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Abstract—We propose an empirical model to accurately predict
electrical activation ratios of phosphorus and nitrogen implanted
silicon carbide for arbitrary annealing temperatures. We intro-
duce model parameters and compare the activation behaviour
of the two donor-type dopants. Our investigations show that
the activation ratio of the nitrogen implanted silicon carbide
is similar to a step function, while the activation ratio for the
phosphorus implanted silicon carbide increases continuously with
post-implantation annealing temperature. The model has been
implemented into Silvaco’s Victory Process simulator, which
has enabled accurate predictions of dopant activation in post-
implantation steps for silicon carbide-based processes. Several
simulations have been performed to extract the depth profiles of
the active dopant concentrations and to predict the activation
as a function of total doping concentration and annealing
temperature.

I. INTRODUCTION

Semiconductor devices based on silicon carbide (SiC) are
typically doped by ion implantation processes followed by
thermal annealing steps. This is performed in order to repair
the lattice damage caused by the implantation bombardment
[1] and to electrically activate the implanted impurities [2].
The post-implantation steps are therefore key to a successful
device fabrication and cannot be avoided [3]. However, in
order to reach the full potential of electronic devices and at
the same time minimize production and operation costs, the
accuracy of the process simulations is essential [4].

In recent years, SiC has shown high potential for power
device applications due to its outstanding properties, i.e.,
wide band gap, high breakdown field, and high saturation
electron drift velocity [5]. Among various SiC polytypes, 4H-
SiC has the largest band gap (3.2 eV) and the highest carrier
mobility (800 cm?/Vs and 115 cm?/Vs for electrons and holes,
respectively), therefore, it is the most attractive material [6]
and thus the focus of this study.

Phosphorus (P) and nitrogen (N) are widely used shallow
donor species in SiC [7]. Introducing impurities in semicon-
ductors is used to realize free additional electrons in the
conduction band. However, impurities introduce new energy
levels in the band gap affecting the band structure which may
significantly alter the electronic properties [8]. For this reason,
it is crucial for SiC process simulations to accurately predict
the effects and consequences of implantation and annealing
steps.

In this work we propose an analytic model to describe the
relationship between the electrical activation ratio of P and N
impurities and the annealing temperature after room tempera-
ture ion implantation. Based on this theoretical approach we
are able to predict the activation ratio for an arbitrary annealing
temperature of either P- or N-doped SiC. The model avoids
computationally expensive numerical calculations, thereby sig-
nificantly improving the overall simulation speed, whilst si-
multaneously providing a highly accurate approximation. The
proposed model is an important step to enhance the process
simulation capabilities for SiC technology and has been thus
embedded as an extension to the semi-empirical activation
model of Silvaco’s Victory Process simulator [9].

II. MODEL

The major assumption of the model is that the time of
the annealing processes is a minimum of 30 minutes, which
assures that the doped material reaches a full activation state
for the corresponding annealing temperature. The proposed
model characterizes the electrical activation ratio R as a
function of the annealing temperature 7y and is written as

R=R; + (Rmax - R%) tanh (k: (Th — Tip)).,
Rmin + Rmax (1)
Ry = ()
2 2
where k, Rmin, Rmax, and Ti, are model parameters. R% ,
Rmax, and Ry, are the half-maximal, maximal, and minimal
electrical activation ratios, respectively, k is the slope of the
step, and Tj, the temperature at inflection of the curve.

The proposed relation includes a dependence on the anneal-
ing temperature only. However, in combination with the semi-
empirical model from the Victory Process simulator, the post-
implantation steps of process simulations additionally include
a dependence on the total doping concentration. Both process
variables are essential in order to maximize the efficiency of
SiC devices and should be therefore accurately predicted.

[II. RESULTS AND DISCUSSION

The donor activation is in general analyzed by investigating
the free carrier concentration. We have obtained and compared
several experimental measurements for P- and N-implanted
SiC [1, 5-9]. We have used only the data reflecting identical
SiC polytypes, orientations, and processing techniques, in
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Fig. 1: Free carrier concentration as a function of reciprocal
temperature for a) P and b) N-implanted SiC. Symbols refer to
various experimental data, solid lines are the neutrality equa-
tion fits by this study, and colors represent various annealing
temperatures.

order to ensure investigation of annealing temperature effects
only. Fig. 1 shows the collection of the free carrier concen-
trations as a function of the reciprocal temperature 7' for
various annealing temperatures 7'4. In order to obtain the
donor concentration Np, we have fitted experimental data with
the charge neutrality equation [15]:

n Np N.
= —iVA
L+ (9375) exp (5%7) )
2 kpT\3/2
Ne = QMC(””;iQB)

n is the free carrier concentration, N4 the compensation ac-
ceptor concentration, g the degeneracy factor, F; the ionization
energy, kp the Boltzmann constant, N¢ the conduction band
effective density of states, M the conduction band minima,
m, the effective electron mass, and h the Planck constant. The
parameters used for the fitting are shown in Table L.
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Fig. 2: Electrical activation ratio of a) P and b) N donors
as a function of annealing temperature. Open symbols refer
to experimental data sets, closed symbols are results from
Fig. 1, and solid lines show the fit with the proposed model (1).

TABLE I: Parameters for the neutrality equation fit. my is the
rest mass of an electron.

Parameter Value Reference
gp(N) 2 [12]
gp(P) 4 [12]

Me 3 [16]
Me 0.78myg [17]

TABLE II: Model parameters for P and N doped SiC.

Dopant  Rpin  BRmax Tip k
P 0.062 1.0 1475°C  0.0063
N 0.041 1.0 1515°C 0.019
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Fig. 3: Active concentration of a) P and b) N dopants in
SiC for various annealing temperatures. A uniform doping
profile was chosen in order to minimize diffusion effects.
Simulations of implantation and annealing were performed
with the Victory Process simulator. Symbols refer to various

annealing temperatures.

We have calculated the electrical activation ratios for various
annealing temperatures as follows:

Np

R = c.

C,, is the total P or N concentration. Fig. 2 shows the obtained

activation ratios as a function of the annealing temperature.

Open symbols refer to the ratios from the references in [5, 18]

and closed symbols are the ratios calculated in this study. We

have fitted activation ratio data sets for P and N dopants with

the proposed empirical model (1), shown with solid lines. The
obtained model parameters are shown in Table II.

The model suggests that P and N species reach full activa-
tion at high temperatures 7’4 > 1700°C and that the minimal
activation of both donor type dopants is approximately 5%.
Additionally, the model shows that the ratio of the N implanted
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Fig. 4: Model predictions of active concentration of a) P
and b) N dopants in SiC as a function of the total doping
concentration and annealing temperature.

SiC is similar to a step function, while the ratio for the P
implanted SiC increases continuously with temperature, i.e.,
k(N) =~ 3k(P).

We have implemented the activation ratios into the Victory
Process simulator’s open material database and performed nu-
merous simulations using the semi-empirical activation model.
The depth profiles of the active concentrations for P and N
doped SiC are shown in Fig 3. The two simulation setups
are identical in order to investigate the differences between
the two donor-type dopants. The total concentration of P and
N impurities in SiC is 10'® cm™3. We have achieved uniform
doping profiles with several implantation steps using the avail-
able doping methods from the Victory Process simulator. The
annealing steps were then performed with various annealing
temperatures for each sample individually.

For both dopants we have achieved full activation for the
annealing steps above 74 = 1600°C and we observed no
annealing effects below T4 = 1200°C. The main difference
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between P and N impurities is detected for annealing tem-
peratures ranging from 1400°C to 1500°C, where we observe
a 10- and 5-times increase in active concentration of P and
N dopants, respectively. This suggests that P impurities are
activated approximately two-times more effectively in this
particular temperature region.

Finally, we have investigated the correlation between the
total and active concentration of donor-type SiC impurities.
Fig. 4 shows the three-dimensional plot of the active dopant
concentration as a function of the total doping concentration
and annealing temperature for P- and N-implanted SiC. These
plots are an essential model prediction, which suggested
several differences between P- and N-implanted SiC. The
relation between the total and active concentration is linear
for Cypy < 107 cm™3 for P- and Ci; < 10 cm™3 for
N-implanted SiC, regardless of the annealing temperature.
However, above these values the relation is not trivial and
is dopant, polytype, and orientation specific. Therefore, it is
essential that the donor concentrations are correctly predicted
by the given model.

Furthermore, we have observed that at high annealing
temperatures the P donors reach a higher maximal active
concentration, compared to the N donors. The maximal speed
of the activation, i.e., the slope of the plot which results from
the annealing temperature, is again higher for the P donors.
These model results could be associated with the atomic mass
of the dopant atoms and are consistent with the conclusions
of Laube er al. [12].

IV. CONCLUSIONS

We have proposed a model to characterize the ratio of
electrical activation of P and N dopants in SiC with respect
to the annealing temperature. The model enables accurate
predictions of the electrical activation ratios for the annealing
steps including variable temperature techniques.

Model predictions have been compared to various exper-
imental data in order to evaluate the proposed model. We
have thus been able to provide calibrated model parameters for
P and N dopants in SiC. Temperature-dependent ratios were
implemented into the Victory Process simulator and numerous
process simulations were performed. We have shown depth
profiles of the active concentration of dopants and discussed
differences between two donor-type impurities.

In addition, we have investigated the influence of the total
doping concentration on the activation effects. For total dopant
concentrations below ~ 10 cm~2 the active concentration of
P and N impurities is comparable, but on the other hand, for
concentrations above ~ 10' c¢cm™3, implanted P impurities
reach a higher electrical activation. These model results are
consistent with experimental findings [12].

Another crucial aspect of the electrical activation mecha-
nism is a time-dependent investigation. In this study we have
assumed a long annealing time to ensure maximal activation
for the whole investigated temperature region. However, for
various annealing temperatures the time to achieve maximal
activation can vary. Therefore, to further optimize the SiC

processing workflow, it is essential to predict a minimal
required time to achieve full activation of the dopants for the
particular annealing temperature.
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