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Breakdown Voltage Enhancement for Devices on 
Thin Silicon LayedSilicon Dioxide Film 

Akio Nakagawa, Member, IEEE, Norio Yasuhara, and Yoshiro Baba 

Abstract-Studies of high-voltage lateral device structures on 
a thin silicon layer over silicon dioxide have been carried out. 
It was found both theoretically and experimentally that over 
600-V devices can be realized using a structure consisting of an 
n diffusion layer over 15-pm-thick high-resistivity n- silicon 
layer over 3-pm silicon dioxide (SOI). 

A method is presented to enhance breakdown voltage by ap- 
plying a large share of the voltage to the bottom oxide. 

I. INTRODUCTION 
IELECTRIC isolation is a reliable technique for high- D voltage power IC’s, especially those IC’s with a 

breakdown voltage above 500 V. Several techniques have 
already been proposed for such dielectric isolation [ 11, 
[ 2 ] .  The key requirements for optimum dielectric isola- 
tion are the ability to pack devices at high density and the 
applicability of the technique to large-diameter wafers. 
Trenches are a very attractive means of isolation, but the 
trench depth is limited by the lack of good mask material 
for selective RIE and by difficulties in filling deep 
trenches. 

This paper reports on 500-V device structures on a thin 
silicon layer over silicon dioxide substrate (SOI), in which 
isolation is achieved by a trench technique. It is shown 
that a combination of trenches and high-voltage devices 
on SO1 has the potential for ideal dielectric isolation, 
leading to the possibility of future high-voltage high-cur- 
rent power IC’s. 

One important issue is how to ensure a high breakdown 
voltage, when a high-voltage device is isolated from a 
substrate at earth potential only by means of a thin oxide 
film. The substrate potential has a major influence on the 
device breakdown voltage through the thin oxide film 
when the silicon layer is completely depleted. This effect 
is not observed for high-voltage devices on conventional 
SOS (silicon on sapphire) layers, because the insulating 
layer is very thick. 

It was shown 131 that ideal breakdown voltage can be 
achieved in fully depleted SO1 diodes without junction 
curvature effects. In this paper, it is shown [4] that lateral 
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diodes with an n diffusion layer surrounded by a p diffu- 
sion layer is a better candidate for high-voltage diodes on 
SO1 layers than the counterpart structure (a p diffusion 
layer surrounded by an n diffusion layer), which was ex- 
amined in [ 31. A new technique to further enhance break- 
down voltage is proposed. It is shown that the oxide in- 
terface charge contributes to device breakdown voltage 
enhancement. This is a result opposite to that presented 
in 131. 

The realistic 500-V high-voltage device structures on 
SO1 substrates are also investigated. 

II. DEVICE STRUCTURE OPTIMIZATION USING A 

BREAKDOWN VOLTAGE SIMULATOR TONADDE I1 B 

Fig. I shows the device structure studied which has an 
8-pm deep n-type diffusion layer with a 2 x 10i7/cm3 
surface impurity concentration. The diffusion layer is 
formed on a thin silicon layer over a silicon dioxide sub- 
strate. 

For simplicity, lateral diode structures were adopted to 
optimize the device structure. The breakdown voltage was 
calculated by estimating the ionization integral using the 
device simulator TONADDE I1 B [5J. 

It was found that more than 500-V breakdown voltage 
can be realized in the simple structure of Fig. I ,  and that 
the potential drop across the 3-pm-thick bottom oxide is 
approximately 200 V. 

If the device structure is optimized so that a larger por- 
tion of the applied voltage is shared by the bottom film of 
silicon dioxide, the breakdown voltage is enhanced. One 
way to do this is to form a positive charge layer at the 
interface between the thin silicon layer and the bottom 
oxide. 

A .  Shallo\v n Diffusion Layer on the Bottom Oxide 

We propose two device structures, as shown in Fig. 
2(a) and (b), where shallow n-type diffusion layers (typ- 
ically less than 2-pm in diffusion depth) are formed di- 
rectly on the bottom oxide. The source and drain elec- 
trode configurations are opposite in the two different 
structures. An appropriate impurity dose in the bottom 
n-type shallow diffusion layer improves the breakdown 
voltage. The ionized donors effectively shield the high 
electric field inside the bottom oxide layer as explained 
later. 
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Fig. I .  Studied device structure. 
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Fig. 3 .  Calculated potential distribution for the structure in Fig. 2(b) 

Fig. 3 shows calculated results for a device with an 
8-pm-deep n-type diffusion layer, as shown in Fig. 2(b). 
The 20-pm silicon layer is completely depleted and half 
of the applied voltage falls across the silicon dioxide film 
when a 500-V reverse voltage is applied to the optimized 
device in Fig. 2(b). The impurity dose in the bottom dif- 
fusion layer and the layer depth are both key parameters, 
in addition to the thicknesses of the bottom oxide film and 
the silicon layer, which are naturally factors with great 
influence on the device breakdown voltage. 

Fig. 4 shows the electric field distribution along the 
symmetry axis A-A of the calculated device for various 
values of total impurity dose SD in the bottom shallow 
n-type diffusion layer. It is seen that the ionized donors 
in the shallow diffusion layer contribute to a rapid fall in 
electric field strength inside the silicon layer in the bottom 
oxide. 

1456 1 Oxide thickness; 3," 
1344 Applied voltage = 5 0 0  v 

L s i l i c o n  Depth +Q ( p m )  

Diffusion layer 

Fig. 4. Electric field distribution along the symmetry axis A - A ' .  A high 
electric field is successfully applied in  the oxide film. 

Fig. 5 shows the dependence of breakdown voltage on 
the impurity dose SD for various thicknesses of silicon 
dioxide film. The impurity dose of the p- surface resurf 
layer was adequately chosen so that avalanche breakdown 
was always observed at point 1 on the symmetry axis, as 
marked in Fig. 2(b). The reason for this is that the whole 

potential drop has to be supported vertically along A-A '. 
In other words, the calculated value is the ideal break- 
down voltage supported by the remaining thickness of 
high-resistivity silicon layer beneath the n diffusion layer 
and by the bottom oxide film. 
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Fig. 5 .  Breakdown voltage versus impurity dose for shallow n-type dif- 
fusion layer characteristics in the structure of Fig. 2(b). 

Generally, two high electric field peaks were seen 
around the points marked 1 and 2 in Fig. 2(b). The elec- 
tric field peak at point 2 was caused by junction curvature 
effect. In the actual calculations, breakdown voltages were 
determined by evaluating all the ionization integrals, 
whose paths went through high electric field points in- 
cluding 1 and 2. For simple explanation, for each field 
peak point, the voltage VI1 is defined as the applied volt- 
age value where the ionization integral, passing through 
each field peak point, equals unity. The breakdown volt- 
age is defined as the lowest VI[ value. 

In Fig. 6, VIr values are plotted as a function of the 
impurity dose S,. The two broken tines show the VII val- 
ues, determined by the ionization integral passing through 
point 2, when the two different impurity doses SA for the 
lightly doped p- layer are assumed. It is easily seen that 
VI, values for point 2 are always greater than those for 1 
(denoted by the solid line), if SA value is set at 1 X lo'* 
cm-2. Generally, an adequate impurity dose SA was al- 
ways available so that the device breakdown voltage was 
determined by the ionization integral, which passed 
through point 1. 

It should be noted that even if there is a very high elec- 
tric field peak, this does not cause avalanche breakdown, 
as long as the ionization integral is less than unity. 

As the impurity dose S, increased, the electric field in- 
side the oxide increased, as seen in Fig. 4. Since the high 
electric field inside the oxide does not contribute to the 
ionization integral, the breakdown voltage can be in- 
creased by introducing a shallow diffusion layer on the 
bottom oxide. However, the n-type shallow diffusion layer 
was not thin enough to completely shield the high electric 
field inside the oxide film. Although the electric field rap- 
idly fell in the shallow diffusion layer, an excessively large 
impurity dose S, caused a sharp increase of electric field 
near the silicon and the bottom oxide interface. This fi- 
nally caused the ionization integral to exceed unity, thus 
decreasing the breakdown voltage, as shown by the solid 
line in Fig. 6. The n-type shallow diffusion layer should 
be as thin as possible. 

From Fig. 5 ,  it was shown that a breakdown voltage of 
580 V was obtained for a device with an 8-pm n +  diffu- 
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Fig. 6 .  Voltage Vll, which is defined as a voltage where an ionization in- 
tegral equals unity, is plotted as a function of impurity dose S, for a shal- 
low n-type diffusion layer on 3-pm silicon dioxide film. The broken lines 
show VII values determined by the ionization integral passing through point 
2. SA denotes impurity dose for the p- resurf layer. 

Fig. 7. Breakdown voltage versus impurity dose for shallow n-type diffu- 
sion layer characteristics in the structure of Fig. 2(a). 

sion layer over a 12-pm remaining silicon layer over the 
3-pm silicon dioxide film structure and a 2-pm shallow 
n-type bottom diffusion layer. 

Fig. 7 shows similar results for the structure of Fig. 
2(a). With this structure, a thicker silicon dioxide film of 
5-pm was needed to obtain a breakdown voltage greater 
than 500 V. This was because all of the applied voltage 
had to be sustained by the bottom oxide alone if it was 
near the trench sidewall. A high electric field inside the 
oxide induced a high electric field inside the silicon near 
the interface and limited the breakdown voltage. The phe- 
nomena will be understood from Fig. 8, where equipoten- 
tial lines are plotted. 

The advantage of the structure of Fig. 2(b) over the 
structure of Fig. 2(a) can be understood by considering 
the effective junction boundary. In the structure of Fig. 
2(b), the maximum electric field along A-A' inside the 
silicon is seen just on the bottom oxide. Although there 
is no actual p-n junction along A-A',  the interface of the 
bottom oxide and the p+ substrate is regarded as an effec- 
tive junction for this device structure and constitutes a 
plane junction. 
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Fig. 8. Process flowchart for deep trench isolation 

The n-type shallow diffusion layer does not completely 
shield the high electric field inside the oxide film if the 
layer is not thin enough. Thus if a better means of forming 
a positive charge layer at the very interface between the 
silicon layer and the bottom oxide can be found, the de- 
vice breakdown voltage will be further improved. 

B. Efects of Interface Charge 
It is well known that a positive charge exists at the sil- 

icodoxide interface. The charge density is typically 5 X 
10" /cm2 according to conventional silicon processes. 
This interface charge effectively increases the electric field 
strength inside the oxide film without affecting the field 
strength in the bulk silicon, thus simply enhancing the 
device breakdown voltage. For example, approximately 
14-V enhancement in breakdown voltage is predicted, 
using ( l ) ,  for a 1 X 10"/cm2 interface charge density if 
the bottom silicon dioxide film is 3 pm thick. This en- 
hancement, 6V, can be estimated by assuming that the to- 
tal interface charge contributes to an increase in electric 
field inside the oxide. 

6V = sQsWox/~  (1) 
where Q,, WO,, and E are charge density, oxide thickness, 
and permittivity of the oxide. However, in actual devices, 
a part of the interface charge is consumed for the lateral 
electric field, and thus a 7-V breakdown voltage enhance- 
ment was obtained for the devices with 1 X 101'/cm2 
interface charge density. 

The interface charge increases breakdown voltage even 
for the structure of Fig. 2(a) when the p-diffusion layer 
and the substrate are both grounded and a positive bias is 
applied to the n-diffusion layer. 

111. EXPERIMENTAL 

Wafer direct-bonding [6] and deep trench techniques 
are a good combination for a high-voltage, high-density 
power IC structure. A relatively thick silicon layer is nec- 
essary to achieve a low on-resistance in high-voltage de- 
vices, and a 20-pm-deep trench technique has been de- 
veloped for this purpose. The process flow chart for 
5-in-diameter wafer fabrication is illustrated in Fig. 9. 
Initially, 20-pm-deep trenches are formed, using a depos- 
ited Si02 film more than 2 pm thick as a selective etching 
mask. After pf dopant deposition on the trench sidewalls, 
thermal oxidation and polysilicon filling are consecutively 

Mask material ISiO21 

Silicon 
region 

Oxide 

Silicon substrate 
01 Forming 20pm deep trenches 

Poly SI 

121 Thermal oxidation and 
polysilicon filling 

I 1 

131 Polyslllcon etch-back and 
thermal oxidatlon 

Process f l o w  chart 

Fig. 9,  Electric potential distribution for the device structure of Fig. 2(a), 
when 150 V is applied to the n +  layer. A high electric field is seen at the 
portion indicated by the arrow. 

Fig. IO .  20-pm-deep trench-isolated silicon island 

carried out. The final smooth surface finish is attained by 
polysilicon etch-back using the RIE technique and ther- 
mal oxidation. Fig. 10 is a photograph of the resulting 
trench-isolated silicon island. 

Lateral diodes with 5-pm-deep n-type diffusion layers 
with 1 X 10" cm3 surface impurity concentration were 
fabricated on the trench-isolated silicon on insulating sub- 
strates to check the effects of crystal defects associated 
with trench RIE on the breakdown voltage. An n-type 
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Fig. I I .  Measured V - l  characteristics for a device of Fig. 2(b) 

High Voltoge Lotero l  IGBT 
Logics 

T r k h  I Substrate 

i 
Fig. 12. Deep-trench-isolated power IC. 

shallow diffusion layer on the bottom oxide was not 
adopted in this experiment. 580- to 620-V breakdown 
voltage was observed for the simple lateral diode structure 
of Fig. 1 with a 3-pm bottom oxide, as shown in Fig. 11. 
The leakage current was sufficiently small (less than 50 
p A )  and the measured breakdown voltage exceeded the 
calculated value of 550 V for the same structure, assum- 
ing a 5 X l0I0/cm2 interface charge. 

It should be noted that in Fig. 5 ,  the calculated struc- 
ture with SD = 0 is the same as that for Fig. 1 and, con- 
sequently, the experimentally fabricated device structure. 
The only difference is the n-layer diffusion depth. The 
n-layer diffusion depth for the device analyzed in Fig. 5 
is 8 pm, whereas that for the experimentally fabricated 
structure is 5 pm. Thus the theoretical breakdown voltage 
value for the fabricated structure is 550 V, and the cal- 
culated breakdown voltage for the corresponding struc- 
ture in Fig. 5 is 500 V.  The reason is that the fabricated 
structure has a thicker n-type high-resistivity layer. 

The experimentally observed breakdown voltage is still 
larger than the calculated value of 550 V. Although the 
reason for the discrepancy between theory and experiment 
is not clear at present, one assumption is that the actual 
ionization coefficient is smaller than the used value [7]. 

The observed results verify that trench isolation causes 
no problem in high-voltage power IC’s. 

The proposed structure can be applied to various high- 
voltage lateral devices, including lateral IGBT’s [8], and 
it makes dielectrically isolated power IC’s a more prom- 
ising prospect. 

One conceptual future power IC structure is the one 
shown in Fig. 12, where the new high-voltage technique 
is applied to lateral IGBT’s. CMOS logic circuits will be 
formed on a single silicon island and each bipolar logic 
area and high-voltage device will be isolated by trenches. 
The problem is that both p f -  and n+-type trench sidewall 
diffusions have to be carried out into the same trench. This 
can be avoided, for example, by using two trenches. An- 
other option is to adopt the device structure of Fig. 2(a) 
with a thicker bottom oxide film. 

IV. CONCLUSION 
Deep trench isolation combined with silicon wafer di- 

rect-bonding is a promising technique for future high-den- 
sity high-voltage dielectrically isolated power IC’s, which 
use more than a 5-in diameter and larger wafers. It was 
shown that a breakdown voltage exceeding 500 V can be 
obtained by a thin silicon layer on a silicon dioxide struc- 
ture. It was further shown that a thin positive charge layer 
directly on the silicon dioxide film contributes to device 
breakdown voltage enhancement. 
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