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The vacancy production inHs-SiC by 3 MeV electron irradiation at room temperature was studied
using positron lifetime spectroscopy combined with annealing experiments. It was found that the
trapping rates of positrons in vacancies increased linearly with the fluence in the initial stage of
irradiation. After the linear increase, the trapping rates were found to be proportional to the square
root of the fluence. The linear and nonlinear fluence dependences of the trapping rates are explained
by the reduction of vacancies due to recombination with interstitials during irradiation. The positron
trapping rate for the admixture of silicon vacancies and divacancies showed a tendency to saturate
in the higher fluence range. The trapping rate for carbon vacancies decreased after reaching a
maximum. These results are explained in terms of the shift of the Fermi level due to the irradiation
process. It was found that, for the lightly irradiated specimen, an annealing stage caused by
recombination between close vacancies and interstitials was observed. However, such an annealing
stage was not observed when using a heavily irradiated specimen. These different results are
explained as the reduction of interstitials due to the recombination with vacancies and long-range
migration of interstitials to sinks during irradiation. @997 American Institute of Physics.
[S0021-897€97)03619-0

I. INTRODUCTION (Vsi-lgi, Ve-10).® Carbon and silicon vacancies in
. ) ] ] ) electron-irradiated E-SiC were found to be annealed at ap-

Silicon carbide(SiC) holds great potential as a semicon- yroximately 200 and 750 °C, respectively, by Balona and
ducting material for power devices that are functional undef 5,pser2 The ESR spectra related to divacancies and
extreme conditions, such as high temperature and radiati(\/”acancy-impurity complexes involvings; and nitrogen at-
environments. Recently, the development of devices that 5 s at the carbon sublattice were found in quenchedsC
employ the ion implantation technique has been preferre(ii)y Vainer and IIin8” They reported that the/q, N com-

" |

since tr_ns tech_nlque al!ow_s_for full control of the electrical plexes and divacancies were annealed at 1400-1500 and
properties. In light of this, it is necessary to reveal the nature, - e 1700 °C respectively

of radiation-induced defects’ Despite extensive studies, de- The previous results indicate that monovacancies and

scrlbe_d b_elo_w, the understanding of radiation-induced deI':renkel pairs in SiC are stable at room temperature and di-
fects in SiC is apparently far from complete.

; . . . vacancies have an even higher stability. These are quite dif-
In previous works, photoluminesce(®L) lines, desig- ferent from the situation in conventional semiconductors
natedD,, were found in &-, 4H-, and &H-SiC crystals

) o . .such as Si. For instance, monovacancies and single intersti-
after annealing at 1000—1300 °C following electron or ion .~ .~ _. . 9
T . __tials in Si are mobile far below room temperatdfé® Diva-
irradiation”™° The D, luminescence was reported to persist

even after annealing at 1700 °C. Deep level transient Speé:_anmes in Si are known to be annealed up to 356" There

troscopy (DLTS) studies for nitrogen-doped H6-SiC re- 'S great interest in understanding the kinetics of intrinsic de-
vealed that a series of deep levels, ternietE2, E3/E4 fects in SiC. Several positron annihilation studies have been

1-26 : H
andZ1/z2, were introduced by electron or ion irradiation at Performed to daté.~**Recently, we investigated the anneal-

room temperatur&;1! The E1/E2 and E3/E4 levels were ing processes of vacancies in electron-irradiated nitrogen-
annealed to 1100 °C, while tt#1/Z2 levels remained even 90Ped &1-SiC using positron lifetime measureméhtfter

after annealing at 1700 °L° Considering that th®, lumi- irradia}tion, dgfects related to silicon and carbpn vacancies
nescence appeared irrespective of the irradiated ion specigd)d divacancies were observed. These vacancies were found
it is hypothesized that thB, originated from simple point 0 be partly annealed at several stages below 500 °C and
defects. Choyke and Patrick proposed thatluminescence Were ultimately diminished by high temperature annealing
was related to divacancie¥§Vc).* To identify defect spe-  UP to 1450 °C. The high temperature stages can be explained
cies and their annealing stages, electron spin resonan&y the motion of vacancies and the dissociation of complexes
(ESR studies were performed=1’ From the detailed analy- between vacancies and impurities. Meanwhile, the low tem-
ses of the spectra, Itaft al. succeeded in identifying silicon perature stages can be explained by the recombination be-
and carbon vacanciesV§ and Vc) in electron-irradiated  tween vacancies and interstitials due to the motion of inter-
3C-SiC.131 |t was revealed that these two types of defectsstitials. This is supported by the fact that vacancies are
were annealed via two major stages 150 and 750 °Cand  immobile there.

via a single stage at approximately 200 °C, respectively. Considering the fact that interstitials start to migrate at
Their results also suggested the presence of the Frenkel palmv temperatures, e.g., 100—200 °C, the vacancy-interstitial
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reaction is expected to occur even at room temperature in —
radiation field. In our research, we focused on the productiolr 19
of vacancies due to electron irradiation. The fluence deper
dences of positron lifetime and their annealing characteristic -
were investigated. The results strongly indicate that vacancy £ )
interstitial recombinations are enhanced during irradiatior 5 10~*F N 1.5x10"%e"/cm? 4
and this plays a critical role in the production of vacancies. é A

(a

II. EXPERIMENT
102

UN

The specimens used in this work were cut from a
modified-Lely-grown @1-SiC wafer doped with nitrogen. ©
The net concentration of nitrogen atom was 5.5¢
X 10 cm™3. The wafer was one commercially supplied by 102
Cree Research Inc. The specimens were irradiated with
MeV electrons to a fluence of 1&L0' e~ /cn? at 60 °C —te e
using a dynamitron accelerator. The Fermi level of the speci CHANNEL NUMBER (12.3ps/ch)
mens was determined from the Hall measurement using th
van der Pauw method at room temperature. Isochronal an-
nealing was performed in the temperature range between 7
and 1500 °C for 5 min in a dry argon ambience.

The positron source was prepared by depositing
22NaCl (6% 10° Bg) on a titanium thin film with a thickness an unirradiatecb-type SiC(doped with aluminur) 7, the
of 3 um. It was sandwiched by two specimens and the pospositron lifetime in vacancy-type defects, andthe net pos-
itron lifetime measurement was carried out using a convenitron trapping rate due to the defects are
tional fast—fast spectrometer with a time resolution of about
230 ps[full width at half-maximum(FWHM)] at room tem- = '_2(771_ =Y (5)
perature. About % 10° counts were accumulated in each I, ° 2
spectrum. The source components were determined to

o o 0
130+10 and 52@30 ps with intensities of 122% and 0.5 {]ects ) and the specific trapping ratef: k= uC. Equa-

+0.3%, respectively, from a measurement of an unirradiate ) 4 .
. . ion (3) represents the effective bulk lifetime when positrons
floating-zone grown Si crystal. These components appear to

come from the positron annihilations in the titanium film and'® trapped by defects. In the following discussion, when

in the sodium, respectively. To check the validity of these:eigrrr::[Eetrothd;rﬁrclie(r:]c;?Cegitrzggloni’svxitwﬂ) u;%;z; ;E)agfgng
source components we analyzed various semiconductors ard . e -2 prop .
defect concentration. The validity of the two-state trapping

metals using the source components. The bulk lifetimes ob- X .
tained agreed with those reported in previous works, sugges'EUOde! can be che'cked. by E(B) since each side of the
ing that the source components were determined properly. equation is determined independently.
To dlscrllmlnate between bulk and defect components, af'telr“_ RESULTS AND DISCUSSION
subtracting the source and background components, a life-
time spectrumL(t) was decomposed into two terms using Figure 1 shows the positron lifetime spectra obtained for
the computer prograrRATFIT-882° the unirradiated specimen and for irradiated specimens with
_ a fluence of 1.8 10 and 1.5<10'® e /cn?.The average
L=/ mexp=tim)+(Iz/ o) exp( =t/ ). (1) lifetimes for these specimens were determined to be 142,
Here, 7; are the lifetimes and; are the intensitiesl¢+1, 179, and 202 ps, respectivelgrror within 2 p3. The posi-
=1). The average positron lifetimer) is defined as tron lifetime of the unirradiated specimen is slightly longer
(P =11+ 17, @) than that of the unirradiateg-type specimen(138 p3g. As
reported in the previous researchthe prolonged positron
This quantity is sensitive to the change in positron lifetime.|ifetime for the unirradiatedh-type specimen may be due to
With the framework of the two-state trapping mddein  the presence of vacancy-type defects. The positron lifetime
which positrons are assumed to annihilate through the bulihcreases as the fluence increases. This shows that vacancy-
state or through the trapped state in vacancy-type defects, thgne defects are created by the irradiation and that their con-
lifetimes 7,and 7, have the following physical meanings:  centrations also increase with the fluence. To obtain more
detailed information, the lifetime spectra were decomposed

0 990> W

G. 1. Positron lifetime spectra for the unirradiated specimen and for irra-
lated specimens with fluences of x.00'” and 1.5< 10'® e /cn?.

the trapping rate is proportional to the concentration of de-

= 1 ' (3) into two terms(bulk and defectsusing Eq.(1). Figure 2
rgl+ K shows the dependence of the lifetimes @nd 7,) and the
o @ intensity |, on the fluence. The experimental error is within
271V

the circle. The lifetimer, increases from 183 ps with an
Here, 75 is the positron lifetime in the bulkbulk lifetime) intensity of 45% at the unirradiated state+@15 ps with an
which is determined to be 138 ps from a measurement of intensity of 90%.
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other types of vacancies.
Figure 2 also shows that the lifetimmg considerably
FIG. 2. Positr_on.IifetiTrIﬂ\esqf1 and 7,) z.ind_ intensityl , as a function of the deviates from the value expected in the two-state trapping
fluence. The lifetimer;™ denotes the lifetime; expected from the trapping ™ . .
mode[Eq. (3)]. model (r;").The deviation well exceeds experimental un-
certainties. As explained in previous wdrkthis is because
the 7, component is a weighted average between the lifetime
71" and the additional lifetimers caused by carbon vacan-
A recent theoretical calculation by Brauetal. showed Cies. Positron trapping rates for thg (carbon vacancigs
that the positron lifetimes for a carbon vacancy, a siliconand 7, (silicon vacancies divacanciescomponents are cal-
vacancy, and a divacancy irH6 SiC are 150—153, 183—194, culated by
and 214 ps, respectivefy:*! The lifetime for aVg;Nc com-

plex was reported to be similar to that of an isolated silicon (g =l H =1

vacancy. The lifetimer,=183 ps obtained for the unirradi- Ks= re— 17 ' ©®)
ated specimen in the present work was previously attributed s

to complexes between silicon vacancies and nitrogen atoms 1 1 -1 1

through the annealing experimeéftThe average energy of « 1o g 7 —lhats (A- T, ) )
primary knock-on atomgPKAs) is estimated from an el- 2 I4 1-775t ’

ementary displacement calculation to be approximately 100

eV for 3 MeV electron irradiatiod>~34Thus, simple defects respectively, instead of by E¢5).2% Here, 75 is assumed to
such as monovacancies, single interstitials, and Frenkel pait® 150 ps for carbon vacanci&s> Figure 3 shows the flu-

are mainly produced by irradiation. In addition, divacanciesence dependence of the trapping rates. The trapping«tate
are also created directly through the successive displacemeinicreases rapidly in the initial stage of irradiation. Although
of two adjacent atoms. After the creation of divacanciesthe data scattering is relatively large in the higher fluence
most PKA energy is expected to be lost. Hence, the disrange, the trapping rate, seems to have a tendency to satu-
placed atoms will stop in the vicinity of the divacancies cre-rate within the experimental uncertainties. The trapping rate
ated. On the basis of this assertion and the result that theg first increases with the fluence but decreases after reach-
value of the lifetimer, varied between those for silicon va- ing a maximum. It should be noted that the trapping rates
cancies and divacancies, the lifetimg after the irradiation  show nonlinear behaviors.

is considered to be a weighted average between defects re- If the produced defects do not react to each other during
lated to silicon vacancies and those related to divacancies. Agadiation, their concentrations should be simply propor-
the fluence increases, the lifetime approaches the theoret- tional to the fluence. On the contrary, the nonlinear fluence
ical lifetime for a divacancy. This indicates that divacanciesdependence of the trapping rates was observed as shown

).28
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above. This result can be explained by the loss of vacancie T T — T
during irradiation. Such a loss of vacancies is known to be 50
observed when interstitials are mobife.

We argue the general features for the fluence-depende
vacancy concentration using the chemical rate equation:
considering the recombination between vacancies and inte
stitials and their migration to sinks. Although the formation
of divacancies by the combination of mobile vacancies wa:
suggested for @-SiC irradiated with 1 MeV electrons, it
was found to be obvious in a quite high fluence rangg(

X 10*® e~/cn?). %0 In the case of 3 MeV electron irradiation
up to 1.5<10*® e /cn?, it is likely that the primary produc-
tion of divacancies is predominant. Thus, the production of
divacancies via the combination of vacancies is not consid
ered here. The generation of monovacancies through recor
bination between divacancies and interstitials is also not cor
sidered since the concentration of divacancies is thought t
be considerably lower than those of monovacancies. Eve 1 -
so, it becomes problematic to find the solution to the chemi:
cal rate equations when we include all types of defects. Wi .

.. . . o st o 0. ] M il
therefore do not distinguish between different types of va- . 0.5 1 2 s 10 20
cancies or interstitials for simplicity. In this case, the chemi- FLUENCE ( x10'7 e /cm?)
cal rate equations for vacancies and interstitials during thi
irradiation are

»
<

-
[

TRAPPING RATE (ns™Y

dc FIG. 4. Logarithmic plot of the fluence dependence of the trapping rates
V

12 H
=K—Ky C,Cy—K , (8) and xs. The symbolsp and ¢~'“ represent the slopes of the lines.
dt V-1~V S\pSVCV
dcC cies and interstitials are temporarily balanced and the con-
I:K_KV"C'CV_ KsiCsiCi ©  centrations reach a platealG,=C,= (K/Ky.,)¥2 No

plateau appears when the vacancy-interstitial recombination

where Cy,, C,, Cgy, and Cg, denote the concentration of and the annihilation of interstitials at sinks occur almost si-
vacancies, interstitials, and their internal sinks, respectivelymultaneously, i.e.t;~t,. At t=t,, interstitials start to an-
K is the production rate of Frenkel pairs due to the irradia-ihilate at sinks and the concentration decreasesCas
tion, andKy.,, Ksy, andKg, are the reaction constants for =(K/Ky.,Kg,Cst)Y2 Then, the concentration of vacancies
the vacancy-interstitial recombination, annihilations of va-increases a€,=(KKgCgt/Ky.,)¥% Namely, the concen-
cancies, and interstitials at their sinks, respectively. The flutration of vacancies is proportional to the square root of the
ence is given byg=it,wherei andt are the flux of the fluence Cyx¢'?). At t=t;, vacancies also start to annihi-
incident electrons and the irradiation time, respectively. Thdate at sinks, hence, the concentration of vacancies and inter-
general trends to the solution to the above rate equationsitials have a tendency to saturate. Then the concentration of
were shown by Sizmann assumi@g,= Cs,=Cg (constant  vacancies and that of interstitials can be represented by the
as described below. following equations: C,=(KKsg/Ky. Ksy)Y?and C,

The characteristic time constants for the beginning of=(KKgy/Ky. Ks)¥2 This corresponds to the stationary
vacancy-interstitial recombination after the accumulation ofstate.
vacancies and interstitials, annihilations of interstitials, and  Figure 4 shows the logarithmic plot of the fluence de-
vacancies at sinks are defined as=(KKy ) 2 t, pendence of trapping rates, and k5. (Note that the trap-
=(KgCs) %, andty;=(Ks\Cs) !, respectively. From the ping rate is proportional to the concentration of vacancies
analogy of studies for metal defecfsthe rate of recombina- Both trapping rates seem to be proportional to the fluence
tion of Frenkel pairs is expected to be much faster than thatx,> ¢) in the fluence range below>110'" e~ /cn? and to
of the annihilation of interstitials at sinks. Interstitials are the square root of the fluence{= ¢*?) in the fluence range
also expected to be much more mobile than vacancies. Thupm 1x 10" to 4X 10'7 e~ /cn? within experimental errors.
it is natural to assumg <t,<ts.In the initial stage of irra- These features closely match that expected from the chemi-
diation, the second and the third terms of the right-hand sideal rate equations shown above. The absence of a plateau
of Egs.(8) and (9) are negligible sinc&C,, andC, are low. after the linear growth of the trapping rates indicates
This yieldsCy = C,=Kt, i.e., the concentration of vacancies ~t,. Thus, it is probably that vacancies are reduced during
and interstitials is proportional to the fluendg,(=C > ¢). irradiation through mutual recombination with interstitials. It
As vacancies and interstitials pile up sufficiently so that is likely that interstitials migrate a long distance during irra-
=t,, there is an increased chance for vacancy-interstitial rediation. Although the close Frenkel pairs and interstitials in
combination. Then, the production and annihilation of vacanSiC are thought to be stable at room temperattithe mi-
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FIG. 5. The Fermi level as a function of the fluence. H&grepresents the
energy of the bottom of the conduction band. 200
190
gration of interstitials may be enhanced by the ionization <& 180
effect during irradiation. It is inferred that interstitials can 5‘170 [
migrate in a radiation field by gaining excess energy releasec =
from electron-hole recombinations and/or through successiv¢ E 150
transformation of the stable configuration due to the change ; I
in the charge stat&:>° =
With reference to the chemical rate equations mentionec = 100l
above, the saturation level of the trapping ratg in the I
fluence range above>510'" e~ /cnPmay be explained as the
annihilation of silicon vacancies and divacancies at sinks.
However, it is questionable, since silicon vacancies and di- 50
vacancies are known to be immobile belewr50 °C12-14 I ' | |

The migration of carbon vacancies may be assisted by irra 0 500 Tooo 1500
diation since they are mobile at approximately 2003¢* ANNEALING TEMPERATURE (" C)
Even so, the decrease in the trapping ragen the fluence
range above % 10'7 e /cn? is not the expected result based N . ,

FIG. 6. Positron lifetimes £, and r,) and intensityl, obtained for the

on the z_above rate _equatlons' Here we Shou'_d ConSI_der tl’gecimens irradiated with >110'" (open circl¢ and 1.5<10'® e /cm?
change in the electrical properties of the Specimen. Figure Qiosed circle as a function of annealing temperature. The lifetinf!
shows the fluence dependence of the Fermi level at roordenotes the lifetime; expected from the trapping model.

temperature(Above 8x 10'7 e~ /cn?, the Hall measurement

at room temperature was difficult to record due to the ex-

treme reduction of the free carrier dengitfhe Fermi level X 10 e /cn?) and heavily (1.%10® e~/cn?) irradiated
approaches the middle of the band gap with increasing fluspecimens. Figure 6 shows the annealing behavior of life-
ence. This result shows that residual defects work as accefimes (r, and 7,) and intensityl , for these specimens. Fig-
tors to compensate free electrons and that their concentrare 7 shows the annealing behavior of the trapping rates
tions increase as the fluence incredSes series of acceptor andk, calculated from Eq96) and(7) which are related to
levels is known to be introduced by electron irradiation incarbon vacancies and the admixture of silicon vacancies and
the upper half of the band gap from DLTS divacancies, respectively.

measurement§:! Although the energy levels associated First, let us consider the approximate annealing features
with carbon and silicon vacancies and divacancies have ndbr the lightly irradiated specimen and then compare them
yet been established, these defects are expected to have agth those for the heavily irradiated specimen. The trapping
ceptor levels. It is probable that the charge states of vacamate x5 of carbon vacancies first decreases at approximately
cies change as the fluence increases due to the shift of th °C and finally diminishes at 250—-450 °C. Since close
Fermi level. Considering the fact that the specific trappingFrenkel pairs are considered to be less stable than isolated
rate for a vacancy is known to depend on its charge state duscancies, the annealing stage~at5 °C is probably caused

to the Coulomb attractioft, the saturation of the trapping by the mutual recombination of Frenkel pairsVd

rate x, and the decrease of the trapping ratein the higher - I-—null). The annealing temperature for the higher stage
fluence range may be caused by the change in the chargeincides with that observed by ESR studi&t*The anneal-
state of vacancies as the fluence increases. ing stage at 250—400 °C can probably be attributed mainly to

The above arguments imply that the concentrations othe motion of carbon vacancie¥ {— sinks).The lifetimer,
residual interstitials in the low fluence range may be higherelated to the admixture of silicon vacancies and divacancies
than those of the high fluence range. This may affect thelecreases from 210 to 189 ps from 75 to 500 °C. The trap-
annealing kinetics of vacancies. For confirmation, we perping ratex, also decreases from 75 to 500 °C. The lifetime
formed annealing experiments for the lightly (1.0 r,=189 ps observed after the annealing at 500 °C is almost
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not for the heavily irradiated specimen. As previously noted,
the annealing stage at approximately 75 °C was attributable
to the disappearance of close Frenkel pairs between carbon
vacancies and interstitials. The above result therefore sug-
gests that the concentration of the Frenkel pairs is fairly low
in the heavily irradiated specimen. Close Frenkel pairs are
thought to have already been annihilated during irradiation
due to the motion of interstitials.

The lifetime 7, and the trapping rate, decrease with
the annealing temperature. The annealing process above
500 °C is similarly explained as in the case of the lightly
irradiated specimen. The decreases in the lifetimnand that
of the trapping ratec, up to 500 °C again show the disap-
pearance of silicon vacancies and divacancies in this tem-
perature range. However, the low temperature annealing
stage at 75—200 °C observed for the lightly irradiated speci-
men is not observed for the heavily irradiated specimen. In-
stead, its annealing temperature shifts to 200—300 °C. The
annealing stage at 75-200 °C was attributed to the disap-
pearance of silicon vacancies and divacancies due to recom-
bination with interstitials. Thus, the above result again al-
lows us to assume that the concentrations of close vacancy-
interstitial pairs are significantly low in the heavily irradiated
specimen due to the motion of interstitials.

Thus, it becomes clear that the annealing behaviors of
vacancies at low temperatur¢s:500 °Q are different de-
pending on the irradiation fluence: The annealing stages of
vacancies related to the recombination with close interstitials
below 200 °C is observed for the lightly irradiated specimen
but not for the heavily irradiated one. It is concluded that
FIG. 7. Annealing behaviors of the trapping ratesandx, obtained for the ~ Vacancies recombine with interstitials during irradiation due
specimens irradiated with 310" (open circlé and 1.5<10' e /cn? to the motion of interstitials. As a result, the concentration of
(closed circlg. residual interstitials close to vacancies is reduced as the flu-
ence increases. This conclusion is consistent with that de-
duced from the fluence dependent positron trapping rates
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the same as the theoretical lifetime of a positron in a siIiconShOWn above.
vacancy. These results show that silicon vacancies and diva-
cancies already start to 'dlsappear at ?5 °C. Most likely, th?v_ SUMMARY
low temperature annealing of vacancies occurs because of
recombination with interstitials rather than by their migration In this research, we investigated the vacancy production
and dissociation. In fact, the annealing experiments by ESk 6H-SiC by 3 MeV electron irradiation through the fluence
showed that silicon vacancies partly disappeared at approxdependence of positron lifetime combined with annealing ex-
mately 200 °C due to recombination with interstitidls®*?  periments. The results of this research are summarized as
When the temperature is greater than 500 °C, the trappinfpllows. After irradiation, defects related to carbon and sili-
rate k, decreases at 700—800, 1050, and finally reaches theon vacancies and divacancies were found. The positron
detection limit at 1450 °C. These processes were attributablgapping rates for these vacancies showed nonlinear fluence
to the migration of silicon vacancies, the dissociation ofdependences. The nonlinear fluence dependences are partly
complexes between silicon vacancies, and residual impuritiesxplained using the chemical rate equations taking into ac-
such asVgN¢ complexes’ count the reduction of vacancies due to recombination with
For the heavily irradiated specimen, the trapping raie interstitials and long-range migration of interstitials during
for carbon vacancies first increases at 250—350 °C and difradiation. The annealing experiments showed that the low
minishes at approximately 450 °C. The increase in the traptemperature annealing of vacanc{es200 °C due to recom-
ping rate may be explained as the generation of carbon vaination with interstitials was not observed for the heavily
cancies, due to either the recombination between divacanciésadiated specimen. This result is consistently explained as
and silicon interstitials, or the change of the charge stateshe reduction of such defects through recombination. It is
The final annealing stage at 450 °C may be attributed to theoncluded that the recombination of close vacancy-
annihilation of carbon vacancies to their sinks. Here, itinterstitial pairs and the long-range migration of interstitials
should be noted that the annealing stage at approximatelyre enhanced during irradiation and, hence, such defects are
75 °C was observed for the lightly irradiated specimen buteduced during prolonged irradiation.
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