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Effect of total ionizing dose radiation on the 0.25 ym RF PDSOI nMOSFETsSs
with thin gate oxide”
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Abstract: Thin gate oxide radio frequency (RF) PDSOI nMOSFETs that are suitable for integration with 0.1 ym
SOI CMOS technology are fabricated, and the total ionizing dose radiation responses of the nMOSFETSs having four
different device structures are characterized and compared for an equivalent gamma dose up to 1 Mrad (Si), using the
front and back gate threshold voltages, off-state leakage, transconductance and output characteristics to assess direct
current (DC) performance. Moreover, the frequency response of these devices under total ionizing dose radiation
is presented, such as small-signal current gain and maximum available/stable gain. The results indicate that all the
RF PDSOI nMOSFETs show significant degradation in both DC and RF characteristics after radiation, in particular
to the float body nMOS. By comparison with the gate backside body contact (GBBC) structure and the body tied
to source (BTS) contact structure, the low barrier body contact (LBBC) structure is more effective and excellent in
the hardness of total ionizing dose radiation although there are some sacrifices in drive current, switching speed and

high frequency response.
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1. Introduction

Silicon-on-insulator (SOI) CMOS technology has
been a promising candidate for highly integrated, high-
performance!!! and radio frequency (RF) applications with
low power consumption due to its lower parasitic capacitance
and substrate RF power loss, higher transconductance, smaller
short-channel effects, reduced substrate coupling, elimina-
tion of cross-talk and latch-up, process compatibility and full
dielectric isolation for high-Q passive components!>=®!. Fur-
thermore, properly designed SOI circuits are less susceptible
to single event upset (SEU) from energetic particles and can
function without upset or failure after exposure to extremely
high dose rate pulses of ionizing irradiation as compared to
traditional bulk silicon circuits!”-81, However, the total ioniz-
ing dose response of SOI ICs is more complex and difficult
to harden than bulk silicon ICs due to its thick buried oxide
(BOX). The total ionizing dose-related charge trapping and
interface trap generation in the BOX layer can induce leakage
channels or alter the threshold voltage of SOl MOSFETSs!®11,
In addition, the floating body effects inherent in the PDSOI
MOSEFETSs cause unwanted effects such as kinks, anomalous
subthreshold current, transient current overshoot and early
device breakdown. Therefore, research on the total ionizing
dose effects and floating body effects of RF SOI devices has
received significant attention in recent years!!! =141,

This paper begins with a short description of the ma-
jor processing steps and the experimental methods of the thin

EEACC: 1350; 2530F; 2550R

gate oxide RF PDSOI nMOSFETsS, and goes on to evaluate
and compare the total ionizing dose radiation response of the
nMOSFETs with different device structures for an equivalent
gamma dose up to 1 Mrad (Si) at room temperature. Results
of the direct current (DC) testing and small-signal RF testing
before and after the irradiation are provided and discussed in
detail. Then a final conclusion is drawn from the entire work.

2. Experiment

The thin gate oxide RF PDSOI nMOSFETs were fab-
ricated on SIMOX (separation by implantation of oxygen)
wafers with an SOI film (p-type <100>, 20 Q) thickness of 200
nm and a buried oxide layer of 400 nm. A summary of the ma-
jor processing steps of the technology, which are based on the
platform of 0.1 yum CMOS technology developed by the Insti-
tute of Microelectronics of Chinese Academy of Sciences!"!,
is given as follows. Prior to the device fabrication, a LOCOS
(local oxidation of silicon) approach was employed to isolate
the MOSFETSs; after that, maskless BF; ion implants with en-
ergy 80 keV and dose 2 x 10'> cm~2 and B* ion implants with
energy 70 keV and dose 4x 10'3 cm~2 were employed for front
gate threshold voltage adjustment and anti-punch through pur-
pose, respectively. A preferable 6 nm thin gate oxide was
grown, followed by deposition of 300 nm polysilicon and As*
ion implants with energy 100 keV and dose 4 x 10'> cm™2 for
polysilicon doping; then, an e-beam direct-writing technique
was adopted to get a gate length of small dimension. After the
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Fig.1. Layouts and cross-sections along line A-A’ of the thin gate oxide RF PDSOI nMOSFETs.

gate definition, B* ions with energy 25 keV and dose 1 x
10'* cm=2 were implanted into the source side to form a p*
layer for body contacts, with the drain masked by photoresist.
Then, As* LDD implantation with energy 25 keV and dose
3 x 10" cm™? was performed with the body contact region
masked by photoresist. After that, tetraecthoxysilane (TEOS)
oxide was deposited and patterned with the same mask to form
the spacer sidewall and the mask oxide on the body contact re-
gion, followed by As™ deep source and drain implantation with
energy 25 keV and dose 5 x 10'3 cm~2 and a rapid thermal an-
nealing (RTA) step with 1030 °C annealing for 6 s. The device
processes were completed when TiSi, salicide was formed on
the front/back gate, source and drain regions, and also on the
body contact regions, followed by dual layer metallization and
passivation.

So far, a thin gate oxide RF PDSOI nMOSFET has taken
shape, featuring TiSi, salicide and a body contact utilizing
the p* region. In addition, the nMOSFETS with three differ-
ent body contact structures, i.e. gate backside body contact
(GBBC) structure, low barrier body contact (LBBC) structure
and body tied to source (BTS) structure, are compared with
the float body nMOSFETsS for the purpose of evaluating the
validities of these body contacts for total ionizing dose ra-
diation hardening. The schematic layouts and cross-sections
along line A-A’ of these nMOSFETs are illustrated in Fig.1.

The total ionizing dose radiation response of the individ-
ual thin gate oxide RF PDSOI nMOSFETSs was characterized
using the Co-60 gamma ray irradiation facility at the Chem-
istry College of Beijing Normal University with a dose rate
of 203 rad(Si)/s. The ambient temperature of the testing was
25 °C and the RF PDSOI nMOSFETs chips were mounted
on plastic holders and exposed to gamma ray radiation up
to 1 Mrad(Si). Immediately after irradiation, on-wafer DC
characteristics were measured using a Keithley 4200 Semi-
conductor Characterization System and small-signal scatter-
ing parameters (S -parameters) of the tested devices were ex-

tracted by an Agilent 8510C Vector Network Analyzer con-
nected to a Cascade Microtech Summit 9000 probe station
with ground-signal-ground (GSG) pattern probes. The spe-
cially designed “open-short” dummy structures were em-
ployed to de-embed pad parasitics for the extraction of the
small-signal equivalent circuits. In order to exactly reveal the
actual radiation RF response of the intrinsic devices after irra-
diation without the influences of parasitical effects introduced
by the package and pad structures, a terminal floating and un-
packaged conditions were adopted.

3. Results and discussion

3.1. DC performance

The drain current (Ipg) as a function of front gate volt-
age (Vgg) for RF PDSOI nMOSFETs with dimensions of W/L
= 20 um/0.25 pym at low (Vps = 0.1 V) and high (Vps =
3V) drain voltage, are shown in Fig.2 before and after ra-
diation respectively. The impacts of the three different body
contact structures and front gate threshold voltage shifts are
also demonstrated in the figure. As shown in Fig.2, the sub-
threshold swing (S') and front gate threshold voltage (Ver)
of the nMOS devices increase significantly after 1 Mrad(Si)
radiation. Furthermore, a continuous increase of Vgt is ob-
served when the nMOSFETS are subjected to a 290 min an-
neal at room temperature. This may be mainly attributed to
the buildup of the radiation-induced interface traps and border
traps at the Si/SiO; interface.

The elements most sensitive to ionizing radiation in
MOSFETSs are the gate and isolation oxides. When the nMOS-
FETs are exposed to the gamma ray ionizing irradiation, a
large number of electron-hole pairs is generated throughout
the oxide due to Compton scattering. Immediately after the
creation of electron-hole pairs, a fraction of them recombine
and the remaining electrons rapidly sweep out of the silicon
dioxide owing to their high mobility (~20 cm?/(V-s)) in SiO.
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Fig.2. Drain current as a function of front gate voltage for RF PDSOI nMOSFETs with four different structures before and after gamma

radiation.

Then the holes that escape the initial recombination will trans-
port through the oxide toward the Si/SiO, interface by hop-
ping through polaron states in the oxide, and some fractions
of these holes can be trapped by the oxygen vacancies close
to the interface, which result from the out-diffusion of oxygen
from the oxide and the lattice mismatch between SiO, and sil-
icon during device fabrication. Most of these hole oxide traps
are predominantly positive. Several seconds after irradiation, a
large number of interface traps and border traps begin to build
up due to the hole trapping and the dangling bonds between the
silicon and the SiO,. Considering our thin gate oxide (z,x= 6
nm), the radiation-induced oxide hole trap charge can be eas-
ily neutralized by the tunneling of electrons from either the
gate or the Si/SiO; interface and by the thermal emission of
electrons from the oxide valance band. Therefore, the major-
ity of traps in thin oxide may function electrically like inter-
face traps, which are predominantly negatively charged for an
n-channel transistor. This will result in positive increases in
S and Vgr. Since the interface traps can hardly be annealed
below 125 °C, Vg will continue to increase during annealing
process, which is also presented in Fig.2.

In addition, another important phenomenon observed in
Fig.2 is a considerable increase of off-state leakage current
(Neak-ofr) Of the float body and BTS nMOSFETs. The off-state
leakage currents of the float body and BTS nMOS significantly
increase from about 5 nA and 350 pA before radiation to about
80 and 40 nA after a total dose of 1 Mrad (Si) at low drain volt-
age bias, respectively. However, an almost constant or even
smaller ek off (below 100 pA) of GBBC and LBBC nMOS is
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Fig.3. Front gate current as a function of front gate voltage before and

after gamma radiation.

observed after irradiation. This difference is attributed to the
validities of such body contacts for total ionizing dose radia-

tion hardening.
The primary causes for Jje.x-off are front gate leakage, LO-

COS field oxide leakage and buried oxide leakage. Figure 3 il-
lustrates the front gate current as a function of front gate volt-
age for RF PDSOI nMOSFETs with the drain voltage biased
at 0.1 V. For radiation exposure up to 1 Mrad (Si), the gate
leakage currents barely change (by less than 100 pA) for all
the four nMOSFETSs. The results indicate that the gate leak-
age current can be negligible as for total leakage currents of
the device. Moreover, the field oxide leakage current is an-
other chief component of the radiation-induced leakage cur-
rent (RILC). Most radiation-induced oxide traps in LOCOS
oxides overlying a p-type surface are predominantly positive.
The combination of the gate polysilicon, the oxide in the bird’s
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Fig.4. Drain current as a function of back gate voltage for RF PDSOI nMOSFETs with four different body contact structures before and after

gamma radiation.

beak of LOCOS and the source and drain form a parasitic edge
transistor, which is parallel to the front gate-oxide transistor.
The quality of the bird’s beak oxide near the LOCOS/front
gate oxide interface is likely to be poorer than that of the field
isolated oxide, therefore it will be more efficient in trapping
charge. The accumulated radiation-induced oxide traps result
in a negative shift in the threshold voltage large enough that the
parasitic edge transistor triggers off and then produces a con-
duction path in the off state, thus the leakage current greatly
increases. Since the GBBC and LBBC contact structures in-
crease the doping level (P*) in the edge of LOCOS which is
the base of the parasitic edge transistor, the amplifying abil-
ity of the parasitic edge transistor will be weakened, hence the
LOCOS leakage is inhibited.

Charge trapping not only generates a lateral parasitic
transistor effect but also a back gate transistor effect. Figure 4
shows the drain current versus back gate voltage (V) charac-
teristics while the front gate voltage is grounded and the drain
voltage biased at 0.1 V. Due to the adoption of low substrate
doping concentration, the back gate performances of nMOS-
FETs are exceedingly sensitive to radiation. As seen in Fig.4,
almost all the devices present large negative back gate thresh-
old voltage (Vpr) shifts after 1 Mrad(Si) radiation and then
slowly increase with the annealing time. If the Vgt decreases
so much that the back gate transistor becomes conductive
without back gate bias (0 V), it can induce a current leakage on
the front transistor. Furthermore, the buildup of interface states
after exposure to radiation occurs on a much slower time scale
than the buildup of oxide-trapped charge. That is why the Vgt
declines first and then recovers, as illustrated in Fig.4. Owing
to the adoption of p* implant near the source for LBBC and
GBBC nMOSFETs which is used to form a contact, the Vgt
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Fig.5. Transconductance as a function of front gate voltage before
and after radiation.

of LBBC and GBBC nMOS are nearly double the Vgr of the
float body and BTS nMOS. The p* implant prevents the inver-
sion of the buried oxide at that location by adjusting the local
threshold voltage to a very high value. This suggests that the
back parasitic transistor of LBBC and GBBC nMOSFETs is
harder to turn on by total ionizing dose radiation, and larger
radiation-induced back gate threshold voltage shifts will be
tolerated. Consequently the LBBC and GBBC contact struc-
tures can show a better total ionizing dose radiation hardness.

Figure 5 shows transconductance (g,) versus front gate
voltage at low drain voltage (Vps= 0.1 V). Figure 6 shows the
output characteristics of RF SOI nMOSFETs before and af-
ter 1 Mrad (Si) radiation. Generally, g, varies directly with
carrier mobility (i) and varies inversely with Vpr, however
the drain saturation current is directly proportional to carrier
mobility and is inversely proportional to VlgT. As for our thin
gate oxide RF PDSOI nMOSFETs, the large concentration of
radiation-induced interface-trapped charges in the front gate
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Fig.6. Output characteristics of RF PDSOI NMOSFETs with (a) float body , (b) GBBC contact , (c) BTS contact and (d) LBBC contact before

and after gamma radiation.

oxide increases the Coulomb scattering of carriers in the front
channel and hence reduces the carrier mobility. Furthermore,
the introduction of interface-trapped charges can increase Ver
considerably as mentioned before. As a consequence, both
Ipsar and gy, degraded noticeably for all the four devices af-
ter irradiation with 1 Mrad(Si), which will result in smaller
driving ability and slower switching speed respectively. Be-
sides, several significant kink regions are observed in the out-
put characteristics of float body nMOS, GBBC nMOS and
BTS nMOS, whereas the LBBC nMOS shows a smooth drain
saturation current curve. This reveals that the LBBC contact
structure can successfully limit the floating body effect and the
amplification of the parasitic bipolar transistor inherent in the
PDSOI MOSFETs. But these improvements are acquired by
sacrificing the drive current and switching speed of on-state
devices. As seen in Fig.6, the magnitude of Ipgy and g, of
LBBC nMOS is only half that of the float body nMOS, and
the GBBC nMOS and is approximately the same as the BTS
nMOS.

As discussed above, in view of the thin gate oxide RF
PDSOI nMOSFETs, the total ionizing dose radiation results in
positive shifts of the front gate threshold voltage, increases in
subthreshold swing and off-state leakage current and decreases
in transconductance and drain saturation current. These para-
metric changes can give rise to a failure of the device to turn on
normally, can increase the additional power consumption and
reduce the noise margin, switching speed and driving ability.
In comparison with the GBBC contact structure and BTS con-
tact structure, the LBBC contact structure is more effective and
excellent in the hardness of total ionizing dose radiation when

the RF PDSOI nMOSFETsSs operate in quasi-stationary mode.
3.2. RF performance

The S-parameters of the devices were measured from
100 MHz to 20.1 GHz, and the cut-off frequency (fr) and the
maximum oscillation frequency (fi,ax) Were calculated by ex-
trapolating at a slope of —20 dB/decade from small-signal cur-
rent gain (/1)) and maximum available/stable gain (Gyax), re-
spectively. Figure 7 illustrates the variations with frequency of
the small-signal currentgain /,; and power gain G, before
and after 1 Mrad(Si) radiation with the drain voltage biased
at 3 V and the front gate voltage biased at 2 V, considering
the four different device structures of the thin gate oxide RF
PDSOI nMOSFETs with W/L = 20 um/0.25 um. Several evi-
dent degradations in %y, and Gnax, Whether float body nMOS
or GBBC nMOS or BTS nMOS or LBBC, are observed after
radiation, indicating that both the small-signal current gain and
the power gain are relatively vulnerable to total ionizing dose
radiation. However, the RF PDSOI nMOSFET with LBBC
contact structure has the lowest radiation-induced exacerba-
tion of its high frequency performance among the structures
although its fr and fi,,x are not the best. This is clearer in Ta-
ble 1, in which the fr and f,.x as a function of front gate bias
voltage are summarized after 1 Mrad(Si) radiation with the
drain voltage biased at 3 V. For instance, when the front gate
voltage is biased at 2 V and the drain voltage at 3 V, the fr and
Jfmax of the LBBC nMOS are 7.179 and 6.911 GHz prior to the
irradiation, and 4.919 and 6.073 GHz after 1 Mrad(Si) respec-
tively, which degenerate 31.48% and 12.13%. Nevertheless,
the fr and fi,ax of the GBBC nMOS degenerate 33.53% and
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Table 1. Summary of cutoff frequency (fr) and maximum oscillation frequency (fm.x) of RF PDSOI nMOSFETs before and after gamma

radiation.
Frequency (GHz) fr Jmax
Vie=1V  Vig=1V Vie=1V  Vig=1V
Float body nMOS 18.294 15.256 17.489 12.102
o GBBC nMOS 13.168 11.541 10.858 10.461
Pre-radiation BTS nMOS 10.819 11.099 8.581 7718
LBBC BMOS 6.721 7.179 8.264 6911
Float body nMOS 7597 7.262 7.435 6.453
. GBBC nMOS 8.718 7.671 6.833 6.288
1 Mrad (8i) BTS nMOS 4531 5.541 5.766 5.583
LBBC BMOS 4.022 4919 7273 6.073
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Fig.7. (a) Small-signal current gain and (b) maximum available/stable
gain of RF PDSOI nMOSFETs before and after gamma radiation.

39.63%, the fr and fi,,x of the BTS nMOS degenerate 50.08%
and 27.66%, and the fr and fi.x of the float body nMOS de-
generate 52.34% and 46.68%, which is the biggest deteriora-
tion.

Generally, fr and fmax can be given by[16]:

_ 8m
Jr= >
2n \/Cg ~ (8mRe.iCes = Ces) "
=~ gm
27Cs |¢p=cyrcy
fmax = fT
22 (Re + R.) + 2/RyCoa o
SR
2nCy Cy=Cey+Cya

As shown in Table 1, almost all the RF PDSOI nMOSFETSs
present a significant degradation in fr and f,x after irradia-

tion, which is mainly due to the decrease of g, and y;, as has
been explained in section 3.1. All this research and observa-
tion enables us to conclude that the LBBC body contact struc-
ture is advantageous in total ionizing dose radiation hardness
as compared with the BTS and GBBC body contact structures
when the thin gate oxide RF PDSOI nMOSFETS operate in
alternating current mode.

4. Conclusion

In conclusion, thin gate oxide RF PDSOI nMOSFETs
which are suitable for integration with 0.1 yum SOI CMOS
technology have been fabricated. The total ionizing dose ra-
diation response of the nMOSFETs having four different de-
vice structures was characterized and compared for an equiv-
alent gamma dose up to 1 Mrad (Si), using the front and back
gate threshold voltages, off-state leakage, transconductance
and output characteristics to assess DC performance. More-
over, the frequency response of these devices under total ion-
izing dose radiation is presented, such as small-signal current
gain and maximum available/stable gain. From the experimen-
tal results, it can clearly be seen that all the RF PDSOI nMOS-
FETs show obvious degradations in both DC and RF charac-
teristics after radiation, in particular for the float body nMOS.
By comparison with the GBBC contact structure and the BTS
contact structure, the LBBC contact structure is more effec-
tive and excellent in the hardness of total ionizing dose radi-
ation although it sacrifices the drive current, switching speed
and high frequency response. Therefore, these non-hardened
RF PDSOI devices should be optimized in our next work to
make them well-suited for applications in an ionizing radia-
tion environment.
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