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In order to improve the total-dose radiation hardness of the buried oxide of separation by implanted oxygen silicon-

016 cm~—2, and subsequent

on-insulator wafers, nitrogen ions were implanted into the buried oxide with a dose of 1
annealing was performed at 1100 °C. The effect of annealing time on the radiation hardness of the nitrogen implanted
wafers has been studied by the high frequency capacitance-voltage technique. The results suggest that the improvement
of the radiation hardness of the wafers can be achieved through a shorter time annealing after nitrogen implantation. The
nitrogen-implanted sample with the shortest annealing time 0.5 h shows the highest tolerance to total-dose radiation.
In particular, for the 1.0 and 1.5 h annealing samples, both total dose responses were unusual. After 300-krad(Si)
irradiation, both the shifts of capacitance—voltage curve reached a maximum, respectively, and then decreased with

increasing total dose. In addition, the wafers were analysed by the Fourier transform infrared spectroscopy technique,

and some useful results have been obtained.
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1. Introduction

The advantages of silicon on insulator (SOI)
technology come from the full dielectric isolation
that separates devices from substrate. Com-
pared to bulk silicon complementary metal-oxide-
semiconductor (CMOS) integrated circuits (ICs), SOI
ICs have a higher speed, lower power and no latch-
up effect. Particularly, they have a larger resistance
to single event upset and high dose rate transient
upset effect.l?l However, the buried oxide (BOX)
of separation by implanted oxygen (SIMOX) SOI
wafers has a large number of hole traps which can
capture radiation-induced holes in an ionizing radia-
This effect will cause the thresh-

old voltage shift of back gate transistors and the

tion environment.

increase of leakage current for SOI devices exposed
to ionizing radiation.[>* Therefore, the BOX makes
hardening SOI devices to total dose irradiation com-
In recent years, hardening the BOX of SOI
materials has been widely studied. Barchuk et al.
fabricated the hardened SOI structure with multi-

plex.

layer buried dielectric, SiO2-SizN4-SiOq, by the zone-
melting-recrystallization technique.%) Yi et al. pre-
pared a type of SOI materials by oxygen and nitro-
gen ions implantation to enhance the radiation tol-
erance of devices.) For SIMOX SOI wafers, Yang,
Zhang, Wu and Bi et al. researched the hardening
method of silicon implantation into BOX.[7=12 Al
though nitrogen implantation into BOX proved to be
another effective method for hardening SIMOX ma-
terials, and the impact of nitrogen implantation en-
ergy on the radiation tolerance of SIMOX wafers has
been discussed in our previous work!'®! and by Zhang
et al.,' a systematic and wide research is obviously
lacking. The properties of nitrogen implanted wafers
should be affected by not only nitrogen implantation
energy, but also annealing conditions. However, no ef-
fort has been made to study these effects. Thus, this
work focuses on the influence of nitrogen implanta-
tion into BOX on the radiation hardness of SIMOX
SOI wafers, with different post-implantation anneal-
ing times, at the same implantation dose and energy.

The capacitance—voltage (C-V') technique is used for
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the characterization of radiation damage of the tested
samples. The preliminary optimized annealing time at
the specific annealing temperature is obtained for the
improvement of radiation hardness of the wafers, and
the mechanism is discussed. In addition, the Fourier
transform infrared (FTIR) spectroscopy technique is
used to analyse the effect of the annealing time on the

implantation damage.

2. Experiments and C-V charac-

terization

Commercial SIMOX SOI wafers were adopted in
this work. The wafer has a 150-nm BOX, 190-nm
(100) p-type top silicon layer, and about 500-micron
silicon substrate. The resistivities of the top silicon
and substrate silicon are between 10-20 Q-cm. First,
nitrogen ions were implanted into the five wafers de-
noted as D1-D5, respectively, at the same energy with
the same dose. Considering the almost identical SOI
wafers with those in Ref. [13], an optimized implanta-
tion energy 90 keV from Ref. [13] was used for nitro-
gen implantation. In order to obtain distinguishable
results for this work’s purpose, the wafers D1-D5 were
implanted with a nitrogen dose of 10'® cm™2, which
is much higher than that in Ref. [13]. During the ni-
trogen implantation, the wafers were maintained at
300 °C. Then, for the as-implanted wafers D2, D3,
D4, D5, the subsequent annealing was performed at
1100 °C in N5 atmosphere for 0.5, 1.0, 1.5, 2.5 h, re-
spectively. The as-implanted wafer D1 was not an-
nealed, used as an extreme case, so as to clearly ob-
serve annealing-induced behaviours. For comparison,
a wafer denoted as D0 was not implanted as a control.
Finally, for the C—V characterization of the wafers,
the polysilicon-BOX-semiconductor (PBS) capacitors
PBS0-PBS5 were fabricated on DO-D5, respectively.
The top silicon layers of DO-D5 were removed firstly
by reactive-ion etching. After cleaning and drying, the
polysilicon gates of the tested capacitors were made by
a standard polysilicon gate process used in CMOS ICs
manufacture. An ohmic contact with the silicon sub-
strate was also achieved by preparing a film of polysil-
icon with the same gate process on the backs, and
the structure diagram of a PBS capacitor is shown in
Fig. 1(a).

The capacitors, PBSO-PBS5, were irradiated with
a Co-60 source at a dose rate of 100 rad(Si)-s~!. Be-

fore irradiation, the high frequency C—V characteris-
tics of all the capacitors were measured by a Keith-
ley 590CV analyser at 1 MHz at room temperature.
Then, all the tested capacitors were irradiated with to-
tal doses of 1x10°, 3x10%, 5x10° and 7x10° rad(Si).
After each of the four irradiations, the high frequency
C-V measurements were performed at the same con-
ditions as pre-irradiation. Unlike the generally used
bias configuration,'3) no gate voltage was applied
to the capacitors during irradiation. Thus, the pre-
and post-irradiation measured results will reflect the
ability differences of radiation-induced carriers to es-
cape from recombination in BOX between the different
tested samples under zero electric field. In addition,
the wafers were analysed by the FTIR spectroscopy, to
understand the changes in BOX’s microscopic struc-
ture before and after nitrogen implantation and an-

nealing.

—— CBox

7& .

.
(b)
Fig. 1. (a) Cross section of a PBS capacitor and (b) its

corresponding equivalent circuit.

According to the C-V theory,'® the interface
state capacitance of PBS capacitors is zero at 1 MHz.
So, the total capacitance C of a PBS capacitor can be
expressed by

1/C =1/Cpox + 1/Cs, (1)

from Fig. 1(b), where Cpox and Cy are the BOX ca-
pacitance and the space charge capacitance of the sil-
icon substrate, respectively. Hence, the flat-band ca-
pacitance Cgp of the PBS capacitor can be written

as
Crp = CoxCsrB/(CrOX + CsFB), (2)

where Cgpp is the high frequency flat-band capaci-

tance of the silicon substrate, given by
CsFB = S(EoESNQQ/k‘T)l/Q, (3)

where S is the gate area of the PBS capacitor, g is

permittivity in vacuum, &g is the relative permittivity
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of silicon, N is doping concentration, k£ is Boltzmann
constant, T is the temperature in Kelvin, and ¢ is
electronic charge. Moreover, the normalized flat-band
capacitance CfLp of PBS capacitors can be expressed
by

Ctp = Cri/Ciox

1/ EBOX (kT€0€S)1/2

esdpox \ ¢*N
In addition, the high-frequency minimum capacitance

1+ (4)

Chin and maximum capacitance Cp., of a PBS ca-

pacitor satisfy the relationship

C’min/cvmax

- 1/ EBOX (450551{7T1 N>1/2

1 n
* >N Ny
where egox is the relative permittivity of BOX, dgox

()

€sdBOX

is the thickness of BOX, n; is the intrinsic carrier con-
centration. The doping concentration N can be de-
termined from Eq. (5), and then, the normalized flat-
band capacitance Cgp can be calculated using Eq. (4).
With CLg, the flat-band voltage Vpp can be obtained
from the measured C—V curves. Therefore, the flat-
band voltage shift AVrg can be extracted after irra-
diation.

3. Results and discussion

Figures 2 and 3 show the typical high frequency
C-V curves of the capacitors, PBS0, PBS2, PBS5, be-
fore and after irradiation, with the symbols Cgox and
VFBo denoting the capacitance of the BOX layer and
the initial flat band voltage before irradiation, respec-
tively. Compared with the control sample, PBS0, the
C-V curves of nitrogen implanted capacitors also dis-
play the large negative shift of Vrpg, ranging between
9 and 11 V, as summarized in Table 1. In order to
compare the radiation effect of the different samples
easily, the pre- and post-irradiation C-V curves have
been made a shift by —Vgpg. According to the MOS
C-V theory, this large negative shift of Vppy means

2 caused

that the nitrogen implantation of 10'¢ cm™
the remarkable increase of fixed positive charge inten-
sity in the BOX layer. Indeed, a high fixed positive
charge intensity in BOX will result in negative effects,
similar to the radiation-induced total dose responses,
on SOI wafers and devices. Therefore, nitrogen im-

plantation doses should be less than 10'® cm™2 here,

to avoid a significant increase in BOX’s positive charge
intensity.['6171 On the other hand, the negative shift
of flat band voltage Vgg, after irradiation, is due to
the accumulation of radiation-induced trapped holes
in the BOX layer. Both the fixed positive charges and
the trapped holes can induce the lateral spreading of
effective gate area of the capacitors, with their high
charge densities in the case of the inversion of sub-
strate surface.l'® Therefore, the high frequency C-
V curves are warped near their midgap voltages, be-
cause of the significant increase of the BOX’s positive
charges induced by implantation and irradiation, as
shown in Figs. 2 and 3. In this case, the radiation
hardness of the samples was characterized using Vrp
shift, rather than the general midgap voltage shift for
its precise value being not obtained. Compared with
the pre-irradiation C-V curves, the post-irradiation
C-V curves only shift parallelly along the gate volt-
age axis from Figs. 2 and 3, without stretch distortion
caused by interface trapped charges. So it is feasible
to apply Vgp shift to the quantitative characterization
of radiation damage associated with trapped holes in
BOX.
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Fig. 2. The pre- and post-irradiation high frequency C-V
curves of the capacitors, PBS0, PBS2, with a shift —Vgpg.
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Fig. 3. The pre- and post-irradiation high frequency C-V
curves of the capacitors, PBS0, PBS5, with a shift —Vggg.
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Table 1 illustrates the average value of the negative Vgp shifts relative to Vgpg for the tested samples after ir-

radiation. It can be found that the radiation hardness of the sample PBS2, with the shortest annealing time after

nitrogen implantation, is obviously improved. Compared with the other tested samples, the negative Vgg shift of

Table 1. The average values of the Vgp shifts of the tested capacitors after irradiation and their Vgppgs.

capacitors annealing pre-rad 100 krad(Si) 300 krad(Si) 500 krad(Si) 700 krad(Si)

time/h —Vipo/V —AVpgp/V —AVpp/V —AVpp/V —AVpg/V
PBSO0 0.93 1.43 2.46 3.18 3.34
PBS1 0.0 9.38 0.97 2.81 3.04 3.27
PBS2 0.5 11.98 1.16 1.31 2.05 2.23
PBS3 1.0 10.09 1.45 3.27 3.13 2.82
PBS4 1.5 10.38 1.38 4.08 3.58 3.33
PBS5 2.5 9.88 1.44 2.24 3.33 3.88

PBS2 is the smallest after 300, 500, 700 krad(Si) ir-
radiations, respectively, except for that of PBS1 at
100 krad(Si). Therefore, the shorter annealing time
should be adopted for hardening SIMOX wafers by
nitrogen implantation into BOX. The improvement
of radiation hardness is possibly attributed to the
two factors, i.e., the release of stress near the inter-
face BOX/Si and the formation of new electron traps
in BOX by introduction of nitrogen. In ammonia-
nitrided SiO,N,, gate dielectric, Morokov et al. identi-
fied that the two-fold coordinated nitrogen atom with
an un-paired electron is an electron trap. Also, it
is well known that there are strained Si—Si bonds in
thermal SiO5/Si interface, which can become the E’
centres with a positive charge by capturing a hole.[2"]
So, it is reasonable that there should be the same elec-
tron traps in nitrogen-implanted BOX as in SiO,N,
gate dielectric for both having the same composition
and structure, and there should also be the strained
Si-Si bonds near the BOX/Si interface for the almost
same reason. When the strained Si—Si bonds near the
interface combine with implanted nitrogen, the release
of the interface stress will happen, suppressing the for-
mation of the E’ centres, i.e. reducing the number of
hole traps associated with the interface stress. On the
other hand, the electron traps related to nitrogen will
also offset the increase of radiation-induced positive
charges in BOX by trapping electrons. As a result,
the radiation tolerance will increase. In addition, al-
though the implantation damage was introduced into
BOX through nitrogen implantation, it can be elimi-

nated by post-implantation annealing according to the

FTIR spectra in Fig. 4. The infrared main absorption
band for ion-beam synthesized SiOs has been re-
ported at 1050 cm ™, corresponding to Si-O bond.[?!]
In the present work, except the FTIR spectrum of
sample D1 having two absorption peaks at 1098 and
1030 cm~! for implantation damage, the other sam-
ples have only a single peak induced by the absorp-
tion of Si-O bond at 1090 cm™!, with an increment

of 40 ecm™! with reference to that in Ref. [21]. This
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Fig. 4. The Fourier transform infrared (FTIR) spectra of
D0-D5 samples. Note that the substrate background cor-
rections in FTIR spectra were done with reference to air.

slight difference between the two peak positions may
be due to the different specific processes in preparing
materials, leading to a tiny change in BOX microstruc-
ture. The point is that the increase of transmittance
at 1090 cm~! for sample D1 means the damage of
many Si-O bonds, and the FTIR spectrum of sam-
ple D2 shows that the elimination of this damage can
be basically achieved through a post-implantation an-

nealing for a short time. However, a post-implantation
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annealing for a longer time can cause the redistri-
bution of implanted nitrogen ions through the BOX
layer, with nitrogen accumulating near the Si/BOX in-
terface on the BOX side.l"* This possibly induces the
increase of stress due to too much nitrogen accumu-
lated near the interface, and consequently, more hole
traps are formed and the radiation hardness of BOX
is decreased, as what PBS3, PBS4 and PBS5 exhibit,
compared with PBS2. Moreover, the higher radiation
hardness in PBS2 than in PBSO may be attributed to
the release of stress near the interface with nitrogen
implantation and the introduction of electron traps as-
sociated with implanted nitrogen ions in BOX. As for
PBS1, without the post-implantation annealing, its
lower radiation hardness than PBS2 is possibly due
to hole traps induced by implantation damage. Con-
sidering the possible complexity of defects induced by
nitrogen ion implantation in BOX, further study on
implantation damage is needed for a more detailed
explanation.

It also can be found from Table 1 and observed in
Figs. 5 and 6 that the total dose responses of PBS3 and
PBS4 are different from those of the others with in-

creasing total dose. Both have a maximum Vgg shift,
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Fig. 5. The pre- and post-irradiation high frequency C—
V' curves of the capacitors, PBSO and PBS3, with a shift
—VrRo-

4. Conclusions

respectively, after 300-krad irradiation, and then both
VEBs begin a reverse shift, i.e. the shift along the pos-
itive direction of gate voltage axis, as a result of the
increase of irradiation dose, rather than maintaining
a negative shift just as the other samples does. So far,
the authors of the present paper have not found any
reports on this reverse shift. With a lack of further
studies on this abnormal shift, it will be difficult to
clearly understand its mechanism and give a full ex-
planation for it. In spite of this, seeing that the Vpp
shifts of PBS3 and PBS4 increase more rapidly and
reach their peaks at a lower 300-krad dose of irradia-
tion, this abnormal shift phenomenon maybe indicates
that a lot of hole traps in the BOX of D3 and D4
should have much larger capture cross section, and it
also suggests that these “large” hole traps occupied by
radiation-induced holes, after relaxation, maybe turn
to capture electrons for the action of the Coulomb at-
traction. Namely, an occupied “large” hole trap may
tend to become a “large” electron trap, through relax-
ation induced by capturing a hole. Consequently, the
net accumulation of holes will decrease with trapped
electrons in BOX for D3 and D4, and the reversed Vgg

shift happened after subsequent irradiations.
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Fig. 6. The pre- and post-irradiation high frequency C-V
curves of capacitors, PBS0O and PBS4, with a shift —Vgpg.

Nitrogen ions were implanted into the SIMOX BOX and the post-implantation annealing was carried out

for different times to investigate the influence of nitrogen implantation on the total dose radiation hardness of

SIMOX materials. The results show that the annealing time can change significantly the radiation responses

of the nitrogen-implanted SIMOX materials under different total doses. For a short time of annealing, the

material reveals an improved radiation tolerance and the implantation damage can also be eliminated. On the

other hand, a long time of annealing caused the decrease of radiation hardness in the case of high total dose

radiation. Based on the results, it is also proposed that hole traps with a large capture cross section can become
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electron traps. A negative effect of nitrogen implantation into BOX is to introduce positive charges in BOX.

Accordingly, nitrogen implantation dose should be restricted to a lower level.
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