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Isolation on Si Wafers by MeV Proton Bombardment
for RF Integrated Circuits
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Abstract—This paper studies issues related with using high en- tion issue of masking for the proton bombardment. Then, to ad-
ergy protons to create local semi-insulating silicon regions on IC dress the direct-write possibility without using mask, it studies
wafers for device isolation and realization of high€ IC inductors. the enhancement of resistivity with the proton fluence. The di-

Topics on two approaches, i.e., one using Al as the radiation mask twrit his b d h ina that lativel
and the other using proton direct-write on wafers were studied. It rect-write approach i1s based on the reasoning that a refalively

was shown that Al can effectively mask the proton bombardmentof 0w proton fluence can readily achieve regions of a very high
15 MeV up to the fluence of 187 cm—2. For the unmasking direct  resistivity on the substrate, which is originally of a relative high

write of the proton bombardment, isolation in the silicon wafer can  resistivity, for example, 14®-cm, and at the same time only
be achieved without damaging active devices if the proton fluence cause a slight, if any, degradation to nearby active devices even

is kept below1 x 10'* cm~2 with the substrate resistivity level : : ! X ; .
chosen at 14@2-cm, or keptat 1 x 10™® cm~2 with the substrate without masking. This may allow for the direct-write option to

resistivity level chosen at 152-cm. Under the above approaches, create highe) RF components at relatively low cost and ease.
the 1 h-200°C thermal treatment, which is necessary for device It then includes thermal experiments to imitate packaging heat
final packaging, still gives enough high resistivity for the semi-in- cycles to study the sustenance of the created semi-insulating re-
sulating regions while recovers somewhat the active device char- gions to the thermal treatment. In addition, it includes a simple
acteristics. For the integrated passive inductor fabricated on the . . ’ . .

model to explain the improvement &f factor for the irradiated

surface of the silicon wafer, the proton radiation improves its@ | ;
value. integrated metal inductor.

Index Terms—Aluminum mask, annealing, flatband shift,
proton bombardment, RF IC. Il. EXPERIMENTS

In the conducted experiments, silicon wafers carrying MOS
capacitors of s poly-Si gate, MOSFET'’s, resistors, and
spiral inductors were used. On the wafers, MOS capacitors
P'—ANAR on-chip inductors have been widely investigated,g MOSFET’s were fabricated in the CMOS n-well region,

for its integration to monolithic digital and RF integratedynich in turn were fabricated on p-type (100) ©5cm silicon
circuits [1]-[3]. However, inductors of high qualitg)) factors g, pstrates through implanting phosphorus at 100 keV for
are hard to achieve on the silicon substrate for the lack of theggse ofi x 103 cm—2. Resistors with four point ohmic
technique to create effective insulating regions [2]. Recentlyc@ntacts were fabricated in p-well regions which were formed
method was proposed by Liabal.[4] to create semi-insulating by using a 50 KeV boron implant for a dogex 10'3 cm~2.
regions on IC wafers with high energy (10-30 MeV) protofpe gate oxide of MOSFET's of a thicknes$0 A was grown
bombardment prior to packaging. The technique raises the gg-g50°C in dry O, followed by annealing in b for 15 min.
sistivity of the bombarded silicon substrate from 1M Then g layer of LPCVDa-Si of a 3000 A thickness was
to 10°~10° Q-cm. It is due to carrier removal by proton-creqeposited at 560C on the top of the gate oxide. Then, As of
ated charge trappings [4]-[6] and the Coulomb scattering of thejose of5 x 10 cm—2 was implanted at 50 keV into this
charged traps [4]. For this technique, the bombardment is PBBly-Si gate layer. After gate patterning and etchifgi, of
formed after the wafer fabrication, making it compatible withy qose oft x 103 cm~2, and As of a dose df x 105 cm—2
the present micro-fabrication process. Hence, it is more attrggare implanted into the substrate to form- @nd n+ ohmic
tive than other traditional approaches [7]-{11] to create isolatig@ntacts, respectively. After the BPSG deposition, Al contacts
regions in IC. were formed, and sintered at 43Q for 30 min. In addition,

To exploit further applicability of this technique to fabrication order to study the effect of the initial substrate resistivity
of high frequency IC, this paper studies in more details practicgh the enhanced substrate resistivity under the 15 MeV proton
issues related with the technique. First, it studies the integismbardment, resistors were made separately on p-type (100)

15 ©-cm and n-type (100) Z-cm substrates without extra
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Fig. 1. Top view and cross-sectional view of the integrated spiral inductor.
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= = i B . .
/ N Device region
Si wafer self, the probe pad'’s effect were de-embedded by subtracting the
semi-insulating region after bombardment Y parameters of the OPEN dummy pattern from the measured

S-convertedy” parameters [14]. This de-embedding procedure
glg 2% Proton beam irradiation setup for patterning semi-insulating region Qi < re-done again after proton bombardment. (Hactor was
eer determined by the ratio of the imaginary part to the real part of
106~10-7 cm-2 at 15 MeV to simulate dose of the proton bomthe one-port input impedance transformed from the measured
bardment during the integration process. The projected rangéjgfembedded?—parameters.
the 15 MeV proton was approximately 15@®n, which was
much larger than the thickness of silicon wafers used in this ex-
periment. The mask used was an Al mask due to its ease of fabFig. 3 shows the substrate resistivity as a function of proton
rication and its relatively acceptable shielding capability [12fluence, before and after the thermal annealing, for substrates
The Al mask was of a thickness of 10 mm and had a hole ofo&various original resistivities. It can be seen that for each case
square size of3 x 13 mm?, which was the size of fabricatedthe substrate resistivity increased with the bombarding proton
chips. The diameter of the proton beam was 2 cm, which coverflieence until it reached a final saturation level. For example, the
all the open hole of the mask during irradiation. Cooling wateesistivity of the sample with the original resistivity of £5cm
ran through the inner layer of the aluminum mask to maintaincreased with the proton fluence and saturated at the value of
the mask at the room temperature. For the direct-write study, #isouts x 10° ©2-cm at the proton fluence of abaLik 101> cm—2.
proton fluence was chosen to be!1810'® cm~2 and also at For a given proton fluence, the resistivity increase was more
15 MeV. No masks were used and wafers of resistivities of 1&ignificant for samples of higher original resistivities. Moreover,
70, and 14Q2-cm, which were relatively higher than the-8 it was noted that the resultant ultimate substrate resistivity for
Q-cm resistivity of the conventional wafer, were used. all cases was of almost the same value, i.e., approximately
Following proton bombardmentsI-V characteristics of 10> ©-cm, after receiving a proton fluence bfx 1017 cm~2.
MOSFET's were measured by using an HP-4145B devigdter the 200°C 1 h annealing, which simulated the packaging
analyzer. Van der Pauw method [13] was employed to measuanelding process of 200C 1 h thermal process, the resistivities
the substrate resistivity. The high frequency and quasistatitall samples decreased by one to two order, depending on the
capacitances of capacitors, each of an areasok 10~2 cm=2,  original starting resistivity and the bombarding proton fluence.
were measured by using a Keithl€}~V analyzer. Hot plate For the 15 and Z2-cm samples withl x 10** cm~2 proton
heat treatment at 200C was imposed on the above IC wafergluence, the resistivity decreased by one order.
to study the isothermal annealing effect on the devices. For the masking study, Fig. 4 shows the reverse junction
S-parameters of inductors were measured with an HP-8510#kage distribution of /n diodes on the wafer before and
network analyzer. Before the measurement, a full two-port calfter proton bombardment. The inset shows the mapping of test
ibration was performed with the help of standard calibratiodie sites. First, the die site#12 was exposed to 106 cm—2
substrate to extend the measurement port to the probe tipphoton, while all other die sites were masked. The reverse junc-
order to investigate the substrate loss effect of the inductor tien leakage distribution of p/n diode before bombardment

I1l. RESULTS AND DISCUSSIONS
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Fig. 4. The pt+/n junction leakage distributions of masked and unmasked die Annealmg time (mm)
before and after proton bombardment and after 1-h,”ZD@nnealing. Site#12
and site#18 were bombardedlat 10*° cm—2 andl x 107 cm~2 respectively Fig. 5. Annealed characteristics of Rsub and the/mp reverse junction
with all other dies masked. leakage. The proton bombardment wad at 107 cm~2 and the annealing
temperature was 200C.

were in the range of 816 pA. After thel x 10 cm—2 bom-

bardment, the junction leakages of diodes of the masked a 107 . ' ) ' i ' ]

were almost not affected, approximately~1P8 pA. However, 102 —A~—Before bombardment 1

the junction leakage of the diode of the unmasked area rc < 3 E Proton fluence:1x1o1s/cmz 3
o X . 10k N\ - Proton fluence:1x10 “/cm 1

by a factor of~10%°, which suggests that the defect densit & ey Proton fluence:4x10"/em? 3

increased by the proton bombardment. Then, the site#18 v g 107 ] —B— After 200°C annealing for 1x10"5/cm? 1

exposed to & x 10'7 cm™~? proton fluence while all other die 3 45 _— , O After 200°C annealing for 1x10'*/cm’ J

sites were masked. The diode junction leakages of the mas/ @ . “‘J.\ | — @~ After 200°C annealing for 1x10"/cm* 3

area increased to 40110 pA, which indicates that the diodes § 107 F .4} |

of the masked area were affected by the proton bombardme § Tzl T Ve .

At the same time, the junction leakage of the diode in tt " Y N\ s

unmasked area increased by a factordf0*. After 200°C B 10 l‘ -------

annealing, the diode junction leakages of the masked ai g 10°F

recovered to the range of 4@0 pA, which was almost equal S 101 l’

to the level before bombardment. That indicates the defer - E forward

created by the high dose bombardment in the masked area E 10 ]

be annealed out by a 20@ heat treatment. 1012 L .

Fig. 5 shows the $/n junction leakage in the masked are: -2 0 2 4
and the Rsub, resistivity of the substrate, in the unmasked a Voltage (V)

after thel x 107 cm~2 proton bombardment of Fig. 4 versus

the annealing time for 200C annealing. It can be found thatFig. 6. Typical forward and reversé&V" curves of p-/n diodes in the

the Rsub increased fromfl-cm to4 x 10> Q-cm afterl x 107 unmasked area.

cm~2 proton bombardment. The reverse junction leakage of

p+/n diode increased from 13 to 48 pA. The increase of Rstibe reverse current, it was almost constant under reverse voltage

by proton bombardment was due to the carrier removal mdrias, revealing that it was the generation current. It increased

tioned previously. The Rsub and-n junction leakage of the by a factor of approximatelg x 10* for the proton dosage of

bombarded sample reduced abruptly to a saturation level in the: 1017 cm~2 and a factor of approximately x 103 for the

first 30 min of 200°C annealing. The $/n junction leakage proton dosage of x 10> cm—2. After 1-h, 200°C annealing,

recovered to its original level before bombardment, but Rsuie forward saturation current increased and the reverse leakage

maintained a level of x 10* larger than its initial value. This current reduced, indicating the annealing of the defect density.

suggests that the Al mask can be used to sustain a sufficientlyFig. 7 shows the Arrhenius plots df; /7" versusl /T for the

high resistivity in the substrate for isolation purpose even aftdiodes of the masked and unmasked areas respectively. The ac-

a 200°C annealing thermal treatment is applied. tivation energy (Eg) deduced for the fresh sample (before bom-
Fig. 6 shows the typical forward and revers€V” curve of bardment) was 1.14 eV, which was approximately equal to the

p+/n diodes in unmasked area. In the forward current regidmand-gap of Si, indicating that the reverse leakage current was

the saturation current decreased with the proton dose, indicatthge to the band-to-band generation [15]. For the samples after

the series resistance created by the proton bombardment. Fimton bombardment at the doselof 10'® cm—2and1 x 107
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Fig. 7. Arrhenius plot of/ » /T versusl /T for the pt/n diodes of masked Fig. 9. Densities of interface states (Dit) under various fluences of the proton
and unmasked areas respectively. bombardment and the amount of recovelyit) after 1-h, 200°C annealing.

— T y T y T T all C-V curves were almost identical, indicating no increase in

J trapped charges or interface state densities after the bombard-
ment. The insert shows the density of interface states (Dit) ex-
tracted for these samples. The Dit's were approximaitely0'°

4 cm?ev~!in the midgap.
J ] For the MOS capacitors without masking, tée-V' curves

0.8 I inversion

became gradually distorted as the proton influence increased,
4  For the proton influence less thanx 104 cm—2, the C-V
curves only had slight distortion. As the influence increased
to 1 x 10*® cm~2, distortion became significant. The derived
midgap interface state density (Dit) due to the proton bombard-
ment, before and after 1 h-20@ annealing, for different flu-
ences are shown in Fig. 9. For the sample received the proton
bombardment of the fluence ofx 10** cm~2, Dit increased to
ey approximatelyd x 10'° cm=2eV~!, and for thel x 10'°cm—2
7V~ ProtonfluencerixigTiom fluence, Dit increased to approximatélys x 10** cm—2eVv—1.
0'0_4 .2 0 2 4 6  After 200°C annealing, Dit recovered for various proton flu-
ences. For example, for the< 10** cm~2sample, Dit decreased
to only5 x 10*% cm—2eV—1. The amount of the recovery is also

Fig. 8. Quasistaticc_1" plots of ns MOS capacitors in the masked areapIotted in the figure, where, in general, Dit recovered more for

before and after proton bombardmentat 106 cm—2 and1 x 10*7cm-2, the higher bombardment fluence.
respectively. The insert shows the densities of interface states (Dit) as a functior=ig. 10 shows the subthreshold characteristics of pMOSFET’s

of he trap energy extracted from quasistatic and high frequéRdy curves. i the masked and unmasked areas respectively. The off- and the
subthreshold characteristics were not affected by the proton bom-
cm—2, Eg were approximately 0.74 and 0.73 eV respectivelgardmentot x 101¢ cm~2andl x 1017 cm—2inthe masked area.
indicating that the dominating recombination centers were ldhey became worse for the devices of the unmasked area after
cated closed to the band center. In the masked area, Eg wereth@-bombardment. However, for the proton fluencé of 106
proximately 0.94 eV after the proton bombardment at the dosi—2, the subthreshold increased from 70/dec to only 102/dec.
of 1 x 107 cm~2, indicating that the leakage current offm  Hence, it can be expected that it would increase less if the proton
diodes was affected by this heavy dose of the proton bombafidience was less thahx 10 cm~2.
ment. However, Eg recovered to approximately 1.09 eV afterFig. 11 shows the Gm of pMOSFET's under various proton
1-h 200°C annealing. fluences. The Gm peak of pPMOSFET’s decreased as the proton
Fig. 8 show the quasistatic-V for the n+ gate MOS ca- fluence increased. The decrease of Gm can be attributed to the
pacitors in the masked area at die site #24, which was closdrtorease of interface states of the gate oxide and the defects
the bombarded die site, before and after proton bombardmeareated by the proton bombardment in the device channel. The
The gate oxide thickness was about 60 A. It can be seen thagradation of the Gm peak was approximately 5% for the
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Fig. 10. Subthreshold characteristics of pMOSFET before and after the proton
bombardment in the masked or unmasked areas. Fig. 12. Annealing effect on the peak Gm of pMOSFET under the various

proton fluences. The annealing temperature was°ZD0
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Fig.11. Gm of pMOSFET under various fluences of the proton bombardmem,,der various fluences of the proton bombardment.

proton fluence ofl x 10* cm~2 and approximately 24% for fluence increased to abowex 10> cm—2. This indicates that
the proton fluence ol x 10> cm~2. These degradations ofobservable positive charges were created in the oxide for the
Gm could be recovered by the 20G annealing. Fig. 12 shows proton bombardment above this value.
the Gm peak recovery of devices under various proton fluencesAs a summary of the above data, it can be concluded that
for different annealing time. The recovery rate was larger fohe interface state density, Gm, threshold voltage of a MOSFET
samples of the higher fluence of the proton bombardmeig.only slightly affected under the proton bombardment below
The peak Gm degradation became approximately 1.5% for the 1014 cm~2 after a 1-h, 200C annealing. This implies that if
proton fluence ofl x 10'*cm~2 and 16% for the fluence of a sufficiently high Rsub can be obtained at a low fluence proton
1 x 10'> cm~2 after annealing. bombarded (less thanx 10'* cm~2) on the Si substrate, it is
Fig. 13 shows thd’th, the turn-on voltage of the devicespossible to get negligible degradation on active devices.
plotted in terms of the channel length, as a function of the bom-Fig. 14 shows the annealing effect on Rsub of p-type
bardment fluence. The devices had received the 1-h720fh- substrates of various resistivities under various fluences of the
nealing.Vth almost did not change for the proton fluence belowroton bombardment. For the £5cm substrate, a proton bom-
1x10' cm~2, and shifted to more negative values as the protdzardment abové x 10'* cm™2 raised Rsub of all substrates
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ke Qe 4— Fluence:1x10"cm*(700-cm) | EXTRACTED INDUCTOR MODEL PARAMETERS BEFORE AND AFTER THE
@ 10°E 0 O 3 PROTON BOMBARDMENT
L O\O \Fluence:1x10“cm'2(159-cm) ] Proton |Ls (nH)] Rso(2) | K, k; | Co(fF) | Cox(fF) | Cen(fF) | Rss($2)
10°F ——0 —° — o 3 Before | 235 | 2.6 [0.05]|152| 27 | 200 | 12 335
Fluence:1x10"em™(15Q-cm) 3 Atter | 25 | 244 |o0.02]|152] 25 | 200 | 27 | 1320
g - e Fluence:0(156Q-cm)
101 1 N 1 . 1 . 1 — . 1 N 1
0 10 20 30 40 50 60 bardment followed by 1 h-200C annealing treatment, as a
Annealing time (min) function of the measurement frequency. It is observed that as

driving frequency increased, the typie@lfactor first increased
Fig. 14. Isothermal-annealed characteristics of Rsub for various fluencestof maximum () max) and then gradually decreased. This
14 —2 . .
the proton bombardment on the £5cm substrate and for thex 10** cm™ ¢34 pe understood as that at low frequencies@hfactor is
bombardment on substrates of various resistivities. . L . .
proportional towLs/Rs, while its suppression starts to cut in
due to the degrading effects facilitated by the combined action

-8
16} ' " messured datamonsted date | of Csp, Cox, and Rsp [16], [17] at higher frequencies. In
ul 2;:’";’::’,’;::‘1’::“:;;2;’“ - ; :2: 11 4x10® the above Cox, Rsp, Ls, and s, w, represent the oxide
After 1x10™em2 on 150-¢cm 4 1 capacitance, substrate resistance, inductance and resistance
12| Afterx10 em® on 700-em o 11-2x10° of the inductor, and the driving frequency, respectively. The
— After 1x10"cm™ on 1400-cm  —A— — : .
S Jioxoe £ increase of) max after the proton bombardment is caused by
Ij_cé g the reduction of the substrate-rendered AC losses. A simple
> qs.0x10? & lumped-parameter model of Fig. 16 was used to analyze the
'c—g 1 o S above phenomenon. In Fig. 15, for the @5cm sample, the
€} 189107 B (@ factor curves before and after the'$@m=2 proton bom-
4 4.0x10° bardment were simulated with the model of Fig. 16, where the
substrate resistivity was increased from&m to about 0.5
J2.0x10° MQ-cm (see Fig. 3). Model parameters were extracted by fitting
0 L , . Joo the experimentally measurefi-parameters, and a plausible
0.0 20x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10"0 solution was obtained and tabulated in Table I, whege R,

and Cp represent inductance, inductor metal resistance, and
parasitic capacitance between metal lines, respectively.

Fig. 15. Measured) factor and inductance of the inductor as a function NOte that/2s has taken into account the skin effect and can
of frequency for thel x 10'¢ cm~2 proton bombardment on the ¥8-cm  be expressed as [17]:

substrate and for the x 10** cm~2 bombardment on substrates of various

resistivities after 1-h, 200C annealing. Simulated characteristics of e o

factors of inductors before and after thex 101 cm—2 bombardment are also Ry = Rso(l + klwb)

shown.

Frequency (Hz)

whereR s is the dc series resistance of the whole metal spiral,
to the level above 10 ©2-cm, but Rsub decreased rapidly ta” IS the driving frequency in GHz, anid andk:Q are empirjcal
different levels, depending on the starting resistivity, in the ﬁrgarameters.lt was observed that the great increade;gfin-

eed was responsible for the improvement of indu@amalue.

30 min of annealing. After that, the decreasing rate became I"?r‘?saddition, in the above, the inductance was not affected too

in the succeeding annealing time. For the same proton level of
1 x 10** cm™2, the substrate with the higher starting resistivitrnUCh by the proton bombardment. Hence, the proton bombard-

had the higher the saturated value of Rsub. For the substrﬁﬁ%m improves the performance of the integrated inductor.

of the original resistivity of 14@2-cm, Rsub could increase to
~6 x 10 Q-cm. It is noted that for the 18-cm sample, with a
proton fluence ofl x 10> cm~—2, it could still achieve a Rsub  Inthis paper, several topics related with the technique of using
of ~1 x 10* Q2-cm after 1 h-200 C annealing. the proton radiation to create isolation regions in silicon wafers
Fig. 15 depicts the) factor of the previously mentioned for device integration purpose have been studied. It has been
2.5-turn spiral inductor, before and after the proton bonshown that the Al masking is an effective means to shield ac-

IV. CONCLUSION
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tive devices and to pattern semi-insulating regions on a silicofL2] C. Dale, P. Marshall, B. Cummings, L. Shamey, and A. Holland, “Dis-

wafer for the proton bombardment even up to the fluence bf 10 placement damage effects in mixed particle environments for shielded
5 . . . spacecraft CCDsJEEE Trans. Nucl. Scivol. 40, pp. 1828-1637, Dec.
cm™~. It has also been shown that the unmasking direct write of ~ [gg3

the proton bombardment can be used to achieve isolation in silt3] Annual book of ASTM Standardstd. F-76, 1991.
icon wafer if the proton fluence is kept beldwx 10 cm—2 [14] P. J. van Wijnen, H. R. Claessen, and E. A. Wolsheimer, “A new

. L straightforward calibration and correction procedure for on wafer
with the substrate resistivity level chosen at ¥4@m, or kept high-frequency.S-parameter measurements (45 MHz-18 GHz),” in

at1l x 10 cm—2 with the substrate resistivity level chosen at Proc. |IEEE Bipolar Circuits Technol. MeetL987, pp. 70-73.
15Q-cm. This is especially true if the integrated circuit is com-[15] P. Ashburn and D. V. Morgan, “The role of radiation damage on the

. current-voltage characteristic of pn junctionSglid State Electronvol.
posed of only MOS devices. Under the above approaches, the 1 7", g9, 19%4. P ¢ N

h-200°C thermal treatment, which is for the device final pack-[16] J.N.Burghartz, D. C. Edelstein, K. A. Jenkin, and Y. H. Kwark, “Spiral

aging step, will recover the active device characteristics some- inductor_andtransmission lines in silicon technology using _copper—dam—
hat but still qi h high istivity for th .. ascene interconnects and low-loss substratE&€E Trans. Microwave
what, but still give enough high resistivity for the semi-insu- Theory Tech.vol. 45, pp. 1961-1968, Oct. 1997.

lating regions. As for the integrated passive inductor fabricategt7] C.P. Yueetal, “A physical model for planar spiral inductors on silicon,”
on the surface of the silicon wafer, the proton radiation improves  in Proc. IEDM 96-1551996.
its performance on th@ value.
Thus, one can conservatively conclude that solution exits for
integrating with active devices with high performance inductawurng Shehng Leg photograph and biography not available at the time of pub-
that receive proton bombardment procedure. For Al mask dijato™
proach, it is expected that shielding larger passive inductors by
using this thickness of Al mask is very easy. The proton en-
ergy and Al thickness can even be reduced to |mprove the mé‘é‘wngpln Liao, photograph and biography not available at the time of publi-
lateral dimension. For low dose approach, however, additiorfaf°™
work must be done. For example, it need to modify Si process
with originally high substrate resistivity.
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