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Abstract: The effects of total ionizing dose radiation on direct current (DC) and small-signal radio frequency (RF) per-
formance of multi-finger RF partial deplete silicon-on-insulator lateral double diffused MOS (PDSOI LDMOS) transistors
are investigated. The radiation response of the LDMOS transistors with different device structures is characterized for an

equivalent gamma dose up to 1Mrad(Si) at room temperature. The front and back gate threshold voltages, off-state leak-

age, transconductance,and output characteristics are measured before and after radiation,and the results show a significant

degradation of DC performance. Moreover,high frequency measurements for the irradiated transistors indicate remarkable

declines of S-parameters,cutoff frequency,and maximum oscillation frequency to 1Mrad(Si) exposure levels. Compared to

the transistors with the BTS contact structure, the transistors with the LBBC contact do not show its excellent DC radia-

tion hardness when the transistors operate at alternating current (AC) mode.
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1 Introduction

In recent years, silicon-on-insulator (SOI) tech-
nology has been explored for wireless applications
such as personal phones, Bluetooths, wireless local ar-
ea networks,and next generation protocols. It has sev-
eral advantages over bulk silicon counterparts for
these applications'’’ . Owing to the buried oxide layer,
SOI CMOS devices show much less parasitic capaci-
tances and eliminate cross-talk and the latch-up phe-
nomena, and, therefore, they can be applied to high
performance radio frequency (RF) IC’s**  Imple-
mentation of a lateral double diffused MOS (LD-
MOS) on SOI technology may enable power ampli-
fiers to improve gain,efficiency,and bandwidth"*~"/.
Moreover,on-chip inductors with a relatively high Q
factor and low substrate RF power loss can be easily
achieved by SOI technology with a low p-type sub-

13 and a thick buried ox-

strate doping concentration
ide. Furthermore, the SOI technology provides better
immunity to single event upset (SEU), single event
latchup (SEL), and radiation induced ionization cur-
rents ', thus reducing the soft errors in CMOS sys-
tems and circuits. However, the existence of buried
oxide also makes the total dose effects of SOI devices
more complex and difficult to harden, as we should
not only take into account the radiation response of
either the MOS gate oxide or the isolation oxides as in
the bulk Si transistors, but also the response of the
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parasitic back gate transistor''"''*'. Furthermore, since

the buried oxide layer is also a thermal insulator, the
power consumed in the active device region cannot be
dissipated easily. Therefore, the total ionizing dose
effects and self-heating effects on RF SOI devices
performance are of concern-~%

In this work,we perform total ionizing dose radi-
ation tests for multi-finger PDSOI LDMOS transistors
that are designed for use in RF power amplifiers and
are applied by wireless system-on-a-chip. Several dif-
ferent dimension devices on a thin-film SOI wafer are
fabricated by the process that is suitable for integra-
tion with SOI CMOS technology. Two different body
contacts are implemented and the DC and small-signal
RF characteristics before and after the total ionizing
dose radiation are investigated. Moreover, the buried
oxide contribution to the total dose response of LD-
MOS transistors will also be discussed in detail.

2 Experiments

The RF PDSOI LDMOS transistors were fabrica-
ted on p-type (100) separation by implanted oxygen
(SIMOX) wafers with a top silicon film thickness of
200nm and a buried oxide layer of 400nm. The fabri-
cation processes were compatible with the conven-
tional SOI CMOS processes, based on the platform of
0.1pm CMOS technology developed by Institute of
Microelectronics of Chinese Academy of Sciences™"’.
The developed technology integrates both digital logic
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Fig.1 Microphotograph of the RF PDSOI LDMOS transistors

of high performance RF circuits and analog circuits of
a wireless system into same die without incurring po-
tential reliability or yield problems with the digital
sections. In order to improve RF performance, some
process steps were optimized,such as the local-dielec-
tric-thickening technique to influence performance of
spiral inductors on lossy Si substrates,ultra thick alu-
minum etching technique to enhance the quality fac-
tor of inductors, E-beam direct-writing technique to
get small dimension gate length,and LDMOS salicida-
tion technique to reduce sheet resistance of source,
gate,and drain. Furthermore, SiO, /Si; N, dual sidewall
technology was developed to form the lightly doped
drift region and act as salicide barrier. Lateral isola-
tion was achieved through the use of local oxidation
of silicon (LOCOS). In addition, both body tied to
source (BTS) structures and low barrier body contacts
(LBBC) structures were adopted to suppress the
floating body effect.kink effect,and the action of the
parasitic bipolar transistor inherent in PDSOI LD-
MOS transistors. The p~ contact and n” source were
electrically shorted by the source self-aligned salicida-
tion. The microphotograph of different dimension RF
PDSOI LDMOS transistors is shown in Fig.1.

The Co-60 gamma ray irradiation facility at
Chemistry College of Beijing Normal University was
used for total ionizing dose radiation testing with a
dose rate of 203rad(Si) /s. The ambient temperature
of the test was 25°C . The LDMOS transistors were not
packaged and all the chips were mounted on plastic
holders and exposed to gamma ray radiation up to
1Mrad(Si) with terminal floating. On-wafer DC and
small-signal alternating current ( AC) characteriza-
tions of the tested devices were measured immediately
after irradiation. I/V curves were tested and small-
signal scattering parameters (S-parameters) were ex-
tracted using a Keilthley 4200 semiconductor charac-
terization system and an Agilent 8510C vector net-
work analyzer. As far as we know,a terminal floating
condition is the most effective method to obtain pre-
cise post-radiation on-wafer measurements of intrinsic
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Fig.2 Drain current as a function of front gate voltage before
and after gamma radiation

transistor performance, which involves not only the
transistor under testing, but also specially designed
“Open-Short” structures for de-embedding of the pad
parasitical effects. Since the bias conditions of the de-
vices can have a great effect on the amount of radia-
tion-induced degradation, the test results obtained
here may not represent the worst case.

3 Results and discussion

3.1 DC performance

For RF PDSOI n-LDMOS transistors with the di-
mension of W/L = 30 X (20pm/0.5um), the sub-
threshold characteristics,i.e. ,drain current (Ips) as a
function of front gate voltage ( Vi) at low (Vs =
0.1V) and high (Vps =3V) drain voltages,are shown
in Fig. 2 before and after radiation, respectively. The
impacts of the two different body contact structures
and front gate threshold voltage shifts are also dem-
onstrated in the figure. The off-state leakage current
of the BTS LDMOS transistor significantly increases
from about 110pA before radiation to about 5. 5nA
after a total dose of 1Mrad(Si) at a low drain voltage
bias. However, the off-state leakage current of LBBC
LDMOS transistor only increases from 28 to 370pA.
This difference becomes particularly evident when the
drain voltage rises. This off-state leakage is attributed
to the LOCOS field oxide and buried oxide leakage.
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Fig.3 Drain current as a function of back gate voltage before
and after gamma radiation

Since LOCOS field oxide and buried oxide are heat-
treatment thick oxides,even a relatively small dose of
irradiation can induce sufficient charge trapping in
oxides to cause an increase in static power supply cur-
rent of a transistor.

Most radiation-induced oxide traps in LOCOS ox-
ides are predominantly positive. The buildup of these
traps in the oxide region can invert the p-type surface
to form an n-type conducting path underneath the
field oxide. It is especially pronounced at the top cor-
ner of the LOCOS trench where the poly silicon gate
overlaps. If the accumulative radiation-induced oxide
traps are large enough, the parasitic field-oxide tran-
sistor, which is parallel to front gate-oxide transistor,
will be triggered off and thus the leakage current
greatly increases. Moreover,in terms of buried oxide.
the radiation response is identical to the LOCOS ox-
ide case. Total ionizing does radiation can also give
birth to a back parasitic transistor, which is another
key element of off-state leakage. Figure 3 shows the
drain current versus back gate voltage ( Vs ) charac-
teristics when the front gate voltage is grounded and
the drain voltage is biased at 0. 1V. Figure 4 shows the
back gate threshold voltage as a function of annealing
time after 1Mrad(Si) irradiation. Due to the adoption
of low substrate doping concentration, the back gate
performances of LDMOS transistors are exceedingly
sensitive to radiation. As seen in Figs. 3 and 4, both
BTS and LBBC LDMOS transistors present large neg-

¥R 529 &
Or— :
H(a) : ’
I BTS LDMOS
oy W/L=30x(20um/0.5wm)
Lyix=0.5pm

DS

Back gate threshold voltage/V
~J
T

N

6k
Sk n :
Pre-radiation 1Mrad(Si) Annealing Annealing
(+=50min) (+=50min)
45F () : ‘ ]
- LBBC LDMOS :
40F © W/IL=30x(20pum/0.5nm
Lyi=0.52m :

DS

O\

w2
(=]

Back gate threshold voltage/V
&
T

N
n

Pre-radiation 1Mrad(Si) Annealing Annealing
(=50min) (=50min)

Fig.4 Back gate threshold voltage as a function of annealing
time after gamma radiation

ative back gate threshold voltage ( V) shifts after
1Mrad(Si) radiation and then slowly increase with
the annealing time. This phenomenon can be ex-
plained by the buildup mechanisms of the oxide traps
and interface traps. When the LDMOS transistors are
exposed to high dose rates and short ionizing irradia-
tion times, electron-hole pairs are created uniformly
throughout the oxide. Since electrons can rapidly
sweep out of silicon dioxide in picoseconds,the holes
which escape the initial recombination with electrons
will transport through the oxide toward the Si/SiO,
interface by hopping through localized states in the
oxide and then some fractions of these holes will be
trapped by the oxygen vacancies close to the inter-
face, forming positive oxide trap charges that cause
the initial decrease of the back gate threshold voltage
in Fig. 4. After several minutes of annealing, some
fraction of positive oxide traps charges can be ncu-
tralized by the electrons tunneling from silicon and
thermal emission from the oxide valence. Meanwhile,
a large buildup of interface traps,which are predomi-
nantly negative for the n-channel transistor,cause the
positive back gate threshold to increase. However,
owing to the adoption of p* implant near the source
for the LBBC LDMOS transistor to lower the source/
body barrier and form the p* contact,the Vypy of the
LBBC LDMOS transistor is nearly three times as
much as the Vypy of BTS LDMOS,as shown in Fig. 4.
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Fig.5 Transconductance as a function of front gate voltage be-
fore and after radiation

The figure indicates that the back parasitic transistor
of the LBBC LDMOS transistor is harder to turn on
and thus the LBBC contact structure can do better in
total ionizing dose radiation hardness.

For ultra-thin oxide (<C10nm),such as our front
gate oxide (t,, = 6nm), the radiation-induced oxide
trap charge can be neutralized by electrons tunneling
from either the gate or the Si/SiO, interface. There-
fore, the major portion of traps in ultra-thin oxide
may function electrically like interface traps, which
are composed of true interface traps and border
traps. As mentioned above, the radiation-induced in-
terface traps are predominantly negatively charged
for n-channel transistors. This results in a positive in-
crease in front gate threshold voltage ( Vi), which is
also presented in Fig. 2. Furthermore,a large concen-
tration of interface traps in oxide can also reduce car-
rier mobility. Figure 5 shows transconductance (g,,)
versus front gate voltage characteristics at low (Vg =
0.1V) and high (Vs =3V) drain voltages. Figure 6
shows the output characteristics of RF SOI LDMOS
transistors before and after radiation. In contrast with
LBBC LDMOS transistors, more noticeable degrada-
tions of the transconductance in the saturation region
and the saturation current (I, ) are observed on the
BTS LDMOS transistors after irradiation. The satura-
tion current and transconductance can be expressed as
Eq. (1) and Eq. (2) ,respectivelyt®!
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Fig.6 Output characteristics of RF PDSOI LDMOS before and
after gamma radiation

IDsat = %}uncox< VFG — VFTH)2 (1)
dlp W
m = = — 0 Cox (Vg = Vi) (2)
8 d V]’:G Vo> Vi ML’u FG FTH

where M is a function of doping concentration and
oxide thickness, which is not sensitive to the radia-
tion. The two equations indicate that when the RF
PDSOI LDMOS transistors are exposed to 1Mrad(Si)
gamma radiation, the decrease of n-type carrier mob-
ility (x,) and the increase of Vypry,especially Viepy s
will result in degradations of Ip, and g,. These tend
to reduce the current drive of the transistors and may
lead to time related failures.

As discussed above,the LBBC contact structure is
advantageous in the hardness of total ionizing dose ra-
diation compared with the BTS contact structure
when the RF PDSOI LDMOS transistors operate at
quasi-stationary mode.

3.2 RF performance

The S-parameters of the devices were measured
from 100MHz to 20. 1GHz,and the cut-off frequency
(fr) and the maximum oscillation frequency (fp.)
were calculated by extrapolating at a slope of
—20dB/decade from small-signal current gain (hy )
and maximum available/stable gain ( G,.) . respec-

tively. Furthermore, the raw S-parameters were de-
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Fig.7 Small-signal current gain (a) and maximum available/
stable gain (b) of RF PDSOI LDMOS before and after gamma
radiation

embedded using the corresponding “ Open” and
“Short” structures before and after radiation. Figure 7
summarizes the variations with frequency of the
small-signal current gain H and power gain G, be-
fore and after 1Mrad (Si) radiation, considering the
two different body contacts and two different drift
region lengths with W/L =20um/0. 5pm and 30 gate
fingers. Several evident degradations in Hy and Gy »
whether BTS or LBBC, are observed after radiation,
indicating that both the small-signal current gain and
power gain are relatively vulnerable to total ionizing
dose radiation. For a drift region length of 0. 5m,the
fr and fn., of BTS LDMOS transistors are 6. 94 and
8. 24GHz at pre-radiation and 4. 21 and 5. 19GHz af-
ter 1Mrad(Si) , respectively. In addition, for the same
drift region length, the fr and f,.. of LBBC LDMOS
transistors are 3.31 and 6.99GHz at pre-radiation,
and 2. 34 and 5. 47GHz after 1Mrad(Si) ,respectively.
These are more distinct in Fig. 8,in which the f; and
fmax as a function of front gate bias voltage are
shown. Moreover,several different dimensions of LD-
MOS transistors are taken into account, which em-
braces the bands between 100MHz and 2. 5GHz power
RFIC applications. fr and f,., can be given by the fol-

lowing two relations'®
— 8m —~ 8m
Jx : = 2nC
21/ Cy = (Gn Ry Cy = Cy)” T Cy=CyCa

3
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Fig.8 Cutoff frequency (a) and maximum oscillation frequen-
cy (b) of RF PDSOI LDMOS before and after gamma radiation
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As shown in Fig. 8,almost all the LDMOS transistors
present a significant degradation in fy and f,,, after
irradiation, which is mainly due to the decrease of g,
and y, as discussed in section 3.1. On the basis of
these data, we conclude that the LBBC body contact
structure is not superior to the BTS body contact
structure in total ionizing dose radiation when the
LDMOS transistors operate at AC mode.

4 Conclusion

In summary,large-periphery multi-finger RF PD-
SOI LDMOS transistors suitable for integration with
0.1pm SOI CMOS technology have been fabricated
and the effects of total ionizing dose radiation on DC
and small-signal RF performance were demonstrated.
The radiation response of the LDMOS transistors
with several different device structures is character-
ized for an equivalent gamma dose up to 1Mrad (Si)
by using the front and back gate threshold voltages.
off-state leakage, transconductance, and output char-
acteristics to assess DC performance. The frequency
response of these RF LDMOS transistors under total
ionizing dose radiation is presented, including small-
signal current gain and maximum available/stable
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gain. All these LDMOS transistors show obvious deg-
radations in both DC and RF characteristics after ra-
diation. Compared to the devices with the BTS con-
tact structure, the devices with the LBBC contact do
not show its excellent DC radiation hardness when the
transistors operate at AC mode. The results indicate
that this non-hardened RF PDSOI technology exhibits
increased sensitivity to ionizing radiation compared to
the previous-generation RF CMOS technologies, and
thus some optimizations and amelioration for RF PD-
SOI devices hardening should be introduced, which
will be emphasized in our next work.
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