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High-speed devices are now used in all fields dealing with
power electronics. Power switches designed to operate below
a blocking voltage of 100 V are needed in power supplies, au-
tomotive electronics, and peripheral drives. Silicon rectifier
diodes and MOS transistors have become common in these
applications (1–3).

Rectifier diodes need to exhibit low forward voltage, high
current capability, and high breakdown voltage. They must
withstand reverse current transient pulses and have a short
reverse recovery time, low switching noise, and a high op-
erating temperature.

These requirements are not easily obtained. The Schottky
is often the best choice. Unfortunately the breakdown voltage
of Schottky diodes is dependent upon edge termination for the
planar technology. Field peaking and crowding along the pe-
riphery of the Schottky diode (i.e., the edge effect) causes a
premature and uncontrolled corner breakdown and high cur-
rent density at the periphery.

Over the past 25 years, many different edge terminations
have been proposed to improve the voltage handling capabil-
ity without degrading the forward and switching behavior (2–
11). A substantial reduction of the electric field at the contact
edge is achieved by ramp etching of the oxide at the contact
window under small angles (4,7,9,10).

In this article, a new Schottky diode with its edge opti-
mized by an oxide ramp is investigated. The influence of the
oxide ramp angle on the breakdown properties was simulated.
A major concern is shown to be the possibility of a premature
edge breakdown. A design with ramp angle smaller than 2	 is
proposed, enabling volume breakdown with reduced leakage
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current. Further improvement in operation is obtained by us- For ramp angles of 20	 the difference between maximum
ing two epitaxial layers, which insures a higher reverse pulse electric field is twice higher than the center field [Fig. 2(d)].
current handling capability of the Schottky diode with single In this case a high current density at the edge [Fig. 3(b)] and
epitaxial layer. An optimized technology of Schottky oxide the corner low breakdown voltage is obtained.
ramp diode which uses only low-temperature steps, conserv- The DE layer effect is evident in Figs. 2(c) and 2(e). The
ing the quality of the metal–semiconductor interface, en- distinction between the DE and SE structure is due to the
abling high manufacturing yields is implemented. The small difference between the center contact field and the edge maxi-
ramp angles are achieved by using two oxide layers, having mum field. The Emax/Es report at the DE structure (1.33) is
distinct etching rate, surrounding the Schottky contact. Sim- smaller than at the SE structure (1.45). Consequently, the
ple and accurate analytical models of the current and capaci- use of the DE layer in conjunction with the ramp oxide tech-
tance characteristics are presented. In comparison with other nique preserves a reduced variation of the electric field along
terminations, the ramp oxide termination offers simple design the Schottky contact frontier. The high electric field area of
and processing close to ideal electrical characteristics for the DE structure under high reverse voltages extends virtu-
Schottky diodes. ally over the entire active Schottky contact area as shown in

Fig. 4(a). As opposed to the SE structure and the other Schot-
tky structure types, the high electric field region is confined toSIMULATION
a narrow crown or even a circular contour along the Schottky
contact edge [Fig. 4(b)]. Figure 5 shows the change of the cur-The ORS diode was simulated using the MEDICI program
rent vector distribution for DE-ORS and SE-ORS, respec-(12). A cross section of the simulated diode is presented in
tively. This modification could be explained in terms of theFig. 1. There may be a single epitaxial layer (SE-ORS diode)
good performances of the DE-ORS to the transient reverseor a double epitaxial layer (DE-ORS diode). The SE-ORS has
current pulses (10).a 5 �m thick single epitaxial layer (1.5 � 1015 cm
3 doped),

and the DE-ORS has a 1.7 �m layer (1.5 � 1015 cm
3) and a
second epitaxial layer growth on the 3.3 �m, 8 � 1015 cm
3

DEVICE FABRICATIONfirst epitaxial layer (7).
Figure 2 shows the electric field distribution along the in-

The experimental implementation of the ramp oxide profileterface (x � 0, Fig. 1) of 2	, 5	, 10	, and 20	 oxide ramp angles
can be achieved using multiple SiO2 films with different etch-for the DE-ORS structure and SE-SOR structure, respec-
ing rates. The etching rate of one undoped SiO2 layer is lowertively. In the contact window center the electric field has a
than a phosphorus-doped SiO2 layer. For example, there is acenter value (Es); at the contact edge, the electric field monot-
26.3 etching rate report for a 8% phosphorus-doped SiO2 layeronously increases to a maximum field (Emax). The electric field
in comparison with the undoped SiO2 in the p-etch solutionhas an another maximum at end of ramp (ER). Under the ox-
(13). With a proper choice of phosphorus contain in the dopedide layer the electric field is smaller than the Schottky field.
SiO2 layer, a 5	 oxide ramp or smaller can be realized.When the ramp angle increases, Emax increases too (Fig. 2).

SE-ORS and DE-ORS were manufactured starting withFor the 2	 ramp the electric field peak is less than 10% higher
than the center field [Fig. 2(a)]. Therefore at small ramp the same (72 mm diameter �111� n-type arsenic-doped 0.003
angles, the edge effects are practically eliminated. Hence a � � cm
1) silicon substrate. The epitaxial layer for SE had the
uniform current density is proved in Fig. 3(a) and a volume donor concentration of Nd � 2 � 1015 cm
3 and thickness 5
breakdown results for the DE-ORS diode. �m. The top epitaxial layer of DE diode wafers have same

concentration as SE diodes and the buffer layer of larger con-
centration (ND � 8 � 1015 cm
3). The thickness of these layers
were xe1 � 1.7 �m and xe2 � 3.3 �m, respectively. A 1,000 A
undoped SiO2 layer and subsequently 10,000 A phosphorus-
doped oxide were deposited. The oxide deposition was per-
formed by CVD at atmospheric pressure only at low tempera-
ture (400	C). Therefore the quality of the epi layers surface
was not disturbed.

Several metallization systems were investigated for Schot-
tky contact (10), the selection of one or another system de-
pending on constraints imposed by the maximum working
temperature demanded for the final devices. Mo : Al metalliza-
tion was used for diodes with Tjmax � 150	C. As shown in Ref.
3, the pellet yield is strongly dependent on postmetallization
heat treatment conditions. We found that sintering at 525	C
for 15 min in forming gas ensures maximum values for VRWM

and the highest field. The back of the wafers were metallized
with Ti : Ag and annealed at 400	C for 15 min. Cr : Ni : Ag met-

Ti–Al Schottky contact

–Vr

Ramp

xoSiO2

n-Si epi (1.5 × 1015 cm–3/1.7  m)µ

n-Si epi (8 × 1015 cm–3/3.3  m) µ 

n+-Si substrate (5 × 1018 cm–3)

y

x

allization for Schottky contact was used for diodes intended
to operate at Tjmax � 125	C. Postmetallization heat treatmentFigure 1. Schottky structure with oxide ramp termination used in
was optimized at 450	C every 20 min for Cr2Si formation. TheMEDICI simulation. Structure has two epitaxial layers, increased on

high doped n� substrate. back of the wafer metallization was the same as above.
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Figure 2. Simulated electric field along SiO2–Si interface (x � 0) for oxide ramp Schottky (ORS)
diode with different ramp angles. (a) Ramp � 2	 on double epitaxial layer; (b) 5	 on double
epitaxial layer; (c) 10	 on double epitaxial layer; (d) 10	 on single epitaxial layer; (e) 20	 on double
epitaxial layer. When the ramp angle increases, the maximum field (Emax) increases as well.
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Figure 3. The simulated bidimensional reverse current density at 90
V for oxide ramp Schottky structure with double epitaxial layer. (a)
Ramp � 2	, (b) 10	, and (c) 20	. At a small ramp angle, a uniform
current density is obtained. For ramp � 20	, a high current density
results at the Schottky contact edge, and a corner breakdown voltage
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is accomplished.

Square-large-area and circular-small-area ORS diodes ANALYTICAL MODEL
were fabricated. A very low ramp angle (� � 0.6	) was mea-
sured on these structures. For comparison, a guard ring In this article, we propose analytical models for electrical

characteristics of the Schottky diodes with SE and ramp oxideSchottky diode with similar geometries were prepared. The
structure yield was more than 80% as a result of the low- termination. Figure 6 presents a cross section of the ORS di-

ode used in the modeling. To understand the relation betweentemperature technology process.
All diodes were encapsulated in the TO 220 case. Forward the metal Schottky contact and the thermal treatment, we

take into account the silicide obtained as a result of the chem-and reverse current–voltage characteristics and high-fre-
quency (1 MHz) capacitance voltage characteristics were de- ical reaction between the interface metal and silicon (14,15).

The silicide has a geometry similar to that of a diffused p�ntermined at both ambient and higher temperatures.



0.00

2.50

0.05

7.50

D
is

ta
n

ce
 (

  
m

)
µ

Distance (  m)µ

Distance (  m)µ

0.00

0.05D
is

ta
n

ce
 (

  
m

)
µ

(b)

(a)

–20.0 –15.0 –10.0 –5.0 0.0 5.0 10.0 15.0 20.0

–10.0 –7.5 –5.0 –2.5 0.0 5.0 2.5 5.0 10.0

Figure 4. The electric field vectors at 90 V for ORS structure with ramp � 10	. (a) Double
epitaxial structure; (b) single epitaxial structure. The high electrical field area of a DE structure
extends virtually over the entire active Schottky contact surface, while for an SE structure the
high electric field area is confined to a circular contour along the Schottky contact edge.

0.00

2.50

5.00

7.50

D
is

ta
n

ce
 (

  
m

)
µ

–10.0 –10.0 –7.5 –5.0 –2.0 0.0 5.0 7.5 10.0

(a)

Distance (  m)µ

0.00

5.00

D
is

ta
n

ce
 (

  
m

)
µ

–10.0 –5.0 0.0 5.0 10.0

(b)

Distance (  m)µ

Figure 5. The total current vectors at 90 V for ORS structure with ramp � 10	. (a) Double
epitaxial structure; (b) single epitaxial structure.

714



SCHOTTKY OXIDE RAMP DIODES 715

Figure 7 presents the electrical maximum field versus the
reverse voltage (V � 
VR) for ramps between 0.5	 and 45.5	
in 5	 steps. For ramps smaller than 5.5	, the maximum elec-
tric field is almost the same as the center field, a result which
is in good agreement with the MEDICI simulation.

Current–Voltage Characteristics

The device current also has two components: the bulk compo-
nent and the lateral one. The first component is given by the
thermoelectronic emission equation (2,3):

Is = AsAnT2 exp
�

−φ◦
Bn − αEs

Vt

� [
exp

�V
Vt

�
− 1

]
(5)

where As is the effective area of contact window (As � l2), An

Metal silicide

+V

ES
EL

Xd

y

x

θ

xoSiO2

n-Si (2 × 1015 cm–3/5  m)µ

Cr

is the electron Richardson constant, T is the temperature, Vt

Figure 6. Single epitaxial Schottky structure with oxide ramp termi- is the thermal voltage, �	Bn is the electron barrier height at
nation used in analytical modeling; x0 is the thickness of oxide (plate ES � 0, and 	 is the linear variation coefficient of the barrier
portion) and � is the ramp angle. with surface electric field (2,3,15)

φBn = φ◦
Bn − αES (6)

junction and the electrical result is to prevent the intensifica- A design equation developed for the lateral current (14) is
tion of the electric field at the silicon–oxide edge, which would
tend to reduce premature breakdown (14,15).

We consider a cylindrical curvature of the silicide layer at I1 = A1

As

Is

β

[
exp β − 1 + 2r j

l

� exp β

1 + 4β2/π2
+ π

2β

�]
(7)

the contact corner with radius rj. This shape arises due to the
frontal and lateral advancing of silicide in the semiconductor where � � 	(EL 
 ES)/Vt and A1 � 2�rjl.(in epilayer) during its formation. The silicide cylindrical ge- Figures 8 and 9 show the forward and reverse current–
ometry hypothesis is sustained by the very thin thickness of voltage characteristics of ORS square large-area diodes. Cal-
the oxide near the contact window edge. culated curves, using the above equations and the values of

�	Bn, 	, and rj inserted in the figures are in good agreement
Electrical Field with the experimental data measured on the SE-ORS diodes

with As � 10 mm2. The values of �	Bn, 	 are very close to thoseThe electric field in the contact window has the classical ex-
determined for CrSi2/n-Si Schottky contact by other tech-pression of the field at the surface of an ideal Schottky diode
niques (15). Note that reverse voltage capability and leakage(2,3):
current of the Schottky diodes fabricated using oxide ramp
termination are superior to the Schottky diodes with guard
ring termination made in similar conditions.ES = qND

εs
· xd (1)

The DE-ORS diodes having the same geometry with SE-
diodes show a much higher reverse pulse current handling

xd =
�

2εs

qNd
(Vd − V ) (2)

where xd is depletion region thickness, ND is the epilayer dop-
ing, �s is the silicon permittivity, Vd is the built-in potential,
and V � 0 is the applied voltage.

The electric field at the contact corner has two components:
a vertical component field (on the x direction) and a lateral
one given by

EL(0, 0) = qND

εs
xd

εs

εo
tgθ (3)

where � is ramp angle.
As a result, the maximum electric field (14) is:

Emax = E(0,0) = ES

�
1 + tg2θ

ε2
s

ε2
o

�
(4)
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Ecritic ≈ 2 × 105V/cm
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= 0.5°θ
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ND = 2 × 1015cm–3

ΦBn = 0.67V°

Figure 7. Maximum electric field versus reverse voltage for different
appears in the intersection point between the end of ramp ramp angle values calculated with Eq. (4). For � � 5.5	 Emax � ES, in

agreement with the MEDICI simulation.and silicide [(0,0) in Fig. 6)].
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Figure 10. Calculated [using Eqs. (5) and (7)] forward current com-
ponents versus voltage. For any forward voltage the lateral currentFigure 8. Forward characteristics of ORS diode with 10.1 mm2 of

area. The experimental data are represented by symbols. The solid density is higher than bulk current density.
curve is calculated with Eqs. (5) and (7).

Capacitance–Voltage Characteristics for Large-Area Diodes

The capacitance of the ORS structure from Fig. 6 has threecapability, with a typical 8.5 A pulse current sustained, com-
parallel components. The main component is due to the deple-pared with 1.2 A measured on SE-ORS diodes (10).
tion region of the Schottky contact:Figure 10 presents the forward voltage dependence of the

bulk current density (JS � IS/AS) and lateral current density
(JL � IL/AL), respectively. It is remarkable that the lateral Cs = εsAs/xd (8)
current is always higher than the bulk component in
agreement with the MEDICI simulations. As a consequence,

The other components that are caused by the structure ter-the main contribution in the reach of the maximum current
mination are defined as the parasitic capacities. A parasiticdensity sustained by the device (Jlim) is due to lateral current.
component (Co,r) is associated with the ramp oxide region. For
the small ramp angles (� � 10	), the following expression has
been derived (14):

Co,r ≈ 4l
εo

tgθ
ln

[
x0 + (x2

o + x2
d,o )1/2

xd,o

]

+ 8
εo

tg2θ
[(x2

o + x2
d,o )1/2 − xd,o] (9)

for rectangular geometry of the Schottky contact.
The other parasitic component is the MOS overlap capaci-

tance (14) which because the plane oxide region is metal cov-
ered (with Ao,p area), is given by

Co,p = εoAo,p/(x2
o + x2

d,o )1/2 (10)

where �o, xo are the oxide permittivity and thickness respec-
tively, and xd,o has the expression

xd,o = (εo/εs)xd (11)

I R
 [A

]
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10–2

1 3 5 7 9
(VR +VD)1/2 [V1/2]

ORS diode

Experimental

Calculated

ΦBn = 0.66V°
 = 77Åα

 rj = 2000Å

The total capacitance isFigure 9. Experimental and calculated reverse characteristics for
ORS diode with As � 10.18 mm2. The theoretical curve is obtained
using the same values of �	Bn, 	, and rj parameters as in the forward
characteristics. C = Cs + Co,p + Co,r (12)
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Co,r = πεo

tgθ

�
D + 2

x f

tgθ

�
ln

�
xo − x f + x f,o

xd,o − x f

�

+ 2
πεo

tg2θ
(x f,o − xd,o ) (13)

This equation has been obtained for circular Schottky con-
tact (with diameter D), considering a fixed oxide charge of Nf

density concentrated at interface Si–SiO2 (14). We used the
following notations:

x f = εoNf

εsND
, x f,o =

p
x2

o + x2
d,o − 2x f xo (14)

The MOS plane region capacitance is in this case determined
by

50
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2

Guard ring diode

ORS diode

CS
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VR [V]
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AS = 0.0101815cm–3

ND = 2 × 1015cm–3

Figure 11. Theoretical total specific capacity (C) and Schottky spe-
cific capacity (CS) as a function of reverse voltage for the ORS diode

Co,p = εoAo,p

x f,o
(15)

and Schottky guard ring diode, respectively.

The Schottky component Cs is given by Eq. (8).
Based on the above equations, various calculations were

performed to investigate the fixed oxide charge effects. FigureFigure 11 presents the reverse voltage calculated depen-
dence of ORS specific capacitance (C/As) and its Schottky com- 13 shows the calculated capacitance of a small-area ORS di-

ode as a function of the reverse voltage for different Nf densi-ponent. For comparison a similar curve for the classical ring
guard Schottky diode is represented. Both diodes have the ties. The oxide charge leads a considerable change of the

C–V shape and a significant enhancement of total capaci-same Schottky capacitance, shown in Fig. 11 as well. The par-
asitic contribution of the termination edge is negligible for tance at low reverse voltage (VR � 10 V).

To verify the validity of the proposed C–V modeling ORSlarge-area ORS diodes. On the other hand, this device has
smaller specific capacitance than the guard ring Schottky di- diodes with small diameters (D � 20 �m) were fabricated. A

value of 4.7 � 10
12 cm
3 for fixed oxide charge was measuredode in the whole voltage range.
From Figure 12 one can see that the experimental C–VR on a MOS test structure, simultaneously prepared. The exper-

imental C–V data measured on the ORS diodes closely agreedata measured on large square ORS diodes (l � 3.2 mm) are
in good agreement with the theoretical curve. with the theoretical curves of Nf � 4.5 � 10
12 cm
3.

Capacitance–Voltage Characteristics for Small-Area Diodes
CONCLUSIONS

In small-area diodes, the contribution of parasitic components
(due to diode termination) become important in total capaci- A ramp oxide terminated Schottky diode has been analyzed
tance of the diode. In these conditions, we must take into ac- which is based on the different etching rate between phospho-
count the oxide charge effect (14). The ramp oxide region ca-
pacitance is now given by
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Figure 13. The fixed oxide charge effect on C–V characteristics at
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small-area ORS diode. The experimental data measured on the circu-
lar diode are in good agreement with the calculated curves for Nf �Figure 12. Comparison of theoretical C–V characteristics and exper-

imental data measured on the large area ORS diode. 4.5 � 1012 cm
2.
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into account the oxide charge effect. A good agreement be-
tween charge oxide density achieved from C–V curves and

SCIENTIFIC COMPUTING. See PHYSICS COMPUTING.well-known MOS methods recommend the ORS diode as a
SCIENTIFIC VISUALIZATION. See VOLUME VISUAL-simple test vehicle for determining the fixed oxide charge.

IZATION.Due to its design simplicity and process robustness com-
SCINTILLATION. See REFRACTION AND ATTENUATION INpared to other termination techniques, the Schottky oxide

THE TROPOSPHERE.ramp ORS diode should find its use in various applications
requiring almost ideal breakdown voltages, high power, and
high-frequency operation. The ORS diode structure can be
used as described in this article, or as a high-voltage termina-
tion attached to Schottky diodes of different design in the cen-
tral area of the structure. For example, the central area of
the structure may have a different doping profile from those
considered in this article.
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