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Abstract—In this article, an improved model on buried-
oxide (BOX) damage induced by total-ionizing-dose (TID)
effect considering positive oxide trapped charge (Not) gen-
erated in silicon on insulator (SOI) /BOX interface under
negative electric field bias (field lines perpendicular to
the SOI/BOX interface pointing from the top to the bot-
tom of the BOX) and Nyt saturation effect is proposed
and adopted in accurate simulated analysis to predict
the postirradiation device behavior. Moreover, the mech-
anism of high-voltage (HV) SOI lateral double diffused
metal oxide semiconductor field effect transistor (LDMOS)
degradation during irradiation is also revealed by the
proposed accurate simulation method. Tolerance design
for radiation-hardened HV SOl LDMOS is discussed with
the aid of the presented model. The tradeoff between
postirradiation electrical characteristics and fresh electrical
characteristics should be taken into account to meet the
radiation hardening requirement. The radiation-hardened-
by-design LDMOS introduced in this article keeps an
orr-state breakdown voltage above 120 V at D = 500 krad(Si)
with operating voltage equal to 80 V, which is fabricated
on a commercial SOl substrate material with plain interface
quality parameters. The corresponding hardening strategy
is also given.

Index Terms— Buried-oxide (BOX) damage model, hard-
ening strategy, high-voltage (HV) silicon on insulator (SOI)
lateral double diffused metal oxide semiconductor field
effect transistor (LDMOS), negative electric field bias, oFF-
state bias, total-ionizing-dose (TID) effect.

|. INTRODUCTION
S SPACE power electronics system grows toward smaller
size and weight, higher integration level and performance
are required. Because of ease to integration and fast switching,
silicon on insulator (SOI) lateral double diffused metal oxide
semiconductor field effect transistor (LDMOS) is an
attractive option with growing attention for monolithic ICs
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in space radiation-hardening application [1], [2]. Total-

ionizing-dose (TID) effect is one of the most common
irradiation damages for semiconductor devices applied in
space equipment [3]-[10]. For TID effect on low-voltage SOI
MOSFET, the damage on buried-oxide (BOX) may lead to the
increase of OFF-state leakage and coupling effect [11]-[13].
The degradation mechanism is ascribed to the positive oxide
trapped charge (No) induced by TID generated near the
SOI/BOX interface under the positive applied field bias in
the BOX (field lines perpendicular to the SOI/BOX interface
pointing from the bottom to the top) [3], [6], [7], [12].

For the high electric field in the thick oxide under long drift
region of high-voltage (HV) SOI LDMOS, the degradation of
electrical characteristics under OFF-state bias is worthier of
studying. For OFF-state bias, BOX is under negative electric
field bias during irradiation (the vertical electric field lines in
BOX are pointing from top to bottom), which did not draw
much attention in previous reports. The traditional TID model
only explains the damage well under positive electric field
bias [3]. Thus, it is hard to predict the Ny distribution in
BOX under OFF-state bias in the postirradiation device and
the traditional model for TID effect is not applicable for
HV SOI LDMOS at OFF-state in the simulated analysis.

In this article, the distribution of radiation-induced N
in BOX with different applied electric fields for HV SOI
LDMOS is investigated. In contrast to the traditional model
which depends upon N, buildup near the interface that the
field lines point to, the verified experimental results in this
article indicate that there is still a nonnegligible set of Ny
generated in SOI/BOX interface even if the electric field
plays a negative role, which is responsible for the electrical
characteristic shift behavior. Then an improved model on the
BOX damage induced by TID effect including the function
relationship between N, in SOI/BOX interface and negative
electric field is proposed, and the N, saturation effect is also
considered. By tunning the improved model with the extracted
interface quality parameters into TCAD code, the simula-
tion results show a good agreement with the experimental
results.

The proposed accurate simulation method in this article
provides convenience for analyzing electrical characteristic
shift mechanism in HV SOI LDMOS and gives an insight into
tolerance design work of HV SOI LDMOS in space radiation-
hardening application. The tradeoff between postirradiation
electrical characteristics and fresh electrical characteristics has
been taken into account. The radiation-hardened-by-design
LDMOS introduced in this article can keep an OFF-state
breakdown voltage (BV) above 120 V at D = 500 krad(Si)
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Fig. 1. Schematic of (a) TID model of HV SOI LDMOS under negative
electric field bias and (b) evaluation of BOX damage induced by TID effect
under negative BG bias.

with operating voltage equal to 80 V, which is fabricated on
a low-cost and highly accessible commercial SOI substrate
material without radiation-hardening-by-process.

Il. EXPERIMENT AND MECHANISM

The traditional model explains TID effect well under posi-
tive field bias. Electron—hole pairs are created in oxide layer
by y-ray radiation, where the holes are attracted toward the
SOI/BOX interface, then part of them are trapped by trapping
centers located in the region close to the SOI/BOX interface.
As described in the traditional model, N should only be
generated in the P-sub/BOX interface under negative electric
field bias [negative back-gate (BG) bias and OFF-state] for
HV SOI LDMOS due to that the electric field pushes holes
away from SOI/BOX interface. Because of the out-diffusion
of oxygen in the oxide and lattice mismatch at the Si/SiO,
interface, there are a large number of oxygen-vacancies acting
as trapping centers which are close to the interface. Thus,
the trapping process in the bulk of SiO, layer is usually not
taken into account [14], [15]. However, the verified evidence
below manifests the Ny is also generated in the SOI/BOX
interface, because there are still a fraction of holes reaching
the Si/SiO, interface and getting trapped even if the electric
field plays a negative role [see Fig. 1(a)]. Then a more
comprehensive improved model on BOX damage is proposed,
which is more applicable for HV SOI LDMOS. Fig. 1(b)
shows the schematic of evaluation of BOX damage induced
by TID effect under negative BG bias, and then the function
relationship between the uniform Ny in SOI/BOX interface
and negative E can be determined. Subsequently, the Ny
distribution is calculable for OFF-state bias condition. Interface
traps (Ny) induced by TID are negligible in the evaluation
work, due to the fact that it is much less than N, and plays
a trivial role [D < 1 Mrad(Si)] [16].

Gate-oxide (GOX) hardened HV SOI LDMOS without
thermal field-oxide (FOX) investigated in the TID experiment
is fabricated on 1.2-um BOX layer and 1.5-um SOI layer.
Due to TID insensitivity of the deposited SiO, [17], the device
can exclude the influence of Ny in the upper surface of SOI
layer. Then the degradation of the device in TID experiment

temperature and the measurement results of postirradiation
electrical characteristics were obtained out of the radiation
environment within 15 min. The irradiation bias conditions
of OFF-state bias and BG bias are given in Table I. In this
article, the OFF-state BV and the ON-state linear drain current
(1g1in) are defined as the drain voltage while I; = 1 uA
at OFF-state and the drain current while Vo = 20 V and
Vas = 0.1 V at ON-state, respectively.

I1l. IMPROVED MODEL ON BOX DAMAGE

Before the discussion of the designed experiment, the influ-
ence of Ny in P-sub/BOX interface and SOI/BOX interface
on electrical characteristics of HV SOI LDMOS should be
determined. Fig. 2(a) shows the simulated electrical charac-
teristic shift behavior with different positive fixed charges in
BOX (Qpox) located in different interfaces. As the Qpox in
the P-sub/BOX interface lies far from the SOI layer, it does
not affect electrical characteristics of the device. For the device
with Qpox in the SOI/BOX interface, the positive Qpox could
cause negative mirror charges in the SOI layer with the same
density at ON-state and modulate the electric field distribution
at OFF-state. As a result, Ig;, increases and BV increases
at early stage then drops with Qpox increasing. It can be
inferred that only the Qpox in the SOI/BOX interface, rather
than Qpgox in the P-sub/BOX interface, can influence the
Iain Wwhen Qrox and Qgox are excluded. Fig. 2(b) shows
the measured transfer curves with different BG bias at D =
10 krad(Si), indicating there is a radiation-hardened threshold
voltage of 2.4 V for all curves. Based on the concept above,
the increment of Iy, under negative BG bias proves that Ny
is generated in the SOI/BOX interface.

A. Model of f, Under Negative Electric Field Bias

Fig. 3(a) shows the measured fresh Iq;, with different V.
The uniform N, introduced in the SOI/BOX interface could
cause mirror electrons with the same density and the BOX
capacitance would reserve charges equal to Vg, - Cox. Thus,
the TID induced uniform N, in SOI/BOX under different BG
bias can be extracted by comparing TID induced g, shift
in postirradiation device and Vg, induced Igj, shift in the
fresh device. Fig. 3(b) shows the extracted Ny in SOI/BOX
interface induced by TID at 1 krad(Si) with different applied
electric field bias. Under positive BG bias, the values of Ny
fit well with the traditional model [3], as shown in

Not = g0~ for - fy ~tox - D (1)
EX E+ m
Y |Eox| + E;
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Fig. 2. (a) Simulated BV and Iy shift curves of the LDMOS with different
QBox located in different interfaces. (b) Measured transfer curves with
different BG bias at D = 10 krad(Si) and the fresh transfer curve.

where go is the electron—hole pair generation rate induced
by y-ray in SiO,. f;' is the fraction of holes that escape
recombination and reach the Si/SiO, interface, as shown in (2).
EJ, Ef, and m in (2) are constants, Ef = 0.55 MV/cm,
Ea’ = 7.62 x 1073 MV/cm, and m = 0.7 for Co%, f;r =
0.05 in low electric field [18], [19]. fu is the hole trapping
efficiency with dependence on quality of Si/SiO; interface.
tox 1s the thickness of oxide layer. Ey is the vertical electric
field in the oxide layer during irradiation. In this article, fy
is 0.312 [extracted at positive BG bias, D = 1 krad(Si)]
for silicon direct bonding (SDB) SOI technology. Moreover,
Noe generated in SOI/BOX interface under the negative bias
shows a great dependence on electric field too. However,
it is far less than that generated in positive bias. In the
function of the traditional model, f, is related to electric
field. Then, an empirical equation of f~ can be determined
by experimental data, as shown in

_ | Eox| + EO)'"
=7 3)
hy (Ionl + E;

where E;” =3.62MV/cm and E; = 0.05MV/em. f” and f;r
are continuous at E.,, = 0.

B. N,: Saturation Effect

With Ny induced by TID increasing, the trapping efficiency
of the following holes induced by TID in SiO, would decrease
linearly. At last, the trapping centers near the Si/SiO, interface
are filled with holes, and no more following holes can be
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Fig. 3. (a) Measured Iyjin—Vsupcurve in fresh device. The inset is the
schematic of the equivalent relationship to /qin between Vgyp and Nt in
SOI/BOX interface. (b) Extracted Nyt in SOI/BOX interface with different
BG bias at 1 krad (Si).

trapped there. Based on this concept, f, is also a function
of Ny which can be expressed as

Jot(Not) = for(0) - (1 - Not/Nol,SAT) 4)

where fo(0) is the trapping efficiency for fresh interface.
Notsar is the saturation Ny numerically equal to the value of
trapping centers in Si/SiO; interface and is related to interface
quality.

The differential form of (1) represents the growth rate of Ny
induced by TID, which remains the understanding of physical
processes in (1), as shown in

dNot/dD = 8o fol(Nol) : fy * Lox- 5

The boundary conditions of Ny (D) define the fresh and
saturation points, as shown in

Not(o) =0, Not(+oo) = Not,SAT~ (6)

Solve equations of (4)—(6) simultaneously, N, distribution
can be determined, as shown in

No(D) = Nogsar - [1 — exp(—=D/Dy)],
DO = Not,SAT/(gO : fol(o) : fy : tox) (7)

where Dy and f, are related to the local electric field during
irradiation bias.
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Fig. 4 shows modeling Ny—D curves with different Eqx in
BOX and the corresponding experimental data under different
BG bias. Equation (1) can only explain the linear increasing
damage at very first stage of radiation. Due to the N, satu-
ration effect, the extracted f,; would be distorted and smaller
at a larger D. Thus, for = 0.312 is extracted at 1 krad(Si) in
this article. Notsar = 1.6 x 102 cm~2 for SOI/BOX interface
of SDB technology is also extracted at BOX saturation bias
condition [Vgyp: Eox = +0.5 MV/cm, D = 1 Mrad(Si)].

C. Simulation of TID Effect on HV SOl LDMQOS

In our previous work [20], [21], uniform positive fixed
charges are set in the SOI/BOX interface to analyze TID
effect on HV SOI LDMOS. However, N, distribution is
supposed to be determined more strictly. In [22], a simulation
method of TID on bulk-Si LDMOS introducing a nonuniform
distribution of Ny in oxide blocks is reported, but the influence
of electric field direction on N distribution is not considered.
Consequently, it is not applicable for HV SOI LDMOS.
Since the model considering f,” and N saturation effect is
established, a more accurate simulation method is proposed for
prediction of TID effect on HV SOI LDMOS. Fig. 5(a) shows
the schematic flowchart for the simulation of TID effect on HV
SOI LDMOS. Fig. 5(b) shows the schematic of introduction
of N values as fixed charges in each oxide block in SOI/BOX
for TID simulation on HV SOI LDMOS.

For preirradiated device, E, distribution profile along
the SOI/BOX interface during irradiation bias is extracted,
as shown in Fig. 6(a). Then the N distribution profile along
the SOI/BOX interface can be calculated by (7), as shown
in Fig. 6(b). Since the electric field under drain side is higher
than that under source side, Ny increases quickly and saturates
fast there. It manifests that the BOX under drain side is the
sensitive spot under OFF-state irradiation bias.

IV. RESULTS AND DISCUSSIONS
Simulated results with TCAD tool [23], [24] including the
calculated N, distribution and N;; with different D have been
compared with the experimental data to validate the proposed
model and analyze TID effect on HV SOI LDMOS, as shown
in Fig. 7. The comparison of electrical characteristic shift

Simulations of post-
irradiated devices

off-state bias

(a) (b)

Fig. 5. Schematic of (a) flowchart for the simulation of TID effect on
HV SOI LDMOS and (b) introduction of Ny values as fixed charges in
each oxide block in SOI/BOX for TID simulation on HV SOI LDMOS.

.08 T T T T T
E Irradiation Bias: off-state
B
2 o4l -
=
2
3
=]
w
0.0 1 1 1 1 1 (a)
16 T T T T T
&
£
NU
'S0.8 .
—
‘>_<; 20 krad(Si) 200 krad(5i)
= 50 krad(Si) ——300 krad(Si)
0ok | —100 krad|$i)——500 krad|(Si) (b),
12 14 16 18 20 22
X(um)

Fig.6. (a)Simulated Eyy distribution profile along the SOI/BOX interface.
(b) Calculated Nt distribution profiles along the SOI/BOX interface with
different D under OFF-state bias.

curves between radiation-hardened LDMOS in this article and
the conventional reduced-surface-field (RESURF) LDMOS
with optimal charges is also given. The implantation doses of
N-drift region (Dy) are 0.6 x 10'2 and 1.4 x 10'> cm~2 for
the radiation-hardened HV SOI LDMOS and the conventional
RESURF HV SOI LDMOS, respectively.

A. Mechanism of BV Shift and Hardening Strategy

As shown in Fig. 7(a), the BV shift curves are given and
the simulation results show a good agreement with the exper-
imental results. The corresponding simulated electric field
distributions at a series of D with the proposed model are given
in Fig. 8(a) and (b) to reveal the BV shift mechanism. In order
to facilitate our quantitative discussion of the mechanism,
BV is defined as the lateral BV from drain to source, which
is related to drift length and drift doping concentration. BVy is
defined as the vertical BV from drain to substrate, as shown
in [25]

1 &si
BVV = Etsi : Ec + —fox - Ec

(0.4

()

where t5; and t,x are the thicknesses of SOI layer and BOX
layer, respectively; es; and €5 are the relative dielectric con-
stants of Si and SiO;,, respectively; E. is the critical breakdown
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electric field for Si. The BV of HV SOI LDMOS is determined
by the smaller one between BV and BVy.

The BV shift behavior is divided into three stages. For the
fresh device, the breakdown point is located in the bulk and
BV is determined by BVy. In the first stage, N, under drain
side will enhance electric field in the BOX layer by Gauss’s
law and BVy increases, as shown in

ABVy =t - AEx =1tox - q - Not\under drain side /Eox- )

Due to the fact that the breakdown point still locates in the
bulk, BVy rises from 145 to 185 V at D = 30 krad(Si),
and then BV reaches its maximum value. With D increasing
further, N, under drift region begins to suppress depletion
in drift region causing the breakdown point transferring from
bulk to surface, and the electric field peak in the p-well/N-drift
junction increases, accounting for the sharp drop of BV.
After D = 200 krad(Si), Ny gradually saturates and the BV
falling trend slows down, then BV maintains about 127 V
at last, which can meet the radiation-hardening requirement.
By contrast, Fig. 7(a) also gives the BV shift curve of the
conventional RESURF LDMOS with optimal N-drift charges.
The TID tolerance of the conventional RESURF LDMOS is
not enough and BV will soon drop below the operating voltage
before 100 krad(Si). The corresponding simulated electric field
distributions at a series of D are also given in Fig. 8(c) and (d).

The BV shift behavior in the radiation-hardened HV SOI
LDMOS has been carefully designed and the methodology

is described below. For conventional HV SOI LDMOS in
consumer electronics, RESURF technology is widely applied
to pursue high BV with high current capacity in fresh
devices [26]-[29]. However, for HV SOI LDMOS in space
radiation-hardening application, nondegradation BV is sup-
posed to be guaranteed whereas other electrical characteristics
in the fresh device can be sacrificed moderately.

To postpone the premature breakdown at surface and leave
margin for the unwanted increasement in surface electric field
peak at source side, a lower doping concentration in N-drift
region rather than the conventional optimized RESURF doping
concentration is introduced in the device and the surface
electric field peak at source side can be lower than that at
drain side in the fresh device. As a result, BV performance
of the radiation-hardened device in this article is tolerant with
the radiation at the first stage and benefits by dielectric field
enhancement while ensuring the breakdown happens in the
bulk.

B. Mechanism of i, Increase

As shown in Fig. 7(b), the g, shift curves are given. Due
to the fact that N, could cause mirror electrons in the SOI
layer at ON-state, an extra conduction path is generated above
the SOI/BOX interface. Iy, ascends from 2.5 to 3.7 uA/um
at D = 100 krad(Si), and then reaches a plateau with Ny
saturating. ON-resistance (R,,) is defined as the resistance of
the device at a linear region with Vg, = 20 V, which can be
briefly expressed as

RON = Rch + Racc + Rd//AR(D) + Rnwell

where R., and R,.. are the channel resistance and resistance
of accumulation region, respectively; Rywen 1S the resistance of
n-well region; Ry is the resistance of drift region; AR(D) is
the resistance of the extra conduction path induced by TID,
as shown in (11). R, is in parallel with AR(D)

(10)

ARD) = [ dx/qu,Nu(D. ), (a1
La
For higher Dy, the fresh current capability is higher.
However, it brings premature breakdown as mentioned above.
Thus, the modest sacrifice of fresh g, has to be accepted.

C. Tolerance Design of Radiation-Hardening HV SOI
LDMOS

The tradeoff between fresh electrical characteristics and
postirradiation BV performance has to be carefully considered
in HV SOI LDMOS for a given substrate material. Fig. 9
shows the simulated BV and Ig;, with different Dy under
OFF-state bias at a series of D. The values of the interface
quality parameters set in the simulation are the extracted
values of the experiment. Higher margin of postirradiation
BV performance can be obtained at lower Dy. However,
lower Dy will induce lower fresh BV and current capability.
In order to ensure that the device under OFF-state irradiation
bias with 100 krad(Si) can meet the radiation-hardening
requirement of BV > 80 V, Dy can be set to 1.2 x
10'2 cm~2 at most. Under the same conditions, Dy can only
be set to 1.0 x 10'> cm™2 at most for the requirement of
withstanding 300 krad(Si). It indicates that the higher TID
tolerance is easier to accomplish with the lower value of Dy.
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under OFF-state bias on radiation-hardened HV SOI LDMOS. Simulated (c) vertical electric field distributions at drain side and (d) surface electric
field distributions of HV SOI LDMOS with different D under OFF-state bias on conventional RESURF HV SOI LDMOS with optimal Dy.
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Fig.9. Simulated BV and Iqji, with different Dy under OFF-state irradiation
bias at a series of D. The tradeoff between fresh electrical characteristics
and postirradiation BV performance.

The interface quality is strongly related to the oxide
formation process, such as oxidation time, temperature,
atmosphere, and annealing process [30]-[34]. We benefit by
the establishment of the simulated method with the proposed
model; the influence of the values of Ny sar and fo on
postirradiation behavior for HV SOI LDMOS is clear. The
value of Ny sar dominates the worst postirradiation electrical
characteristics at last and the value of fy dominates how
fast Ny saturates. Besides, the tolerance design work should
also focus on the interface quality parameter selection for
space radiation-hardening HV SOI LDMOS. Fig. 10 shows
the simulated BV with different Ny sar under OFF-state bias
at a series of D. For Ny sar = 0.8 x 10'2 cm™2, Ny saturates
soon, and the postirradiation BV is almost a constant after
50 krad(Si). As the value of Ny sar is not enough to suppress
the depletion of the drift region and the breakdown point
is still located in bulk, then the postirradiation BV can
maintain at a high level about 180 V. For Ny sar as high as
1.6 x 102 cm™2, the postirradiation device can guarantee
BV > 120 V with the N, saturated in SOI/BOX interface.
As Ny sar further rises to 2.4 x 10'2 cm™2, the postirradiation
device barely meets the requirement of BV > 80 V at
D = 100 krad(Si) with little margin.
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Fig. 10. Simulated BV with different Ny sar under OFF-state bias at a
series of D.

The radiation-hardened-by-design HV SOI LDMOS inves-
tigated in this article obtains a satisfied radiation-hardened
BV performance, which is based on a low-cost and highly
accessible commercial SOI substrate material with plain inter-
face quality parameters. Meanwhile, as discussed in Fig. 10,
smaller Ny sar indeed aids to increase the design margin of
radiation-hardening HV SOI LDMOS. As one of the main
considerations in radiation-hardening-by-process technology,
there are many reported technologies focusing on improving
the Si/Si0, interface quality during irradiation [35]-[37]. For
HV SOI LDMOS, the BOX layer should be thick to support
the high vertical BV, which requires a long time for thermal
oxidation process. Thus, the radiation-hardening-by-process
realization in SDB technology deserves further investigation.

V. CONCLUSION

By analyzing the Ig;, shift behavior under different BG
bias, Ny generation in SOI/BOX interface under negative
electric field is confirmed, and the empirical function relation-
ship between Ny in SOI/BOX interface and negative electric
field is obtained by experimental data. Then, the TCAD tool
can be more suitable to predict the postirradiation device
behavior, especially for HV SOI LDMOS under OFF-state
bias, by appropriately tunning the proposed model on BOX
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damage into its code. Moreover, the electrical characteristic
shift mechanism induced by TID effect on HV SOI LDMOS
under OFF-state bias is also revealed by accurate simulation
analysis. Ultimately, the accurate simulation method in this
article can provide convenience for the tolerance design of
radiation-hardening HV SOI LDMOS. Besides, the radiation-
hardened-by-design HV SOI LDMOS introduced in this article
is fabricated on a commercial SOI substrate material with
plain interface quality parameters and the corresponding BV
hardening strategy is also discussed in detail.
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