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Spatial characterization of doped SiC wafers by Raman spectroscopy
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Raman spectroscopy has been used to investigate wafers of both 4H-SiC and 6H-SIiC. The wafers
studied were semi-insulating amgtype (nitrogen doped with concentrations between 210

and 1.2 10 cm™3. Significant coupling of theA; longitudinal optical (LO) phonon to the
plasmon mode was observed. The position of this peak shows a direct correlation with the carrier
concentration. Examination of the Raman spectra from different positions on the wafer yielded a
rudimentary spatial map of the carrier concentration. These data are compared with a resistivity map
of the wafer. These results suggest that Raman spectroscopy of the LO phonon—plasmon mode can
be used as a noninvasivi situ diagnostic for SiC wafer production and substrate evaluation.
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I. INTRODUCTION There have been several previous experimental studies
3 S _ of the one-phonon Raman spectra of $i¢! The impor-
Silicon carbide(SiC) has recently been recognized as anignce of polytypes on the one-phonon Raman spectra of SiC
important material for a wide variety of high-power and 55 first noted by Choyke and collaboratbfsRaman has
high-temperature electronic applications. SiC exhibits a larggeen shown to be a valuable probe of SiC grown by a variety
number (250 of polytypes with different structural and techniqueg?3
physical propertie$.The polytypes have the same chemical In this study, we have performed Raman scattering mea-
composition but exhibit different crystallographic structuresg,rements at room temperature for semi-insulating 4H-SiC
and _stacking sequences alor?g the principal crystal axis. Seyyq heavily doped 4H-SiC and 6H-SiC wafers. The doped
eral important polytypes of SiC such as 4H and 6H h@¥g  \yafers of SiC weren type, nitrogen doped, with concentra-
crystallographic symmetry. In the direction 4H— and 6H- s ranging from 2.X10' to 1.2x10!% cm™3. A semi-
SiC are almost identical<1% changg however, the 4H inqjating wafer of 4H-SiC was also examined as a refer-
polytype consists of four units in thedirection and the 6H g ce. Nitrogen is well established as a donor in Sit.
consists of six units. Different polytypes have different bandSigniﬁcant changes were observed in the shape and position
gaps, electron mobilities, and other physical properties; fogps ihe A, longitudinal optical(LO) phonon as a function of
example, 4H-SiC has attracted significant attention due to itaoping concentration. The changes in peak position, spectral
high elegtron mqbility and excellent thermal proper'_ties. Re'shape, and width of thé,(LO) phonon are attributed to
cently high quality wafers of both 4H— and 6H-SIiC have pjasmon—phonon coupling. The experimental Raman line
been growrf:®> Wafers of SiC are also a promising substrateshape was compared with thedfy.
for nitride semiconductor growth due to their compatible lat-  \y/e have exploited the plasmon—phonon coupling to es-
tice structure and similar thermal expansion coefficients.  timate the spatial dependence of the carrier concentration
I the full potential of SiC is to be reached, highly uni- across the SiC wafer. Unlike electrical conductivity measure-
formly doped SiC wafers must be produced. As is shown inpents, which involve the attachment of an electrical contact
this article, heavily doped SiC wafers are often not spatiallyg, the material, Raman spectroscopic determination of carrier
uniform. Spatially inhomogeneous doping of the SiC sub-concentrations is nondestructive and noncontact. The spatial
strate produces nonuniform thermal properties and subs@asoution of the Raman scattering is determined by the spot
quently poor quality epilayers. Common measurement techyj e of the laser, which can be as small ger in diameter.
niques for electrical characterization such as Hall andrne gpatial characterization of SiC wafers is important if
resistivity require direct contact with the sample. Contactpese materials are to be used in high-power electronics or as

with the sample surface may prevent or impair the latery g,pstrate for nitride semiconductor growth.
growth of epilayers. A noncontact method for the spatial
profiling of SiC wafers will provide a necessary quantitative
technique for the solution of this problem. Il. EXPERIMENT
Raman spectra were recorded using a Coherent Model
3Author to whom correspondence should be addressed; electronic mail NNOVA 90 Ar/Kr laser, a SPEX Model 1877E triple mono-

fhlong@rutchem.rutgers.edu chromator, and a charge-coupled dete¢@ED) cooled with
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liquid nitrogen. The samples analyzed were held in a rotary ! y ' ' ' y T '
mount at room temperature. The samples were aligned such E,(PO)
that the collection of scattered light was in the near backscat-
tered geometry perpendicular to thH8001) face of the
sample, so that the same spot on each sample could be ex-
cited at each different laser wavelength. Raman spectra were
taken at several different spots on each wafer to gauge the
homogeneity of the doping in each wafer. The polarization
of the laser light, both incident and collected, was unspeci-
fied. Calibration of each Raman spectrum was carried out
using known atomic emission lamps and is accurate to ap-
proximately 0.5 ct. Typically 10 min scans were used to
acquire the Raman data.

A series of both 4H- and 6H-SIiC wafers from a variety
of sources were examined. The wafers used were up to 2 in.
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in diameter. All the doped wafers studied weréype nitro- 7 T T T l E,(TO)
gen doped. The 4H-SiC wafers were cut 8° off axis. The 6H 5 P
wafers were cut at either 3.5° or 0° off axis. The resistivity E(PA A(An  E(PO)
map was made using equipment from Lehighton Electronics E
Inc. The head size used was 0.56 in. in diameter. g A(LO
&
I1l. RESULTS AND DISCUSSION E
A. Raman spectra I
bectia. | £ Emm|EPA

Group-theoretical analysis shows that the Raman-active 2
modes of a wurtzite structure, which h@g, symmetry, are . ) . . . . , )
theA,, E;, andE, modes® The A; andE,; phonon modes, 200 300 400 500 600 700 800 900 1000
which are also infraedIR) active, are split into LO and (b) Raman Shift (cm”)

transverse opticdlTO) modes. In a backscattering geometry,
where the incident and collected light are parallel to the FIG. 1. (8 Raman spectrum of 4‘1H—SiC.: wafer taken With-5l4.5 nmslaser
2 of the sample, 18,(L0), E,(TO), andE phonons B, % o0 lerbertyanomns posger oreuster vt
are e>_<pecteq| to be seen in the Raman spectra at exmtat@;ao)y 777.0 cm®: E,(TO), 797.5 cm™ A,(LO) 967.0 cni™. (b). Same
energies which are nonresondht’ Since the band gap of data aga) but with an expandeg scale.
hexagonal SiC is approximately 3.3 eV for 4H-SiC and 3.0
eV for 6H—SiC and our excitation energy is no greater than
2.6 eV, the nonresonant selection rules are appropriate. W, (LO). The primary peaks in 6H-SIiC are &) planar
note that the 4H—SiC wafers studied were cut 8° off the acoustic mode at 150.5 ¢rh two planar or TO modes @&,
axis; however this is too small to significantly change thesymmetry at 767.5 and 788.0 ¢f and anA;(LO) phonon
Raman selection rules. at 966.5 cm®. The mode at 796.0 cht is a planar optical
As noted earlier, the existence of SiC polytypes has anode ofE; symmetry. We note that with different experi-
major impact on the Raman spectfalhe one-phonon Ra- mental arrangements, different symmetry modes may be
man spectra of 6H—, 4H—, and other polytypes of SiC can beseen. For exampled; and E; modes may cause a peak at
explained by the folding of the Brillouin zone due to the approximately 788 ct in the 6H—SiC spectrum in addition
polytype behavior of Si¢:°> Because different SiC polytypes to, or instead of, th&, mode to which we have assigned that
only differ by the length of the axis, only the Brillouin zone peak, depending on experimental geométty.
in the direction ofl"-L is effected. This folding makes modes The high quality of the data obtained in our experiments
away from thel’ point visible in the one-phonon Raman allows for the observation of several weaker peaks present in
spectrum. Group theory can be used to identify the symmetrthe Raman spectra. These additional peaks, with symmetry
of these additional modes. Phonons with atomic motion paridentification, are also listed in Table I. In the 4H-SIiC Ra-
allel to thec axis are designated axial and phonons perpenman spectra, two small additional features are worth noting.
dicular to thec axis are planar. A pedestal is seen in the 4H-SIC Raman spectra, starting
In Fig. 1(a) and Xb) we show typical Raman data for around 500 cr®. This pedestal appears at the same location
4H-SIC, taken at room temperature. Figuréa) 2nd 2Zb) in the Raman spectra as the laser wavelength is varied; there-
show data taken under the same conditions for 6H-SIC. Thiore we conclude that this feature is Raman scattering and
major peaks in the 4H-SiC Raman spectra are identifiablaot luminescence. A similar feature is also seen in the 6H—
from previous studie$® The peak at 203.5 cnt is anE,  SiC Raman spectrum. The Si—Si bond appears at approxi-
planar or transverse acoustitA) mode, 610.5 cm' is A;  mately 519 cm’;'® however, the feature in our experiments
axial or longitudinal acoustitLA), 777.0 cm'is E, planar s sufficiently broad that we believe that this explanation is
optical, 797.5 cm! is an E; mode, and 967.0 cit is  unlikely. We have attributed this feature to the acoustic
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— T T T T T T T T FIG. 3. High frequency optical phonak, (LO) in 4H-SiC at several nitro-
2 E(PA E,(PO) gen concentrations. The dotted line is 210 cm™3; dot-dash line 5.5
5 X 10 cm™3; solid line 1.2<10'° cm 3. Experimental conditions as in
E(TO) Figs. 1 and 2. Thé,(LO) phonon increases in frequency and broadens with
E A,(L.C) increasing doping and carrier concentration.
Z | \EPFA
g A(AN _ | . |
£ E(PA) insulating sample, we discount the possibility that this peak
2 A(AO) is due to a local mode of the nitrogen dopant atom. This peak
® is the subject of further investigation.
@ Two peaks at around 500 crhare visible in the 6H—

SiC Raman spectra, shown in Figb2 In addition, there
] P appears to be a broad peak underneath the two sharper fea-
(b) Raman Shift (cm’) tures. The two peaks at 505 and 513 ¢rareA; LA modes
FIG. 2. (a) Raman spectrum of 6H—SiC wafer taken with 514.5 nm IaseraSSOCiated with thg=0.67 point §=k/knay of the reduced
light at room temperaturgnominal nitrogen concentratier2.1x 10'8 Brillouin zone. The broad background signal increases in
cm~3). The strongest peaks alfg(TA), 150.5 cm'’; E,(TO), 767.5 cm’; magnitude and sharpens when the sample is cooled to 77 K.
E,(TO), 788.0 cm*; A,(LO), 966.5 cm™. (b) Same data a@) butwithan  Thjs behavior is consistent with the assignment of this fea-
expandedy scale. ] ]
ture by Klein and co-workers as Raman scattering from elec-
tronic defects.

In Fig. 3 we show theA;(LO) phonon line shape as a
branch of the second-order Raman spectra. Theoretical caldnction of nitrogen doping concentration. As the doping
culations support this assignméft® The experimental concentration is increased, the phonon increases in frequency
second-order Raman spectra of 4H— and 6H-SIiC will beand asymmetrically broadens. The change in nitrogen con-
discussed in another articte. centration from 2.X 10" to 1.2 10'*° cm™ 2 in 4H-SiC pro-

Around 630 cm?! another feature is clearly seen. In duces a dramatic change in the position and shape of the
many samples, this feature appears as a doublet. Variation éf;(LO) phonon. This large change in the frequency of the
the laser wavelength has also verified that this peak is due t,(LO) phonon makes its position a sensitive probe of dop-
Raman scattering. Because the amplitude of this peak doésg in this concentration range. We note that none of the
not significantly change with nitrogen doping concentration,other strong Raman peaks shift or broaden in the doping
and is still observed in the Raman spectrum of the semieoncentration range studied.

200 300 400 500 600 700 800 900 1000

TABLE I. Peak assignment for peaks shown in Figs. 1 and 2.

4H-SIiC peak Mode 6H-SIiC peak Mode

Raman shiftcm 1) symmetry Raman shiftcm ™) symmetry
195.5 E, planar acoustic 146.0, 150.5 E, planar acoustic
203.5 E, planar acoustic 235.0, 240.0 E, planar acoustic
266.0 E, planar acoustic 266.0 E, planar acoustic
610.5 A, axial acoustic 505.0, 513.5 A, axial acoustic
777.0 E, planar optic 767.5, 788.0 E, planar optic
797.5 E,(TO) 796.0 E.(TO)

888.5 A, axial optic

967.0 A,(LO) 966.5 A,(LO)
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B. Comparison of A,;(LO) phonon line shape with T T
theory

The behavior of théd;(LO) phonon can clearly be at-
tributed to plasmon—phonon coupling. The strong depen-
dence of theA;(LO) peak position on carrier concentration
allows us to use the position of th&;(LO) phonon as a
measure of the carrier concentration. Previous studies have
used this approach to examine other wide gap materials such
as GaN at high doping concentraticis.

Physically, at sufficiently large carrier concentration,
longitudinal oscillations of the associated plasma modify the .
dielectric constant and consequently the Raman cross sec- 1000 1100
tion. Klein and collaborators developed the first theory for Raman Shift (cm")
the effects of plasmon—phonon coupling on Raman line
shape§. This theory has been refined by other researc IG. 4. Comparison oAl(L_O) phonor_\ line shape with theory. _The plasma

. requency was found by fitting the line shapes to the equations. The col-
groups. For example, Irmest al. extended the theory to In- lected data is a solid line. The fitted curve is a dot-dashed line. Nominally
clude phonon dampeniHﬁ.These works have established the nitrogen concentrations are 210 and 1.2<10%° cm™3. (For 2.1
that in wide band gap semiconductors the dominant mechas<10'® cm™3%: T'=4.43 cm'*, y=436 cm ', and w,=154 cm *.) (For 1.2
nisms for Raman scattering are electro-optical and deformas10°° cm™* T'=25.1 cm, y=593 cm'*, andw,=383 cm *.)
tion potential, and not fluctuations in carrier density. The line
shape of the LO phonon is given by

Relative Intensity (Arbitrary Units)

ables us to make an estimate of nominal doping level for any
l(0)=SAw)Im[—1/e(w)], 1) given value ofw,. The quality of the theoretical fits to the
where data is good. Typical results for 4H-SiC are shown in Fig. 4.
o o » ) s o 2 We have found that the high frequency tail of thg(LO)
Alw)=1+2Coffwpy(wT— o)~ T (0~ y"~wy)/  phonon can be reproduced in this manner. Minor deviations
from the theory may be due to a background signal from
2 4 2 2_ 2 2_o5,2

A+ (Cor/ Al y(of—o7) +T'(0p =207 second-order Raman scattering of the acoustic phonons.

+ 0T (0?+ Y)Y (0l — 02), (2)  Similar quality fits are found for the 6H-SiC.
In Fig. 5 we plot theA;(LO) phonon peak position mea-
and sured at the center of each wafer versus the nominal nitrogen
A=w,2)y[(w12-—w2)2+(wF)2]+w2F(w|2—w-zr) concentratiqn for different 4H-SiC wafers. A clear corre-
spondence is observed. Therefore, we can use the position of
X (w2+ y?), (3  the A;(LO) phonon to empirically estimate the carrier con-

o, ander are the longitudinal and transverse optical phononcentratlon. This trend can be explained by considering the

frequencies;y is the plasmon dampening constalitjs the expression fo_r t_he high frequenpy coupled plasmon-—phonon
. k mode in the limit of no dampening.

phonon dampening constant, a@dis the Faust—Henry co-

efficient. Sis a proportionality factor. The dielectric function (0")?=Hol + w5+ [(of + 0)*—dwiwi]"3, (6)

e(w) contains a phonon and a plasmon contribution:

L vt w2 .
= —+ — - ..3* T T T T T T
clw)=ex wi—w’—iol o(o+iy)]’ @ g :
. . . . ; 9851 s 7
wherew,, the plasma frequency, is given in cgs units by = -
. § o0 . -
w|23= . (5) S
Mett€e
. . _ 975+ .
This model has been previously used to examine plasmon— g
phonon coupling in Si€®'? and other wide band g
semiconductor$® _g 970 . 1
We have used a commercial graphing program to fit our 5 a .
data. Using Eqgs(1)—(4), we fixed wt, o, andC to ac- ) 965( §
cepted literature valueSC=0.43; wr=783cm?’; o, < - f

=965 cm 1).1° The value forw, was confirmed by our own 2.0x10" 4.0x10" 6.0x10" 8.0x10" 1.0x10" 1.2x10"
measurements of semi-insulating 4H-$864.5 cmY). We Nominal Doping Concentration (cm®)
then allowed the program to find the values Fory, andw, N o
that gave the best agreement between the fit and the expeFl'-G' 5. AverageA,(LO) phonon position vs nominal nitrogen concentra-

. jon. Filled squares show our data; the open diamond si#g{sO) phonon
mental line shape. We were then able to relate these values {@quency for semiinsulating 4H-SiC as reference; and the open triangle

the nominal doping concentrations of each wafer, which enshows estimated Raman shift from Ref. 10.
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FIG. 6. A;(LO) phonon position vs plasma frequency obtained from fits. FIG. 8. Estimated carrier concentration profile along two heavily doped

Solld.squares are e;xpenmental valugs; the line through the expe'nn_”lent IH—SiC wafers as determined by Raman spectroscopy with nominal nitro-
data is shown to guide the eye. The line above the data is the prediction o . din the | d
Eq. (6). gen concentrations noted in the legend.

wherew,, w,, andwy are defined as above. A plot of the file is often not symmetric with respect to rotations of the
measuredi;(LO) phonon peak positions versus the plasmawafer. The high carrier concentration observed in the center
frequencies obtained from the fits is shown in Fig. 6. Thisof the wafer corresponds to a dark spot visually observed in
figure shows all data from spectra taken at different positionghe high nitrogen concentration wafers. The far edges of both
on each wafer. A line is drawn through the data to guide thévafers had doping levels estimated to be much lower than
reader. A comparison with E@6) is also shown. The devia- the nominal value specified for the wafer.

tion between Eq(6) and the experimental data is larger for A resistivity map for a doped SiC wafer is shown in Fig.
increased plasma frequency due to the neglect of plasmc® The resistivity map confirms the spatial nonuniformity of
damping. The plasma frequency determines the position dhe doping concentration. In the most heavily doped 4H-SiC
the A;(LO) phonon and the Faust—Henry coefficient and thewafer, the resistivity varied by 20.2%. This is consistent with
two damping parameters control the width and asymmetry ofh€ noncontact Raman measurements on the same wafer,

the peak. where a variation of approximately 26% was observed over a
similar portion of the center of the wafer. The lowest resis-
C. Spatial characterization of SiC wafers tivity point in the 4H-SiC wafer occurs near the geometric

center of the wafer. This is also consistent with Raman mea-

s%lrements, which demonstrated that the carrier concentration
Was highest near the center of the wafer. Furthermore, as was
éound in the Raman measurements, the lower doped wafers

To address the need for noncontaat,situ diagnostics
for SiC wafers we have examined the spatial dependence
the Raman scattering from ti#g (LO) phonon. In Fig. 7 and
8 we show typical results for the spatial dependence of th
doping level in SiC wafers, as determined by Raman spec-
troscopy. Figure 7 is thé;(LO) phonon frequency across
the wafer. Figure 8 shows the nitrogen concentration which
we have estimated from thé;(LO) phonon frequency
across the wafer. We note that the spatial dependence is not
the same for each SiC wafer and that the concentration pro-

F—o— 7.5x10%m®

/A
—2—12x10%m® " \ E

] /

3 0—o0—o0, \A
7 A

Raman Shift of A (LO) peak (cm")
SIBERRRER8E8E

E —° ~o E
A o —_0-0
k3 g—-o/ E
0 5 10 15 20 25

Scan Position (mm from edge of wafer)

FIG. 7. Spatial profile of theA;(LO) phonon energy across two 4H-SiC FIG. 9. Resistivity map for the 4H-SiC wafer nominally doped at 1.2
wafers with nominal nitrogen concentrations noted in the legend. X 101 cm 3,
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