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Raman-scattering study of ion-implantation-produced damage in Cu, O
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We present a Raman-scattering study of damage in Cu20 which we have implanted with 90- and
180-keV Cd ions with doses ranging from 1.5 )(10" to 1.5)&10" cm '. The Raman scattering was

performed prior to annealing in order to study primarily the implantation-produced lattice damage.

Using two argon-laser lines close to resonance with the 1S blue exciton, we observe changes from the

pure-crystal Raman spectrum at all implantation doses. The unusual sensitivity of the technique can be
interpreted in terms of damage-induced broadening of the intrinsic exciton states.

I. INTRODUCTION II. EXPERIMENTAL

A number of recent experiments have probed the
effects of damage on the Raman spectra of crystals.
In some cases, it is found that small amounts of
damage or small numbers of impurities modify the
pure-crystal (space-group) selection rules so that
zone-center phonons appear in normally forbidden
polarizations' or normally Raman-inactive phonons
become Raman active. ~ 4 In heavily damaged or
amorphous materials' and in heavily doped crys-
tals, 7 however, the crystal-momentum selection
rules break down, and the observed spectra, can be
described in terms of the density of phonon states
over the entire first Brillouin zone. We report
here on our study of these effects in the semicon-
ductor Cu&O using ion implantation to introduce con-
trolled amounts of damage. In several respects
cuprous oxide is an especially interesting crystal
for such a study. First, it has a rich phonon spec-
trum with one Raman-active phonon, two infrared-
active phonons, and three phonons normally neither
ir nor Raman active. Second, Cu20 has electric-
dipole-allowed exciton states conveniently accessi-
ble with an argon-ion laser which allows one to
probe the effects of damage on the electronic struc-
ture and on the exciton-phonon couplings, as well
as the effects of damage on the phonon spectrum it-
self. Third, near these exciton states Cu, O has
very high optical absorption, so that the laser beam
penetrates only the implanted region and does not
reach the undamaged crystal substrate. Resonance
Raman scattering has been used in silicon to study
impurity electronic states at impurity densities as
low as 5x10' cm . In this work, however, we
study primarily the effects of ion-implantation-
produced damage on the resonance Raman spectra,
since we find that all effects are independent of
implanted-ion type and depend only on implantation
dose.

The 0. 5-mm-thick samples were cut from near-
ly-single-crystal C~O boules which were grown
by a floating-zone method' followed by anneal
treatments. These crystals were mechanically
polished and then etched in concentrated nitric acid
to remove the damaged surface layer which other-
wise strongly perturbs the Raman spectra. ' X-ray
and neutron diffraction studies show the presence
of many low-angle (1-2') grain boundaries in these
crystals, and thus no attempt was made to attain
specific alignments in the implantation process.
Seven samples were implanted at room temperature
with 180-keV Cd" ions in doses ranging from 1.5
x 10" to l. 5x 10~' ions/cm2 and one sample with
1.5xlo" Cd ions/cm at 90 keV. The dose rate
ranged from less than 10" tons/cm~ sec to 10'~

ious/cm~ sec. The projected range R~ and projected
range straggling AR~ of 180-keV Cd ions in Cu30
are 0, 038 p. m and 0. 010 p, m, respectively, calcu-
lated on the basis of the formulation by Lindhard
et al. ~' using the computer code as given by John-
son and Gibbons. At 90 keV the projected range
and range straggling are 0.021 p, m and 0.006 p.m,
respectively. Assuming that half of the Cd ions lie
within 4R~ of the projected range, we estimate that
the mean ion densities range from 3.Sx10 6 cm
to 8. 8x10 0 cm ' for the 180-keV implants and to
6. Ox10 cm" for the 90-keV implant. The calcu-
lation of the ion stopping shows that the nuclear-
energy loss is independent of energy and is at least
a factor of 5 greater than the electronic-energy
loss over the entire range of a. 180-keV Cd pro-
jectile in Cu~O. Thus, we shall assume that the
damage in these unannealed samples is evenly dis-
tributed along the length of the Cd projectile track.
In a later paragraph, we shall discuss further a,

model of the amount and distribution of lattice
damage consistent with our experimental results.
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For the Raman scattering we used the 4880- and

4765-A lines of an argon-ion laser and a spectrom-
eter system consisting of a & m double spectrome-
ter scanned synchronously with a third monochro-
mator. The use of this triple monochromator sys-
tem was essential in observing Raman features
within 100 cm ~ of the exciting line in this strongly
absorbing region of Cu~O. The laser beam was in-
cident at approximately 10' to the unoriented sam-
ple face, and the scattered light was observed nor-
mal to the crystal face. All data were obtained
with the laser light polarized in the plane of inci-
dence, with no analysis of the scattered-light po-
larization, and with the samples conduction cooled
to liquid-nitrogen temperature.
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III. RESULTS AND DISCUSSION

0
Some of the spectra obtained with 4880-A radia-

tion are shown in Fig. 1 where features arising
from zone-center phonons are identified as follows:
a Raman-allowed mode I's,+ (515 cm '), two infra-
red-allowed modes I",5l (LO, 154 cm ') and I"Is-' (TO,
635 cm t, LO, 665 cm '); one mode neither Raman
nor ir-allowed I'» (109 cm '); two second-order
overtones, 21'»- (218 cm ') and 21",'sl (308 cm '); a
second-order combination [I'»'- (LO) + I",, ' (LO) j
(820 cm t); and a fourth-order overtone 4I'»- (436
cm '). The pure-crystal spectrum (trace a) shows
strong scattering only from the second-order 2I"»-
overtone with some very weak scattering from most
of the other features. Weak scattering from Raman-
forbidden first-order modes such as those at 109,
154, 635, and 665 cm ~ probably results from in-
trinsic selection-rule violation mechanisms in the
pure crystal which have been seen very near reso-
nance with several excitons in Cu20. '~'" With a.
dose of 1.5x10" tons/cms, the spectrum (trace b)
changes considerably. Some symmetry selection-
rule violation due to implantation-produced lattice
damage may be involved in the slight enhancement
of some Raman-forbidden modes; however, the in-
crease in intensity of the Raman-allowed features
at 218 and 515 cm ' cannot be understood simply on
this basis. Furthermore, any model of implanta-
tion-related effects should explain the very strong
increase of the forbidden 154-cm ~ line that is ob-
served in Fig. 1 (trace b). At higher implantation
doses (traces c and d), the first-order peaks grad-
ually weaken and finally merge into broad continua
which suggest density-of-states spectra character-
istic of very heavily damaged or amorphous mate-
rials. With heavy damage, crystal-momentum
selection rules no longer apply to the Raman scat-
tering and phonons of all momenta within the Bril-
louin zone can participate in the Raman scattering.
Much of the low-damage behavior is closely re-
lated, we believe, to the fact that the Raman scat-
tering is done near resonance with narrow exciton
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features. The insert in Fig. 1 shows the absorp-
tion spectrum of Williams and Porto, ~ obtained
from ref lectivity measurements on pure Cu20, and
the positions of the 4880- and 4765-A laser lines on
either side of the 1S "blue" exciton are shown by
arrows The 488.0-A line lies 350 cm ' (approxi-
mately five half-widths) below this exciton where
the skin depth in the pure crystal is approximately
0. 5 p.m. However, the skin depth in the heavily
damaged samples appears not to exceed the im-
plantation depth of approximately 0. 04 p, m, since
almost no sharp crystalline-like Raman features
remain in the spectrum of Fig. 1, trace (d).

The 4765-A laser line produces some of the
strongest Raman signals of any of the argon-laser
lines in pure Cu~O because it lies only 140 cm '
(approximately two half-widths) above the peak of
the 1$ blue exciton, and spectra obtained with this
radiation are shown in Fig. 2. The Raman-shifted

FIG. 1. Raman spectra obtained with 100-mW power at
4880 A showing the effects of increasing Cd-implantation
dose: a, unimplanted; b, 1.5&&10 c, 1.5&&10 ~ d 5.3
&& 10 4 ions/cm . The labeled features are described in
the text. The same vertical scale was used for all traces
with the 218-cm" peak in trace a corresponding to 125
counts/sec. The insert is taken from Ref. 2.
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FIG. 2, Haman spectra obtained with 100 mWof 4765 A

excitation with the same Cd-ion implantation doses as in
Fig. 1. Note the change in vertical scale for traces c
and d. The 218 cm"~ peak height in trace a corresponds . .

to 13 000 counts/sec. Instrumental resolution was 6 cm" .

photons corresponding to the 218- and 154-cm ~

lines are within one half-width of the center of the
resonance, and the enhancement of these lines in
the pure crystal is easily seen in trace (a) of Fig.
2 in comparison with trace (a) of Fig. 1. As dam-
age is introduced in Cu 0, all of the zone-center
features excited by 4765-A radiation decrease ra-
pidly in intensity in contrast with the behavior ob-
served for 4880-A excitation. In the spectra from
samples which received high doses, Fig. 2 (traces
c and d), one again observes broad continua; how-

ever, the zone-center features remain stronger
than those observed with 4880-A excitation. In

0'

pure Cu30 the skin depth at 4765-A is approximate-
ly 0. 1 p, m; however, broadening of the exciton
states should increase the absorption by a factor of
2-3, so that the skin depth in damaged samples is
expected to nearly match the implantation depth.

Two aspects of the damage-related behavior are
of particular interest. First, we shall examine the
structure of the broad bands observed at high-im-
plantation dose. Second, we shall examine the de-
pendence of the Raman-line intensities on implanta-
tion dose and propose a model for understanding the
detailed behavior.

Experiments on some amorphous materials"
have shown that the Raman spectra can be closely
related to the phonon density of states in the pure-
crystalline material by plotting a reduced intensity~

fs such that fs(u)) = to[n(to) +1] 'f(to), where f(to) is
the measured intensity at. the frequency shift ~, and

n(tc) is the Bose-statistical-population factor. In

Fig. 3, trace (a), we show the reduced Raman
spectrum from the Cu~O sample with the highest
implantation dose (viz. 1.5&& 10 tons/cm at 160
keV). [Before reduction, the spectrum is nearly
identical to that of Fig. 1, trace (d). ] Unfortunate-

ly, it is not possible to compare this spectra di-
rectly with the density of phonon states in pure
crystalline Cu30, since no inelastic neutron scat-
tering has been reported, and since the only exist-
ing theoretical dispersion curves were calculated
before some of the zone-center frequencies were
properly assigned, However, the band from ap-
proximately 500 to Ip'00 cm ' appears well separated
from other modes in trace (a) of Fig. 3 and has
upper and lower frequencies which correspond to
the infrared-active (LO) mode at 665 cm ' and the
Raman-active mode at 515 cm '. %e have obtained
an unambiguous second-order spectrum from un-
damaged Cu30 in the region from 1000 to 1400 cm ',
which is plotted in trace (b) of Fig. 3. Note that we
have compressed the horizontal scale by a factor of
2 to facilitate a direct comparison with the first-
order scattering of trace (a). For the second-order
spectrum, we have removed in the usual way the
Bose statistical factor by multiplying the observed
intensity f(v) by the factor [n(sa)+1] . The strong
correspondence between the reduced spectra shown
in Pig. 3 indicates that two conclusions can be
drawn. First, the second-order spectrum is com-
posed primarily of overtone scattering of two iden-
tical phonons with momenta+q and hk —q, where
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FIG. 3. Trace a: Reduced Haman spectrum as described
in the text; Cd-ion dose 1.5 & 10 tons/cm; 4880-L exci-
tation. A constant background of 50 counts/sec was sub-
tracted before reduction to correct for dark count and

elastically scattered light in the spectrometer. Trace b;
Reduced second-order spectrum from pure Cu~O»
described in the text; 4880-A. excitation. Note that the
horizontal scale is compressed by a factor of 2.
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bk is the difference between scattered- and inci-
dent-photon momenta, i.e. , little contribution
arises from combination scattering from mixtures
of two different-symmetry phonons. Second, there
appears to be little shift of vibrational frequencies
from the pure crystal to the heavily damaged crys-
tal. Both of these characteristics have been noted
previously in observations on silicon, germanium,
and some III-V semiconductors.

To examine in more detail the intensity behavior
of the zone-center features, we show in Fig. 4 the
peak intensity of the 154-, 218-, and 515-cm ~ lines
for both 4880- and 4765-A excitation for all samples
used. We shall focus on understanding two princi-
pal damage-related features: (i) Using 4880-A
radiation, very low damage produces a factor of 10
increase in the 154-cm ' line, with only about a
factor of 3 increase for the 515-cm line. (ii)
Moderate amounts of damage (doses from 1.5x 10's

to 5&& 10'4) greatly weaken all three lines in the
0

4765-A spectra, with a more gradual weakening
apparent in the 4880-A results. We believe that
both effects can be understood in terms of damage-
induced broadening of the excitonic structure of
Cu~O. Although no absorption or ref lectivity mea-
surements have been done on these implanted sam-
ples, the measurements of Daunois et al. ,

'4 and of
Williams and Porto~ show that the intrinsic 1S blue
exciton linewidth (full width at half maximum)
broadens from -140 cm ' in high-quality bulk sam-
ples to as much as 500 cm ' in -10-p,m-thick sam-
ples or poor-quality bulk samples. In addition,
resonance Raman measurements on high-purity
Cu20 samples with poorly prepared surfaces show
indirectly that the exciton structure is greatly
broadened by surface damage introduced during
mechanical polishing. ' Ion implantation almost cer-
tainly produces similar effects. Broadening of the
exciton features can arise either from a reduced ex-
citon lifetime due to scattering from damage sites,
or from a distribution of exciton energies arising
from variations in the local-crystal environment
due to lattice damage. The former mechanism
would produce a Lorentzian-shaped line while the
latter would likely produce a. Gaussian distribution.
Undoubtedly, both effects occur; however, for il-
lustration we shall consider the effects arising from
Gauss ian broadening.

Baman scattering in semiconductors is generally
described in terms of a third-order scattering pro-
cess. Near resonance with an electronic state the
scattering-matrix element is dominated by terms
of the form"

where M o and ~pg are exciton-radiation field-
matrix elements, M~ is the exciton-lattice matrix
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FIG. 4. Peak intensities of three Baman features with
4880- and 4765-A excitation for all implanted samples.
Open symbols correspond to the sample implanted with
90-keV rather than 180-keV Cd ions.

element which scatters the exciton from state a.

with energy hen to state P with energy h(d&, and v,
and w~ are the scattered and (incident) laser fre-
quencies, respectively. In the absence of any direct
evidence to the contrary, we shall assume that the
three matrix elements in EII. (1) are not strongly
damage dependent. The effects of damage-induced
broadening of the exciton states arise through the
linewidth parameters I" in the case of additional
Lorentzian broadening. Gaussian broadening can
be introduced by assuming a distribution of central
frequencies v and &~ and a probability of occur-
rence given by P(Ic, )- exp[- (Ic c —cI, )s/o s ], where
~ o is the resonant frequency with no damage-in-
duced broadening, and o is the characteristic
width of the broadening. Because first-order
Raman scattering involves coupling through two in-
termediate electronic states, two situations thathave
been shown to be operative for phonon-Raman scat-
tering in CusOmustbe carefully distinguished': (i) If
the exciton-lattice operator produces inter-band scat-
tering (sometimes called a three-band Raman term),
then one intermediate electronic state may be reso-
nant but the other state will be far off resonance.
That is, if &~- & is comparable to F or o, then
~, —&~ will greatly exceed I'z or 0~, and only one
term in the denominator of the scattering-matrix
element will be resonant. For this experiment in
Cu20, the Raman-allowed 515-cm phonon is pro-
duced by inter-band scattering via the deformation
potential interaction, and the intensity should be
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examined in light of this mechanism. (ii) If intxa-
band exciton-phonon scattering is involved (two-
band Raman term), then the two electronic states
may be members of the same exciton series, and
both states are likely to be nearly. resonant, i.e. ,
co~ —~ = ~, —~ =T', =0 and similarly for state
P. In Cu~O, the 154 cm ' longitudinal-optical mode
appears to be activated near resonance by an intra, -
band Frohlich mechanism as described by Mar-
tin. '6 In this case, it is possible for a double
resonance to occur in which both terms in the de-
nominator of the matrix element become small
simultaneously.

The intensity behavior of these phonons in dam-
aged Cu, O is consistent with these scattering mech-
anisms. The 4765-A laser line (20986 cm ') lies
near an absorption minimum midway between the
1$ (20850 cm ') and 2S (21130 cm ') blue exciton
states, and for the 154-cm ~ line the outgoing pho-
ton lies near the peak of the 1S blue resonance.
Slight damage-induced broadening decreases the
strength of the out resonance but increases the
strength of coupling of the incident laser field to the
2S state, so that little change in the Raman intensity
occurs (see Fig. 4). For greater broadening,
(v &200 cm ~) however, the Raman intensity should
fall in proportion to the square of the peak-absorp-
tion strength or like o . For the slightly off reso-
nance case with 4880-A excitation (20492 cm '), the
154-cm ' line should increase strongly for low
damage as the coupling with both broadened exciton
states become resonant and the intensity should de-
crease only after 0 exceeds 500 cm '. This agrees
well with the observations; an increase of a factor
of 10 in intensity occurs when slight damage is in-
troduced with the lowest dose implantation, and this
is followed by a, very slow decrease in intensity
with increasing dose as seen in Fig. 4. In contrast
with the 154 cm line, the 515-cm ' line increases

0
in intensity by a factor of about 3 with 4880-A exci-
tation for very low damage, and this is quite con-
sistent with a. singly resonant process. With

o.

4765-A excitation, a similar effect of damage-in-
duced broadening of the blue exciton states on this
singly resonant process would be expected to give
an initial rise in intensity for low dose followed by
weakening as the implantation dose increases. The
observed behavior, however, is thai the intensity
of this allowed line is nearly constant for low dose,
and we suggest that this result from a slightly
broadened exciton structure of our unimplanted
crystal over thai shown in the insert of Fig. 1.
Also, we emphasize that the intensity data, has not
been adjusted to account for absorption corrections
which will influence the quantitative results, This
will be especially important very near resonance
(4765 A) in the crystals with sharp excitonic struc-
ture, i.e. , the pure and lightly damaged crystals.

In addition, the penetration of the laser through the
depth distribution of the 90-keV implant may ac-
count for slightly stronger zone-center peaks than
those observed with the 180-keV implant. This ef-
fect is small, and gives us confidence in our in-
terpretation of the variation of intensity with dose.

Of considerable interest is the relationship be-
tween changes in the Raman spectra and a, plausible
model of damage distribution in Cu~O. The nu-
clear-energy loss calculated for 180-keV Cd in
Cu20 using the method of Lindhard et al, " averages
1.6 keV per lattice plane. If this is taken as the
energy E of a. primary recoil (e. g. , a Cu ion), its
range would be of the order of 15 A. The Kinchin-
Pease relation" gives approximately 80 displaced
atoms for each primary recoil, and the picture
which emerges is one with each Cd track sur-
rounded by a. heavily damaged region roughly 15 A

wide. " Thus, at a dose of 1 5& 10~~ cm ' roughly
0. 3/o of the surface is heavily damaged, and the
remainder is completely undamaged. At a dose of
1.5&10" cm ', nearly 30% of the implanted region
should be heavily damaged and damage saturation
should occur near 5&&10" cm . However, if one

regards the Raman spectra simply as a, superposi-
tion of pure-crystal and heavily damaged crystal
spectra in proportion to their relative volumes, the
data show some important inconsistencies. First,
the 4880-A spectra show a, strong increase in in-
tensity of the pure-crystal (zone-center) Raman
lines for very low dose. We have suggested an in-
terpretation based on damage-induced broadening
of the intrinsic exciton states, and this is plausible
even at low doses since the excitons are made up
from valence and conduction ba~d states which are
extended through the entire crystal. Thus, the
electronic states in the undamaged regions are af-
fected by nearby damage tracks. Second, the in-
tensity vs dose data of Fig. 4 does not saturate
near a dose of 5&&10" cm expected on the basis of
the diameter of the heavily damaged region sur-
rounding each damage track. The peak heights
continue to decrease to doses of approximately 1.5
&10" cm . This behavior suggests that either the

damage has not yet saturated within each damage
track or the diameter of the damage tracks are con-
siderably less than we have estimated. Because
the implantation was done at room temperature,
partial self- annealing during implantation may ac-
count for this result,

IV. SUMMARY

In conclusion, we believe that these results show
that phonon-Raman scattering, especially when
carried oui near resonance with sharp excitonic
structure, can be a useful tool in studying lattice
damage in semiconductors over a, wide range of
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damage levels. In particular, the technique shows
promise of yielding a semiquantitative measure of
the amount of ion-implantation-produced damage
or, correspondingly, a measure of the success of
various annealing cycles in removing this damage.
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