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Resonance enhancement of electronic Raman scattering from nitrogen
defect levels in silicon carbide
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Electronic Raman scattering from nitrogen defect levels in SiC is seen to be significantly enhanced
with excitation by red(633 nm, 1.98 eY or near-IR (785 nm, 1.58 eV laser light at room
temperature. Four nitrogen peaks are observed in 6H380, 430, 510, and 638 ci) and three

peaks in 4H-SiGabout 400, 530, and 570 ¢rh. The peaks in the 4H-SiC spectrum are seen to
shift to lower frequency with increasing nominal doping concentration. Raman spectra taken at low
temperature in 6H-SIiC reveal differences between wafers and Lely grown platelets by the
appearance of several additional peaks. The origin of the resonant enhancement is the near-IR
absorption band associated with the green color characteristio-tgpe SiC. These results
demonstrate that the laser wavelength is a key parameter in the characterization of SiC by Raman
scattering. ©1999 American Institute of Physidss0021-897@9)03016-9

INTRODUCTION that these Raman studies used green or blue laser excitation.

Under these conditions, electronic Raman scattering in
nitrogen-doped silicon carbide is only clearly observed at

. . ; . o low temperatures. It is generally accepted that nitrogen oc-
as an important material for a wide variety of apphcatlons.cupieS carbon sitd&in the SiC. In 4H-SiC, there are two

Sic eXhibit,S ponprism. There are in EXCESS of 250 p,qu'inequivalent sites, one hexagonal and one quasicubic; for
types of SiC, which have the same chemical composmonGH_SiQ there are three sites, two quasicubic and one
but different crystallographic structures, band gaps, eIeCtroﬂexagonai‘.o
mobilities,_ and other physical propertiéé[echnologically,_ In this article, we present Raman scattering data from
the most important polytypes are 4H— and 6H-SIC, whichy, i, 414 and 6H—SiC which demonstrate that electronic
b_Oth_ _haveCf}v crystallographlc symmetry gnd only d|ffe_r Raman scattering from nitrogen defect levels can be reso-
significantly in the stacking along the principal crystal axis.\nyy enhanced with red or near-IR laser excitation at room
Itis oply recently that high-quality .wafers of both 4H_ and temperature. The resonantly enhanced electronic Raman
G.H_.S.'C have bgen growft ,A'H_S'C has been subject to scattering is found to be polytype dependent. We also
S|gn|f|pant attention dug to its excellent thermal prOpertIespresent similar data taken at low temperature that shows this
and high electron mobility. , effect with sharper, more intense peaks. In 4H-SiC, the reso-
Thg one-phonon Raman spectrum of Slﬂchégas been "fantly enhanced peaks are seen to shift with doping concen-
ported in several previous experimental studies.Raman =y ation e note that IR Raman scattering was found to be a

spectroscopy has been shown to be a valuable probe of Sif, e ool for the characterization of diamond filtis.
grown by a variety of techniques. The polytype dependence

of the one-phonon Raman spectra of SiC, first noted by
Choyke and collaboratofshas been shown to be of great EXPERIMENT
significance. The Raman spectra were recorded using confocal Raman
Klein et al. established a theory of plasmon-phonon cou-microscopy. A Dilor LabRam system and a Renishaw Series
pling in semiconductors which successfully predicted Raman 000 Raman microscope were both used. All micro-Raman
line shapes fom-type nitrogen-doped 6H-SiCFurther-  data were collected at room temperature. Micro-Raman spec-
more, Klein and Colwell were the first to observe electronictra were obtained with laser excitation at 785 (58 eV
Raman scattering from nitrogen-doped 6H-SIiC at lowand 633 nm(1.96 eV}, which was compared with data taken
temperaturé.FoIIowing Ref. 6 there have been experimentalat 514 nm(2.41 eV} with both a Raman microscope and a
studies of electronic Raman scattering from nitrogen donopulk Raman spectrometer. The bulk Raman spectrometer
levels in other SiC polytype’™®In contrast to 6H-SiC, the was also used to collect data using 568 (@118 e\ and 647
electronic Raman scattering in 4H-SiC is quite weak anthm (1.92 e\} laser excitation, and to take low temperature
quality experimental data is scartlt is important to note  data using a crystal cooled with liquid nitrogen. This system
has been previously described and used to examine SiC

11 L - -
dAuthor to whom correspondence should be addressed; electronic maiWafers- The spectral resolution is ap.prOX|mater 1 chfior .
fhlong@rutchem.rutgers.edu the micro-Raman spectra. The experiments were all done in a

Recent research in the field of high-power and high-
temperature electronics has focused on silicon cartgie)
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TABLE I. Peaks observed at room temperature assigned to nitrogen doping.

2 —— A =785nm
Peak frequency c
Polytype (cm™) Label in figures g A = 633 nm
4H-SiC 400 N, © A =514 nm
530 N, 2
570 N &
6H-SIC 380 Ng =
430 Ne =
510 N¢ C
638 Ng .GC.J.
o
2
©
. . . (U]
backscattering geometry with the light collected along or &

close to thec axis of the SiC. Confocal Raman spectra taken 200 200 500 800 1000
5—10,(_Lm_ below the surface of the S_iC wafer yielded results Raman Shift (cm™)

very similar to the surface of the SiC; therefore, the effects

we have observed are not surface specific. We have ald6G. 1. Raman spectra from a singldype 4H-SiC sample taken at room
observed similar effects in the micro-Raman spectra of ep"gemperature with different laser excitation wavelengths: 514(24l eVj,

. 633 nm(1.98 eV}, and 785 nm(1.58 e\j. Note the clear appearance of
ayers of both 4H- gnd 6H_SIC_: at room temperature. Th%everal additional peaks, shown enlarged in the inset, laibé&ledN,, and
Raman spectra at different doping concentrations were Noky_, as the laser wavelength is tuned to the near IR. We attribute these peaks
malized to the principal SiC Raman mode, which was notto electronic Raman scattering from the nitrogen defect levels. The spectra
altered by doping. are normalized to the peak at 777 ¢

The silicon carbide samples used were primarily wafers
1-2 in. in diameter and came from multiple sources. The
results reported here are independent of sample origin. Weot found any changes in the major peaks of the spectrum.
studied a selection of-type SiC samples with different dop- The intensity and Raman shift of these peaks is unaffected
ing ranging from nominally undope@semi-insulating to by the change in excitation to red light. Thg(LO) mode
7.1x10%cm 3, behaves in the same manner as we have previously
observed? This contrasts with our preliminary studies using
UV excitation which indicate that the signal from the
A1(LO) mode is significantly resonantly enhanced at those

The major peaks in the Raman spectrum from 4H— owavelengths?
6H-SiC remained the same between excitation at 514 nm The strongest peak at 530 ¢M(N,,) is broad and asym-
and excitation at 785 nm, and have been identified in previmetric; this asymmetry is possibly due to another peak near
ous studieé-*! In 4H-SiC, the peak at 204 cthis anE, 500 cm . The peaks at 530 and 570 Cfare consistent
planar or transverse acoustic mode, 610 tis A; axial or ~ with previous measurements af-type 4H-SiC at low
longitudinal acoustic, 777 cnt is E, planar optical, 797 temperaturé® At low temperatures, a sharp peak at 57 ¢m
cm ! E;, and 967 cm! is A; longitudinal optical. Analo- has also been measurdThe three high frequency peaks
gous wavelength dependence was also observed for 6H-Si@nd the low frequency mode at 57 clrmake for a total of
The primary peaks in 6H-SIiC are df, planar acoustic four peaks that can be attributed to nitrogen donors in 4H—
mode at 150 cmt, two planar or transverse optical modes of SiC. This is more than the number of inequivalent sites, two,
E, symmetry at 768 and 788 ¢ and anA; longitudinal  for 4H-SiC.
optical phonon at 966 cit. The mode at 796 cit is a Figure 2 shows Raman spectra foitype 4H-SIC at
planar optical mode oE; symmetry. Further details can be different doping concentrations, taken at room temperature
found elsewheré! We also note that some of these peakswith 785 nm(1.58 e\} excitation. As then-type nitrogen
exhibit Fano resonances under appropriate doping and lasdoping concentration increases from semi-insulating to 7.1
excitation condition§.The Raman peaks associated with ni- X 10®cm™3, we clearly see an increase in the intensity of
trogen doping observed in 4H— and 6H-SiC are listed irthe peaks at approximately 400, 530, and 570 tnThe
Table I. absence of peakbl,, Ny, and N, in the semi-insulating

Figure 1 shows room-temperature Raman spectra of aample demonstrates that these peaks are associated with ni-
single nitrogen-doped 4H-SiC wafen£5.5x10®¥cm™3)  trogen doping. In previous work;'® we have drawn atten-
which were taken at different laser excitation wavelengthstion to a pedestal in the Raman spectrum beginning at around
514 nm(2.41 eV}, 633 nm(1.98 eV}, and 785 nn(1.58 eVj. 500 cm!, which we attributed to a possible second-order
There is a very significant change in the Raman spectra upascattering. This is also visible in the spectrum of the semi-
changing the laser wavelength. When the laser excitation igsulating sample at 785 nf1.58 eV}, which shows further
in the red or near IR, clear resonant enhancements are othat the pedestal is unlikely to be due to nitrogen doping, and
served for peaks at approximately 400, 530, and 570%cm moreover is not a probable cause of the resonant effect that
enlarged and labeleN,, Ny, andN, in the inset. At 620 we report here. Careful inspection of the pedlg) near 530
cm !, a Fano resonance is observed. We note that we havan ! determines that the absolute peak position shifts to

RESULTS AND DISCUSSION
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FIG. 2. Raman spectra for 4H-SiC taken at room temperature at 785 n
(1.58 eV for different n-type doping concentrations. The peaks under dis-

cussmn,N?, Np, an(_j_NC, shown enlarged in the inset, are cl_early_ not eV). Inset is an enlargement of the region between 350 and 708. ddote
observed in the semi-insulating sample. The spectra are organized in ord

r . .

of doping concentration, with the highest at the top and the lowest at th%e appearance of peaks attributable to nitrogen labllsdN. , Ny, and
bottom: 7.1x10' 5.5x10% 2.6x10% 2.1x10®cm™3 and semi- 9

insulating. The spectra are normalized to the peak at 777.cm

BiG. 4. Raman spectrum from 6H—SiC witktype doping concentration of
2.1x10¥ cm 3, taken at room temperature with excitation at 785 (In%8

514 nm excitation the electronic Raman scattering peak at
smaller values of Raman shift as the nitrogen concentratio10 cni' is masked by the weakly scattering 6H-SiC
is increased. This is illustrated clearly by Fig. 3, whichphonons at 505 and 513 crh'
shows the position of peaX,, at different doping concentra- In Figs. §a) and §b), we present low-temperature Ra-
tions. The open diamonds show the peak positions for th&an spectra of 6H-SIiC grown by two different methods.
data shown in Fig. 2 and the solid squares show data takeRhe spectra were taken using 647 nm laser excitation from
from low-temperature Raman spectra taken with 647 nnsamples held in a cryostat cooled with liquid nitrogen, and
(1.92 e\} laser excitation. are normalized to the most intense peak at 788cri can

Figure 4 shows the Raman spectrum fornaype clearly be seen that the resonant peaks sharpen up consider-

nitrogen-doped (2 10¥cm %) 6H-SIiC sample taken at ably at low temperature. We note that these sharper peaks are
room temperature with 785 nfi.58 eV} laser excitation. At ~ also visible when 514 nm excitation is used, as noted first by
least four additional peaks can be observed, which are 1alein and Colwell® It is clear from Fig. %a) that the reso-
beled in the insert aly, Ne, N¢, andNg. These peaks are nant spectrum of the platelet sample, grown by the Lely
not clearly visible in 6H—SiC at room temperature with 514 method, is more intense than that of the wafer sample, grown
nm (2.41 eV} excitation (data not shown'! In fact, using by state of the art methods. However, this difference in in-
tensity is confined to these peaks. The other peaks in the
spectrum[the A;(LO) at around 965 cm and E,(PO) at

536 y " N around 768 cm’] are of comparable intensity in both spec-
. tra. Figure %b), which shows an enlargement of the region
"g 5341 . 1 between 350 and 700 crh also shows that there is addi-
= tional structure visible in the spectrum of the Lely grown
30 532 ¢ platelet. Additional peaks are observed at about 377, 404,
3 427, 557, and 581 cnt. These peaks may be due to local
o 5301 vibrational modes of the nitrogen atom. This significant dif-
52 28! . ference in the Raman spectra for samples with different
5 growth methods may be due to a variety of factors. The
S =6l o . mechanism by which the sample is grown and dopant is
c‘x.% incorporated into the sample lattice obviously has a large

524 o  ml influence on the properties of the sample. Further investiga-
tion of the reasons for these differences are ongoing in our

2.0x10% 4.0x10" 6.0x10" gox1 laboratory. .
Nitrogen Concentration of Wafer (cm®) Figure 6 compares Raman spectra with 647 (in92
eV) excitation for two 4H-SiC samples at low temperature
FIG. 3. PeakN, Raman shift vs nominal dqping concentration_ in z_lH—SiC and room temperature. This illustrates the differences be-
v_vafers. The open diamonds show the positions for th_e data in Fig. 2. Th‘fween the Raman spectra at different doping levels and tem-
filled squares show data taken at low temperature using 647182 e\ .. .
laser excitation. A shift of 11 ciit is clearly seen over the concentration Peratures. The semi-insulating sample shows no trace of

range studied. resonant peaks at either temperature. It is also evident that
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n = 5.5x10"%cm®, 298K
............. Semi-insulating, 208K
- n=5.5x10"cm?® 95K

Semi-insulating, 95K

—— 6H-SiC platelet
.......... 6H-SIiC wafer

Relative Intensity (Arbitrary Units)
Relative Intensity (Arbitrary Units)

®
&

Raman Shift (cm™) Raman Shift (cm”)

X ) FIG. 6. Raman spectra of 4H-SiC wafers using laser excitation at 647 nm
— 6H-SIC platelet (1.92 e\). Low temperature data are contrasted with room temperature data
~~~~~~~~~ 6H-SiC wafer for a moderately high doping concentrationtype wafer and a semi-
insulating wafer. The semi-insulating sample shows no peaks in the region
of interest. There is clearly a resonant peak in both spectra ofi-tigpe
wafer, which is enhanced at low temperatures.

The peaks observed in out Raman experiments are quite
consistent with the values for electronic Raman scattering in
n-type 6H—SiC established by KlefiThe peak observed by
Klein at 113 cm! in n-type 6H—SiC appears in our data as
a tail in the Raman spectrum, as shown in Fig. 4. Fano in-
terference effects are observed in the peak at approximately
200 50 &0 150 cm ! due to these tails, again similar to effects were

Rarman Shift (cm’) observed by Kleif. The Raman peaks at 486, 505, 635, and

642 cm ! measured by Klefhand Gorbahat low tempera-

FIG. 5. (@) Raman spectrum of a 6H-SiC platelet grown by the Lely pro- ture are quite consistent with the asymmetric peaks we ob-

cess compared with the Raman spectrum of a 6H—SiC wifleBame data  serve in 6H—SiC around 510 and 638 Ttmat room

as(a), but with an expanded scale which shows clearly the extra structure "iemperaturé As pointed out by Gorbagt al.the number of

the spectrum of the platelet that is not visible in the wafer spectrum. . ) . ) .

electronic Raman peaks is not equal to the number of in-
equivalent carbon sites for 6H—SfC.

Relative Intensity (Arbitrary Units)

(b

=

the resonant peaks in thetype doped sample are more in-
tense at low temperature.

We have also observed that, for comparable nitrogen__ '—4H-SiC

. . . . )

concentrations, it appears as if the electronic Raman scatterZ
ing from nitrogen donor levels in 6H-SIC is much stronger =2
than the 4H-SIC polytype. We demonstrate this in Fig. 7, %
which shows spectra of a sample of each polytype, normal%
ized to their highest peaks. It is clear that the resonant peak@
are much more intense in the 6H-SiC sample than the 4H-2 |: 11
SiC sample. We have already shown that the intensity of theg ¥
resonant peaks increases with doping level. We note that theg BEE
4H-SiC sample 1{=5.5x 10"¥cm™3) actually has a higher
concentration ofn-type doping than the 6H-SiCnE 1.7 S HE
x10"ecm %), so the increased intensity in the 6H-SiC e R e |
sample is not merely due to a doping effect. The peak at ) . ) )
about 200 crit in the 4H-SiC is a clear example of a Fano 200 400 600 800
resonance, an asymmetry and distortion caused by overla Raman Shift (cm™)
and interference between a broad electronic state and a dis-
crete phonon stat€. We note that the interference appears toFIG. 7. Comparison of Raman spectra of 4H-SiC and 6H-SIC taken at

increase as the laser excitation wavelength is tuned from tH@°M temperature using 647 nfb.92 eV} laser excitation. The spectra are
normalized by their most intense peaks. The resonance effect is clearly

green to the_ near-I_R, Whif_:h suggests that the scattering frorIlarger in the 6H—SiC sample, even though the 4H—SiC sample has a higher
the electronic continuum is enhanced. doping concentration.

Relative
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