RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 16 15 OCTOBER 1998-II

NegativeU centers in 4 silicon carbide
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Characterization of two negativg-centers indH SiC has been performed using various capacitance tran-
sient techniques. Each center gives rise to one acceptor (ev8) and one donor level0/+), where the
electron ionization energy of the acceptor level is larger than that of the donor level. The two-electron
emissions from the two acceptor levels give rise to the previously reported deep level transient spectroscopy
peak associated with the so-call&dcenter. Direct evidence for the inverted ordering and temperature depen-
dence studies of the electron-capture cross sections of the acceptor levels will be presented.
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A defect that has the possibility to be occupied by moreelsewheré.In order to improve the selectivity in the DLTS
than one charge carrier has negativ@roperties if the bind- measurements, three-point correlation windows were Bised.
ing energy of the second charge carrier is larger than that of Figure X&) shows a conventional DLTS spectrum with a
the first oné" This phenomenon is observed when the gain offilling pulse width of 100 us measured on an as-grown
total energy of the defect system overcomes the Coulombig@MPle with a high concentration °,f+tE@ center. As can be
repulsion of the two charge carriers. The gain in net attracS€€N: Only the strong peak labelegd; " , associated with the
tion is supplied by a local rearrangement of the lattice. Thes8'€VIOUsly reported’, center, is observed. However, if the

phenomena have previously been reported in several Semtlsgmple was illuminated with a GaN light-emitting diode
conductors and the most famous example isDbecenter in LED) with a peak wavelength of 470 nm before each filling

o . ) pulse and a short filling pulsé (=50 ng was used, two new
GaAs and AlGa, _,As alloys? The dominant feature in a

: peaks, labele@?" and 29", appeared, as can be seen in

deep level transient spectroscofpLTS) spectrum mea-
sured on electron irradiated or ion implantéd SiC is the T T J J T T T
peak associated to the center narded® > The Z, center is (b)
sometimes present also in as-grown material. It has previ- T
ously been extensively studied and it has been discussed i
terms of a divacancy.

We will in this paper show that the DLTS peak associated &
to the Z, center consists of two peaks, where each peak§ 2 (a)]
corresponds to the emission of two electrons from the £

cale)
)
N
e
+

negativet centerdJ; andU,, respectively. Each one of the %’ R -
two negativet) centers gives rise to two levels in the band g E’j

gap, one acceptor leveZ{) and one shallower donor level % _: o 1.0 i
(Zg’). The subscript corresponds to the level associated to E gEo-s ors

the centelU, wherei=1,2 and the superscript to the charge | | & E‘gf * Zg/+ i
of the level when it is occupied by an electron. Unambiguous «ix:o:z ° Z}

evidence of the inverted order of the acceptor and donor E&0 = Simulated

levels will be presented by direct detection of the one elec- '§ 82 0 30 i}

tron emission from the shallower donor leve$ and Z9. Annealing temperature (K)
For the capacitance transient studies, hptin andn-type
Schottky diodes were used. Tinetype layers used for the L L L L L L ’
diodes were grown with chemical vapor depositi¢6VD) 180 200 220 240 260 280 300 320 340
or high-temperature chemical vapor deposititfTCVD).’ Temperature (K)
The net donor concentration in these layers was in the range FIG. 1. Two DLTS spectra observed in #i4iC diode. The
4 5 _3 . . . . .
2x10"-5x10"°cm™*. Tollncrease the_ cor!centratlon of the measurements were perform@l with a pulse width of 10Qus and
Z, center, some of the diodes were irradiated by 2.5 MeVip, yith a pulse width of 50 ns and illumination with ligkk~470

electr40ns Zat room temperature with a dose of 2.5, from a GaN LED before each filling pulse. The pulse height
X 10 cm™2. Electron irradiation and ion implantation create yas 9.9 v and the reverse bia9.9 V in both cases. The reappear-

another peak overlapping with that of tdg center*® This ing of the levelsZ? (O) andZ3 (@) due to annealing with bias is
peak was annealed out at 900 °C in order to get a pure signghown as an inset. The solid curve shows a simulation, assuming
from the Z; center. Capacitance transient measurementghat thermal ionization of the leveR; , is responsible for the reap-
were made by using a homemade setup describegearing of peakg®* andzd" .
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Fig. 1(b). These two peaks are associated to the two shal- TABLE I. The thermal activation energiesE, electron binding

lower donor levelZ? andZ3. The relation in amplitudes of energyE;, and measured capture cross sectioggssfor the dif-
the peakszg” and Zg/+ in the as-grown samples follows ferent electron-capturing processes. The energy range comes from

. I ne ;
approximately the relation 1:2. However, in electron irradi-€ assumptions g=T™" and o=T"", respectively. The

ated material, the amplitudes of the two peaks are in CIOSgemperature-dependent capture cross sections correspond to the
11 correspor;dence capture of the second electron to the centers.

The f_a|lure to observe the donor leveld and Zyina  process AE V) E (eV) Tronc CTP)
conventional DLTS measurement can be explained as fol-
lows: in a conventional DLTS measurement, some of thez}—Z;+e~ 0.45 0.50-0.54 >1x10 4
centers will capture two electrons during each filling pulsezd—z)+e~ 0.52 0.43-0.46 >1x10" %

and since the binding of the electrons are strengthened wheay —z%9+e~ 0.76 0.67 1.7X10 ®xexp(—0.065k.T)
two electrons are captured, these centers are frozen out fropy . z3+e~  0.72 0.71  1.3x 10 ®xexp(—0.080k.T)
the experiment. Consequently, with the respective pulses re

quired by DLTS, the one-electron emission from the donor ) _ ) _
levels will not be observed. annealing commenced, the diode was heated without bias to

The freeze-out of the donor levels was avoided in thehe annealing temperature. A reverse bias-&£9 eV was
measurement shown in Fig(td by optically emptying the applied for 5 min and the sample was thereafter cooled down
centers before each filling pulse and using a short fillingto 200 K with bias where the concentrations of the levs
pulse. The illumination before each pulse ionizes the smalndZ3 were measured by recording the capacitance transient
fraction of the centers, which had captured two electrongollowing a single 50-ns filling pulse and fitting two expo-

during the preceding pulse, by the reactions, nential transients to the biexponential transient using mul-
tiple linear regression. The leveB’ and Z9 reappear at
hv hv ~230 K and a simulation, assuming thermal ionization of the
Z;—23+e —Z{+2e", levelsZ; , is responsible for the reappearance, gives a good
agreement, as depicted with the solid curve.
and D The thermal electron emission rates,) from the levels

Z9 andZ5 were obtained from DLTS measurements. How-
ever, the two components, labelgd’* andz,’", of peak
Zi’f, which correspond to thermal electron emission from
respectively. the levelsZ; and Z, , respectively, were not possible to
The entire optical ionization of the defectse., Z; resolve from the DLTS spectra. Although the overlapping of
he _ _ . _ , the Zl_“r and Zz_“r was severe, it was possible to resolve
—Zi +2e") was confirmed by observing the amplitude of \he "y fitting two exponential transients directly to the
the photoinduced capacitance transient at temperatures b@l‘exponential capacitance transieZig,” by keeping the re-
low the freeze-out of the one-electron emission. The opticafytion in amplitudes between the two components fixed. The
ionization of the two acceptor level§ andZ, , in conjunc-  fiyeq relation was determined from the peak amplitudes of

tion with a short filling pulse, short enough to prevent cap—zgﬁ and Zg/+ . The thermal activation energies of the elec-

tuor,'fg of tV\é%electr_ons to the centers, reveals the two peakgsn emission processes from the defects were obtained from
Zy andZ;", which correspond to the electron emission arrhenius plotg log(e,) — 1/T] and are presented in Table I.
from the two donor state®? andZ). In a negatived system, The decay process of the peaky* andz%* (i.e., 2%,
when two electrons have been captured, the electron emis: e~ —Z],) was monitored by observing the amplitudes of

sion requires higher thermal energy than when only one eleGyg capacitance transients and the capacitance baseline as a
tron is captured./gonsequently, the electron emission assOG{inction of numbem of applied 1us filling pulses. The re-
ated to peakZ;, corresponds to a two-stage ionization git is shown in Fig. 2. During each filling pulse, a fraction
event where the first ionization event is immediately fol- of the defects will capture two electrons and, consequently,
lowed by the second event. A strong indication ofpe frozen-out from the experiment. The decay rate of the
negativel ordering is therefore the relation of the DLTS amplitudes corresponds, therefore, directly to the capture rate
peak amplitudes since they correspond to the change of thg the second electrofproviding that the capture rate of the
net charge of the defects. The sum of the amplitudes of pealgst electron is much fastesince the capacitance transient
Zy'"" andZy" follows closely the relation 1:2 to the ampli- amplitude is proportional to the remaining concentration of
tude of peakz; ;" . It suggests that the pedi( 5" consists levels ZJ and Z3, respectively. The solid curve in Fig. 2
of two components, each component corresponds to eMisndicates twice the sum of the transient amplitud8s and
sion of two electrons from the centers associated to the pealiszw . The 2:1 correspondence between the sum of the tran-
zy" andzy", respectively. sients amplitudes and the change of baseline shows that the
In order to confirm the relation between peZk;” and  defects keep two electrons each when they are frozen-out.
the centerdJ; andU,, the reappearing of the peak§~  From these experiments the capture cross sections of the sec-
andZY" by “annealing” at low temperature€00—-300 K  ond electron to theJ, and U, centers were obtained, as
was investigated. The inset of Fig. 1 shows a 5-min isochrodepicted in Fig. 3empty symbols The capturing process of
nal anneal with a reverse bias applied to the diode. To assutke first electron to the centers seems to be very efficient
that two electrons were captured to the defects before thsince we could not observe any decrease of the transient

hy hv
Z,—2%+e —2Z)+2e,
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= nential transient using multiple linear regression. Although
%‘2‘5 T230K two electrons are captured to the defects in the measured
£ A Baseline t;l us glectron capture processes, the obtained capture Cross sec-
§ 2 |k ";./V —.9.9/9.0V tions correspond tq the capture of the second electron since
= ——Ex( 'Zo/+_;_ 7% the capture of the first electron is very fast. The capture cross
S - 1 2 sections for the capturing to the acceptor levéks., of the
g L5p second electronshow a weak exponential temperature de-
% pendence. Assuming a multiphonon capturing proédks,
g 1k temperature dependent capture cross sections can be fitted, as
2 .z shown in Fig. 3 with the solid lines. The obtained
= . temperature-dependent capture cross sections are presented
¢Es 0.5F Z0/+. ., in Table I.
§ X l ., "mmags The large capture cross se/(J:rtion for the first electron sug-
g ol ¢ Seceesseccres . ; Srus XL gests donorlike centers. Thi " peak has previously been
E 0 5 10 15 20 25 30 investigated by double correlated DLTS and it was shown to

be acceptorlikéin agreement with our results. Consequently,
the DLTS peaksZ?* and zY" correspond to the electron
emission processes,

Number of pulses n

FIG. 2. The decay of the capacitance transizfls (@) and

ZY* (m), respectively, and the change of the capacitance baseline

(O) as a function of the number of 1-us filling pulses at 230 K. Z?—> ZI +e,

The solid curve indicates twice the sum of the capacitance transient

amplitudeszd™" andzY'* . and 2
amplitudes when we decreased the filling pulse width fur- Zg—>22++e‘,

ther, not even when the filling pulse width was 50 ns, which
is the limit of our system. It indicates a very large capture
cross section and we estimate them to be larger than
X 10~ cn?. The filled symbols in Fig. 3 show the electron
capture cross section for the second electron measured
observing the capacitance transient ::1mp|itu<§lfc§é+ and
Z,'* in the biexponential transiedt; 5" as a function of the
filling pulse width. Each capacitance transient amplitude was
obtained by fitting two exponential transients to the biexpo-nq

respectively.

Based on the relation of the peak amplitudes, annealing
%ehavior, capture cross sections, and the acceptorlike nature
f peakZl’é*, we suggest that the two electron emission

rocesses,

2, —2%+e —z7; +2e",

()

Z,—2%+e —Z)+2e",

0 - -
10 | Qite = 7)) are associated to the pedk}" .

The inset of Fig. 3 shows a configuration-coordinate dia-
gram of the defect systerd; (i=1,2) whereE; and E,
correspond to the binding energy of the first electron and
second electron, respectively. The enekyyis the barrier
for capturing of the second electron. The actual location in
the band gap of th&J; and U, centers in different charge
states can now be obtained. The fast capturing of the first
electron to the positively charged center suggests a cascade
capturing proces¥, while the slower capturing process of
the second electron is described by a multiphonon process.
Refitting the previously obtained thermal emission rates, as-
suming a cascade and multiphonon capturing process of the
first and second electron, respectively, gives the electron
binding energies, as presented in Table I. The given energy
¥ange is caused by the assumptiersT ! and o= T2 for
he temperature dependence of the cascade capturing pro-
&ss. The obtained electron binding energies give the energy
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FIG. 3. Temperature dependence of the electron capture cro
sections for the acceptor level§ andz3: (A) and (CJ) represent
the capture cross sections measured by observing the decay of t

; ; ; + o/+ ;
capacitance transient amplltudzg andZ;" , respectively, as a positionsE,— (1.10—1.14) and,— (1.06—1.09) eV eV for

function of the number of filling pulsesA) and (W) represent the Z _ .
capture cross sections measured by observing the two capacitangée two acceptor statéd; and U, , respectively, ande,

transient amplitudes in the biexponential transient associated to (0-50_0'%4) ancI(E)C—(0.43—_0.46) eV eV for the two do-
peakZ 5" as a function of the filling pulse width. The solid lines NOr StatesJ; andU;, respectively.

indicate the fitted temperature-dependent capture cross sections. The close resemblance of the electronic properties of the
Shown as an inset is the configuration-coordinate diagram for th&J; andU, centers and the 1:1 correspondence in concentra-
centerU; wherei=1,2. tions after electron irradiation suggests that the centers may
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be associated to a defect residing at the two crystallographi-(0.50—0.54) andE.—(0.43-0.46) eV eV correspond to
cally inequivalent lattice sites inHISIC, i.e., the hexagonal the donor Ievelsz(f and ZO, respectively, and the levels at
and cubic lattice sites. However, the origin of the discrep_—0.67 andE.—0.71 eV correspond to the acceptor levels
ancy in the 1:1 relation of the concentrations in the as-growry - andz, , respectively.
samples is not yet clear.

In summary, we have presented evidence of two Support for this work was provided by the Swedish Re-
negativet) centers in # SiC. These two centers have one search Council for Engineering Sciend@&R), the SSF pro-
donor level and one acceptor level each. The levelEat gram SiCEP, and ABB Corporate Research.
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