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Estimation of residual nitrogen concentration in semi-insulating 4H-SiC
via low temperature photoluminescence
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The conditions and limitations are presented for using low-temperature photoluminescence to
estimate the total residual nitrogen concentration in semi-insulé@ihgH-SiC substrates where all

N shallow donors are compensated in the dark. The ratio of the nitrogen-bound excit@@irie

the free excitonic-related emissidly;) was tracked as a function of excitation power density for a
set of samples with varying residual N concentratier X 1014-5.2x 10'6 cmi3) as determined by
secondary ion mass spectroscopy. A linear relationship was empirically found betwe@g/ the

ratio and[N] for [N]<1X 10* cm™. However, a sub-linear behavior was observed for samples
with higher N levels attributed to incomplete photo-neutralization of the N shallow donors.
[DOI: 10.1063/1.1857079

Due to possible trapping effects such as observed for SiG00 K except sample K that was found to peype. For
metal—semiconductor field-effect transistor devitesyeral reference, an intentional N-doped 4H-SiC substrate was also
effort$™ are under way to develop large-area, semi-examined with net carrier concentratidgne., Ny—N,) of
insulating (SI) 4H- and 6H-SiC substrates without introduc- 1-2x 10*” cm™3, The PL at 2 K was excited by the 351 nm
tion of transition metals such as vanadium or chromium. TdJV line of an Ar* ion laser with excitation power density
achieve this goal it is important to track quantitatively thevaried from 0.3 to 200 W/cf The emission was analyzed
common residual shallow don@mitrogen)and acceptotbo- by a 0.25 m double-grating spectrometer and detected by a
ron) impurities within a single boule and for different growth GaAs photomultiplier tube.
runs. Secondary ion mass spectrosc@pMS) is typically Detailed SIMS measuremefitsvere performed on the
employed to monitor the N and B levels in SiC. While the samesamples as used for the PL experiments in order to
SIMS detectivity limit for B of~3-5x 10*3 cm™ appears to  determine the residual N, B, Al, and V impurity concentra-
be quite sufficient, significant advances in the purity of thetions. The residual Al levels were below<210** cm™ (con-
source materials, for example, have resulted in SiC subsistent with the absence of Al-bound excitonic recombination
strates with N impurity concentrations approaching or belowin these samplesand V close to the detection limit of 2
what can be presently detectégmid—10* to 10 cm3) < 10*2 cmi 3. The average N and B concentrations are sum-
via SIMS (Ref. 6). Previously, both destructive and nonde-marized in Table I. In particular, a raster scan techrfigues
structive techniques were employed to determine the concelgmployed to enhance the sensitivity for detection of N close
tration of uncompensategheutral)N donors inn-type SiC.  to the system background levels. We note that the residual N
These included electrical measurements such as capacitance@ncentration for sample A was at or below the SIMS back-
voltage (C-V) and Hall effect and optical methods such as
below band gap absorption SpeCtI’OSCBHVI. particular, a  1agLE |. Summary of 4H-SiC samples investigated in this work with N
calibration procedure based on low-temperature photolumiand B concentrations as determined from SINMP=not profiled) The
nescencéPL) was developed by two grou?iéo in which a  standard deviations in the determination of the N levels are also given.
linear relationship was found between the ratio of bound and

free excitonic recombinatiofige/Ig) and the concentration  Sample  Growth  Conductivity  [N] (cm™) [B] (cm™)
of uncompensated N detgrmined IV measurer;nents3 in A PVT S| —7.0% 104 8.0 104
n-type 4H- and 6H-SiC witin between 1@)“_ and 16 cmre. B PVT S| 55434104 11X 10
However, the use of such transport techniques for calibration PVT si 10402410  1.2x 10
purposes is not feasible in SI SiC because all residual N p PVT S| 1.1+0.8< 108  1.3x 105
shallow donors are compensated in the dark. In addition, it g PVT sl 1.2% 105 NP
was suggestéd that this PL technique would not be appli- PVT S| 1.3 105 NP
cable for such highly compensated SiC. G PVT Sl 1.5+£0.4<10°  1.8x 10
In this letter we discuss the conditions and limitations of  H PVT S 1.5X 10 NP
using low-temperature band edge PL to estimatetdked N [ HTCVD Sl 2.2+1.0<10*  9.6x10“
in semi-insulating 4H-SiC substrates. SIMS was employed J PVT Sl 2.6+£1.410%  1.2x10%
for calibration to provide the tota]N] for each of the K PVT p-type 3.6+1.6<10'  9.9x10'
samples. The PL experiments were performed on samples cut L PVT S 4.9+1.8<10°  2.1x10®
from 2- to 4-in.-diam Sl bulk 4H-SiC substrates as summa- M PVT Sl 8.5+2.0<10°  4.8x10°
rized in Table I. Transport measurements confirmed that most N PVT Si 21#0.2¢10°  1.8x10%
of the samples were semi-insulating with>10°  cm at o PVT S| 3.0£1.0¢10  2.0x10°
P PVT Sl 52+0.5 10  1.3x10'%
Q PVT n-type 1.5+0. 10  5.0x10%
¥Electronic mail: glaser@bloch.nrl.navy.mil
0003-6951/2005/86(5)/052109/3/$22.50 86, 052109-1

Downloaded 14 Aug 2007 to 132.250.134.160. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
AUG 2004 2. REPORT TYPE 00-00-2004 to 00-00-2004
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Estimation of residual nitrogen concentration in semi-insulating 4H-SiC
via low temper atur e photoluminescence

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Resear ch L abor atory,4555 Overlook Avenue REPORT NUMBER
SW,Washington,DC,20375

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Sa_me as 3
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



052109-2 Glaser, Shanabrook, and Carlos Appl. Phys. Lett. 86, 052109 (2005)

FT T ! T T P7|5 T T J 4 102_||||||| T T L | T T T T T TTT] ]
SI 4H-8iC Pos s 16K - 4H-SiC ]
P 104,107 | 16K i
i b77 [N] (cm®) ] i m Semi-Insulating ‘4 |
E Q —_— A n'type ///
(= 5.5 1014 S .
S \o 101 E // ]
o) g [ 7 ]
a o N // 1
\.’ "(_E : // [} u u :
p 1.2 x 10 [ant L /I/ —— ]
- /
% o L ,/n i
6 »—/-4.—1
,m
= 100 1 "ol :
o : . ]
L _ L // ]
o 2.2x10% - m. ]
o /7 .
1 |/ [ 1 1 RN | L 1 Lol
105 1016 10'7
5.2 x 1018 Nitrogen Concentration (cm™)
] ] ! ! 1 ! 1 | | | FIG. 2. Plot of theQ,/1,7 excitonic PL ratio vs total nitrogen concentration

380 384 388 392 396 as determined from SIM$P.,.~ 100 W/cn?). The dotted line is a least-
fit to the data wifiN]<8.5x 10'° cm 3,
WAVELENGTH (nm) sarates

FIG. 1. Ne_ar-banc!-edge PL spectra obtained at 1.6 K_fo!' several Sl 4H-SiGp, o integrated intensities for th®, and I,; emission lines
sgmples with varying reS|duaI_rutrogen_concentrafmmt_atlon power den- " fits t Il PL feat in th banded tral
sity of ~100 W/cn®). The various assignments are discussed in the text. rom its 1o a eatures In _e near an, e .ge ;pec ra
The dashed curve is a simulation of the PL. region. As shown by the composite dashed line in Fig. 1 for
sample E with{N]=1.2x 10'® cm 3, use of Lorenztian line
shapes for the individual PL lines gave reasonable fits. A plot
ground level of 7<10**cm for that particular measure- of theQy/I, PL ratio for the entire set of sampléxcluding
ment while a lower N background level was achieved priorsample A)under excitation power density e£100 W/cn?f
to analysis of sample B. vs the total N concentration as determined from SIMS is
Band edge PL spectra observed for several SI 4H-SiGhown in Fig. 2. Most notably, a linear relationstigithin
samples with varying residual N concentration are shown irthe errors of the SIMS measurements as given in Tahie |
Fig. 1 under excitation power density 6f100 W/cnf. For ~ found between th€,/1,, ratio and[N] for the samples with
display purposes, the spectra are normalized to the intensitgsidual[N]<8.5x 10* cm 3. This implies that all of the
of the line labeledQ,. The individual line assignments are compensated N donors have been photo-neutralized and the
well known from previous optical studi€sof N-doped 4H-  Q,/1-; ratio is proportional to the total N concentration.
SiC. In particular, the features labeldt) and Q, are the It was shown previousR that residual Al shallow ac-
zero-phonon-linegZPLs) of excitons bound to neutral N ceptors(E,~ 200 meV)at levels comparable to that of N in
shallow donors at the hexagonal and cubic lattice sites, re4H- and 6H-SiC offer an alternate channel for capture of free
spectively. Free excitonic recombination without the assisexcitons and, thus, highly impact tkg/1,; ratios. However,
tance of phonons is “forbidden” for indirect band gap semi-based on the absence of B-bound excitonic recombination in
conductors such as 4H-SiC. However, the nitrogen donorthe present samplésven with[B] of ~10'°-10' cm™), the
break the translational invariance and no-phonon, impuritydeeper B acceptord&E,~ 300 meV)do not appear to offer a
related excitonic transitions become allowed. The muchsecondary pathway for capture of free excitons. In addition,
stronger intensity ofQ, reflects the higher binding energy we note that SIMS detects nitrogen regardless of the particu-
(~twice) and, hence, more localized wave function of the Nlar lattice site but, following previous work, only the
donors at the cubic sites compared to that for N at the hexpound-excitonic emission associated with the N donors on
sites. The series of lines labele@yg, Py, ..., P104,107 are the cubic site(Qp) was used in the PL ratio. However, the
phonon-assisted transitions of excitons bound to N donors agtio of the Q, to P, donor-bound excitonic recombination
the hexagonal site. Following previous convention, the indexlid not change appreciably<15%) over this N concentra-
refers to the energy separation in milli-electron-volts of thetion range (i.e., <8.5x 10" cm™®) and, thus, use of the
particular replica from thé, ZPL position. Finally, the fea- Qq/1,7 PL ratio alone appears to be sufficient for calibration
tures labeled 4, 151, 177, andlgg are phonon-assisted transi- of the total residual N level.
tions of free excitonic recombination. These spectra clearly  Following the analysis in Ref. 10, the dashed line in Fig.
show that this series of lines diminish rapidly in absolute2 is a least-squares fit, defined By=Q,/1,7) =A-[N], to the
intensity and relative to theQ, bound-exciton PL as a func- data with [N]<10' cmi 3. The proportionality constant of
tion of increasing residual N concentration. A=6.8x 10716 cm?® is similar to those found with this tech-
Following the procedur8 established for calibration of nique for(uncompensatedy-type 4H- and 6H-SiC where the

N in n-type bulk and epi 4H-SiC, we determined the ratio of ratio was plotted against the carrier concentrationdeter-
Downloaded 14 Aug 2007 to 132.250.134.160. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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mined from C-V. However, this simple correspondence isfrom the incomplete photo-neutralization of the N shallow
not applicable for the present SI 4H-SiC substrates with redonors. We propose this low-temperature PL technique
sidual[N]=8.5x 10 cm3. In particular, a deviatiorfout-  would be particularly useful to map nondestructively the re-
side of experimental erronf the PL ratio from this linear sidual N concentration in large-area, semi-insulating 4H- and
dependence is seen for sample M witiN]=8.5 6H-SiC substrates, especially for wafers with N levels close
X 10" cm2 while a strong sublinear behavior is observedto or below the present SIMS detection limit of1
for all other SI SiC samples with higher residual N and B X 10'° cm 3,
levels.
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