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Doping concentration and thickness of an epitaxy layer are the most essential parameters for power devices. The
conventional algorithm extracts these two parameters by calculating the doping profile from its capacitance-voltage (C-V)
characteristics. Such an algorithm treats the device as a parallel-plane junction and ignores the influence of the terminations.
The epitaxy layer doping concentration tends to be overestimated and the thickness underestimated. In order to obtain
the epitaxy layer parameters with higher accuracy, a new algorithm applicable for devices with field limited ring (FLR)
terminations is proposed in this paper. This new algorithm is also based on the C-V characteristics and considers the
extension manner of the depletion region under the FLR termination. Such an extension manner depends on the design
parameters of the FLR termination and is studied in detail by simulation and modeling. The analytical expressions of
the device C-V characteristics and the effective doping profile are derived. More accurate epitaxy layer parameters can be
extracted by fitting the effective doping profile expression to the C—V doping profile calculated from the C-V characteristics.
The relationship between the horizontal extension width and the vertical depth of the depletion region is also acquired. The
credibility of the new algorithm is verified by experiments. The applicability of our new algorithm to FLR/field plate
combining terminations is also discussed. Our new algorithm acts as a powerful tool for analyses and improvements of
power devices.

Keywords: C-V characteristics, doping concentration, epitaxy layer thickness, field limited ring termination

PACS: 85.30.—z, 85.30.De, 84.30.Jc

1. Introduction

Doping concentration and thickness of an epitaxy layer
are the two most essential parameters for any type of power
devices. They should be determined at the initial step of de-
vice designs. An accurate extraction of epitaxy layer parame-
ters lays the basis for any further analysis for finished devices.
There are several methods to measure the doping profile of
semiconductor materials, such as the capacitance-voltage (C—
V), the spreading resistance, the Hall effect, the secondary ion
mass spectroscopy (SIMS), and the Rutherford back scatter-
ing (RBS).[') Among all the methods, the C-V method is a
pure electrical non-destructive method with almost universal
applicability.”>"! The doping profile along the depth is ob-
tained based on the relationship among the reverse voltage
bias, the depletion depth, and the device capacitance by treat-
ing the device as a parallel-planar junction.''’! On account of
the fact that the real power device has terminations, such a re-
lationship may deviate from the parallel-planar junction and
cause calculation errors of the doping profile. Among differ-
ent kinds of terminations, the field limited ring (FLR) termi-
nation is one of the most commonly used terminations for its
robustness and compatibility with the process.[!!!?! The dop-
ing concentration will be overestimated and the thickness un-
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derestimated for devices with FLR terminations. The higher
the voltage rate or the lower the current rate of the device, the
higher the area ratio of occupation by the termination region,
and the higher the calculation error. Such a phenomenon has
yet not been addressed in literature. Although the effect of
the depletion region lateral extension on the C-V character-
istics and the corresponding doping profile calculation have

been discussed before,[13:14]

it is about the diffused junction
and does not concern the termination. The shape of the de-
pletion region at the device edge is assumed to be a cylinder.
This assumption means that the vertical depth and the lateral
width is considered to be equal, which is biased and not ad-
equate for power devices with thick epitaxy layers and large
FLR terminations.

In order to overcome the aforementioned difficulties, a
new algorithm is proposed in this paper, which is based on
C-V characteristics and the extension manner of the depletion
region on the reverse bias, and is able to extract with higher
accuracy of the epitaxy layer parameters of devices with uni-
formly doped epitaxy layers and FLR terminations. The exten-
sion manner of the depletion region on the reverse bias, espe-
cially the one under the FLR termination, features prominently
in our new algorithm, meanwhile it depends on the design pa-
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rameters of the FLR termination. Our new algorithm gives not
only the epitaxy parameters but also the relationship between
the horizontal extension width and the vertical depth of the
depletion region under the FLR termination, which reveals the
quality of the termination design.

Table 1. Notation of this paper.

Variable Symbol  Unit
Elementary charge q C
Permittivity € F/cm
Device active area A cm?
Device effective active area Aetr cm?
Depletion region depth t pm
Epitaxy layer thickness Tepi pHm
Epitaxy layer doping concentration Nepi cm™3
Effective depletion region depth s pm
Maximum effective depletion region depth Smax pHm
Effective doping profile expression N(s) cm™3
Depletion region horizontal extension width h(r) pm
Depletion region horizontal extension coefficient & -
Depletion region volume L(1) cm?
Device total capacitance Crot F
Reverse voltage bias R \'%
Built-in potential Vi A%
Field plate length Lpp pm

This paper is a theoretical research based on experiments,
and is arranged as follows. In Section 2, the conventional C—
V method is briefly introduced and applied to simulated C-V
characteristics to demonstrate its drawbacks. In Section 3, the
new algorithm is established. Firstly, the extension manner
of the depletion region is studied by simulation and model-
ing. The analytical expressions of the C-V characteristics and
the effective doping profile are derived. The direct proportion
relationship between the horizontal extension width and the
vertical depth of the depletion region under the FLR termina-
tions is proved by simulation. Then, the accurate values of the
epitaxy layer parameters are acquired by fitting the effective
doping profile analytical expression to the C—V doping profile
calculated from the C-V characteristics. The direct proportion
coefficient between the horizontal extension width and the ver-
tical depth of the depletion region is also acquired. The cred-
ibility of our new algorithm is verified by applying it to the

measured C-V characteristics of real devices. Finally, we dis-
cuss about the application of our new algorithm to FLR/field
plate combining terminations. Section 4 concludes this pa-
per. Our new algorithm can be used for the examination of
deviation of the epitaxy layer parameters, the evaluation of the
termination efficiency, and as the foundation for any further
analysis and improvements.

2. The conventional algorithm and its draw-
backs

First, we briefly introduce the conventional algorithm for
extracting the epitaxy layer parameters. A parallel-planar
Schottky junction is used as an example, as shown in Fig. 1(a).
Assume that the effective junction area is Ay, the reverse volt-
age bias is VR, the depletion region depth is ¢, and the device
capacitance is C. The word “effective” will be explained later.
Suppose that Vg increases by dVg, then ¢ increases by d¢ and
the stored charge on the device capacitance increases by dQ.

We have

dQ = C-dVR = gN (t) Aege - dr. (1)
Thus,
CcC dw
N(it)= — - —. 2
(1) Ao 1 2

The C depends on ¢ as

EAer  dC  EAegr
t d

c= £ 3)

Substituting the above equation into Eq. (2), we finally obtain

Cc dwn c?

CoqAer di geAZ

dvy
dc

N(t . , (4a)

and

EAcfr
—

= (4b)

Equation (4) gives the doping profile of the device, as shown
in Fig. 1(c).

junction effective arear——
(@ = Acir = (b) ; ()
| e | Doping
Schottky | | C A At A C—Vdoping
junction . ¢
depletion depth . profile
dt 1:\'1)1
. . ] d
doping = N(t) thickness =t upwar
~L ~L C e N point
T substrate T /
VR? Vi Vimax Reverse bias t tepi ]5epth

Fig. 1. The basic steps of the conventional algorithm for extracting the epitaxy layer parameters. The parallel-planar Schottky junction is used
as an example. (a) When the effective junction area is A¢fr, the reverse voltage bias is Vg, the depletion region depth is ¢, and the local doping
concentration is N(z). (b) The relationships among the device capacitance C, 7, and Vg. Here 7 is calculated by Eq. (3). (c) The C-V doping
profile along the depth calculated by the conventional algorithm from the C-V characteristics.
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Fig. 2. (a) The structure and parameters of the SiC JBS diode used for C—V simulation. The partial C-V characteristics of the active part, the
side part, and the corner part are simulated separately. (b) The simulated partial C-V characteristics of the active part, the four side parts, and
the four corner parts, the sum of which is the total C-V characteristic. (c) The doping profiles calculated by the conventional algorithm. The
black line is calculated from the active part C—V characteristic and the red line from the total C-V characteristic. The dashed line shows the

actual doping profile set in the simulation.

Table 2. The parameters of the device structure shown in Fig. 2(a) used
for simulation.

Variable Unit

Active region area, A 2 mm?
Epitaxy layer doping concentration, Nep; 8x10'% cm™3
Epitaxy layer thickness, fep; 12 um
Substrate layer doping concentration, Ny, 1.5x10'8 ¢cm—3
Substrate layer thickness, g 360 um

p* region width/spacing, P/N 3 um/3 pm
FLR spacing, S; 1.5-2.0 um
FLR width, W; 3 um

FLR number 2

FLR total width ~110 pum

Since it is calculated from the C-V characteristics, we
call it the C-V doping profile. When the depletion region ex-
tends to the epitaxy/substrate interface, the device capacitance
C achieves its minimum value and stays unchanged. Thus, the

doping profile bends upwards quickly and approaches infinity.
The upward point can be viewed as the epitaxy layer thickness.

In order to check the accuracy of the conventional algo-
rithm, we apply it to the simulated C—V characteristics of a
SiC JBS diode with an FLR termination, whose structure is
shown in Fig. 2(a) and parameters in Table 2.

The partial C-V characteristics of the active part, the four
side parts, and the four corner parts of this JBS diode are sim-
ulated separately by TCAD software Silvaco. The total C-V
characteristic of the whole device is the sum of all these par-
tial C-V characteristics. The results are shown in Fig. 2(b).
The C-V doping profiles calculated by the conventional al-
gorithm are shown in Fig. 2(c). The black line is calculated
from the active part C-V characteristic. The doping concen-
tration/thickness can be read as 8x 105 cm—3/11.5 wm, which
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is very close to the setting value in the simulation. The ~0.5
um difference of the thickness is caused by the p*/n junction
depth. The red line is calculated from the total C—V charac-
teristic of the whole device. Such a doping profile shows an
increasing trend as the depth increases, and the epitaxy layer
thickness is only 9.5 um, which is far less than the setting
value. These results clearly show that the conventional algo-
rithm tends to overestimate the doping concentration and un-
derestimate its thickness.

The main reason for the obvious difference between the
doping profiles calculated from the active part and total C—V
characteristics is that the effective junction area (A.¢) variation
is not considered in the conventional algorithm. When calcu-
lating with the active part C-V characteristic, A¢¢ is exactly the
active area of the device A (i.e., Acfr = A). Equation (4a) indeed
gives the actual doping profile and Eq. (4b) the actual deple-
tion region depth (i.e., s =t). On the other hand, when cal-
culating with the total C-V characteristics, since the depletion
region extends under the termination, A¢ gradually increases
as VR increases. An unreasonable assumption (¢ = A) leads
to the error between the calculated C-V doping profile and
the actual one. Moreover, since A # A, N(s) calculated by
Eq. (4a) is not the real doping profile but an effective one, and
s calculated by Eq. (4b) is also not the real depletion depth
but an effective one. This is what the word “effective” means.
Since it is unable to separate the active part C—V characteristic
from the total one during the actual measurement and the re-
lationship between A.¢ and VR is unknown, we propose in this
paper a new algorithm to extract the epitaxy layer parameters
more accurately based on the total C—V characteristic and with
the depletion region extension considered.

3. The establishment of the new algorithm

In this section, the new algorithm is established step by
step. The schematic diagram of this new algorithm is shown in
Fig. 3. Firstly, the extension manner of the depletion region is
studied by simulation and modeling. Based on this extension
manner, the analytical expressions of the C—V characteristics
and the effective doping profile are derived. Concurrently, the
C-V doping profile of the device under test is calculated by the

lateral expansion = h(t)

(@) | |

oﬂ”f“f};ﬂ:

varied ring spacing

approxiamtion

cm 3

depletion
depth =t

Nepi = 8X10
boundary of

depletion regions

Vie=20 V, 60 V, 100 V, 200 V, ...,
0 20 40 60

pm

1200 V, 1300 V
80 120

tepi = 12 pm

conventional algorithm from its C-V characteristics. The dop-
ing concentration Nep;, the epitaxy layer thickness #ep;, and the
horizontal extension coefficient k are acquired by fitting the ef-
fective doping profile analytical expression to the C—V doping

profile. The details are explained in the following parts.

device under test

depletion region
extension manner

C—V test
C—V characteristic measured C—V

analytical expression characteristics

conventional
algorithm
A 4 Y
effective doping profile C—V doping
analytical expression profile

Nepi-doping concentration
tepi-thickness
k-horizontal extension coefficient

Fig. 3. The schematic diagram of the new algorithm.

3.1. The extension manner of the depletion region under
the FLR termination

The device capacitance is determined by the depletion re-
gion, and the depletion region is determined by the reverse
voltage bias. In order to study the relationship between the
shape/size of the depletion region and the reverse voltage bias,
the boundaries of the depletion regions at different reverse bi-
ases under the FLR terminations with varied and equal ring
spacing values are overlapped, as shown in Figs. 4(a) and 4(b),
respectively. The FLR termination in Fig. 4(a) is the same as
that of the device in Fig. 2(a), with ring spacing values in-
creasing from 1.5 pm at the innermost ring to 2.0 um at the
outermost ring. The FLR termination in Fig. 4(b) has equal
ring spacing values of 1.5 um. It can be observed that all these
boundaries are similar to straight lines for either varied ring
spacing or equal ring spacing FLR terminations.

We still represent the vertical depth of the depletion re-
gion under the active region as ¢ and the horizontal width in
the FLR termination as 4. Here & increases as ¢ increases and
they satisfy a one-to-one function relationship 4 = h(t). The
concrete form of /(z) will be discussed in Subsection 3.3.

(b) e
. qual ring spacing
0 ;;El_l\_l/\ljjlzjffgg‘}f’lag St e l=1}t_=1)\=4 ;
4- " &
E Il
8- H
_f Nepi = 8X10'% ¢cm =3 =
123 Va=20V, 60 V, 100 V, 200 V, 300 V, 400 V, 500 V
0 20 40 60 80 120
pm

Fig. 4. The boundaries of the depletion regions under the FLR terminations: (a) varied ring spacing (the same FLR design as that of the device
shown in Fig. 2(a)); (b) equal ring spacing. These boundaries at different reverse biases all appear similar to straight lines.
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lateral expansion = h(t)
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! b

! el
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: b N
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doping = Nepi

N— epitaxy
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section view

Fig. 5. The shape of the depletion region can be approximated by the
combination of simple geometric bodies: one cuboid, four prisms, and
four 1/4 circular cones.

Considering the straight-line approximation discussed
above, the shape of the depletion region can be approximated
by the combination of simple geometric bodies, as shown in
Fig. 5. The active region of the device can be seen as a square
(area=A) with the four fillets ignored. The depletion region
depth 7 under the active region satisfies

P 2e (VR + W) . [2&WR )
GNepi qNepi '

where for large Vr the built-in potential V;; can be ignored.

Thus, the depletion region under the active region is a cuboid
(volume =At). At the side part, the depletion region appears
like a prism (base area= %ht, height=+/A). At the corner part,
it appears like a 1/4 circular cone (base area= %hZ, height=7).
Therefore, the whole depletion region consists of one cuboid,
four prisms, and four 1/4 circular cones. Its total volume is

1
L(t) = gnhzt +2V/Aht +At. (6)
The charge Qo stored in the device capacitance satisfies
VR
Ot = 0 C(V) ~dv= qupiL (t) . @)

QOiot depends on VR as well as t. Take the derivative of the
above equation with respect to Vg, we have

dQiot . . . dL ()
dVg - C(VR) = C(t) - qupl aVe
dt
= gNepil (1) FI7% ®)

According to Eq. (5) we have (with V,; ignored)

Nepit2 dr € €
VR = 4Nepi , — = = ()
2¢ dVk 2qNepiVR ~ qNepit

According to Eq. (6) we have

2 1
L) = gnhh't+§nh2+2\/xh’t+2\/xh +A.  (10)

Thus, Eq. (8) changes to

e 2 1 W
=r'H=== "+ —me—
C(t) (1) . 37r£hh + 7€
h A
+2e\/Xh’+2e¢X;+T‘°’. (11

Therefore, we acquired the relationship between the device ca-
pacitance C and the depletion region depth 7.

3.2. The analytical expression of the effective doping pro-
file
Based on the derivation results in Section 3.1, the analyt-
ical expression of the effective doping profile is derived in this
part. As mentioned in Section 2, when we assume Agg = A,
Eq. (4a) gives the effective doping profile N(s) and Eq. (4b)
the effective depth s. Thus, we have

Cc dWwR
N(s) = — — 12
)= 5 (12)
€A
= =, 13
S=7C (13)
Substituting Eq. (11) into Eq. (13), we have
At
= ——. 14
SE T 14
Hence,
a1 [U(@0)]
a1 P s
ds AL (t)-L"(t)t
Substituting Egs. (11) and (15) into Eq. (12), we have
Nepi o dt Nepi  [L' (1))
N(s) = L(t)— =
O =3 LOG = R rn-ror
0 <5 < Smax, (16)
where
2
L'(t) = 37 (Wt +hi"t +2h1)
+2VA (W't + 1) +2VAR . (17)

Equation (16) is the analytical expression of the effective dop-
ing profile. It is expressed by the active region area A, the
actual doping concentration N, and the depletion region hor-
izontal extension width 4. Thus, it contains the information of
the epitaxy layer of the real device and depletion region ex-
tension manner under the FLR termination. Since it does not
contain the C-V information anymore, we call it the “(analyt-
ically expressed) effective doping profile” in order to distin-
guish it from the calculation given by Eq. (4).
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3.3. The direct proportion relationship between the verti-
cal depth ¢ and the horizontal width &

In order to acquire an explicit expression of the effective
doping profile (Eq. (16)), the function k() should be deter-
mined. According to Egs. (10) and (17), the first and second
derivatives of the depletion region volume L(¢) have very com-
plicated forms. The following calculations would be cumber-
some if A(r) cannot acquire a simple form. Fortunately, it is
noticed in Fig. 4 that the boundaries of the depletion regions
at different reverse voltage biases are nearly parallel to each
other, i.e., the horizontal width / seems to be directly propor-
tional to the vertical depth r. We donate this relationship as
h(t) = kt, in which k is the horizontal extension coefficient.

2.2 T T T T T T T T T T

—m—design 1 (a)
2.0k design 2 a4 4
. —A—design 3 /
—v—design 4 /_A_‘
1.8 —e—design 5 /—‘“ b
Valuin b= ad

Lo A—A—A—A/A o iyk —n—n
1.4F e ’i’fiﬁy._ ~ /—l—/ -

1 2 r ﬁ':.—.*V*V*V*V* —B— W —V—V—V—V-V—V-V-V-V A

1.0F I—I—I—/_._. B

Ring spacing (pm)

0-8 4 6 8 10 12 14 16 18 20 22

0 2
Ring No.
120 T T T T T
. —design 2 in 4X10'® cm—3 Q (b)
g design 2 in 8X10 cm—3 Ng
Z 100} - - -design 2 in 2X10'5 cm—3 Y o A
~ ——design 1 in 8X10% cm=3 T
< ——design 3 in 8X10' cm—3 S “
o 80l —design 4 in 8X10!® cm~? AN
3 —— design 5 in 8X10'® cm w7
: ol - 60 .
% 2 z v
3 O 24
V4 7
= 40 v 7 T
=1
S Z
2 20} Z i
o] v
e =
0 1 1 1 1 1
0 2 4 6 8 10 12

Vertical extension ¢ (um)

Fig. 6. (a) The ring spacing values of different FLR terminations used
in the simulation. The ring width is fixed at 3 pm. (b) The approximate
direct proportion relationship of the horizontal width % and the vertical
depth ¢ of different FLR structures in different epitaxy layers.

In order to verify this observed result more sufficiently,
simulations are performed on FLR terminations with differ-
ent ring spacing values and epitaxy layer parameters. Fig-
ure 6(a) shows the ring spacing values used in the simulation,
and Fig. 6(b) shows the relationships between h and ¢. It can
be seen that 4 and r approximately satisfy the direct proportion
relationship for different FLR structures and epitaxy layer pa-
rameters. Moreover, the direct proportion coefficient k can be
used as an index for the design quality of FLR terminations.
An FLR termination with a low k value has higher efficiency
since it demands a smaller area of the device.

Therefore, the aforementioned equations can be signif-
icantly simplified. Since h(r) = kt, there are 4'(¢) = k and

H"(t) = 0. For simplicity, we donate a = %nkz, b = 2kvVA,
and ¢ = A. Thus, the depletion region volume (Eq. (6))
changes to

L(t) = at® + b +ct. (18)

The device capacitance (Eq. (11)) changes to

€
Clt) = 3a£t+2b8+67. (19)
Expressing the above equation with the independent variable
VRr, we have
2e (VR + Vhi)
C(W) = 3agy| ————
Vo) GNepi
qupi
+2be+cEy | ————. 20
2& (VR + Vi) 20

It is easy to distinguish the three terms of the above equation
for the partial capacitance of the four corner parts, the four side
parts, and the active part, respectively. Equation (14), which
links the actual and effective depletion region depths (¢ and s),

changes to

At

= 21
ST 32+ bt @D

Arrange the above equation while regarding ¢ as the unknown
variable, we have

(3as)t> + (2bs —A)t +cs = 0. (22)

One root of this quadratic equation is

_ A—2bs—\/A(s) o3

t
6as ’

where
A(s) = (46 — 12ac) s — (4bA) s+ A% (24)

Actually, Eq. (22) has two roots. We only take the smaller
one, and the reason is explained in Appendix A. Substituting
Egs. (18) and (23) into Eq. (16), we have

2
N {A—zbs— A(s)}
36a% 54/ A(s)

N(s) 25)
The above equation is simplified to the analytical expression
of the effective doping profile. The maximum values of the ac-
tual and effective depletion region depths (fep; and smax) also
satisfy Eq. (23), hence

E B Alepi

M 3@+ bty +- 6
N A —2bSmax — /A (Smax)

o 6asmax .
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Fig. 7. (a) The calculated (by Eq. (20)) and simulated C-V characteristics of the device shown in Fig. 2(a). The built-in voltage V; is extracted
as 1.6 V. C-V curves with zero V}; are also shown for comparison. (b) The effective profile calculated by Eq. (25) and the C-V doping profile
calculated by the conventional algorithm (i.e., the doping profile shown in Fig. 2(c)).
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Fig. 8. The calculated total C—V characteristics (by Eq. (20)) and the effective doping profiles (by Eq. (25)) with different doping concentrations
(Nepi) and horizontal extension coefficients (k) of the real device. The active region area A and the built-in potential Vi is fixed at 2 mm? and
1.6 V, respectively. (a) and (b) Nep; fixed at 8x 10" em™3 and k varies; (c) and (d) k fixed at 5 and Nepi varies.

We now use the device in Fig. 2(a) as an example to demon-
strate the rationality of the above derivation. According to the
results in Fig. 6(b), we have k = 6.5. The partial and total
C-V characteristics can be calculated by Eq. (20), where the
built-in potential Vy; (= 1.6 V) is extracted from the simulated
1/C*-V curve.l'l The calculated C-V curves are quite close to
the simulated ones, as shown in Fig. 7(a). The calculated C-V
curves with zero W,; are also shown for comparison, and it can
be seen that V4,; only affects the low Vg part of the C-V curves.
The effective doping profile can be calculated by Eq. (25), and
its effective epitaxy layer thickness by Eq. (26). The calcu-
lated effective doping profile is quite close to the C—V doping
profile obtained by the conventional algorithm, as shown in
Fig. 7(b). Hence, the rationality of the aforementioned deriva-
tion has been verified.

A more detailed study about the total C-V characteris-
tics and the effective doping profiles is stated as follows. The

active region area A is fixed at 2 mm? as before. When the epi-
taxy layer concentration Np; is fixed at 8 10'5 cm~3 and the
horizontal extension coefficient k varies, the total C—V charac-
teristics calculated by Eq. (20) and the effective doping pro-
files calculated by Eq. (25) are shown in Figs. 8(a) and 8(b),
respectively. Similarly, when k is fixed at 5 and Nep; varies,
the corresponding C-V characteristics and the effective dop-
ing profiles are shown in Figs. 8(c) and 8(d), respectively. The
upward points of the effective doping profiles, i.e., the effec-
tive epitaxy layer thickness, are calculated by Eq. (26).

As shown in Fig. 8(c), the total device capacitance in-
creases as Ngp; increases, since the depletion region depth de-
creases. Comparatively, as shown in Fig. 8(a), where Ngp;
is fixed, the effective doping profile keeps almost unchanged
despite a large variation of k. On the contrary, as shown in
Fig. 8(b), the effective doping profile shows an obvious vari-
ation. In other words, the slight differences in the C-V char-
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acteristics are magnified during the calculation for the C-V
doping profiles. Figure 8(b) also shows that the effective dop-
ing profile is always an increasing function of the effective
depletion region depth 5. With Nep; fixed, the larger the & is,
the more obvious the increasing trend is, and the smaller the
epitaxy layer thickness is. Contrarily, as shown in Fig. 8(d),
where k is fixed, Nepi has no effect on the increasing trend
of the effective doping profiles. In other words, the severer
the extension of the depletion region under the FLR termina-
tion, the larger its influence on the device capacitance, and the
severer the overestimation and underestimation by the conven-
tional algorithm of the doping concentration and thickness, re-
spectively.

3.4. Extraction of the epitaxy layer parameters

So far, we have obtained the analytical expressions of the
C-V characteristics and the effective doping profile. In the fol-
lowing, we present the steps of our new algorithm to extract
the accurate values of the epitaxy parameters. Suppose that
the upward point of the C—V doping profile curve is at Spyax,
then the fitting will be performed within the range 0 ~ Syax.
Usually, the doping concentrations are expressed in logarithm
forms, thus we express Nepi and N(s) as Nepi = 10" and
N(s) = 10F©), respectively. We have

F(s) = logN(s) = 210g’\/A (s,k)+4\/xksz‘ —4logs

1 A
— ElogA (S7k) +nepi +10g (4][2k4> N
0 <5 < Smax- 27)

Suppose that the logarithm of the C-V doping profile calcu-
lated from the measured C-V characteristics is G(s), our target
is to adjust the parameters k and nep; to minimize the distance
between the two functions F(s) and G(s). The 2-norm can be
used as a measure of the function distance:

Dist(F (s),G(s)) = [|[F(s) - G(s)Il3
= /O [F(s) = G(s))*ds = T (k,nepi) - (28)
On the right side of the last equal sign of the above equation,

the function distance is regarded as a two-variable function T
of k and n.p;. Hence, our target changes to find the minimum

point of the function 7. Considering the complicated expres-
sion of the function 7, the gradient descent method can be
used here. The expressions of the gradient of the function T
are shown in Appendix B. As long as the minimum point (k,
nepiy0) is determined, the epitaxy layer doping concentration
and thickness can be calculated as

Nepi = 10"%epi0,

A— 4\/Zk()smax -

- A e o) (29)
27rk8smax ’

tepi =

The following two examples are used to verify our new al-
gorithm. We choose two SiC diodes with FLR terminations:
one is our self-fabricated 1200 V/2 A MPS diode (our diode),
and the other is a 1200 V/5 A JBS diode (serial number:
C4D05120A) purchased from CREE (CREE diode). The pa-
rameters of these two diodes are listed in Table 3. The actual
values of the doping concentration and thickness of our diode
are offered by the epitaxy wafer manufacture.

The solid lines in Fig. 9(a) are the measured C-V char-
acteristics of our diode and CREE diode acquired on Agi-
lent B1505A with a test frequency of 100 kHz and a small
sinusoidal voltage signal of 30 mV.!!3] The C-V doping pro-
files can be calculated from the measured C-V characteristics
by the conventional algorithm, as shown by the solid lines in
Fig. 9(b). With the initial ripple parts discarded, we performed
the fitting for the doping profiles within the range from 0 wm
to the upward points. Strictly speaking, the fitting range is
0.69-8.04 um for our diode, and 0.61-9.75 um for the CREE
diode. The surfaces of the corresponding function 7' (Eq. (28))
of the two diodes, as well as the minimum points, on the (k,
nepi)-plane are shown in Figs. 9(c) and 9(d). The k values for
our diode and the CREE diode are 8.4 and 5.9, respectively,
which means that the FLR termination of the CREE diode
has higher sufficiency. With the acquisition of the minimum
points, the actual values of the epitaxy layer doping concen-
tration/thickness can be calculated by Ney; = 10"ri/Eq. (29)
as 6.5x10" cm3/10.7 um and 6.7x 10" cm™3/11.8 um, re-
spectively. The C-V characteristics and the analytically ex-
pressed effective profiles can also be calculated by Eqgs. (20)
and (25), respectively, as the dashed lines shown in Figs. 9(a)
and 9(b). All the dashed-lines match well with the solid lines.

Table 3. The parameters of our diode and CREE diode.

Variable Self-fabricated diode CREE diode
Serial number - C4D05120A
Diode class 1200 V/2 A 1200 V/5 A
Active Region area, A 1.06 mm? 2.07 mm?
Epitaxy layer doping concentration (actual value), Nepi 6.4x10' cm=3 unknown
Epitaxy layer thickness (actual value), fep; 10.4 um unknown
Chip thickness, fchip 370 um 370 um
Ring number of FLR 37 15

FLR total width 160 um 70 um
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Fig. 9. (a) The measured C-V characteristics of our diode and CREE diode, as well as the calculated ones by Eq. (20) with the fitted parameters
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characteristics, as well as the analytically expressed effective profiles calculated by Eq. (25) with the fitted (k, n¢p;). The extracted actual doping
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Fig. 10. (a) The measured C-V characteristics of our self-made 19 diodes and their (b) C-V doping profiles (Eq. (4)). The bar charts of (c) the
extracted epitaxy layer doping concentrations and (d) thickness of the 19 diodes, as well as their relative errors with respect to the actual values.

In order to provide a statistical study of our new algo-  Fig. 9), as shown in Fig. 10(a). The C-V doping profiles cal-
rithm, we have measured the C-V characteristics of a batch  culated by the conventional algorithm are shown in Fig. 10(b).
of our self-made 1200 V/2 A SiC diodes (19 diodes in total =~ We apply our new algorithm to these 19 diodes and the ex-

fabricated on the same wafer, including the one mentioned in  tracted epitaxy layer doping concentration and thickness val-
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ues are shown in Figs. 10(c) and 10(d), respectively, as well as
the relative errors with respect to the actual values. The rela-
tive error is calculated as the extracted value minus the actual
value and then divided by the actual value. The extracted dop-
ing concentrations lay in the range of (6.440.24)x 10" cm—3,
and the relative error is less than +4%. The extracted thick-
nesses lay in the range of (10.44-0.4) um, and the relative error
is also less than £4%. The above results in Figs. 9 and 10 have
verified the accuracy of our new algorithm.

3.5. Application of the new algorithm to FLR terminations
with field plates

Sometimes, FLR terminations are combined with field
plates to relieve the high-electrical field at the innermost rings.
The structural diagram of an FLR termination with a metal
field plate is shown in Fig. 11(a). The situation of a poly-
silicon field plate is similar. The field plate often only covers
the innermost several rings.

We still use the simulation to study the extension man-
ner of the depletion region under the FLR termination with a
field plate. The FLR structure is the same as that in Fig. 2(a),
plus with a field plate. The field plate length is set at 0 um,
5 pm, 10 pm, and 20 um. Figure 12 shows the depletion
region boundaries of different field plate lengths and at the
same reverse biases. The depletion region boundaries under
the field plates almost coincide with each other, while outside
the field plates they are approximately parallel to each other.
In other words, the field plate does not affect the vertical depth

FP=5um
FP =0 um

FP =10 ym

IS VT T W Y Wt

(a)

of the depletion region, but only shifts it outwards. Figure 13
proves again this fact, in which the relationships of the hori-
zontal width & and the vertical depth ¢ of FLRs with different
field plate lengths are shown. The A—t lines according to dif-
ferent field plate lengths are almost parallel with each other,
but only with different intercepts at the A-axis. The intercepts
at the h-axis are approximately their field plate lengths.
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Fig. 11. (a) The structural diagram of an FLR termination with a field
plate. (b) The shape the depletion region under the FLR termination
with a field plate.
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Fig. 12. The boundaries of the depletion regions under FLR terminations with field plates of different lengths (0 pm, 5 um, 10 pm, and 20 pm)

and at the same reverse biases (200 V, 400 V, 600 V, 800 V).

Combing the facts shown by the simulations, we can con-
clude the shape of the depletion region under the FLR termina-
tion with a field plate in Fig. 11(b). According to the geomet-
ric relationship, the horizontal width of the depletion region is
h = kt + Lgp. Thus, we have #/ = k and #/ = 0. Following
the derivation shown in Section 3.1, the volume of the deple-

tion region can be calculated. In the side part, the depletion
region appears like a prism (base area=1/2- (2Lgp + h) - 1,
height=/A). At the corner part, it appears like a 1/4 circu-
lar truncated cone (upper base surface radius = Lgp, lower base
surface radius = Lgp + &, height=t). Therefore, the whole de-
pletion region consists of one cuboid, four prisms, and four 1/4
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circular truncated cones. The volumes of the active part, the
four side parts, the four corner parts, and the whole depletion
region can be calculated by

Lactive (t) = Atv (30)
Lsige (1) = 2VA (2Lpp + h)t, (31)
1
Leome (1) = 571 [L%p + (Lip + 1) + Lep (Lip + 1) |, (32)
1 5
L(t)= 5:r/<2t3 + (2/«/2 + 37erpk> i
7
+ (A + 6\/ZLFP + 3L]2:p7l'> t. (33)

For simplicity, we still denote @' = %nkz, b = 2kvVA +
3nLepk, and ¢’ = A+ 6VALpp + $L4m.  Thus, Eq. (33)
changes to

L(t) = dP+br* 4+t (34)

This equation has the same form as Eq. (18), and the follow-
ing calculation is similar. The device capacitance can still be
expressed as Eq. (19), and the analytical expression of the ef-
fective doping profile can still be expressed as Eq. (25). The
different point is that the capacitance of the active part, the
side parts, and the corner parts are not simply expressed by
the negative-one-order, the one-order, and the constant terms
of Eq. (19), but calculated as

Ag
Cactivc (t) = T, (35)
6eVAL
Csige (1) = 4eVAk+ Q (36)

Tel2
M. (37)

Ceomer (1) = mek’t + ?ﬂ:sLFPk—f—
Thus, we declare that the main effect of the field plate added
to the FLR termination is that the coefficients a, b, ¢ of the
expression of the total depletion region volume have been
changed. Obviously, when Lgp = 0, we have @’ = a, b’ = b,
and ¢’ = c, and Eq. (34) degenerates to Eq. (18).

In order to demonstrate the rationality of the above deriva-
tion, we use the device structure shown in Fig. 2(a), plus with a
20 pm-long field plate to simulate the C-V characteristics. Ac-
cording to the results in Fig. 13, we have k = 6.57. The partial
and total C—V characteristics can be calculated by Egs. (35),
(36), (37), and (19). The built-in potential V4; is extracted as
1.72 V. The calculated C-V curves are quite close to the simu-
lated ones, as shown in Fig. 14(a). The effective doping profile
can be calculated by Eq. (25). The calculated effective doping
profile is quite close to the C-V doping profile obtained by the
conventional algorithm, as shown in Fig. 14(b). Hence, the
rationality of the aforementioned derivation has been verified.

100 T T T
—FP length=0 um
—FP length=5 um
80 —FP length=10 um
—FP length =20 p

60

40

20

Horizonal extension h (pm)

0 2 4 6 8 10 12
Vertical extension t (um)

Fig. 13. The relationship of the horizontal width 4 and the vertical depth
t of FLRs with different field plate lengths.

The fitting process to extract the epitaxy layer parameters
from the analytically expressed effective profile is similar to
that shown in Section 3.4. The difference is that the distance
between the two functions F(s) and G(s) is a three-variable
function T of k, nepi, and Lgp (refer to Eq. (28)), i.e.,

Dist (F (s),G(s)) = [|F(s) = G(s)|3 = T (k,nepi, Lre) . (38)

The gradient descent method can still be used here to find the
minimum point (Ko, 7epi 0, Lrpo). In summary, our new al-
gorithm can still be applied to devices with FLR/field plate
combined terminations. The expressions of the device capaci-
tance and the analytical expressed effective doping profile are
similar to those of simple FLR terminations. The difference is
that their coefficients are slightly modified, with the field plate
length (Lgp) included.
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Fig. 14. (a) The calculated and simulated C-V characteristics of the de-
vice shown in Fig. 2(a), plus with a 20 pm-long field plate. The built-in
voltage W, is extracted as 1.72 V. (b) The effective profile and the C-V
doping profile calculated by the conventional algorithm.
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4. Conclusion

A new algorithm for accurate extraction of the epitaxy
layer doping concentration and thickness of power devices
with uniform doped epitaxy layers and FLR terminations is
proposed in this paper, with a motivation to overcome the inac-
curacy of the conventional algorithm caused by the ignorance
of the influence of the terminations. This new algorithm is
based on the C-V characteristics and the extension manner of
the depletion region on the reverse bias. The depletion region
extension under the FLR terminations, which depends on the
epitaxy layer parameters and FLR termination designs, is stud-
ied in detail by simulation and modeling. The direct propor-
tion relationship between the horizontal extension width and
the vertical depth of the depletion region under the FLR ter-
minations is proved by simulation. Analytical expressions of
the C-V characteristics and the effective doping profile are de-
rived, by which the reason for the overestimation and under-
estimation of the doping concentration and thickness, respec-
tively, by the conventional algorithm, is explained. The actual
doping concentration and thickness can be obtained by fitting
the analytically expressed effective doping profile to the C-V
doping profile acquired by the conventional algorithm. The
horizontal extension coefficient of the depletion region is also
given, which can be used as an index for the design quality
of FLR terminations. The credibility of our new algorithm is
verified by simulations and experiments. Our new algorithm,
with only necessary but slight modifications, is also applicable
to FLR/field plate combining terminations. The new algorithm
proposed in this paper furnishes us with a non-destructive and
accurate method to obtain epitaxy layer parameters of finished
devices. It can be used for the inspection of the wafer param-
eters on which devices are fabricated, for the initial steps of
the reverse engineering on unknown devices, and lay a solid
foundation for further analyses and improvements.
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Appendix A

We have mentioned in Section 3.3 that we only take
the smaller root of Eq. (22). The reason is explained as
The device shown in Fig. 2(a) (Nepi/tepi = 8 X
105 cm™3/12 um, k = 6.5) is used as an example. The par-

follows.

tial and total capacitance of the device can be calculated by
Eq. (19), and the relationship between s and ¢ can be calculated
by Eq. (21), as shown in Figs. Al(a) and A1(b), respectively.
As t increases, the capacitance of the corner parts becomes
larger and larger and finally dominates in the total capacitance.
Therefore, the total capacitance firstly decreases and then in-
creases as ¢ increases. Combining Eqs. (19) and (21), we have

cE A€

C@t) = Saet +2be+—= = —. (AD)

As the left side of the above equation (i.e., the device to-
tal capacitance) firstly decreases and then increases, s should
firstly increase and then decreases. This is the reason why
one s has two corresponding ¢ values in Fig. Al1(b). From
Fig. Al(a) it can be noticed that the corner part capacitance
dominates only when ¢ > 164 um. However, the epitaxy layer
of the real device has a limited thickness, and there is no
enough space for the extension of the depletion region. Thus,
the range of ¢ is restricted within 0—-164 um. Consequently,
only the first half part of the s— curve is allowed in Fig. A1(b),

and thus one s corresponds to only the smaller 7.

100 T T T
allowed region (b)

single s

1 1 1
1 10 100

t (pm)

1000 10000

Fig. A1. With the parameters of the device shown in Fig. 2 (a) (Nep; / fepi = 8 % 10" cm—3/12 um, k = 6.5), (a) the partial and total capacitance
calculated by Eq. (19), and (b) the relationship between the actual and effective depletion region depths s and ¢ calculated by Eq. (21).

Appendix B

The gradient of function T is a—T, a—T_ , with
ok Inep;

8k ~ Ok /

ds_z/max

JoF
(&k) dS,
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or _ 9 /m [F(s)— G (s)]> ds = 2/”““ (F—G) ( oF ) ds, (B1)
0 0

3nepi dJ Nepi d Nepi
where
JoF 2 1 0A 1 dA 4 JoF
= =loge|—— (4VASH ——— | — — = — |, =1, (B2)
dk VA +4VAks — A 2V/A dk 2A dk  k OMepi
with
2.2 3/2 , 94 2 3/2
A(sk) = (16— 4m) AR —8AY ks + A%, =7 = 8(4— 1) Aks” —8AY . (B3)
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