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Beryllium implantation induced defects in 6H-Siih junctions have been investigated by deep

level transient spectroscopy. Five defect centers labeled BE1, BE2, BE3, BE4, and BE5 have been
detected in the temperature range 100—450 K. A comparative study has also been performed in low
beryllium dopedn-type 6H-SIC, which proved that the BE1, BE2, and BE3 centers are electron
traps located at 0.34, 0.44, and 0.53 eV, respectively, below the conduction band edge. On the other
hand, the BE4 and BES5 centers have been found to be hole traps which are situated at 0.64 and 0.73
eV, respectively, above the valence band edge. Possible defect configurations associated with these
deep levels are discussed. EO0 American Institute of Physid$s0021-897@0)03817-2

I. INTRODUCTION these reports, however, the knowledge about the physics of
the Be dopant in SiC is still very limited.

Silicon carbide(SiC) has long been recognized as a can-  Deep level transient spectroscofLTS) is one of the
didate material for high frequency, high temperature, andnost direct techniques for the determination of energy states
high power electron devices. The fabrication of electronicof deep level defects. Therefore, deep level trapsrijunc-
devices requires the modification of electronic properties bytions produced by Be implantation mtype 6H-SiC are in-
doping. Since the diffusion coefficients of the common dop-vestigated in this article by applying the DLTS technique.
ants in SiC are low at temperatures where masking layers can
be used, diffusion based techniques are not applicable far. EXPERIMENT
this purposé:? Therefore, the development of the ion im-

plantatlo_n process for .S'C dgwce techno!ogy is of impor CREE Research Inc in the form of J@m-thick nitrogen
tance. SiC implanted with galliufGa), aluminum(Al), and : . + .
. . A - doped(000Y) oriented epilayers grown om™ type SiC sub-
boron (B) were intensively studied in the past However, . .
strates. The nitrogen donor concentrations were 1

the electrical activation of these dopants is limited due to 6. -3 7 3. .
. o X .
high acceptor levels and low hole mobiliti2$ Thus, alter- 10%cm™> and 8<10""cm > in the epilayer and the sub

native dopants with higher electrical activation are desirabIeStrate’ respectively. 50-590 keV Be implantatigarmed
P 9 high-dose implantation hereafievas carried out to obtain a

. Beryllium (Be), being a_h_ght element_of group I1-A box-shaped profile with a mean Be concentration of about
W'th the same electrpnegatlwty as ALY, is expecte_d 0 1%109%m 3. To repair the implantation induced damage
induce less |mplantat|oq damage when compareg with Al of nd electrically activate the dopant, samples were annealed
B. Further, Be can be implanted to deeper regions than flowing argon gas at 1873 K for 1 min using a rapid

which might be useful for the generation of thigktype thermal annealingRTA) system. Before metallization, about

layers in SiC. ) .
. . 600 nm was removed from the top of the epilayer by using a
Be is known as a doubly charged acceptor in SiC. Thecombination of ion implantation and wet chemical

acceptor levels, 0.42 and 0.60 eV were qetermined at a fil’%’.tching.lam Contacts were fabricated by titanium deposition
attempt by Hall measurements on 6H-SiC bulk matefial. on the top and nickel deposition on the backside of the

R_ecer_nly, Bf was successfully applied in the fabrication Ofsamples using an electron beam evaporation system. A post-
SiC diodest! Current—voltage measurements on thps@

, X X ) ! deposition RTA cycle at 1373 K for 5 min in flowing argon
junctions provided an electronic level at 0.38 eV, which wasy 5 \as performed to obtain ohmic contacts. Hall measure-
attributed to the firstshallow acceptor level. A better for-

-~ . , ) ) ments indicated a weaR-type conduction in the Be im-
ward characteristic was obtained in comparisorp fojunc- planted layer. Current—voltage measurements revealed that

tions produced by B implantation. On the other hand, B&s a5 preparegn junction switched on at a forward bias

rr_1ay also act as a donor in SiC when residing on inte_rstitia{,onage of~1.5 V, whereas a leakage current of less than 1
sites, although, the donor levels are not knd#wiespite uA was obtained at a reverse bias voltage- V.

For a comparative study, 6H-SiC samples with a lower
dElectronic mail: sfung@hkucc.hku.hk Be concentratiorabout 1x 10¥cm™3) were also prepared

The 6H-SIiC used in this work was purchased from
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(termed low-dose implantation hereajtefhe same multiple 1 1

energy implantation schedule as for the high-dose implanta- as-implanted
tion was applied. RTA was performed at 1873 K for 30 s 1019 -~ after RTA 1
under similar conditions as stated earlier. Subsequently,®" ; R 3

these samples were chemically treated in 10% hydrofluoric £
acid solution to remove the oxide layer, and were then rinsed & 108 F
in boiling acetone, ethanol, and de-ionized water. Large area & ;
ohmic contacts were made by Al deposition on the backside %=
of the samples followed by an annealing process at 1173 Kis 1017 3
for 5 min. Schottky contacts were prepared by depositing i
gold dots of 0.6 mm diameter on the Be implanted side of the T
samples. The as-prepared Schottky diodes displayed nc8 1016 3
change fromn- to p-type during the DLTS measurements @ ;
conducted in the temperature range 100-450 K. o
The DLTS system used in the present work has been 1015k
described elsewher@.The measurements were carried out M T TN,
by applying a reverse bias &, =—6 V with a forward fill- 0.0 0.5 1.0 1.5
ing pulse of\/p_=§ V. Under these cono_litions, pnly ma_\jority ‘ Depth (um)
carriers were injected into the depletion region during the
filling time (electrons into then region and holes into thp FIG. 1. Be SIMS depth profile in high-dose implanted 6H-SiC after anneal-
region of thepn junction). The deep level parametefsn- ing at 1873 K. An as-implanted profile is also shown for comparison.
ergy levels and capture-cross sectionsre determined from
the slope and intercept of Arrhenius curves of thermal emis- ) ) ,
sion rates, whereas trap concentrations were calculated froFﬁom hole traps in thep region or electron traps in the

the peak heights of the DLTS signal using the proceduréegion of thepn junction. A clear assignment is not possible

described in Ref. 16. In the calculations, capture cross secyyithout further information about these traps. Therefore, the

tions were assumed to be temperature independent. In addl-yPe low-dose _implanted samples series was additional_ly
tion, density-of-states effective masses for electrons anBrepare_d. A typical DLT_S spectrgm of these samples is
holes were used as in Refs. 17 and 18. shown in Fig. 3. The Be implantation generated three elec-

tron traps labeled BE1BEZ2, and BE3. Since the energy
level and the temperature position of the DLTS peak BE1
IIl. RESULTS (see Fig. 3 are in excellent agreement with those of BE1
) ) (see Fig. 2 BE1' and BEL1 are attributed to the same defect
~ Recent secondary ion mass spectromé®MS) inves-  coner. Likewise BE2and BE3 are assumed to be related to
tlgat.IOI’IS have reveale.d that the shape of .the as-implanteg o overlapping peaks BE2 and BE3 because of their very
profile changed considerably after the high temperaturgimilar energy levels. Hence, it is unambiguously clear that

9-21 ; ; ;
treatmenll.021 The reasons for this behavior were discussedy ee (BE1, BE2, and BEBof the five deep level traps ob-
elsewheré®?! For the high-dose implanted sample series,

which is considered in the following, the Be distribution af-

ter the RTA process is characterized by a box-like profile 16
with distinct maxima and minima as well as a long diffusion

tail into the epilayeksee Fig. 1 Due to a strong in-diffusion —
process, this tail even reaches the underlying substrate. oy 54.6 ms BES
can be further seen in Fig. 1, the Be concentration in the tail 1.2F

C \ I
3 FAIELENE:
Q ]
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Rate window

region may amount up t0%10%cm3. 8‘_ High-dose
A typical majority carrier spectrum is shown in Fig. 2. 5 .
Five peaks labeled BE1, BE2, BE3, BE4, and BE5 were < gl g: 'g:g'amed |

observed in the DLTS measurement temperature range 100-O
450 K. To check whether these traps were induced by Be ‘©
implantation, a test measurement was performed on a 5,
Schottky contacted unimplanteetype epilayer. None of the @ 0.4}
earlier traps were detected indicating that all the traps de- "2
scribed above were induced by the Be implantation process. —I

As stated earlier for the high-dose implanted samples, a 0.0
the free hole concentration in theeregion and the free elec- ' A R TN T TR T T
tron concentration in tha region of thepn junction were of 100 150 200 250 300 350 400 450
the same order of magnitude. Under reverse bias conditions
it is thus reasonable to expect that the width of the depletion Temperature (K)

layer in thep region is comparable to the one in meegion. ~ FIG. 2. DLTS majority carrier spectrum recorded on the high-dose im-
Consequently, the observed DLTS peaks may arise eithefanted sample.

BE1 BE2
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TABLE I. Energy levelsE, capture cross sectioms; , and concentrations
Nt of the deep level traps determined using DLTS data of the high-dose
implanted sample.

Rate window
012} BE1' 54 6ms .

Low-dose

Be implanted
0.08 6H-SiC i

Er(eV) o (c) Nt (cm™3)
BE1 Ec—0.34+0.02 ~10 18 4-10x 10'®
BE2 Ec—0.44+0.04 ~10 4 1-6x 10"
BE3 Ec—0.53+0.03 ~10 % 3-8x 10
BE4 Ey+0.64+0.02 ~10°16 4-6X 10"
BE5 Ey+0.73+0.02 ~10°16 2-7X 10%

0.04

0.00

DLTS signal C(t )-C(t,) (pF)

100 150 200 250 300 350 400 450

Temperature (K)

FIG. 3. DLTS majority carrier spectrum recorded on the low-dose im-
planted sample.

To obtain concentration profiles of the electron traps ob-
served in then region of the high-dose implantgah junc-
tion, further DLTS spectra were recorded using different re-
verse bias voltages. In the measurement procedure, the
reserve bia¥, was varied from-3 to —8 V, with a constant
filling pulse height ¥,= 1 V) for all spectra. Figure 5 shows
the normalized DLTS peak heights and thus gives some in-
dication of the depth distribution of the defect centers. The
insert shows the concentration distribution profile of BE1
evaluated from the DLTS peak heights corresponding to dif-
ferent reverse biases using the standard methethwever,

served in the high-dose implanted sample are electron tragbe distance scale is approximate as it is difficult to ascertain

arising from then region while the other trap@8E4, BEH
are assumed to be hole traps from theegion of thepn
junction.

because we do not know accurately the effective doping in
the p region and the width of built-in depletion region of the
Be implantedpn junction. It can be seen that in contrast to

Arrhenius plots of thermal emission rates for the trapspeaks BE2 and BE3 which are only large at low bia®ésse

BE1-BES5 are shown in Fig. 4. Energy levels, capture-cros
sectionso, and concentrationd; of the defect centers

$0 the pn junction) the BE1 peak starts with low intensity
and keeps on increasing until a reverse bias—& V is

determined as stated earlier are summarized in Table I. In theeached. At still higher reverse biases the BE1 peak begins to
calculations, BE1, BE2, and BE3 were assumed to be elegeduce. This indicates that the defect responsible for the BE1
tron traps whereas BE4 and BES were treated as hole traps.

Since the DLTS peak signals BE2 and BE3 were relatively

weak and smeared, the uncertainty limits for all parameters
of these traps are higher compared to the other ones. BE1
0.04} d
> f\’ c BE3
'04 1 v 1 1t 1 vt 1 g / b B2
= a
BE1 o
05p o5 0.34eV- 6 00
0.64eV ' )
y [
a
-06F ’ - 004}
(0]
& N
|._ ©
~a 0.7 §
o
)
Z 08} e 000
aae ] 160 200 240 280
.09l BES BE3 . Temperature (K)
0.73eV 0.53eV FIG. 5. Normalized DLTS spectra of the traps BE1, BE2, and BE3 recorded
1.0 —da on the high-dose implanted sample using a filling pulse amplituge

1 2 3 4 5 6 7 8
1000/T (K-1)

=1V on different reverse biasag of (a) —3, (b) —4, (c) —5, (d) —6, ()

—7, and(f) —8 V, respectively. The upper part shows the increase in peak
heights of BE1 and decrease in peak heights of BE2, BE3 with increasing
bias. The lower part demonstrates the decline of the peak BE1 with further

FIG. 4. Arrhenius plots of thermal emission rates for the different electronincrease in bias. The insert shows the concentration distribution profile of

and hole traps as depicted in Fig. 2. Hexg, are the emission rates for
electrons and holes, respectively.
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center becomes high in concentration at some distance fromhese other elements there is no sign of any BE1 like energy

the pn junction after which it begins to falloff. level in the n region of B, Al, and Ga implantegp*n

junctions®~® Therefore, one possible model that concurs

with the observed DLTS profile and the SIMS profile is that

maybe some intrinsic damage-produced defémich as

A. Electron traps Vsi—Vc) is complexing with the interstitial Be to form the
The defect energy level BEIEC—0.34eV) is consid- BE1 center. Such a model would fit the observed BE1 depth

ered first. Recent DLTS studies on electron-irradiskég23  Profile while at the same time permitting the SIMS Be con-

and deuterium implanté@in-type 6H-SiC have demonstrated Centration to be constant in the overlayer.

the existence of two overlapping levels Bt —0.33 eV and Considering the peak BE2, the deep level parameters
E.—0.34eV that were designated as Bnd E, respec- determ|ne(213 are close to those qf the £Benter reported_
tively. These energies may be as deefEas-0.38 eV and previously:® However, the peak in the DLTS spectrum is
E.—0.44 eV without correction for the thermal energy bar-Very weak and overlapped by the peak BE3, which limits the
rier of capture proces.Both levels were attributed to one Precision of the calculated parameters. Therefore, the ques-

intrinsic defect. Although the microscopic structure of this ion whether the trap BE2 is to be associated with an implan-

E, /E, center is still a matter for discussion, there is mountingt@tion induced intrinsic defect or a Be induced defect cannot
be answered at present.

evidence that it is due to thég—V ¢ divacancy?* _
Our previous DLTS investigations on electron-irradiated  1he trap BE3, the energy level of which has been deter-
mined asE-—0.53eV, is similar to the defect level was

6H-SIC revealed several deep level traps. Two of themn g - ’ - i
beled as ERand ED,) were attributed to the £E, center® previously found in electron irradiated 6H-SiC by several

The fact that the BE1 peak is so close in energy to those d#foups:"“***Investigations with respect to the thermal sta-
the E /E, doublet is suggestive that the two are one and th,;blhty of this defect center revegsled, however, that this trap
same defect with the perturbations present on the centéneals out at around 573 R Hence, the C vacancy,
close to thepnjunction perhaps causing the doublet to smeatVNich is known to represent a similar annealing behavior,
into a single peak. Such a view, however, meets with som&/as suggested as a possﬂ?le model for this intrinsic défect.
difficulty when it is realized that the peak maximum tem- _ ©On the other hand, Dalibat al. observed a trap labeled
peratures of BE1 and Efiffer by 50 K and the calculated D7 at Ec—0.50eV after vanadium as well as titanium im-
cross section by two orders of magnitude. This makes it unPlantation followed by an annealing process at 197% K.
likely that BE1 and E/E, are the same defect, but it does not This defect level was ascribed to an implantation induced
preclude it since cross-section measurements can Va,iptrinsic defect center. Due to the different annealing behav-

greatly in DLTS measurements based on sample preparatidfl the defect associated with thesenter must be differ-
and the various modes of carrier scattering. ent from the one observed in electron irradiated material.

An alternative explanation for BE1 is that it is associated™urther, the capture-cross sections determined for the 1D
with interstitial Be. It is known that Be may act as a donor@nd the BE3 center are in the same order of magnitude. The
when residing on interstitial positio8.Further, there are BES3 center, however, was not detected by DLTS in our un-
strong evidences that Be diffuses via interstitial sife:2t ~ implanted virgin material. Therefore, we believe that both
Since a deep diffusion tail into the epilayer is observed aﬁe}evels qnglnate from th_e same d_efect, i.e., an intrinsic defect
RTA (see Fig. 1 which extends even through the epilayer C€Nter induced by the implantation process.

(not shown, there is definite evidence for fast interstitial

diffusion of Be and thus by inference the related donor s;iteB Hole traps

Recentab initio calculations have demonstrated that the tet-—" P
rahedral lattice site with C neighbors is the predominant po-  Substitutional Be introduces two acceptor states within
sition for interstitial B> It may tentatively be argued by the band gap that were observed by Hall measureni®nts.
analogy that Be residing on a tetrahedral site might be thélowever, it is unlikely that the first of the two charge states
defect configuration that leads to the BE1 center. Clearlycan be detected in our samples by DLTS. The Fermi level in
further theoretical investigations will be necessary to test thishe p region of thepn junction is expected to be above the
possibility. first acceptor level. Thus, under reverse bias conditions, the

On the other hand, it can be se@mFig. 5) that the BE1 first acceptor level is always filled with electrons during the
center becomes high in concentration at some distance frofiilling pulse. Since hole traps associated with intrinsic de-
the pn junction after which it begins to falloff in theregion  fects having a similar energy level as BE4 have not been
of the high-dose Be implantedn junction. The displaced observed so far, the BE4 center locatedEgtt 0.64 eV is
profile of BE1(see Fig. 5 insejtargues against any simple assumed to originate from the second charge state of the Be
interstitial Be model since the SIMS data of Fig. 1 would acceptor. The different measurement techniques and purities
suggest that the Be density should be uniform inrtiegion  of the samples are assumed to be responsible for the small

IV. DISCUSSION

of the presenpn junction. discrepancy between the DLTS and the Hall resut, (
A strong argument can also be formulated against a+0.6eV) reported in the past.
simple Vgi—V¢ (E;/E;) model for BE1 namely that if The deepest defect level BE5 has been characterized as a

Vsi—V¢ is formed under Be bombardment why is it not alsohole trap ate,,+0.73 eV. Though comprehensive investiga-
found to do so under B, Al, and Ga bombardment? Withtions on intrinsic defects ip-type 6H-SiC are still lacking, a
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defect level labeled H2 at a similar energy position wasistrative Region, Chindunder Project Nos. HKU7101/97P
found in electron irradiated material by our grotpt was  and HKU7137/99R S. Fung also acknowledges partial sup-
demonstrated that the defect associated with H2 anneals oport from the HKU CRCG grant.

at about 600 K. Therefore, it is rather unlikely that BE5 and

H2 originate from the same defect. At present we believe

that the BE5 center can be associated with a Be induced
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