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Abstract. The implanted layer resistance R/ thermoelectromotive force, optical transmittance 7'and
open-circuit photovoltage measurements were made on epitaxial n-type 6H-SiC samples and Lely-
grown 6H-SiC crystals implanted at 30° and 500 °C with Al ions annealed at 1600 to 2000 °C. The
objective was to study processes of defect annealing and activation of implanted aluminum to deter-
mine the optimal parameters of the postimplantation annealing mode. It is shown that processes of
radiation defect annealing and implanted aluminum activation are characterized by essentially different
times that depend on the annealing and implantation conditions. Measurements of the open-circuit
photovoltage U enable one to check the aluminum activation process and optimize the annealing

conditions.
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1. Introduction

Selective doping of crystals is required for manufacturing
SiC-based semiconductor devices using planar technology.
To this end, ion implantation is the most convenient. It
provides local doping even with those impurities, diffusion
coefficients of which are small. However, ion implantation
leads to disruption of the crystal lattice in semiconductors:
point defects, clusters, changes in lattice parameters, etc.
At high implantation doses, a phase transition from a crys-
tal state to the amorphous one can occur. The amorphization
threshold for Alion implantation into 6H-SiCis about 8x104
cm2[1, 2]. Besides, the implanted impurity ions predomi-
nantly occupy the interstitials of the host crystal and are
electrically inactive. That is why postimplantation anneal-
ing is used for crystal structure restoration, annealing of
radiation defects and impurity activation. On annealing
amorphous SiC layers, the polytype inclusions can appear;
these polytypes may differ from those of the initial crystal.
The inclusions of cubic SiC are a most often observed in
implanted layers after annealing [3, 4].
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The following techniques are used for annealing:

(1) thermal annealing at temperatures 16001800 °C (du-
ration from 10 min. up to several hours);

(i1) flash annealing (duration of 10-30 ms);

(iil) pulse laser annealing (pulse duration of 10-20 ms).

Clearly the excess duration of high-temperature anneal-
ing could distort the doping profile due to diffusion, while
deficient duration could result in only partial aluminum ac-
tivation. Therefore our objective was to study processes of
defect annealing and activation of implanted aluminum to
determine optimal parameters of the postimplantation an-
nealing mode.

2. Experimental

We used the samples of two types: Lely-grown 6H-SiC crys-
tals (Np— N =7x10'7 cm~3) and 6H-SiC epitaxial structures
(Np—Na =1x10'%cm3 in the epitaxial layer). All samples
have been cut into plates measured 5x5 mm?. To obtain a
step p-n junction with uniform Al distribution, we have cal-
culated the required energies and doses with the TRIM
program. We used ions of energies 75, 125 and 180 keV; the
total dose was 5.5x1013 cm2. Three sets of experiments
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have been performed. In two of them the Lely-grown crys-
tals (L) and epitaxial structures (E) were implanted at the
temperature 7; = 30 °C. In the third set only the epitaxial
structures (C) implanted at 7; = 500 °C were studied.

Two setups were used to perform annealing. Rapid an-
nealing was made with a strip heater. It enabled us to per-
form thermal annealing with heating rate up to 1500 °C/s
and minimal annealing stage duration of 5s. Thermal an-
nealing was performed in the He flow. These conditions
completely ruled out the possibility for epitaxial film forma-
tion on the crystal surfaces. However, at temperatures over
1900 °C and annealing duration over 30 s, the silicon car-
bide evaporation/dissociation from the crystal surfaces
occurred. The annealing temperature 7, ,, varied from 1600
up to 2100 °C; it was monitored with an optical pyrometer.

Long-term annealing was made in Ar atmosphere at a
pressure of (0.9-1.0) x10° Pa in a vacuum oven REDMET-
30. The maximal heating rate was 50-100 °C/min. The crys-
tals were put into a graphite crucible previously laden with
silicon and silicon carbide. This eliminated the possibility
of SiC dissociation. On occasion, however, we observed
formation of thin epitaxial layers on the crystal end sur-
faces. The crucible temperature was checked with the opti-
cal pyrometer.

We characterized the crystals after each annealing. The
implanted layer resistance R/0, thermoelectromotive force
and its sign, open-circuit photovoltage were measured with
the four-probe technique. We also measured optical trans-
mittance 7. At photoelectric measurements, we used focused
emission from a mercury-discharge lamp PRK-4 (power of
220 W). In addition, we checked for occurrence of
electroluminescence using a photomultiplier FEU-30. To
measure photoelectric properties and electroluminescence,
we have deposited rectifying contacts onto the crystals on
the n-region side. A tungsten needle served as contact to
the implanted layer. When the optimal mode has been cho-
sen, then we made the check one-stage annealing of sev-
eral samples.

Shown in Fig. 1 are typical dependencies of the optical
transmittance 7 on the time of annealing ¢,,,, at a wave-
length 650 nm. Fig. 2 presents the surface resistance of the
implanted layer R/0 as function of the time of annealing
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Fig. 1. The transmittance 7 vs time of annealing 7,,, curves for
epitaxial structures. Samples: 1 — C11 (7},, = 1900 °C); 2 — El11
(Tann = 1700 °C).

t.nn- We have not managed to perform the corresponding
measurements for samples of the set C at the initial stages
of annealing dueto their high resistance. It was possible to
make such measurements at the final stage of annealing
only.

Shown in Fig. 3 is the open-circuit photovoltage U as a
function of the time of annealing #,,,,. The Table 1 gives the
experimental values and results of graphical display process-
ing for the samples of sets £ and C.

3. Discussion of results

In models used for analysis of mechanisms for radiation
defect annealing [5] the time of annealing enters into the
theoretical expressions through the ratio #/Twhere Tis the
average time required for transfer of an atom from a posi-
tion in the crystal lattice to another position. The Tvalue
depends on the temperature and energy of vacancy migra-
tion. From an analysis of the experimental data it follows
that they could be adequately described by exponentials
with two characteristic times that correspond to the follow-

Table 1. Experimental values of the open-circuit photovoltage U and implanted layer resistance R/O, as well as photovoltage
characteristic time Ty, calculated from the experimental plots. (is the number of annealing stages; #5 is the total annealing duration.)

Sample # 7;,,°C  T,n,°C U,V T8 R/O, 10* Q Comments

Ell 30 1700 1.2 1 multistage annealing, d = 11, ¢ty = 23 min.

E19 30 1820 2.5 multistage annealing, d = 6, s = 1.5 min.

E4 30 1900 1.4 80 3.5 multistage annealing, d = 13, s = 8 min.

E20 30 2000 4.5 one-stage annealing for 2.5 min; partial evaporation of the implanted layer
C10 500 1700 1.80 75 1 multistage annealing, d = 8, fy = 22 min.

Cl12 500 1800 2.15 70 3.2 multistage annealing, d = 24, ¢ty = 19 min.

Cl1 500 1900 2.20 66 1.3 multistage annealing, d = 21, ¢ty = 15 min.

Cl13 500 2000 2.17 35 3.7 multistage annealing, d = 13, ¢tz = 5.5 min.

Cl4 500 1800 2.14 2.2 one-stage annealing for 4.5 min.

Cl15 500 1865 2.15 0.87 one-stage annealing for 5 min.
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Fig. 2. The implanted layer resistance R/O vs time of annealing f,,,
curves: a — sample E11 (T,,, = 1700 °C); b — Lely crystals: 1 — L25
(Tymn =1640 °C), 2 — L26 (Tyny =1740 °C), 3 — L27 (T =1835 °C).

ing physical processes: annealing of radiation defects and
activation of aluminum ions.

Optical transmittance. One can see from Fig. 1 that an-
nealing leads to an increase of crystal transparency. This
results from the restoration of crystal structure. The above
process of transmittance increasing could be adequately
described by the following expression:

T= Tl + (TO — Tl)[l fexp(ft/Topt)].

Here T} is the crystal transmittance before annealing; 75
is the transmittance of the completely annealed crystal; 7op¢
is the characteristic time (it equals to 12-15s). One can see
that, as one would expect, in the initial state the optical
transmittance is considerably higher for the epitaxial struc-
tures implanted at a temperature of 500 °C (set CO than for
the samples implanted at 30 °C (set E).

Surface resistance. One can see from Fig. 2 that the
implanted layer resistance R/0 vs time of annealing ¢,
curves have three distinguishing stages. At first the resist-
ance rapidly goes down. This process (similarly to that of

500, 4(4), 2001

the optical transmittance growth that was mentioned above)
can be described as an exponential with a characteristic
time. This time closely agrees with 7. So one can draw a
logical deduction that it is the crystal structure restoration
that serves as predominant physical reason for resistance
changing at this stage.

At the second stage the conduction type is conversed
from n- to p-type due to impurity activation. Accordingly a
peak appears on the R/0= f{t,,,,) curve. The time depend-
ence of resistance at this stage can be expressed as

R/O = {epyn —epp[1 - exp(—-t/TR)]} L.

Here e is the elementary charge; n and p, (p and Y,)
are the electron (hole) concentration and mobility, re-
spectively; Tg is time that characterizes the process of
activation of implanted acceptor centers. It is evident that
concentration of electrically active aluminum centers
grows with implantation dose, and at some moment the
inversion of conductivity occurs. The peak position de-
pends on the annealing temperature: when 7,,, grows,
then the peak shifts toward smaller 7,,,, values.

At the third stage the resistance R/ is slowly decreas-
ing due to continuing aluminum activation. A slope of the
corresponding curve on the plot is small, so it is difficult to
estimate the optimal duration of annealing. One can see
from Table 1 that at rather big values of #,,,, and high tem-
peratures R/C0 < 1x10*Q; this corresponds to the average
concentration p = 5x1018 cm3

Photoeffect. Considerable photovoltaic effect was ob-
served in all the epitaxial structures studied. Activation of
aluminum ions during annealing leads to appearance of p-
region and formation of p-n junction. The equilibrium charge
carrier concentration in the p-region increases with time of
annealing; as a result, the potential barrier of the p-n junc-
tion becomes higher. In [6] it was shown that at high illumi-
nation level the maximal value of open-circuit photovoltage
is proportional to the above potential barrier height. There-
fore one can get information on the potential barrier height
and its change due to annealing from the photovoltage
measurements. The photovoltage dependence on anneal-
ing duration can be presented as U = Up[1 —exp(-1/Tpy)]-
This expression is in good agreement with the experimental
curves given in Fig. 3. It follows from them that when an-
nealing duration is increased, then the photovoltage grows.
One can see from Fig. 4 that the highest U values are ob-
served at annealing temperatures 7, = 1850 °C.

Electroluminescence. Table 1 gives the data on
electroluminescence. It should be noted that no lumines-
cence was observed for the Lely crystals (set L). For some
samples of set C we have registered luminescence in the
blue spectral region. Most of the samples belonging to sets
E and C demonstrated luminescence in the green spectral
region. We believe that electroluminescence cannot serve
as criterion for aluminum activation, because it is observed
even at early stages of annealing, and we have not de-
tected considerable dependence of the luminescence in-
tensity on the annealing duration.
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Fig. 3. The open-circuit photovoltage U vs time of annealing 7,,,
curves. Dots — experimental results for the samples: 1 — C13
(Tann = 2000 °C), 2 — C11 (Tapn = 1900 °C), 3 — C12 (Typn = 1800 °C),
4 — C10 (Tyny = 1700 °C); full curves give the calculated dependen-
cies U = Up[l — exp(—t/Tpp)].

Conclusions

1. It is shown that processes of radiation defect an-
nealing and implanted aluminum activation are charac-
terized by essentially different times that depend on the
annealing and implantation conditions.

2. Measurements of the open-circuit photovoltage U
enable one to check the aluminum activation process and
optimize the annealing conditions, based on the time at
which U'vs t,,,, curves flatten out. Further increase of an-
nealing duration does not result in substantial growth of
the activation degree for the implanted aluminum. In our
case the optimal annealing temperature was T, = 1850 °C.
Clearly growth of annealing temperature favors further ac-
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Fig. 4. The maximum open-circuit photovoltage U value vs time of
annealing 7,,, curves. Samples: 1 — of the set C (7; = 500 °C), 2 —
of the set E (7; = 30 °C).

tivation of aluminum ions; however, at higher tempera-
tures we could not manage to circumvent processes lead-
ing to surface quality deterioration.

3. The impurity activation essentially depends on the
implantation conditions. At low implantation temperature
(set E) the photovoltage is substantially below that for the
samples implanted at 500 °C (set C).
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