by Weinstein and
Piermarini These investigators52-64 obtained the
phenomenological coefficients which describe the
change in spring constant due to an applied strain.
These values are now central to the detailed analysis
of the interfacial strain effects discussed below.

L_ (260¢rm)
Lo, ¥
DALA 2 G

RAMAN INTENSITY (Arb. units)

5T 200 20 300 350 400 450 500
RAMAN FREQUENCY (cm™)

Raman spectrum of
GaAs E-1068, the substrate
used in growing the
Gaj. Al As epilayer of
sample SCL-400. The upper -
hand corner shows the
coupled mode L,. The sharper
structures are due to second-
order two—phonon Raman
scattering. (b) Raman spectrum
of Gaj_gzAl,As/GaAs sample
SCL-400. The upper left-hand
corner shows the Raman spectrum
in the range 500 - 800 em™t
The features to the left of
the vertical dashed line are
from the GaAs substrate and
those to the right are from

£ ..

Ga)_yAlyAs epilayer. (Ref. 60}.

Ramar spectroscopy has been used by a number of
investigators to study stress effects in 81/810; or
S$i/A1504 interfacesf6-70. The method is direct,
non—destructive and can be applied at various temper-
atures. TFor example, Englert, Abstreiter and
Pontcharra determined the built-in stress in siliceon
on sapphire devices using the result of Ref. 63.
It was found that epitaxially grown silicon fiims
having an orientation < 001 > on < 1012 > sapphire
substrata develop a built-in stress of 7 kbar at
room temperature. Shown in Fig. 17 are their re-
sults. The origin of this stress is the differen-—
tial thermal expansion coefficient between silicon and sapphire. Since the epitaxial growth is usually at
temperatures ahove 75(°C, on cooling, the larger thermal expansion of sapphire results in a two—dimensional
compressional stress in silicon. Recently, the Raman microprobe technique has been used to map the local
stresses in patterned islands of laser-crystallized silicon on bulk glass l and on a laser-crystallized,
seeded lateral epitaxial siiicon film on an oxidized silicom wafer’2 It was found in Ref. 71 that a stress
increased from 2 kbar in the seed region te 5 kbar in the gilicon-on-insulation region at distances greater
than 20 um from the seed-silicon-on-insulation boundary. Depth variations of the stress mdy be obtained by
using different wavelengths of the exciting laser lines. This type of Raman measurements adds a new dimen-—
sion to the study of grain boundary formation.

Another unique application of Raman scattering for the study of microadhesion has been recently introduced
by Gonzalez-Hernandez, Martin and Tsu 3. The techniques involves the correlation of the measured Raman shift
of the zone—center optical phonon frequency with the differential thermal expansion coefficient between the
silicon film and the substrate material. It was observed for example that silicon films, whether epitaxially
grown or microcrystalline form may or may not show a shift corresponding to the values compatible with
thermal expansion dependent upon the degree of microadhesiomn. Furthermore, amorphous silicon when crystal—
lized, the stress—free condition is reached always at the crystallization temperature regardless of the
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annealing temperature., This werk is described
further in the following article.
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mental physics, the phonon frequency shift due
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Conclusion

We have reviewed a number of recent develop-
meats which demonstrate that Raman scattering is
a powerful tool for characterlzing semi-
conductors In bulk, thin films or device form.
The sensitivity of this spectroscepic method
to local environment, the second-order nature
of the interaction process, the ceupling to
various excitations such as plasmons and its
response to external perturbations such as
electric fields and strain make it an extremely
versatile tool. Thus Raman scattering can be
used to obtain wvaluable information about many
materials or device parameters such as crystal
quality (including finite size effects,
structural and/or topological disorder)}, compo-
sition of alloy semiconductors, carrier con-

oS

ols

00s

Fig. 17. Raman spectra of bulk centration scattering processes, interface
silicon and silicon on properties, strains, etec. Therefore, we strong-
sapphire (S05). The shift ly suggest that Raman spectroscopy become a
is due to bullt-in stress standard laboratory tocl for semicoenductor
in the silicon film characterization.
(Ref. 66).
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