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Band-gap states of Ti, V, and Cr in 44-SiC: Identification and characterization
by elemental transmutation of radioactive isotopes
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Band-gap states inH-silicon carbide(SiC) are created by radioactive isotopes and detected by repeated
deep-level transient spectroscopy measurements. Band-gap states involving a parent or a daughter isotope are
uniquely identified by their decreasing or increasing concentration during the nuclear transmutation. Epitaxial
layers ofn-type 4H-SiC are doped witlf® or 51Cr by recoil implantation and annealing at 1600 K. These
isotopes decay td%Ti or 5V with half-lives of 16.0 or 27.7 d, respectively. The stability of daughter atom
configurations is probed by annealing after the transmutation and found to be unstable in the ¥&se of
Titanium is found to have a slightly split acceptor st@iel3 and 0.17 eV below the conduction-band eHgg
and the splitting is attributed to the occupation of the two inequivalent lattice sitesl«8i€. Vanadium has
one level only(0.97 eV belowE) in the range investigated with an indication of splitting. Cr has three levels:
two of them closely spaced &:—0.14 and—0.18 eV are interpreted as a slightly split double acceptor state
and one level aE-—0.74 eV as the corresponding single acceptor state of the same configuration. Within
errors, all Ti and Cr atoms form the band-gap states described whereas in thé ¢asenmority of all atoms
only contributes to the band-gap statdat—0.97 eV. This finding is discussed in terms of different structural
configurations[S0163-182@08)04019-3

[. INTRODUCTION its band-gap states. This knowledge is the necessary basis to
either identify impurities in a given material by detecting
Silicon carbide(SiC) is one of the wide-gap semiconduc- their band-gap states or to adjust material properties by in-
tors that attract great interest in current semiconductotentional doping with a certain element. For the transition
researcH. Silicon carbide is expected to replace traditionalmetals investigated in the present study, both aspects are
semiconductors like Si or GaAs in some specialized areagnportant.
like high-power or high-frequency devices. Because of its Several techniques are available to detect and characterize
extreme chemical and thermal stability, it is expected to opemand-gap states in a semiconductor, but most of them do not
up new semiconductor applications in rough environmentseveal their origin that may be an intrinsic defect or an im-
and high-temperature electronfcéll of these perspectives purity. An approacfi1°to avoid any ambiguity in the chemi-
are based on excellent material properties that are describedl assignment of band-gap states has been developed in re-
in review article®~°and a data collectiof. cent years by applying the radiotracer concept—as well
Silicon carbide exists in a variety of crystallographically known, e.g., for diffusion studies—to semiconductor spec-
different polytypes. The great majority of crystal growth, troscopy. The basic idea is straightforward: a crystal is doped
materials research and device development focuses on thredth a radioactive “parent” isotope of the element of inter-
of them: the only cubic polytype, termedC3 and the two est and the spectroscopic measurement is performed repeat-
hexagonal modificationsH and 4. All polytypes consist edly several times during the elemental transmutation to the
of tetrahedrally coordinated Si and C atoms, but differ in the"daughter” isotope. Band-gap states—or, more generally
stacking sequence. As a consequence, on each subl&tice speaking, any element-specific consequences—of the parent
or C) several slightly different lattice sites exi@xcept for element will be characterized uniquely by a decrease of the
3C), two of them in H and three of them inld. They are  concentration that will exactly reflect the nuclear decay,
termed quasicubic or quasihexagonal and the subtle differcharacterized by a known half-life. Similarly, the concentra-
ence may have a significant effect on the band-gap states tibn of daughter element related states will increase.
impurities. This is well known for the shallow donor In the present work, deep-level transient spectroscopy
nitrogert and will play an important role in the present paper (DLTS) is used to detect and analyze band-gap states in SiC.
as well. Since the polytypeHt is the most promising in view Analogous experiments have been performed in siliCot?
of most applications, the present study investigates this poly- There are two main reasons why the transition metals Ti,
type. Similar, but less detailed experiments have been doné, and Cr are of special interest in silicon carbidi¢. They
in the 6H polytyp€e as well and will be referenced here for are—except for shallow dopants like B and N—the most
comparison. frequent residual impurities in SiC crystafst* There is a
Semiconductors are generally extremely sensitive to midiscussion whether vanadium is the main redsdar the
nor traces of impurities that create an energy level in theshort carrier lifetime typical for SiC or ndf. (i) Vanadium
band gap. Consequently, there is a general interest in revedlas been successfully used as a deep compensating center to
ing the correlation between a certain element or defect angroduce semi-insulating materi@lirgently needed for high
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TABLE I. List of isotopes and technical parameters of the recoil implantation. Each isotope has been produced alternative)ydsy (
(a,n) reactions.

Target foil, Useful target Coimplanted

Radioactive Half-life  Stable daughter Nuclear Primary thickness isotope, stable Isotopic purity
parent isotope (d) isotope reaction beam (um) abundance elements of parent
48y 15.97 487 (p,n) 11 MeV p Ti, 0.29 48Ti, 73.9% Ti 79(5) %
48y 15.97 48T (a,n) 165MeVa  Sc,0.82  “Sc, 100% Sc,Ti 100%
Sicr 27.7 Sy (p,n) 11 MeV p V, 0.28 51y, 99.8% \Y; 100%
Sicr 27.7 Sy (a,n) 165MeVa  Ti, 0.99 48T, 73.9% Ti, V 65(5) %

frequency devicasboth by doping during growtft and by  products, these are kicked out of the target foil and implanted
ion implantationt” The compensation mechanism is closelyinto the samples mounted off-axis to the primary beam. The
linked to the deep-level positions of vanadium. Since thdmplantation energy is distributed between zero and a maxi-
compensating effect in originallg-type material is not suf- mum energy of about 0.6 or 2.3 MeV in the case jpfr() or
ficient at high temperatures, a search for other impuritiega,n) nuclear reactions. A sketch of the experimental setup
with suitable deep levels is desirable. and a general description of this technique can be found in
Most of the available information about the transition Ref. 41.
metals under investigation arises from magnetic resonance In addition to the desired radioisotope, its daughter ele-
experiment® and optical transitions. Titanium has been de-ment is implanted simultaneously with a fluence in the same
tected by electron spin resonafit® (ESR and its near- order of magnitude. Consequently, the concentration of the
band-gap luminescence is well establishet!, 2%leading to  daughter element is nonzero at the beginning and will then
the proposal of an acceptor state very close to the conductioncrease during transmutation. For nuclear reactions starting
band that was recently confirmed by DL¥Svanadium has on the polyisotopic Ti foil, there is also a coimplantation of
been identified as an amphoteric center by ERBfs. 25 and  stable isotopes of the parent elemésee Table Il, isotopic
26) and near-infrared optical transitidi€®>—>'are known. In  purity). Though the chemical purity of the recoil implanta-
contrast to its well-established midgap donor stafé;*?the  tion is far from perfect, there is no better procedure
position of an acceptor lev& s still a matter of discus- availablé® to perform radioactive doping with V or Cr iso-
sion. Available information about Cr is comparatively raretopes.
and restricted to magnetic resonalié@3’ and During implantation, a part of the samples was masked to
photoluminescenc¥ Except for our own preceding have an unimplanted reference area on the same sample. The
reports®33°to our knowledge, no information about the po- number of radioisotopes implanted into each sample is deter-
sition of band-gap states is available. mined byy spectroscopy and is given in Table Il as an im-
The present study will clarify the existence and energetiglantation fluence. They spectra exclude the presence of
position of band-gap states of these elements, quantify theather y-emitting isotopes and thus prove that no other radio-
degree of electrical activation, and discuss the assignment afctive isotope contributes to the decay-induced change of the
different levels to atomic configurations. The part of thesample on the time scale of interést.
band gap accessible by our DLTS experiments ranges from
about 0.12 to about 1.1 eV below the conduction-band

edgd® and thus leaves two-thirds of the band gap unob-
served. All samples were epitaxial CVichemical vapor deposi-

tion) layers of 44 SiC (thickness 5um) on silicon-face,
heavily doped #-SiC substrates. Layers and substrates were
Il. EXPERIMENTAL PROCEDURE grown by Cree Research Inc. The conductivity wasype

The radioactive isotopes used in the present study®e and had been adjusted by nitrogen doping. The net donor
and 5ICr. The isotope®®V decays to the stable isotogTi ~ concentration in the epilayer was in the range of (3-5)
with a half-life of 15.97 d. The second isotope usétr, X 10'° cm™>. Some of the samples were analyzed by Raman
decays to stabl&" with a half-life of 27.7 d. The properties SPectroscopy to detect polytype specific vibration mddes;

of these isotopes and technical parameters of their produdl© indication of a polytype other thanH4 was detected.
tion are summarized in Table |I. DLTS measurements on as-grown samples revealed one

electron trap only with an energy of 0.63) eV and a low
concentration of 1% cm™3, indicating a high quality of the
epitaxial layer. Since radiotracer experiments require a high
Both radioactive isotopes were produced and instantasensitivity to additionally incorporated impurities, this is a
neously implanted into the samples by recoil implantationbasic prerequisite for the present experiments.
The implantations were performed at the tandem accelerator After implantation, the samples were annealed in sealed
of the University Erlangen-Nuberg(Germany. The basic quartz ampoules filled with oxygen. For most of the samples
procedure is as follows: A primary beam of protonscwr (see Table ll, the annealing process was at 1600 K for 4 h.
particles induces nuclear reactions when passing through After oxide etching in hydrofluoric acid, electrical contacts
thin target foil. Due to the recaoil transferred to the reactionwere produced by thermal evaporation of titanium onto the

B. Sample preparation

A. Implantation of radioactive isotopes
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TABLE II. List of samples, including data about the recoil implantation and annealing conditions. The
activity ratio specifies the fraction of activity remaining in the sample after annealing and oxide etching.

Implanted Activity ratio:
Nuclear reaction fluence remaining vs
Sample parent isotope (10 cm™?) Annealing process implanted

1 (p,n) Sicr 7.9 1650 K, 1.5h, © 0.26

2 (p,n) Sicr 6.4 1600 K, 4 h, @ 0.21

3 (p,n) 5Cr 2.1 1600 K, 4 h, @ 0.32

4 (p,n) 5Cr 2.3 1650 K, 3 h, @ 0.25

5 (p,n) SCr 1.6 1650 K, 3 h, @ 0.25

6 (a,n) SCr 3.6 1600 K, 4 h, @ 0.63

7 (a,n) SCr 3.0 1600 K, 4 h, @ 0.63

8 (a,n) SCr 2.5 1600 K, 4 h, © 0.63

9 (a,n) SiCr 3.6 1600 K, 4 h, © 0.58
10 (p,n) SCr 3.1 1600 K, 4 h, Ar 0.60

+1600K, 0.6 h, @
11 (p,n) 5iCr 2.9 1600 K, 4 h, Ar 0.57
+1600K 0.6 h, @

12 (p,n) “8v 0.5 1600 K, 4 h, @ 0.34
13 (p,n) “8v 0.7 1650 K, 3 h, @ 0.24
14 (p,n) ¥V 0.8 1600 K, 4 h, @ 0.23
15 (a,n) *&V 1.6 1600 K, 4 h, @ 0.80
16 (a,n) *&V 2.6 1600 K, 4 h, Q 0.65
17 (a,n) By 1.8 1600 K, 4 h, @ 0.65

substrate and of aluminurtots with typically 0.5 mm di- cial DLTS systent? During one temperature scan with a rate
ametey onto the partly implanted epitaxial layer. Finally, the of typically 0.05 K/s, capacitance transients with several dif-
samples were heated in argon atmosphere at 800 K for ferent measuring parameters and the capacitance-voltage
min. (CV) characteristics of the Schottky contact were measured.
The oxidizing annealing process was chosen to avoid sutnless otherwise stated, all spectra shown are taken with a
face decompositidf and to ensure a high-quality surface for reverse bias voltaggg=—2 V, a pulse voltagé)p=0V, a
the subsequent preparation of Schottky contacts. The depfiulse length of 1 ms, and a predefined time window of 100
of the oxide layer was measured by a mechanical step prans. To obtain depth profiles or the field strength dependence,
filer to be 0.14(4) um. Oxide formation and etching is the the capacitance transients were evaluated individually ac-
main reason for the considerable loss of implanted radioisoeording to the Fourier technique described by Weiss and
topes of up to 80% in samples doped Ipyr{) reaction. An  Kassing® to obtain amplitude and time constantirectly.
initial anneal in argon and subsequent oxidation clearly reTo obtain classical DLTS spectra, the correlation between
duces this losgsamples 10 and }1For (a,n)-implanted the transient and various weighting functions was calculated.
samples, the loss is smaller because of the higher implantdn all figures shown, one period of the sine function was
tion energy(Table ). used. Clearly, this DLTS signal may be regarded as the first
The annealing process is taken as the time zero of thEourier sine coefficient of the transient, labeled By nor-
delay time during transmutation, because it is this procesmalization, the height of a DLTS peak equals the amplitude
that establishes both the depth distribution and the structuralf the exponential capacitance transient. The trap parameters
configuration of the implanted isotopes. Later on, this initialenergyEt and capture cross sectien(assumed to be inde-
state is not subject to any intentional modification except fopendent of temperaturevere derived as ust8P>4from an
the elemental transmutation. Arrhenius plot of InT 27) covering three orders of magnitude
Some implanted samples were analyzed by admittancef the time constant (1 ms to 1 $. If one would alterna-
spectroscop§>“® clearly revealing the two ionization levels tively assume o(T)= T~ " with n=2 orn=3, the resulting
of the shallow nitrogen donofé:*® No other peaks in the trap energies would be greater bynkT (T is the mean
admittance spectra exist, i.e., the shallow doping of theDLTS peak temperature ardthe Boltzmann constantThe
samples is exclusively due to nitrogen and no influence oérrors given for the trap energy include only those errors
the radiotracer implantation is detectable by admittance spegnfluencing the slope of the Arrhenius plot, but not system-
troscopy. atic uncertaintie¥ of DLTS.

C. Deep-level transient spectroscopy D. Relevance of decay-induced defects

Detailed explanations of the technique may be found in The basic idea of radiotracer spectroscopy was already
the literaturé’®=>! The spectra were recorded by a commer-described in the introduction. In contrast to results obtained
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for the parent isotope which are always characteristic for thehe stability of the daughter atom’s configuration is probed
specific element, the interpretation of daughter-related feaby additional post-transmutation annealing.

tures may be more complicated for the following rea- _ _

sons. (i) The nuclear decay results in an excited atomic A. Transmutation experiments and results

shell, especially in the case of an electron capture decay, and All samples were annealed within a few days after im-
might thus induce nonequilibrium chemical reactions of theplantation and measured by DLTS several times during the
daughter atom. (ii) A nuclear decay generally imposes a transmutation. Figure 1 presents DLTS spectra of samples 2,
recoil onto the daughter atom by emitting radiation quanta. 1%, 12, and 15, i.e., one example for each radioiso{Gper

the recoil energy is high enough, it may either produce in-or %) and way of productiorinuclear reaction g,n) or
trinsic defects by kicking out neighboring host atoms and thea,n), see Table Il In these spectra, only the initial, the
daughter atom may be displaced or be involved in complexesfinal” (delay time: at least four half-livgsand a reference
with such defect&® spectrum from an unimplanted part of the sample are shown.

These mechanisms and the resulting configurations willn all spectra, peaks with a time-dependent height exist. They
be collectively referred to as “decay-induced defects.” Asare labeled by numbers from 1 to 6. Their peak height is
an additional complication, the lattice site or bonding con-Plotted versus delay time in the right column of Fig. 1. In
figuration of the parent isotope may be an unstable positiogddition, there are peaks that stay constant in time, labeled
for the daughter element, or a site that is not occupied by th&—D. The trap energyE; and capture cross sectian of
daughter element if it is incorporated directly by doping or as€ach level are given in Table IIl and illustrated in Fig. 2.

a residual impurity. After ®'Cr implantation in sample PFig. 1(a)], the four

To judge the relevance of the decay-induced recoil, théo€aks dominating the spectrum are changing with delay time.
recoil energy of the daughter isotopes will now be calcu-TWo slightly separated peaks labeled 1 and 2 at low tempera-
lated. The dominating decay path 8% involves an electron tures are decreasing. Their peak position and their trap pa-
capture(EC) decay or ag* decay with equal probabilities rameters stay constant during this decreasg. Finally, two tiny
and two subsequentemissions’*®Since the mean lifetime Peaks with lower peak temperatures rematrost probably
of the intermediate states is Iotg > 1 ps) compared to the due to a Ti contamination Because of these underlying
time required to hit a neighboring atofrecoil of the preced- Peaks, the peak height of level 1 versus delay time as shown
ing decay, the individual emissions have to be treated sepaln Fig. 1(b) has an apparent offset. The largest pegkn the
rately. The maximum recoil is either 33 eV due to the neuy-nitial spectrum decreases as well whereas its trap parameters
trino of the EC decay or 19 eV due to the fitsjuantum in ~ 'eémain constant. A peak labeled 4 is present from the very
the case of thg* decay. The decay of'Cr mainly proceeds ~beginning and then increases during delay time without any
by EC decay to the ground staté® of 5, resulting in a change in its trap parameters. Two additional peaks in the
monoenergetic recoil of 6 eV due to the emitted neutrino. InSPectra, labeled and C, do not change. Except for the
preceding publication§!®3839a wrong value of this recoil absolute peak hglghts, the same observations as described
energy had been given, resulting in misleading implication®nd shown for this sample are also made for the samples 3
on recoil-induced defects. (Ref. 6] and 5. .

The recoil energy is to be compared to the displacement After implanting the same radioisotope by the,()
energy of SiC. Barnet al>® derive a displacement energy of huclear reactiotsample 6, the sequentially measured spec-
21.8 eV from electron irradiation experiments. Molecular-tra [Fig. 1(c)] again reveal the peaks 1, 2, and 3 and an
dynamics calculatioff8 yield individual threshold energies €xponential decrease of their peak height. Around 415 K, the
for each site and each knock-on direction with the lowesgpPectra slightly increase with delay time by 6 fF only. This
value of 25 eV for carbon displacement along [&1] axis ~ tiny effect is too small to create a defined peak. In compari-
in 3C-SiC. These lower limits of the displacement energySOn to the samples discussed before, there is no clear indica-
are similar to the recoil of thé®Ti daughter isotope, i.e., tion of peak 4 with similar intensity.
decay-induced effects might be possible for this isotope, at |he same behavior, i.e., dominating peaks 1, 2, and 3, no
least for a fraction of the transmuting atoms. In the case oP€ak 4 and a small increase only at about 420 K, is observed
the 53V daughter atom, a recoil-induced effect is not ex-2aS well in the samples 1, 4, 7,8, and 9. ThIS list demonstra}tes
pected. This argumentation, however, is a crude estimafd@t the absence of level 4 is not restricted to samples im-
only since the displacement energy refers to the pure cryst®lanted by ,n) nuclear reaction. _Add|t|ona|51Cr Im-
whereas an impurity may act differently. A comparison toPlanted samples will be discussed in the context of post-
silicon may be of interest here: no indication for decay-transmutation annealing experiments in Sec. Ili C.
induced defects is found for both radioisotopes in similar_ Samples implanted witH® also reveal time-dependent
radiotracer-DLTS experiments in Si, though the displacePLTS spectra as shown for sample 12 implanted yin]

ment energy of Siis Significant'y Sma”e]:S ew.llAl reaction in Flg 18) Two peakS labeled 5 and 6 below 100 K
are present from the very beginning and increase with delay

time. A peak at 430 K decreases exponentially. Its trap pa-
Il IDENTIEICATION OF BAND-GAP STATES rameters are identical to peak 4 MCr-implanted samples
BY ELEMENTAL TRANSMUTATION (Fig. 2. - _
Peaks remaining constant in time are present as well
This section presents the DLTS spectra measured durinfA—D). There is no obvious correlation to the kind or flu-
the elemental transmutation and derives the chemical identence of the implanted atoms. Note the different scales within
fication of the band-gap states. After complete transmutatiorfig. 1: peaksA—D appear to be large in Fig.(é) only be-
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cause of the small peak height changes and the resulting The transmutation experiments may be summarized as
scale of the plot. These peaks remain perfectly stable durinpllows:in all >'Cr-implanted samples, there are three peaks
delay time: the dashed line of the finally measured spectrur, 2, and 3 that decrease exponentially with delay time. Lev-
is completely hidden by the initial spectrum. This impres-els 5 and 6 are present initially in &V implanted samples
sively demonstrates the reproducibility of the DLTS spectraand then increase with delay time. Level 4 exists in a part of
Peaks 5 and 6 are present initially and then increase duthe samples only. If present, it clearly increases®r-
ing the observation time in aft®v-implanted samples. For doped samples and decrease$®-doped samples.
the (a,n) implanted sample 15, this is demonstrated in Fig.
1(g). However, peak 4 is missing. The spectra of another
(a,n) implanted sample, 16, are shown in Figa)3 In this
case, a small peak at 420 K decreases; within errors, it is The height of all time-dependent peaks discussed above is
compatible with level 4. This peak height change, howevershown as a function of the delay time in the right column of
is smaller than the corresponding increase of levels 5 and Big. 1. For all samples shown, the capacitances in the whole
by a factor of 20. To illustrate the changes more clearly, Figtemperature range do not change with delay time and conse-
3(b) also shows the difference of measured spetial quently the peak height is strictly proportional to the concen-
spectrum subtracted A measurement with larger reverse tration of the corresponding band-gap state. Since the repro-
bias, i.e., with a sensitive region deeper in the sample, reducibility of the spectra is excellent(1 fF), the DLTS peak
veals qualitatively the same peak height char{gég. 3(c)]. heights are determined accurately. The calculation of a trap
All peaks presented were analyzed by variation of theconcentration, however, involves additional sources of error
filling pulse length in a range from s to 100 ms. No as discussed below. Therefore it is reasonable to discuss the
indication of a partial trap filling was found. This result es- transmutation effects in terms of the peak height instead of
tablishes a lower limit for the capture cross section of 2concentration.
x10 ¥ cm™2 This limit is compatible with the capture The peak height versus delay time data were fitted by
cross sections determined from the Arrhenius fibable  exponentially decreasing or increasing functions of the type
). ciexXp(=At)+c, or c,[ 1—exp(—At)]+c,, respectively, with

B. Discussion of level identification
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TABLE lll. Energy E; and capture cross sectien(assumed to be independent of temperatofeband-gap states-type 4H-SiC. (a)
lists parameters of the Ti, V, and Cr levels ahjllists further levels that are not correlated with these elements. The half-lives described the
peak height vs delay time dependence of the DLTS spectra. The paramgt@ntifies the influence of the electric-field strength on the
electron emission rate of the trap.

@

Level 1 2 3 4 5 6

Er (eV) 0.143(10) 0.178(10) 0.741(15) 0.970(30? 0.127(9) 0.170(9)

o (107 % cnd) 1.2 0.8 2 8 6 10

T., ('Cr 27.4(3.9 26.9(2.5 28.1(3.9 23.3(3.9

implany

Tip (BV 15.8(3.9 14.6(3.0 16.0(3.9

implang

Field 0.21(6) 0.22(6) <0.05 <0.1 0.16(5) 0.13(5)

dependencea

Chemical Cr Cr Cr \% Ti Ti

identification

Interpretation 1-/2- 1-/2- 0/1- 0/1- 0/1- 0/1-

(charge, sitg hex. cub. both both hex. cub.
(b)

Level A B C D

E; (eV) 0.640(25) 0.414(17) 0.578(13) 0.855(25)

o (10 % cnd) 2.5 10 4 7

#The anomalous DLTS peak width may be interpreted as a level splitting by 0.04 eV, see Ref. 39.

free fit parameters; andc,. The decay constantis linked

to the half-lifeTy, via N =In 2/T4,. The solid curves shown 1_0_: 51
in the right column of Fig. 1 are fits with the half-life fixed to i1 © v _>#4
the nuclear half-life of the isotope used. The good agreement I x *v
with the experimental data is immediately obvious. Alterna- 0.9 % %
tively, the half-life may be treated as an additional free fit ] x X D
parameter. The resulting values are given in parof Table 0.8
[l with error limits including all samples. The deviation of 1 - #3
the individual fit results from the expected nuclear half-life S 071 A
are small(typically <10%) for peaks 1, 2, and 3 because 2 ] % A
these peaks undergo strong peak height effects. For the peaks | - 0 6-: * X c
4, 5, and 6, the fit results scatter by typically 20%. T R

Peaks 1, 2, and 3 are decreasing exponentially in perfect 5 ]
agreement with the nuclear half-life iCr. This observa- 2 0.5
tion definitely proves that each of these levels is created by a o ] %
defect that is either identical to exactly GA&* Cr atom or 0.4 K X
which contains one Cr atom, eventually with other constitu- X ,E
ents. These Cr related levels vanish completely in samples 0.20] ’
doped via p,n) reaction, whereas a constant offset of 35% 0.18 ] -
of the initial peak height remains in all samples doped by ] #2 ut® R
(a,n) reaction. This offset is due to stable Cr isotopes and 0~16'_ 3
thus reveals the degree of isotopic purifjable ) of the 0.14 #1o 0 °
S1Cr implantation via ¢,n) reaction. 0.12] oo #5

The height of peak 4 also exhibits an exponential time ' L e
dependence in good agreement with the nuclear half-life. 10-16 10-15 10-14

This is a definite proof that level 4 is due to a defect con-
taining exactly one V atom. Obviously, the same level of V
is detected both with decreasing concentration if V is the g 2. Graphic representation of the activation enegyvs
parent aton{Fig. 1(f)] and with increasing concentration if capture cross sectianfor all band-gap states detected. Each group
V is the daughter of thé'Cr decay[Fig. 1(b)]. In all samples  of data points represents one band-gap state: the different points
with an increasing peak 4, the peak is present from the veryithin one group reflect different samples. In the case of level 4, the
beginning. This is reasonablerfa V related peak, because circles are fronP'Cr implanted sample&lecay to®V), where peak
stable V isotopes are coimplanted together with the radioiso4 is increasing during transmutation; the crosses are ffévh

tope °Cr. doped samples where it is decreasing.

capture cross section ¢ / cm’
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60 80 100 200300400 Levels 5 and 6 are observed with increasing concentration
L bbb b only. In principle, these levels might be due to decay-
m 1(a) N "e'ay":‘: Ug=-2V induced defects. However, both levels are present from the
e 300+ o2 U,= 0V very beginning as it is expected for Ti atoms because of the
T 500 . ref. 50 coimplantation of stable Ti isotopes during the recoil implan-
2 | | tation. This finding, however, could not be explained by
o 100 L 10 decay-induced defects, because such configurations should
E ] Vet grow during transmutation only, i.e., start from zero. This
0N L N R ) mean&’ that the formation of levels 5 and 6 does not involve
— bl S "U'_ 5V decay-induced defects. Instead, they represent the equilib-
g 40J ( )I‘\ ‘ RTT rium configuration of a Ti atom SiC.
P o U= 0V
| 1 AN
14 y s/ \Y . 3
S5 0 ‘*‘UM\,V\/-O . . .
7! It C. Post-transmutation annealing experiments
L<IJ delay time difference: vl . .
s 404 gy o [-4 The following group of experiments was performed to
T & ~ - 91d i clarify whether the daughter element configurations originat-
<= ) . L2
E g8l % - [ TU =10V ing from the elemental transmutation are stable equilibrium
23S 8w -
- RN U= -4V states. Several samples were annealed after a long delay time
2 443 , ‘\ /’ i P of at least five half-lives, i.e., after practically complete
8 % 0 iV p 0.0 transmutation to the daughter element. Up to 850 K, the
& ] ] a annealing steps were performed without removing the elec-
w A .
f -4 ] delaytime difference: L -0.4 trical contacts from the samples.
i 8] — Bd Yt o8 DLTS spectra of these experiments StCr-implanted
a 1= VT samples are shown in Fig. 4. To enable a comparison of the
T T T T LA IR BRI I p . . . g p
60 80 100 20030040 peak height with the initial state of the sample, both the
temperature (K) initial spectrum(a few days after®’Cr implantation, the

“final” spectrum (completely transmutgdand a spectrum

FIG. 3. DLTS spectra of thé®-doped sample 16. The right after annealing at 800 K for 5 min in argon are shown. Since
part of each spectrum is enlarged by a factor of 1@ DLTS  annealing above 750 K frequently changes the barrier height
spectra under standard measuring conditions, including an initisghnd thus the capacitance of the contatig at most 109%
measurement after 1 d, a measurement after complete transmutatigile spectra shown are normalized to the capacitance to com-
to “®Ti, and a reference spectrum(b) Difference of spectra rela- pensate for this effect. In the spectra of samples 4 and 9
tive to the initial spectrum. Same sample and conditions as ir[Figs. 4a) and 4c)], where the transmutation alone has not
(@. (c) Difference spectra of the same sample, measured Witlhee creating peak 4, this peak clearly shows up after 800 K
greater reverse bias and pulse voltages. annealing. Its trap parameters are identical to those observed

in the transmutation experiments. In sample 5, where peak 4

In several®!Cr-implanted samples, a well-defined peak 4is detectable already after transmutation, it grows further due
is missing. Instead, a small increase of the DLTS signal witlto annealindFig. 4(b)]. In sample 9Fig. 4(c)], the Cr levels
delay time is observed around 420[Kigs. 1c), 4@, and are still present after complete transmutation because of
4(c)]. The attempt to interpreted it as the growth of an addi-stable Cr isotopes. They remain unaffected by annealing.
tional peak results in a rather uncertain trap energy betweehhe decrease of the DLTS signal around 350 K visible in
0.82 and 0.96 eV. It can neither be excluded nor proven thafigs. 4a) and 4b) is probably due to an annealing effect at
these tiny effects in the DLTS spectra are due to an addisome other, unidentified level, since these samples do not
tional V-correlated level with slightly smaller energy than contain Cr any more at the time of annealing. The increase of
level 4. In the following, this uncertainty will be ignored and peak 4 was detected in alCr-implanted samples subject to
these DLTS signals will be interpreted as level 4. In anythis post-transmutation annealing at temperatures around 800
case, the uncertainty described concerns at most 8% of tHe The onset of this annealing effect was at 750 K. Signifi-
vanadium atoms. It has to be stressed that the bad reproducantly higher annealing temperatures, however, reduce the
ibility of the existence of level 4 does not impair the identi- height of peak 4, as it is shown in Fig(c} for a 1400-K
fication of this level with vanadium: whenever the level is anneal. The Cr peak 3 again remains unaffeted.
present, its concentration follows the elemental transmuta- In the case of*®v-implanted samples, post-transmutation
tion. annealing at 800 K does not affect the spectra.

In contrast to all other peaks, peak 4 is broader than ex- A second kind of experiment was performed with two
pected for a single level as it is illustrated in Fig. 3 of Ref.identically prepared®'Cr-implanted samples. After each de-
39. The peak width can be explained by a superposition ofay time interval during the elemental transmutation, at first
two peaks with equal concentrations and capture cross seone spectrum was taken in the “as-transmuted state,” then
tions and an energy difference of 0.04 8\However, there an annealing step at 800 K in argon for 5 min was per-
might be as well a difference in the capture cross sectionformed, and then one more spectrum was taken in the “an-
leading to different value for the level splitting. Since the nealed state.” This procedure was repeated after each addi-
splitting is not really resolved, we continue to refer to peak 4tional delay (sample 10. The control sample(1l) was
as one level in the following text. measured at the same delay times, but without annealing
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FIG. 5. Peak heights of peak 3 and 4 of samplegalGnd 11
(b) during delay time. Open symbols reflect measurements per-
formed after storage at room temperature; crosses reflect measure-
ments directly after 800 K annealing. The solid curve connects
subsequently measured data points. The dotted lines are exponential
fits with fixed half-life. The final data point of peak 3 is omitted in
(a) to avoid overlap with data from peak 4. Note that the peak
theight axis is broken to show the annealing effect of level 4 more
clearly; the total change of peak 3 is larger by a factor of 3 com-
pared to level 4.
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FIG. 4. DLTS spectra of thre'Cr implanted sample&)—(c),
(4, 5, and 9 measured initiall(solid line), after complete transmu-
tation to 5V (dashed linpand after a subsequent annealing step al
800 K for 5 min (dotted ling. For sample 9(c), an additional
spectrum after annealing at 1400 K is sholotted-dashed line

prior to individual measurements. One ar_mea_llng step only IV. PROPERTIES OF Ti, V, AND Cr BAND-GAP STATES
was performed at the end of the observation time. The peak

heights of levels 3 and 4 during this experiment are shown in In this section, the depth profiles of the traps and the
Fig. 5 and reveal the following results: the Cr peak 3 isinfluence of the electric-field strength will be presented. The
completely unaffected by the annealitas well as the peaks degree of electrical activation will be quantified and a com-
1 and 2, not shown Peak 4 increases by a small amountparison to the literature will be made.

only during the individual delay time intervals. Each anneal-
ing step, however, increases the peak height markedly. For
sample 10, this results in a steplike peak height during the
sample’s history. For the control sample, the increase due to Depth profiles were routinely obtained for all traps show-
decay at room temperature alone is comparatively small unting a well-defined DLTS peak. They are a necessary prereq-
the final annealing step raises peak 4 to the same height asuisite for the quantitative evaluation of the trap concentra-
the sequentially annealed case. tion.

The post-transmutation experiments may be summarized The depth profiles of the Cr related levels 1, 2, and 3 in
as follows: Neither Cr nor Ti related levels are sensitive tosample 2 are compared in Fig@@d The profile shapes are
annealing in the temperature range discussed. A large frathe same, the absolute concentration of levels 1 and 2 are
tion or even all of the’’V daughter atoms do not contribute identical and about one half of the concentration of level 3.
to the formation of level 4 during room-temperature storageThe accessible depth range for profiling the low-temperature
After additional annealing, at least a part of them contributepeaks, however, is small. Therefore, we shall use level 3 to
to level 4. This happens in all samples examined, whethediscuss the profile of chromium. In Fig(l§, the profile of
level 4 is present before annealing or not. level 3 of this samplé¢implanted by p,n) reactior is com-

A. Depth profiles



57 BAND-GAP STATES OF Ti, V, AND Cr IN H- . .. 12189

60 (a) #1, 82K
40 "!.\.
204 n=0417
0-
‘?,.\ : ® T N T T T T T T
E . 100—: . (b) #2, 100K
(D -
IS £ 50 =0.18
g : ¢
'.Qc-,; P 0 ] T T T T T T T T T
g E 60| by
3 8 ] . .
& a 40'_ n=0
= 8 20 () #3, 350K
m <4
E 0 T T T v T T T T T
5 40 - 2® e N=0
/7] 1 ® g o
: 2 20] *
] g | (d) #4, 440K
] 0 ——TT
] ‘ 0.
12 T #4, 0.35um 2 (e) #5, 70K
1 O T T T T T T T T T T v ] —
04 06 08 10 12 10+ »n =013
depth (um) 0 ]
FIG. 6. Concentration profiles of Cr and V related levels mea- 60'_ L (f) #6, 85K
sured isothermally by variation of pulse and reverse bias voltages. 40 - '
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are fits of a Gaussian profile centered at the surface. The resulting
width s (standard deviationis given for each profile.

electric field strength  (kV/cm)

FIG. 7. Dependence of the emission time constant of levels 1-6
(a)—(f) on the electric-field strength at constant temperature. The
solid lines are a fit of the Poole-Frenkel effect to the data, treating
the charge numbaer of the center as a free parameter. The resulting
Values are to be understood as a formal measure only.

pared to the profile of sample 6 implanted via, Q) nuclear
reaction. Both profile shapes are well reproduced by a Gaus
ian curve centered at the surface. The profile widgtan-
dard deviation are s=0.5um and s=0.75um for the o
(p,n)- and (a,n)-implanted samples, respectively. B. Influence of the electric-field strength

The vanadium depth profiles cannot be obtained from the The emission time constant of a trap is the primarily mea-
small peak 4 in*®v-implanted samplefFigs. Xe) and 38)].  sured quantity of DLTS. Because of the strong electric field
For (p,n) implantation, however, a typical vanadium profile within the space charge region of the diode, it may be re-
is obtained from the initial peak 4 iR'Cr-doped samples duced compared to zero-field conditions. For a Coulomb-
[Fig. (@], which is due to co-implanted stable V isotopes. attractive trap in a uniform electric field and a thermally
Because of the similar implantation energy, this profile isactivated transition over the resulting barri®oole-Frenkel
representative for the profile of*® in “Ti(p,n)  effecd, the effect has been calculated by Hartké. depends
48y-implanted samples. It is slightly shallower than the Cron the absolute charge numherof the trap after emission
profiles (width s=0.35um). and on the electric-field strength. For a neutral trap or a

The measured depth profiles may be influenced both byepulsive trapn is zero and no influence is expected.
implantation and diffusion during annealing. Though the ini- To give a quantitative description of the measured data
tial implantation profiles are not known precisely, a safe up<{Fig. 7), they are fitted by this theoretical function, treating
per limit for the diffusion constard is derived by equating the charge numbem and the idealized zero-field time con-
the smallest profile width to the diffusion length®2,)*?, stant as free fit parameters. The resulting values afre
wheret, is the annealing time. The resulting upper limit is given in Fig. 7(for the data shownand in Table Il (aver-
10" %3 cné/s for Ti, V, and Cr at 1600 K. aged over several sampledt is to be stressed, that this
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usage ofn is an attempt only to describe the magnitude ofquasihexagonal sites and, therefore, has two slightly different
the field-strength effect quantitatively. Any fractional num- levels 1 and 2. The second transition corresponds to the deep
ber of n does not have a meaning in terms of a fractionallevel 3; its energy is insensiti#®to the tiny difference be-
charge state. A value close io=1 indicates that the trap is tween inequivalent sites. Levels 5 and 6 are assigned to one
a donor whereas a value close to zero indicates accept§fnfiguration of Ti with two inequivalent sites.

states.

An influence of the electric-field strength on the emission
time constant exist for the levels 1, 2, 5, and 6. The depen- The concentration of band-gap states determined by
dence is small compared to the Poole-Frenkel effect of OLTS will now be compared to the number of radioactive
donor as demonstrated by the small fit results for the paramatoms in the sample. The fraction of impurity atoms having a
etern. The deeper levels, 3 and 4, are completely insensitivéband-gap state in the observed part of the band gap is calcu-
to the electric field. Though the accessible range of fieldated by the following procedure.
strength is rather small, especially for levels 1 and 5, the fit (i) Since the width of the depth distribution and the depth
results forn are significantly smaller than unity and close to probed by DLTS are similar, it is useful to specify the depth-
zero. This is a clear indication that all levels are acceptors.integrated concentration, i.e., the number of traps per surface

areaN,. This quantity is determinedfor details, see the
Appendix from the total change of the peak height during
C. Relation between different levels of Ti and Cr the transmutation, i.e., band-gap states due to stable isotopes

In the case of Ti and V, more than one level is identified.2'€ Not included.
The question arises as to whether these levels are due to (i) TO convert the number of levelkper area N, to a
different atomic configurations or whether they are different’Umber of electrically active isotopéper areaN,, the re-

charge states of the same configuration. To answer this que@_tion between the different levels is essential. Because of
tion, the concentration ratio of these levels is essential. ~ [16€Z€-out effects at low temperatures, the data from level 3

As it is obvious from Figs. &) and Xc) the peak heights are considered to be more accurate than the sum of levels 1

of the Cr levels 1, 2, and 3 are neither identical nor exhibit £21d_2, 1-.,Ng(Cr)=N,(3) is used. In the case of Ti,
constant ratio in different samples. Though the peak heighle(Ti) =2Na(6) is used instead dil¢(Ti) =Na(5)+Na(6)

of each peaki.e., at fixed temperatuyds strictly propor- for the same reasons. Th|s prqcedure _|mpI|C|tIy assumes an
tional to the trap concentration, this is not valid if peaks at®dual population of both inequivalent sites.

different temperatures in the DLTS spectrum are to be com- (i) The number of radioisotopes determined pgpec-
pared, for the following reasoné) with decreasing tempera- '0SCOPY of the completely prepa_red_sample is conve_rted into
ture, the region that is probed by DLTS moves deeper int& density(number per argaby taking into account the inho-
the sample;(ii) below 90 K, the shallow doping of the mogeneity of the implantation. The degree of electrical acti-
samples starts to freeze out partialliif) for the most shal- vation is the ratio ol to this density.

low levels 1 and 5, the energy difference between the donor The results are shown in Fig. 8 for each of the elements
levels of nitrogen is no longer negligible compared to theand all samp'les. For vanadium, data are ayallable both for
level energy. the daughter isotope'V created by transmutation GfCr (to

The concentration of each level is determined accordinghe left of the dashed vertical linend for directly implanted

to the Appendix, thus correcting the influence of point and anneal_eda\/. The_electncal activation ach!e\(ed by post-
only. The resulting concentration ratios are compatible withfransmutation annealing 6#v daughter atoms is included as
a 1:1:2 ratio of the Cr levels 1, 2, and 3 and a ratio of 1:1 forell. . _ o

the Ti levels 5 and 6. However, the errors of this determina- [N the case of Cr and Ti, the electrical activation is com-
tion are about 50%, i.e., it is not possible to rigorously provep|6te and \{vell _reprquC|bIe; with a few exceptions o'nly, the
a specific model by these datthis would require a definite €rror bars in Fig. 8 mclud_e_ the case of 100% activation. The
decision between ratios of 1:1 and L:2 concentration ratio complete activation of Ti is especially remarkable because

of about 1:1:2 for the Cr levels 1, 2, and 3 can also behese Ti atoms are formed by the decay“d¥, which be-
obtained from the depth profiles in Fig(a. haves in a totally different manner. Within errors, it is pos-

In addition to the concentration ratio, the following con- Sible that the electrically active Ti atoms originate from those

siderations are relevant. There are two inequivalent lattic&/ atoms that do not form level 4.
sites on each sublattice inH4SiC. In the case of nitrogén The electrical activation of V is generally low and
and phosphoru¥, the energy of the corresponding shallow strqngly varies between different samples. The highest acti-
donor states differs by about 50 meV. Since the levels 1, 2vation is achieved by post-transmutation annealing>uf
5, and 6 are close to the conduction band as well, a simila#aughter atoms. Implantation dfV isotopes followed by
splitting may be expected. Furthermore, both the Ti as welfnnealing leads to a fractional activation of at most 40% in
as all Cr related levels appear together in all spectra withouhe case of two samples and to a practically vanishing acti-
any exception that might be expected if any of them wouldvation below 5% in the other samples. Consequently, vana-
be due to a different lattice site or due to a defect complexdium is involved mainly in configurations that do not have a
Based on these arguments, the following relation betweelgVel in the part of the band gap investigated.
the observed band gap states is proposed.

The observed Cr levels represent two charge transitions of
the same structural Cr configuration: one transition is sensi- The present section will combine all information derived
tive to the difference between inequivalent quasicubic orabove and available from the literature. Before discussing the

D. Degree of electrical activation

E. Summary and comparison to literature
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transmutation *'Cr — 'V ! By 5 BT We shall now discuss the individual elements iH-&iC.

a. Titanium.The two levels 5 and 6 are due to a Ti ac-
ceptor state with two energy levels because of the two in-
equivalent lattice sites available inHASIC. This results
agrees well with the prediction derived from ESRThe
same two DLTS peaks have recently been reported from Ti-
implanted 4-SiC by Daliboret al.?* assigning the deeper
level (6) to the quasicubic site. Practically all Ti atoms origi-
nating from the*® decay create this state which is as well
formed by direct implantation of Ti.

b. ChromiumThe three levels identified are interpreted as

1 Ad 24 ;4
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0.1 1 (a) chromium I
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0.01.

1 (b) vanadium

1 3 . two charge states of one Cr atom occupying the slightly in-
] Ti CP [ equivalent quasihexagonal or quasicubic sites. The upper
T ?f CP({)I'f state is sensitive to this difference and is thus split into two
0.1 3 ¢ + ¢ f levels(1 and 2 whereas the deep staf® is not. By analogy
] f T ' to titanium, level 2 is proposed to reflect the quasicubic site.

degree of electrical activation

oor]  H

level is interpreted as a single acceptor and the state close to

f T Because of the weak or missing field strength effect, the deep
the conduction band as a double acceptor. The fraction of Cr
T f atoms creating these levels is high and well reproducible.
TT There are no level data of chromium available in the lit-
erature to compare with. ESR work on Cr-dopéd 6pilay-
ers has revealed the €r (3d% and the Ct" (3d%)
state!®2637.720On a silicon site, these charge states corre-
spond to an acceptor in its singly and doubly ionized state,
respectively. This result nicely correspoffti® the interpre-
e — tation of the band-gap states to be an accefdprand a
2 4 6 8 10 12 14 16 double acceptofl and 2. To explain the ESR observation of
sample number Cr?* in 6H, at least the lower of the Cr double acceptor
levels(analogous to 2 of H) has to be within the band gap
FIG. 8. Degree of electrical activation of Ti, V, and Cr for all of 6H-SiC. The rule of Langer and Heinri®fiwhich may be
samples investigated. The elemental transmutation is indicated ansed to compare band-gap states in different polytypes, has
top of the figure. In the case of vanadium, the values obtained afteseen established for really deep levels and may fail if one
additional post-transmutation annealing are included as open symries to argue whether a certain state is, say, 50 meV above or
bols. below a band edge. Therefore the postulated existence of a

individual elements, a short comparison to the redugts ~ CT double acceptor state in the band gap kf @nalogous to
tained in the polytype B is given. In &4-SiC, one Cr level 2in 4H)_|s not in contradiction to its energy inH (0.18 eV}
at Ec—0.54 eV and two slightly separated V levelsgg ~ and available values for the band off§etl4 (Ref. 32, 0.25
—0.71 and-0.75 eV are identified. The latter are interpreted (Ref. 72, or 0.22 eV(Ref. 70]. Remarkably, in contrast to
to reflect quasicubic and quasihexagonal sites because 8ie three inequivalent sites detected by ESR fot"Conly
their characteristic concentration ratio of 2:1. Following theone quasicubic sité has been detected for €r This find-
rule of Langer and Heinrié that deep states may serve as aing is naturally explained here, since the upper Cr level 1
common reference level in different semiconductors, th€quasihexagonal sitemight still be in or very close to the
similarity between the levels inH and &H is consistently conduction band of B whereas the deeper level may be
explained® by a band offset of 0.226) eV between both close to the nitrogen levels and therefore be occupied in case
polytypes(E¢ lower in 6H). of low compensation. All together, the present experiments
The high and well-reproducible electrical activation of Ti are well compatible with ESR results.
and Cr is a hint that the configuration observed is an isolated As an alternative explanation, one might increase the
atom instead of a defect complex. The formation of suctkcharge numbers of the detected band-gap states by one, i.e.,
complexes might be expected to depend on variations of iminterpret levels 1 and 2 as a triple and 3 as a double acceptor
plantation fluence or damage. This interpretation is stronglyransition. This assignment would instantaneously explain a
supported by ESR experimetishat do not reveal any com- stable Cf* configuration inn-type 6H-SiC, but cannot ex-
plex formation at V or Cr atoms. A TiN pair, however, is plain the coexistence of €f and CF" observed by ESR in
known?® but not of relevance here, since the Ti states obheavily n-doped SiC?® Furthermore, the levels 1 and 2
served are formed by transmutation of V atoms. Subsequentould be a strongly repulsive center for electrons and a small
pairing with N during room temperature storage can be excapture cross sections would be expected, but is not ob-
cluded because of the low concentration and mobility of N.served. Therefore, this alternative explanation is unlikely.
Nevertheless, we have to stress that the involvement of one c. VanadiumLevel 4 atEc—0.97(3) eV is due to a de-
Ti, V, or Cr atom in the observed defects is definite whereadect containing exactly one vanadium atom. Based on the
the exclusion of further constituents in the case of Cr and TDLTS peak broadening, a splitting into two levels with a
is an interpretation. separation of about 0.04 eV is proposed. The argument used

7 (c) titanium

0-1 _E

0.01.
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in the case of Ti and Cr to interpret the defect as a single V As it is obvious from the small fraction of observable
atom instead of a defect complex does not hold here, becausanadium(level 4), a consistent explanation requires us to
this state is neither populated by a high fraction of V atomspostulate “nonobserved(by DLTS in n-type SiQ configu-
nor is this fraction reproducible. rations that do not have a level in the part of the band gap
The trap energy of level 4 is significantly higher than thejnvestigated. For the moment, these configurations will be
value of 0.80 eV obtained by Jenmy al*® from the resis-  formally labeled by an index to the element's symbol and the
tance of V-compensated SiC. The authors neglect a possibl@|ation to real structures will be discussed later on. The
temperature dependence of the mobilityThis may lead to  sjight difference between quasihexagonal or quasicubic lat-
a systematic deviation that can be estimated as follows: Wheﬁbe sites is ignored herel i_e_, the term “one Configuraﬂon”
fitting a Boltzmann factor to temperature dependent datg intended to mean, e.g., all Si-substitutional sites or a spe-
(conductivity, the introduction of an additional preexponen- ¢ific impurity-defect complex.
tial factor T~ " will lead to an increase of the resulting  There are at least three different configurations of vana-
activation energy by approximatelykT, whereT is the  dium necessary to explain the present resiiisa configu-
mean temperature of the temperature interval observed. Fegtion Vimpi that is mainly populated by implantation and
the data shown by Jenmt al. (Fig. 2. of Ref. 33, a value of  annealing of V,(ii) a configuration \{ responsible for the
n=3 is required to remove the discrepancy between theippserved deep levélh) at Ec—0.97 eV, andiii) a configu-
value of 0.80 eV and the present DLTS result. This is aration VdaughterWhiCh is formed bya part of thélv daughter
reasonable exponent for the mobility versus temperature dgsotopes and which, in contrast to), transforms to Y
pendence, i.e., the discrepancy indeed has methodical regyring annealing at 800 K.
sons. Therefore, level 4 is ||ke|y to be identical to the level Now, an attempt will be made to correlate those Configu_
responsible for the compensationmtype SiC. rations with real defect structures. From ESR experiméhts,
At first sight, this level 4 seems to fit very well to the the Si-substitutional site is predicted for all of the three ele-
expectation of an acceptor state of vanadium residing on thgents: the band-gap states determined in the present work
substitutional silicon site (¥).*° The majority of vanadium  are well compatible with the charges states observed in those
atoms, however, exists in a different configuration which hasxperiments as discussed in Sec. IV E. However, two aspects
to be a well-defined site as well since the elemental transmushould be kept in mind when comparing DLTS and ESR
tation of these V atoms creates electrically active Ti daughtegata: the present DLTS experiments cover cnbf the band
atoms. A discussion about this fact and a comparison to furgap, i.e., further band-gap states may exist for a given con-
ther level data from the literature will be given in the next figuration. On the other hand, there is no information from
section. ESR on the fraction of impurity atoms involved in the con-
To check whether a low degree of electrical activation isfiguration observed; i.e., the results are not necessarily char-
typical for level 4 of vanadium, some data are available inacteristic for all impurity atoms.
the literature. From the successful compensation of SiC by Because of the high fraction of Cr and Ti atoms occupy-
implantation of V done by Kimotet al,'’ a degree of elec- ing one specific configuration, we assume that this observed
trical activation of at least 20% can be estimated. This numconfiguration is identical to the site reported from ESR work,
ber corresponds to the highest value observed by vanadiufe,, a silicon-substitutional Cr or Ti atom. Under this as-
implantation in the present work. A low degree of electricalsumption, two models for the V configuration have to be
activation is reported from Jenret al,* but in this case the  discussed: moded, the Si-substitutional sitdabeled \&) is
vanadium concentration is at least three orders of magnitudigentica| with V4, model B, the Si-substitutional site é(|s
higher than in the present work, i.e., the solubility may be ofigentical with Vimpl-
importance. Udd|n, Mitsuhashi, and Uem&detect a level In both cases, there is no experimenta' basis for any
at Ec—0.72eV in H-SiC that—in contrast to their gpeculation about the defect structure of the other configura-
proposal—is probably identical to level 3 of the presenttions. There is large number of possible candidates, includ-
work, i.e., due to Cr. In their bulk crystal, the concentrationjng different sublattices, interstitial sites and complexing
of vanadium is higher by a factor 7 than that of chromium.ith intrinsic or other extrinsic defects.
Though the DLTS spectra shown do not fully cover the tem-  podel A implies that most of the V atoms are involved in
perature range of the V peak 4, it is obvious that there is n@onfigurations different from ¥. This means that both el-
peak 4 with a height exceeding the height of the Cr peakemental transmutations involve a structural change in the
ThIS is a direct evidence for a low fraction of V atoms form- majority of all decay events, either preventing the formation
ing level 4. of Vg; out of a transmuting Gy atom or creating T out of
a transmuting Y, atom. These structural changes would
require a sufficient mobility of defects at room temperature
and cannot be explained completely by the decay-induced
recoil because of the low recoil energy of th&Cr decay.
In this section, the transmutation paths between the bandrherefore, modeh is unlikely.
gap states and the atomic defect structure will be discussed. Model B implies that \4; does not have a band-gap state
We would like to stress that this discussion does not influthat would be detectable by the present DLTS measurements.
ence the results concerning electrical properties obtained i®n the other hand, an acceptor level of this configuration in
the sections before. It is an attempt to fully exploit the ra-the upper half of the band gap is clearly predicted from ESR
diotracer concept even though the analysis technique DLT®ork. To check the credibility of modeéB, one may try to
itself provides no information about structure. find a level satisfying both conditions in the literature. First,

V. DISCUSSION OF LATTICE SITES AND
TRANSMUTATION PATHS
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Jennyet al3® predict a vanadium state close to the conduc+ation of radioactive isotopes. All band-gap states observed
tion band. Such a state might be too shallow to be detectedre definitely due to defects containing exactly one atom of
by DLTS. On the other hand, Evwaraye, Smith, andthe elements investigated. In the case of Ti and Cr, these
Mitchel*? detect band-gap states ii4SiC atEc—0.87 and  defects are interpreted as a single impurity atom.

—1.17 eV. Findings in the polytypet6 are similaf* with The results for each element studied will be summarized
levels detected at 0.78 and 1.09 eV. In the context of th@S follows. All energies refer to the conduction-band edge
present work, the level with smaller energy in both case@nd are derived assuming a temperature-independent capture

may be identified with site yand the deeper level might be Cross section.
the acceptor level of ¥. It is reasonable that such a level Ti forms two slightly separated acceptor states close to

with an energy of 1.17 eV is not detected by the presen&he conduction-band edge oH4SIC with energy levels at

DLTS measurements. This interpretation does not contradict -2/ (9) and 0.170(9) eV, attributed to the inequivalent

reports 6 a V acceptor level around.— 0.70 eV in - fuasihexagonal and quasicubic lattice sites BF-3iC, re-

Si?: (Refs. 26 and gﬁand around 0 SCeV.in M4-SiC (see spectively. These levels are formed both by directly im-

Sec. IV E). since none of these méasureme(ressistance planted Ti atoms and—with a high efficiency of about
) , o . R

DLTS) is sensitive to structure, i.e., they do not really provelOO/0 by the Ti daughter atoms originating from tfe/

. decay.
that the.observed Ie_vel IS 'due tos.iv Instead, the results Cr forms three band-gap states in the part of the band gap
agree with level 4or its equivalent in 61).

Model B may involve, but does not necessarily imply the investig_ated t_hat are interpreted as two acceptor states of one
L : Cr configuration. The double acceptor state close to the con-

occurrence of decay-induced defects in the present exXpery ction band is slightly split into two levels at 0.148)) and
ments, for the following reason: the creation of, ¥nd 0.178(10) eV. The single acceptor at 0_7415)'6\/ is not
Vaaugnierduring the *'Cr decay is not necessarily a structural split. Within errors(50%), these band-gap states are formed
change of Cg to these configurations. Instead, these atomicby all implanted Cr atorﬁs.
configurations might as well be formed initially by small, In the case of vanadium, one band-gap state with at 0.97
unobserveq fractions of Cr atom;; their decay results in th%) eV with an indication c;f splitting is detected. Despite
corresponding structures of V without any need of a struCyq e deviation concerning the energy, which is attributed to
fethodical reasons, this state is probably identical to the V
acceptor state responsible for the compensating action of V
in n-type SiC. This band-gap state, however, is formed by a

trical activation datdFig. 8@a)], there may be enough Cr
atoms left for such configurations. To explain the post-

transmutation annealing experiments, one has to assume o inority of the implanted V atoms only. To explain this

that the configuration YgneriS generally unstable above g it the atomic structure of the defects has been discussed,
750 K whereas the same atomic configuration formed at a Gf,, 4 ying vanadium atoms in configurations different from
atom is stable at the annealing temperature of 1600 K. Theqy o gonerally expected substitutional Si site. The best model
the relaxation effect observed is not really a decay-induce ssigns the observed V level to such a configuration and
effect, but an instability of a daughter atom configurationpredicts the expected acceptor level of Yo be outside of

(see S_ec. Il D This scena_rio "’.“SO explains thle considerablethe energy range investigated. Since V is incorporated in
scattering of the Y formation in the case of'V daughter e ron configurations, their relative population and thus

atoms|Fig. 8b)] since the concentration of\Is then deter-  yhe ejactronic and optical properties of V-doped SiC are ex-

mined by the relative population of the initial Cr configura- yotaq to depend on details of growth, doping, or annealing
tions: in contrast to decay effects, this initial population may

. ; ) grocesses and not on concentration only.
depend on implantation fluence, damage, or details of the ~omhareqd to v, the situation is rather simple for Ti and
annealing process and may thus vary from sample to sampl@:r

. : slo , where the majority of all atoms forms the levels speci-
Remarkably, V is populated during the"Cr decay exactly g Therefore, these band-gap states are unique fingerprints

in those samples where it is present from the very beginningy¢ ¢ respective impurity atom and may be used in routine
.., formed by V atoms; this can be understood as a COmMOpyhation or identification of impurities in SiC crystals.
trend to form this defect structure in these samples irrespec-
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VI. CONCLUSIONS APPENDIX: QUANTITATIVE ANALYSIS

The band-gap states of Ti, V, and Cr it4SiC carbide OF INHOMOGENEOUS DEPTH PROFILES

were characterized by DLTS amtype 4H-SiC. A definite In the standard treatment of DLTS, Poisson’s equation is
chemical identification is achieved by the elemental transmuapplied to the space charge region of a Schottky contact and
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a general equation is deriv€dhat links the band bending in N RN ——————————
this region to the concentratioNg and Nt of shallow and 0.2
deep levels, respectively. Assumiidy<Ng and homog-
enous concentrations, the relative DLTS peak height finally
reads

0.1

— ==, Al
Ck 2Ns w3 A

profile factor F, (um™)

#4: U= -10V, U= -4V

whereAC denotes the amplitude of the capacitance transient
and Cp is the reverse bias capacitance. The geometrical
guantitiesx and w are calculated from measured capaci-
tances: wpg is the depth of the space charge region and the
depthsx; (i e{R,P} for reverse bias or pulse conditions
denote the intersection between the trap energy and the
Fermi level. The depth intervédlxy ;xg] represents the part
of the sample that contributes to the DLTS signal. Up to this
point, all facts described reflect the standard evaluation of
DLTS spectra?°t7®

In the present work, traps with an inhomogenous depth
distribution are to be investigated. Allowing the trap concen-

tration to be a functiomN(x), the resulting equation reads
the assumed profile width The solid lines reflect standard condi-

J.

Xp

_ _ tions. For level 4, the profile factor for greater measuring voltages is
For N(x) =const, Eq(A2) reduces to EqAL). For fur i?cluded additionally. (b) Number of traps per area which is nec-

ther evaluation, one has to assume some functional form o . . .
. essary to explain the transmutation effects in sample 16 as a func-
the profile shape, e.g., a two-parameter ansBitgx)

0.0

U, U, symbols:
filled: (-2/0) V
open: (-10/-4) V

—A—#4
—a—#5
] —eo—#6

width s of Gaussian profile (um)
AC 1 1

—_—=—— XNp(x)dx. A2

FIG. 9. (a) Profile factorsFp of the levels 1-6 as a function of

=N,fs(x) with N, being the integral oveN+(x), i.e., the
total number of traps per surface area &pleing a normal-
ized profile shape with a characteristic widthSubstituting
this ansatz into Eq(A2), all factors containing depth infor-
mation can be summarized in a profile facky as follows:

AC N, , 1
= Fp W|th Fp:_2

XR
C_R_N—S WRI xfs(x)dx. (A3)

Xp

Except for thea priori unknown profile widths, all geo-
metrical quantities entering EGA3) can be calculated from
experimentally measured capacitances. Regar8ipcas a

tion of the assumed profile width

9(a) as a function of the profile widtls. Qualitatively, the
maximum of the profile factor occurs if the maximum of the
integrand in Eq.(A3) lies within the sensitive interval
[Xp;Xg]. The width parameters of all actually measured pro-
files [0.35-0.8um, Fig. 9b)] are close to the maximum of
the profile factor. Consequently, some uncertainty of the
width parametes does not result in large errors of the profile
factor. The stability of this procedure essentially results from
the proper choice of the depth scale, i.e., of the reverse bias
and pulse voltages.

The profile factor can also be used to derive an estimate

function ofs, it describes the sensitivity of certain measuringfor the profile width if this quantity is unknown. For the
conditions to detect a certain trap distributed in depth accordsample show in Fig. 3 and both sets of measuring voltages
ing to f¢(x). The dependence on trap parameters results fromsed, the number of traps per arbig, is calculated from the
the temperature dependence of the capacitances and tbBserved peak height changA<. Leaving the unknown

Fermi-energy position.

In the present work, fg is chosen to be a
Gaussian profile centered at the surface, i.&(x)
= (2/7) Y%~ texd —x?/(25%)]. Equation(A3) is used to deter-

profile width s as an independent variable, the result is
shown in Fig. 9b). It may be interpreted as the number of
traps necessary to explain the observed peak height changes,
if these traps are distributed in depth accordifgx).

mine the densityN, of traps per surface area from a given Clearly, different measuring voltages should give identical

DLTS peak heighAC. To judge the reliability of this pro-
cedure, the influence of the profile widthhas to be dis-
cussed. Using individually calculated depth valugs, Xp,

and xr, the profile factors of levels 1-6 are shown in Fig.

results. Thus, the intersection of the curves at aroungut8
for each of the three levels reveals that only this profile width
is realistic and also directly yields the number of traps of
each type actually present in the sample.
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