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W e  demonstrate the utility of a new 206.5-nm continuous-wave UV 
laser excitation source for spectroscopic studies of proteins and 
CVD d i a m o n d .  Excitation at 206.5 n m  is obtained by intracavity 
frequency doubling the 413 -nm line of a krypton-ion laser. We use 
this excitation to excite resonance Raman spectra within the ~ - - ~ *  
amide transition of the protein peptide backbone. The 206.5-nm 
excitation resonance enhances the protein amide vibrational modes .  
W e  use these high signal-to-noise spectral data to determine protein 
secondary structure. We also demonstrate the utility of this source 
to excite CVD and gem-quality diamond within its electronic band- 
gap. The diamond Raman spectra have very high signal-to-noise 
ratios and show no interfering broad-band luminescence. Excitation 
within the diamond bandgap also gives rise to narrow pho to lumi -  
nescence  peaks f r o m  d i a m o n d  defects. These features have previ-  
ously  been observed only by cathodoluminescence measurements. 
This  new continuous-wave UV source is superior to the previous 
pulsed  sources, because it avoids nonlinear optical phenomena and 
thermal sample damage; Photoluminescence. 

Index Headings: Raman spectroscopy; Instrumentation; Lasers; UV 
resonance Raman spectroscopy; Protein secondary structure stud- 
ies; CVD d i a m o n d ;  Photoluminescence. 

INTRODUCTION 

Advances in spectroscopy often result from advances 
in instrumentation. In the work reported here, we describe 
a new UV laser source which emits --4 mW of contin- 
uous-wave light at 206.5 and - 8  mW at 234 nm. This 
continuous-wave 206.5-nm source is useful for resonance 
Raman excitation of numerous molecular species with 
absorption bands in the 190-220-nm spectral region. 1 It 
is also useful for nonresonance Raman excitation for spe- 
cies which have only far-UV absorption bands. 2,3 Exci- 
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tation in the UV, even out of  resonance, generally results 
in larger Raman cross sections because of  the frequency- 
to-the-fourth-power dependence of  light scattering, 4-6 and 
because this excitation approaches the absorption bands 
of  all species. In addition, preresonance Raman enhance- 
ment dramatically increases the Raman cross sections. 
Another advantage of  UV excitation is that in the con- 
densed-phase fluorescence interference is absent for ex- 
citation below 260 nm, because the excited states decay 
through nonradiative channels. 7 

UV resonance Raman spectroscopy (UVRR) has rap- 
idly advanced over the last decade, 8,9 and numerous ap- 
plications have been demonstrated for proteins, m 16 nu- 
cleic acids,Z7-2° and polycyclic aromatic hydrocarbons. 21-25 
A major difficulty with the previous UV Raman instru- 
mentation is that the laser sources were low-duty-cycle 
pulsed sources, which could give rise to nonlinear optical 
phenomena. 25-29 This consideration was the major moti- 
vation of our previous work to develop a continuous- 
wave excitation source by intracavity frequency doubling 
an Ar + ion laser. 29 This successful effort resulted in con- 
venient UV continuous-wave excitation wavelengths in 
the 229-257-nm spectral region. In the work reported 
here, we extend this approach to the 413-nm Kr +~ ion 
laser emission line, which, when frequency doubled, 
gives excitation at 206.5 nm. As demonstrated below, this 
excitation wavelength can be used directly to excite with- 
in the amide "rr---~* transitions of  peptides and pro- 
teins. 3,3°-35 The resulting high signal-to-noise ratio spectra 
are dominated by the protein amide vibrations, which can 
be analyzed to determine protein secondary structure. In 
addition, we demonstrate the utility of  this 206.5-nm ex- 
citation to study diamond structure. 36 Excitation within 
the diamond bandgap results in high signal-to-noise ratio 
diamond phonon Raman spectra and leads to photolu- 
minescence emission from intrinsic and extrinsic dia- 
mond defect structures. The strong diamond absorption 
bandgap results in less than 1-txm penetration of the 
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Fla. 1. Schematic diagram showing the optical layout of the Coherent Innova 400 intracavity frequency-doubled krypton-ion laser. 

206.5-nm light; thus the spectra probe near-surface spe- 
cies. 

EXPERIMENTAL 

Materials. Concanavalin A (con A), trypsin, ribonu- 
clease A (RNase A), cytochrome c (cyt c), bovine serum 
albumin (BSA), hemoglobin (Hb), and myoglobin (Mb) 
were purchased from Sigma Chemical Co. Each protein 
was dissolved in pH 7 phosphate buffer. Sodium per- 
chlorate was used as the internal standard. Angiotensin 
II (AII) was purchased from Sigma Chemical Co. Do- 
decylphosphocholine (DPC) was obtained from Avanti 
Polar Lipids, Inc. 

Instrumentation. Figure 1 shows an optical schematic 
diagram of the intracavity frequency-doubled continuous- 
wave krypton-ion laser, while Table I lists its output 
wavelengths and powers. The krypton-ion laser funda- 
mental lines occur above 337.5 nm, and the powers listed 
are those typically available from this large-frame Co- 
herent Innova 400 krypton-ion laser. The listed output 

TABLE I. Krypton-ion laser wavelengths and output powers. 

Wavelength (nm) Power (mW) 

206.5 4 
234 8 

337.5-356.4 2000 
406.7 900 
413.1 1800 
415.4 280 
468.0 500 
476.2 400 
482.5 400 
520.8 700 
530.9 1500 
568.2 1100 
647.1 3500 
676.4 900 
720.8 45 
752.5 1200 

793.1-799.3 300 

powers of the frequency-doubled 206.5- and 234-nm 
lines were measured in our laboratory. 

The intracavity doubling optics are placed at the nor- 
mal output port of the laser; the front mirror output cou- 
pler is removed, and the laser cavity is extended to in- 
clude the frequency-doubling optics. The curved, folding 
mirror M2 directs the fundamental beam towards the 
Brewster-angle wavelength selection prism, P1. P1 both 
selects lasing for the fundamental Kr ++ line at 413 nm 
and separates the second-harmonic-generated (SHG) 
beam at 206.5 nm from the fundamental intracavity 
beam. The fundamental beam is focused by M2 into a 
13-barium borate (BBO) doubling crystal. Since this is a 
standing-wave cavity, two counterpropagating second 
harmonic beams are generated. The 206.5-nm beam di- 
rected toward M3, which is a total reflector at 413 nm, 
is partly absorbed and partly reflected. The other 
206.5-nm beam, traveling in the opposite direction, is re- 
fracted by P1 into the collimating cylindrical lens, which 
focuses the beam outside the doubler. P1 has a very low 
reflectivity for the p-polarized fundamental intracavity 
beam. However, the s-polarized SHG beam is partly re- 
flected (-20%) at both P1 surfaces. The reflection off the 
first surface of P1 is directed to a photocell through a 
second prism, P2, which eliminates any residual 413-nm 
light. The photocell detector is the sensor for a control 
system, which regulates the output power of the SHG 
beam by adjusting the plasma tube current to stabilize the 
laser SHG output power. The temperature of the BBO 
crystal is maintained at -55°C. The laser cavity is con- 
stantly purged with N2. 

A complex SHG beam (206.5 nm) profile is observed 
immediately outside the laser cavity. Figure 2 shows laser 
beam contour intensity plots as recorded by a laser beam 
analyzer (Beam Master, Coherent) for 0.5-, 2.0-, and 
3.0-mW output powers. The changes in the intensity pro- 
file with increasing SHG power indicate the presence of 
a strong thermal lensing. This effect is likely due to the 
absorption of the fundamental as well as the SHG radi- 
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FIG. 2. Contour plots of the 206.5-nm beam intensity profile taken for three different laser powers: (A) 0.5 mW, (B) 2.0 mW, and (C) 3.0 roW. 

ation, which is very close to the absorption edge of  BBO 
( - 2 0 0  nm). The BBO crystal optical absorption and the 
resulting optical damage  limit the max imum 206.5-nm 
output power  available. We have observed a max imum 
output power  of  - 5  m W  at a p lasma tube current of  55 
A, but find that 206.5-nm output powers greater than 4.5 
mW quickly damage the BBO crystal. In contrast, op- 
erating powers of  3 - 4  m W  give a BBO crystal life span 
in excess of  400 h. We typically utilize a 206.5-nm beam 
output power  of  3 mW, and focus the beam to spot sizes 
of  - 1 0 0  txm at the sample. 

The Raman scattered light is collected by using a 135 ° 
back-scattering geometry  and is dispersed by a Spex Tri- 
plemate spectrometer. 8,9 The spectra were detected with 
either an Intensified Reticon photodiode array ( E G & G  
PAR Model 1420) or an intensified charge-coupled de- 
vice (CCD) detector (Princeton Instruments, Inc. Model 
ICCD- 1024 MS-E). 

RESULTS AND DISCUSSION 

This laser is the best presently available excitation 
source for linear spectroscopy in the 200-nm spectral re- 
gion. Other competing sources either are not narrow 
wavelength sources or are low-duty-cycle pulsed sources 
which give rise to nonlinear optical phenomenaY ,29 This 
cont inuous-wave 206.5-nm source is of  general utility for 
resonance Raman excitation for the numerous species 
with absorption bands in the 190-220-nm spectral re- 
g ion /  

In the work here, we demonstrate applications of  this 
206.5-nm continuous-wave Raman excitation for bio- 
physical and bioanalytical applications to study protein 
secondary structure; the 206.5-nm excitation occurs di- 
rectly into the protein backbone amide ~---~'rr* transitions, 
which results in the selective enhancement  of  amide vi- 
brations. 6,3°,31,37 We also demonstrate a materials science 
application where we simultaneously excite, for the first 
time, the Raman and photoluminescence spectrum of di- 
amond deep within its bandgap. 

Prote in  S e c ondary  Structure  Studies .  Figure 3 
shows the cont inuous-wave 206.5-nm excited U V R R  
spectra of  con A, trypsin, RNase A, cyt c, BSA, Hb, and 
Mb. These proteins show quite different secondary struc- 

tures, and they especially differ in their s-helical  content 
(Table II); the con A is only - 2 %  c~-helix, while Mb is 
- 7 9 %  s-helix.  The 932-cm -1 bands in the Raman spectra 
are due to perchlorate, added as an internal standard, 
while the other bands derive mainly from amide vibra- 
tions of  the peptide backbone. The 206.5-nm excitation 
occurs within the peptide backbone amide ~--~'rr* tran- 
sitions. 37 Thus, selective resonance enhancement  occurs 
for the amide vibrations, and the spectra are dominated 
by amide bands. The intense bands at --1655 cm 1 derive 
from the amide I vibrations, which have large contribu- 
tions from C = O  stretching and smaller contributions 
f rom C - N - H  bending and f rom other amide motions. 31 
The 1617-cm 1 bands mainly result f rom the aromatic 
ring breathing vibrations of  the aromatic amino acids, 
Phe, Tyr, and Trp. Tyr and Trp have strong absorptions 
around the 225-nm spectral region. 38,39 

The bands at --1550 cm 1 derive mostly from the am- 
ide II vibration, which involves C - N  stretching and some 
C - N - H  bending. 4°,41 The broad bands between 1200 and 
1300 cm -1 derive mainly f rom the amide III vibrations, 
which have large contributions of  C - N  stretching and C -  
N - H  bending. The - 1 3 9 0 - c m  -1 band present in the pro- 
tein spectra, except for Mb, is predominantly a C~-H 
bending mode, which is enhanced because of  the smaller 
components  of  C - C  and C - N  stretching. 3~ The intensities 
of  this C~-H bending band, and the intensities and fre- 
quencies of  the amide III  band, are especially sensitive 
to secondary structure. 34,37 The C~-H bending mode has 
a vanishingly small intensity for the ok-helical structure. 34 
Thus, this band is not present in the Mb spectrum because 
this protein is mainly or-helix. 

The right column of  Fig. 3 shows the resonance Raman 
spectra of  these proteins dissolved in D20. Deuterium 
exchange at the amide N - H  bond dramatically changes 
the normal mode composit ion of  the amide vibrations. 3~ 
The amide II and III  bands disappear, and a much stron- 
ger amide I I '  band occurs at - 1 4 6 0  cm -~. The amide II 
and III vibrations have significant coupling of C - N  
stretching and the N - H  bending; however, the increased 
deuterium mass causes this coupling to disappear, and the 
amide II '  vibration has little N - D  bending. The amide II '  
band has a much higher cross section than those of the 
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FIG. 3. The 206.5-nm excited Raman spectra of (A) myoglobin (Mb), (B) hemoglobin (Hb), (C) albumin (BSA), (D) cytochrome c (cyt c), (E) 
ribonuclease A (RNase A), (F) trypsin, and (G) concanavalin A (con A) dissolved in H20 and D20. Protein concentrations are 0.5 mg/mL, except 
for concanavalin A, which is 0.25 mg/mL. All proteins were dissolved in pH 7 phosphate buffer containing 0.15 M sodium perchlorate. Laser 
power was --3 mW with a spot size -150  /~m. The spectra were collected with a total accumulation time of 33 min. The spectral resolution is 
- 3 0  cm ~. 

amide II and III bands and is well separated from the Tyr, 
Phe, and Trp bands. The C , - H  bending mode at - 1 4 0 0  
cm -I is not evident in the UV Raman spectra for peptide 
amide groups where the N - H  bond is deuterated; deute- 
ration removes the contribution of  C -C  stretching to this 
vibration. 31 Deuteration downshifts the amide I band by 
- 5  cm 1 (Fig. 3). In contrast, the frequency of the amide 
II '  band is almost independent of secondary structure. 31,37 

The Raman cross sections of  the amide bands depend 
on the amide ~--~Tr* transition absorptivity, which de- 
pends upon secondary structure; a strong hypochromism 
occurs in the a-helix structure, which decreases the Ra- 
man cross sections. 13,37,42 The absorptivity and Raman 
cross sections of the amide bands are more similar for 
the f3-sheet and random coil structures, although signifi- 
cant frequency alterations occur. 37 The Raman intensity 
of the amide II '  band can be used to estimate the protein 
a-helix content. Figure 4, which plots the intensity ratio 

of  the amide II '  band to the internal standard band vs. 
the c~-helix content, also shows a least-squares fitted line 
described by Eq. 1: 

R = - 0 . 0 3 1 P  + 5.1 (1) 

where Ris  the intensity ratio of  the amide II '  band to the 
internal standard band, and P is the percent c~-helix. 
Equation 1 can be rearranged to make it convenient for 
determining the percent a-helix content from the mea- 
sured Raman intensity ratio: 

5.1 - R  
P - - -  (2) 

0.031 

Equations 1 and 2 are valid for the 206.5-nm excited 0.5 
mg/mL protein samples containing 0.15 M sodium per- 
chlorate. It is likely that this equation can be scaled to 
other protein and internal standard concentrations: 
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R = 3 . 3 3 ~  (3) 

where ~ is the intensity ratio of  the measured amide II '  
to perchlorate 932-cm 1 band, and C~, t is the internal stan- 
dard concentration (molar), while Cp is the protein con- 
centration (mg/mL).  While this equation will be useful 
for concentrations other than the 0 .5-mg/mL protein and 
the 0.15 M perchlorate used here, some quantitative er- 
rors will arise f rom alterations in the sample self-absorp- 
tion at other protein concentrations. The intensity ratios 
Rand  ~ can be directly and conveniently measured since 
the amide II '  band occurs in a spectral region well sep- 
arated f rom any other protein Raman bands. 

The inter~sity of  the C , - H  bending band is also sen- 
sitive to the secondary structure, and the C~-H bending 
band vanishes for the a-hel ix structure. Figure 5 plots the 
C~-H bending and internal standard band intensity ratio 
as a function of  a-helix content, along with the least- 
squares fitted line: 

~SCH = - 0 . 0 1 5 P  + 1.4 (4) 

where ~XCH is the ratio of  the C~-H bending intensity to 
the perchlorate intensity for 0 .5-mg/mL protein and 0.15 
M sodium perchlorate concentration. Equation 4 can be 
rearranged to directly relate the measured intensity ratio 
to the a-hel ix content: 

1.4 - 9%H 
P = (5) 

0.015 

A correlation of  C , - H  bending band intensity with the 
a-hel ix content was observed previously by Wang et al. 
with the use of  deconvolution. 34 It appears that essentially 
no other protein features underlie the C~,-H bending band 
when excited at 206.5 nm. 

The intensity values used for calculating the intensities 
of  the amide II '  band and C~-H bending are easily ob- 
tained f rom the protein spectrum by merely measuring 
the peak height from a linear baseline, which spans the 

frequency interval between 1100 and 1800 cm -1. A sim- 
ilar approach is used to calculate the internal standard 
band intensity. 

The amide I and II bands are significantly overlapped 
by the aromatic ring breathing vibrational bands of  Tyr, 
Phe, and Trp. Raman spectra of  these aromatic amino 
acids have been well characterized, and the frequencies 
show only a weak dependence on environment? °,26,28.38,43 
Thus, it is possible to numerically subtract out the Tyr, 
Phe and Trp contributions, to leave spectra that are com- 
pletely dominated by the amide bands. Figure 6 shows 
the spectra of  con A and Mb, where the contributions of  
the aromatic amino acids were removed by subtraction 
of Tyr, Phe, and Trp spectra; the relative amount of  each 
amino acid subtracted was scaled to the content of  each 
aromatic amino acid present in the protein. The arrows 
at - 1 6 1 0  cm 1 indicate the region from which the con- 
tributions of  Phe, Trp, and Tyr were removed.  Protein 
Raman spectra, shown in Fig. 6, are completely domi- 
nated by the amide bands. 

Our previous studies 37 demonstrated that each of the 
three common  peptide secondary structures gives rise to 
distinct U V R R  spectra. Thus, the UV resonance Raman 
spectrum O(v) can be modeled as the sum of  the indi- 
vidual secondary structure spectra weighted by their rel- 
ative abundance: 

O ( P )  = E li(v)Fi + P(v). (6) 
i 

The individual spectra, I~(v), were first modeled as if they 
derived from component  resonance Raman spectra of  the 
a-helix,  13-sheet, and random coil conformations of  poly- 
glutamic acid (PGA) and poly-L-glycine (PLL).  37 We es- 
timated these basic spectra by averaging the PGA and 
PLL spectra obtained in the different secondary structure 
forms. Further refinements, which will be discussed in a 
future publication, 44 calculate better lg(v) basis spectra. Fi 
is the fractional contribution of each secondary structure, 
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FIG. 6. The H20 spectra of concanavalin A and myoglobin spectra 
where the contributions of the aromatic acids (Phe, Tyr, and Trp) were 
numerical ly removed from the spectra. The arrows indicate the region 
from which the contributions from Phe, Tyr, and Trp were subtracted. 
The magnitude of aromatic amino acid subtracted is proportional to 
their relative content in each protein. 

and P(v) is the residual contribution of  any nonassigned, 
nonamide features to the Raman spectrum. 

The secondary structural content of  a protein can be 
determined by a best fit of  Eq. 6 to the observed protein 
spectra to determine Fi; Table II compares  the secondary 
structural content (%) calculated by our model to that 
obtained by X-ray crystal lography 45-4v and CD. 48 Table II 
shows that, with some interesting exceptions, our results 
agree relatively well with previous conclusions. Our cal- 
culated random coil contribution is consistently lower 
than literature values that combine the random coil con- 
tent with protein conformations other than el-helix and 
f3-sheet--for example,  the [3-turn. 

We can also use 206.5-nm excitation to monitor pep- 
tide conformation in lipid micelles. Figure 7 shows the 
206.5-nm excited Raman spectrum of  angiotensin II (AII) 
in both aqueous and lipid micelle hydrophobic environ- 
ments. AII  (Asp-Arg-Val-Tyr-I le-His-Pro-Phe) is a linear 
octapeptide hormone that controls blood pressure and 
maintains fluid and electrolyte homeostasis.  49 Figure 7 

T A B L E  II. U V  r e s o n a n c e  R a m a n  d e t e r m i n a t i o n  o f  s e c o n d a r y  
s t r u c t u r e  o f  a q u e o u s  p r o t e i n  c o m p a r e d  to  the  re s u l t s  o b t a i n e d  f r o m  
o t h e r  m e t h o d s  ( X - r a y  a n d  C D ) .  

aHel ix  content RC" + 
others 

(%) 13-Sheet (%) 
RC a (%) (%) 

Raman Previous Raman Previous Raman Previous 

Con A 5 2 b 75 60 b 20 38 t' 
Trypsin 15 8 c 60 32 c 25 60 c 
RNase A 30 23 b 50 40" 20 37 t' 
Cyt c 55 39 d 10 0 a 35 61 d 
BSA 70 68 e'f 15 18 e'f 5 14 e'r 
Hb 70 67 c 25 0 c 5 33 c 
Mb 80 79 a 15 0 d 5 21'1 

"Random coil. 
b See Ref. 46. 
c See Ref. 47. 
a See Ref. 48. 

See Ref. 49. 
r Data obtained from CD. 

shows the spectrum of AII  in H20, and of  AII  in micelles 
of  dodecylphosphocholine (DPC), and the difference 
spectrum between the presence and absence of DPC. The 
most  intense band at 1611 cm-~ and the weaker bands at 
1208 and 1178 cm ~ derive mainly f rom the aromatic 
ring vibrations of  the tyrosine residue. CH 2 bending f rom 

206.5 nm ,.~ 

f 
20 

I I I I I I I 
1100 1200 1300 1400 1500 1600 1700 1800 

W a v e n u m b e r s  / c m  -1 

FIG. 7. The 206.5-nm excited Raman spectra of  angiotensin II (AII) 
dissolved in H20, in dodecylphosphocholine (DPC), and the Raman 
difference spectrum of AII with and without DPC. Laser power was - 3  
mW with a spot size - 1 5 0  txm. The total accumulation t ime for all 
spectra is 33 min. The spectral resolution is - 2 5  cm 1. 
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amino acid side-chain methylenes gives rise to the broad 
band centered - 1 4 5 0  cm -~ for AII in water. 37m The more 
intense 1441-cm ~ band in the spectrum of AII in DPC 
derives from the overlap of  methylene vibrations of the 
DPC with the amino acid side-chain methylenes. 

The amide I vibrations give rise to shoulders 4°,41 at 
1653 and 5672 cm 1, while the weaker 1393-cm ~ band 
is due to the amide C~-H bending vibration. The bands 
at 1242 and 1268 cm ~ mainly result from the amide III 
vibrations. 4°m The positions of the amide I bands at 1653 
and 1672 cm ~ and amide III bands at 1242 and 1268 
cm ~ suggest that AII in aqueous environments contains 
random coil, [3-turn, and [3-sheet conformations. 4°,41 

The AII conformational alterations between aqueous 
solution and the micelles is most easily monitored in the 
Fig. 7 difference spectrum. The amide III difference spec- 
tral peak at 1272 cm -~ suggests an increase in the [3-turn 
content. 4° This result is helpful in defining the unique 
conformational structures that All  may adopt in hydro- 
phobic environments, such as those found in the prox- 
imity of  the receptor site. More information on AII con- 
formation is reported elsewhere. 5° 

U V  R a m a n  and Photo luminescence  D ia mond  Struc- 
tural Studies.  Diamond was one of  the first materials 
studied by Raman spectroscopy; 5L Raman measurements 
with visible wavelength excitation are now the standard 
monitor of  diamond structure. 52 Recently we demonstrat- 
ed that near-bandgap (228.9 and 244 nm) excited Raman 
spectra of  CVD diamond avoid the broad luminescence 
bands that interfere with measurements of the first- and 
second-order diamond phonon bands with the use of  vis- 
ible wavelength excitation. 36 For example, 228.9-nm UV 
Raman spectra of  CVD and gem-quality diamond excited 
close to the - 2 2 5  nm bandgap are shown in Fig. 8. The 
diamond spectrum can be separated into three regions 
based on the number of  phonons involved in the scatter- 
ing process. The first-order diamond phonon band (1332 
cm ~) results from the scattering of  a single optical pho- 
non at the maximum, in the diamond lattice-dispersion 
curve. 53 Two-phonon scattering in diamond produces a 
complex band with a maximum at 2467 cm-~ and a sharp 
cutoff at 2667 cm -~. The second-order phonon bands of 
diamond are resonance enhanced with UV excitation; 
their intensity relative to the first-order phonon band in- 
creases tenfold in comparison to results from visible ex- 
citation. 36,54 Three-phonon scattering in diamond produc- 
es a band with maxima at - 3 6 9 0  cm -~ in CVD dia- 
mond. 36 The bands observed in the 228.9-nm excited 
third-order phonon region of  the gem-quality diamond 
are probably not Raman bands, but rather photolumi- 
nescence (PL) bands associated with the N9 defect center 
(Fig. 8C). 53-5s 

On the basis of 228.9-nm excited Raman spectra of 
different CVD diamond samples, the intensity ratio of the 
diamond third-order phonon band to the second-order 
phonon band appears to be sensitive to either the dia- 
mond crystallite size or the crystallite orientation. Pho- 
toluminescence, while sensitive to the crystallite size, ap- 
pears to be most sensitive to impurities within the dia- 
mond crystallites (vide infra). 

The Raman spectrum of CVD diamond excited at 
206.5 nm, deep within the electronic bandgap, is shown 
in Fig. 9. The 206.5-nm excited Raman spectrum is sim- 

o} 
• l ,=J 

> 
,.11.-.1 

3 1 

2 

0 
3 

2 

A CVD Diamond 

x2o 

B p-C Diamond (40-60pm) 

x20 

30 t C Gem quality Diamond 

2- 

pA x oo 
I I I I I 

1500 2500 3500 4500 
Raman Shift/cm-1 

FIG. 8. The 228.9-nm excited Raman spectrum of  (A) optical-grade 
CVD diamond; (B) natural microcrystal l ine d iamond powder ( 4 0 -6 0  
ram); (C) large gem-quali ty diamond. Laser spot size was - 5 0  ~xm with 
an incident power of - 7 - 1 0  roW. TotalAntegration t ime used was - 1 0  
s for the first-order phonon band and 200 s for the second- and third- 
order phonon bands. The spectral resolution is 25 cm ~. (R = R a m a n  
bands, and PL = photoluminescence bands.) 

ilar to the spectrum excited at 228.9 nm (Fig. 8A), but 
the second-order phonon band intensity at --2200 cm -~ 
increases relative to that of  the first-order phonon band. 
No broad-band luminescence appears between 206.5 and 
225 nm with the 206.5-nm excitation directly within the 
diamond bandgap. The spectrum of the gem-quality di- 
amond (Fig. 10) shows a series of  narrow PL bands in 
the 225-260-nm spectral region, which were previously 
obse rved  in ca thodo luminescence  studies. 59 The 
206.5-nm excitation occurs well within the diamond elec- 
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FIG. 9. " The 206.5-nm excited Raman spectrum of CVD diamond. La- 
ser power was ~3  mW with the same focusing conditions and spectral 
resolution as in Fig. 8. The detector was an ICCD array with a total 
integration time of 150 s for the first-order phonon band and 1000 s for 
the second- and third-order phonon bands. 

tronic bandgap where the absorptivity is --5000 cm ~, 
and where penetration of  206.5-nm light is less than 1 
txm into the crystal. Since the first-order phonon Raman 
scattered light also occurs within this bandgap, most  of  
the Raman scattering and PL occur from a 500-nm-thick 
surface layer. 

With 228.9-nm excitation of  gem-quali ty diamond, we 
observe the expected first- and second-order Raman 
bands, as well as a band at --3800 cm -~, which we earlier 
assigned to the third-order phonon band. 36 However,  this 
3800-cm -1 band with 228.9-nm excitation occurs at 250.6 
nm, which is identical in wavelength to the PL bands 
observed in the 206.5-nm excited spectrum of  gem-qual-  
ity diamond. Additionally, with 228.9-nm excitation, a 
smaller band occurs at - 3 2 0 0  cm l, which corresponds 
to 247 nm. Since the peaks observed in the 228.9-nm 
Raman spectrum (Fig. 8C) match the frequencies and the 
intensity ratios of  the peaks observed in the 206.5-nm 
photoluminescence spectrum (Fig. 10B), it is likely that 
the 3200- and 3800-cm -1 bands observed with 228.9-nm 
excitation are not Raman bands, but are PL bands which 
result f rom defect structures. 

Figure 10A compares  the 206.5-nm excited spectrum, 
between 225 and 260 nm, of  CVD diamond to the spec- 
trum of  gem-quali ty diamond (Fig. 10B). The CVD di- 
amond shows strong resolvable peak max ima  at - 2 3 0 ,  
235, and 242 nm, and a broad complex band at wave-  
lengths longer than 260 rim. The gem-quali ty diamond 
spectrum also shows a weak band at 230 nm, and strong 
PL bands with max ima  at --236, 240, 243, 247, and 251 
nm, which are narrower than those of  the CVD diamond. 
The above bands, which are also observed by cathode- 
luminescence, result f rom the recombination of free and 
defect-bound electron hole pairs (excitons). 53 These band- 
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The 206.5-nm excited emission spectrum of (A) CVD film FIG. 10. 
and (B) gem-quali ty natural diamond. The CVD spectrum was collected 
with a total integration time of 150 s by an ICCD. The natural diamond 
emission spectrum was collected by an ICCD with a total integration 
time of 100 s at - 5 0  cm ~ spectral resolution• 

widths increase with temperature, and the intensities de- 
crease as the crystal perfection decreases23-58 

The 230-nm emission band is the only band with an 
identical frequency for the CVD diamond films and the 
gem-quali ty diamond. The energy of  the 230-nm band 
coincides both with the expected energy of  the fourth- 
order Raman phonon band of  diamond at 4950 cm 1 (2 
× 2470 cm -1) and with the indirect exciton energy 
gapY ,5v,58 I f  we shift the excitation wavelength from 
206.5 to 210 nm for the CVD diamond, the 230-nm band 
is not observed in the emission spectrum (Fig. 11A, solid 
line). The difference spectrum between the 206.5- and 
210-nm excited PL spectra (Fig. l l B )  does not show the 
positive and negative bands that would be expected if the 
230-nm band simply shifted to overlap the stronger 
234-nm PL band. However,  the presence of the two pos- 
itive peaks in the PL difference spectrum may be an ar- 
tifact associated with the use of  the 210-nm, high-peak- 
power, pulsed laser excitation source. Although the 
206.5- and 210-nm PL spectra were measured with ap- 
proximately the same average power, the high pulse peak 
power  of  the 210-nm excitation (15 ns pulses, 200 Hz) 
may preferentially probe those excitons with short life- 
times, since the long-lived excitons saturate during the 
short pulse duration. A similar saturation effect has also 
been observed for the cathodoluminescence measure- 
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FIG. 11. The 210-nm (solid line) and 206.5-nm (dashed line; Fig. 9) 
excited emission spectrum of CVD diamond. The 210-nm excited spec- 
trum was obtained with a frequency-doubled 200-Hz excimer laser 
pumped dye laser with an average power of 1.5 mW, focused to a ~50- 
~m spot size. The data were detected by an intensified Reticon diode 
array with a total integration time of 150 s at - 5 0  cm ~ spectral reso- 
lution. 

ments of  the diamond A band luminescence as the elec- 
tron energy or current is increased. 59 Therefore, we can- 
not as yet unambiguously assign the 230-nm band either 
as the diamond fourth-order phonon band or as a result 
of direct free exciton recombinations. 

The 206.5-nm excitation of  the CVD diamond allows 
us to evaluate the quality and defect density of  diamond 
films. The Raman first-order phonon band and the edge- 
emission bands region are both sensitive to the defect 
density and nondiamond impurities present in the films. 
Furthermore, the bandgap emission (230 to 255 nm), pre- 
viously studied only by cathodoluminescence, can now 
be monitored with the 206.5-nm excitation. We are now 
studying the relationship between the concentrations, and 

types of nondiamond carbon impurities, and the resulting 
near-bandgap photoluminescence and Raman band inten- 
sities and frequencies. 

C O N C L U S I O N  

We have demonstrated the utility of a new 206.5-nm 
continuous-wave excitation source for UV Raman spec- 
tral measurements of  protein secondary structure and for 
studies of  diamond. The 206.5-nm Raman spectra can be 
conveniently used to monitor protein and peptide sec- 
ondary structure in aqueous solution and lipid micelles. 
We have also demonstrated that 206.5-nm excitation, 
which occurs within the diamond bandgap, can be used 
to excite photoluminescence from diamond defects. This 
approach is an additional powerful methodology for 
studying diamond defect structures. Some of  the spectral 
features are similar to those observed by cathodolumi- 
nescence, but the 206.5-nm excitation measurements are 
simple and do not require high vacuum. 
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