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A method to characterize the dielectric and interfacial properties of
metal—insulator-semiconductor structures by microwave measurement
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Hsinchu, Taiwan, Republic of China

Guo-Wei Huang
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We have developed a method to investigate the dielectric and interfacial properties of gate dielectric
thin films by microwave measurement. B8, sTiO5 (BST) thin films were deposited on 1Qcm
(norma) and 10 kQ cm [high-resistivity,(HR)] silicon substrates at the same time by rf magnetron
sputtering. For the BST/HR-silicon, coplanar wavegui@@BW) were fabricated and measured at
microwave frequencies with thru-reflect-line calibration while capacita@e\) measurements

were carried out for BST/normal silicon. From the phase change of CPW transmission line and the
maximum capacitance i@—V measurement, the dielectric constants of both the BST thin film and
interface layer can be determined. Furthermore, the behaviors of insertion loss versus bias voltage
were investigated. The results indicate that our method can provide useful information to study the
dielectric and interfacial properties of metal—insulator—semiconductor structures200®
American Institute of Physics[DOI: 10.1063/1.1459603

I. INTRODUCTION dielectric constants of the interface layers, assuming both the
dielectric constant and thickness of the interface layers were

With the ra_pld developments of hlghgate_ d'EIe.Ct”Ck the same for different thickness of the gate dielectrics. How-
and ferroelectric random access mentotlye dielectric and . Co . .
ever, this assumption is clearly incorrect and only provides a

interfacial properties of many gate dielectrics deposited on . I

L prop any g . 1epo rough estimate. Therefore, additional measurement method
silicon substrate have gained intensive attraction in recer}tor the MIS structure is necessary for exploring its dielectric
years. Although those metal—insulator—semiconduds) y P 9

structures have incorporated many high dielectric constan?nd interfacial propertles.l .
thin films such as ZrTiQ,® Ta0s,* TiO,,° SITiO,,° In our previous work! we have developed a technique

Ba,Sr,., TiOs (BST), ®and SrBjTa,0,,° the average dielec- to measure the diglectric prgperties of ferroelectric layer de-
tric constants of the gate dielectrics obtaineddy,, (maxi- posited on sapphire by using coplanar yvavegwd@V\l)
mum capacitance or accumulation capacitanae the with thru—reflgct-llne(TRL) cal|brat|op. In this mea;urement,
capacitance—voltageC(-V) measurements are often much the propagan_on_cons_tamr the velocity of the m_ultllayered _
lower than measured by metal—insulator—metal capacitorsPW transmission line is perturbed by the high-dielectric-
due to the low dielectric constant interface layers. In mos€onstant layer and the phase of transmission coefficient,
cases the oxide dielectrics at the interface diffuse into silico® Ps,,; is changed and can be measured to determine the
and form a thin SiQ layer which lowers down the overall dielectric constant of the ferroelectric layer. This phase
average dielectric constant. Another possible reason is due thange is caused by the high dielectric constant layer, that is,
the lattice mismatch of dielectrics and silicon surface, whichthicker film with larger dielectric constant will give the
results in lattice strain and subsequently cause the formatiodlominant contribution while the thin interface layer with low
of a thin amorphous layer. Although the interface layer isdielectric constant gives negligible contribution. Contrary to
much thinner than the gate dielectric, the overall capacitancehe C—V measurement, this microwave measurement would
is significantly reduced because the total capacitance is therefore provide us direct measurement of the dielectric
series combination of the multilayers and will be dominatedconstant of the gate dielectriey. After £4 is measured, the

by the low-capacitance layer. In addition, these interface laydielectric constant of the interface laygrcan be determined
ers often cause increasing interface trap density and thelased on the average dielectric CcoNstaft,age0btained in
degrade the performance of the gate dielectrics. Thereforgne C—\V measurement. Therefore, the dielectric constants of
characterization of the interface layers is the important issugoth the gate dielectric thin film and interface layer can be
in MIS structure. However, these interface layers are ofteryg|ved. This approach is therefore a useful technique for ex-
very thin (<10 nm and their dielectric constants cannot be tracting the dielectric constant of gate dielectric and interface
determined by conventionaCL—V measurements. Several layer accurately.

works'® used multithickness gate dielectrics to estimate the The microwave properties of BST have been studied by
some previous work¥ **Their studies were focused on the
dElectronic mail: tseng@cc.nctu.edu.tw applications on the tunable devices in microwave circuits
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TABLE |. Sample descriptions and the measurement results.

HR (bare S1 S2 S3 sS4 S5 S6 S7
Sample name substratg (BST) (BST (BST) (BST) (BST) (BST (BST)
OMR: 0% 10% 20% 10% 10% 10% 10%
Samples 0,/(0,+Ar)
descriptions -
and the Deposition 600 600 600 600 600 400 500
deposition temperaturg°C)
conditions ty (A) “ee 1100 1200 1150 550 2350 1000 1100
t; (A) S 50 40 50 50 60 110 50
Microwave a, 75x10°%  81x10°% 7.8x10°°% 39x10°% 16x102% 7.2x10° 7.5x10°3
measurement s 7.2x10°%  7.8x10°% 7.5x10°° 36x10°° 15x10? 6.5x10°  7.2x10°°
AD(S,) 32.3° 31.9° 33.8° 18.7° 55.9° 9.3° 24.1°
Eoft 6.291 7.691 7.675 7.759 7.078 8.831 6.925 7.324
c-v Crnax (PP) S 765 567 609 690 537 348 626
measurements £ average e 103 83 86 49 152 45 85
Calculated £q S 185 169 187 187 167 85 134
results g e 10 5 6 5 31 9 9

asample P: Si@ (1000 A)/polysilicon/HR-Si, deposited by PEVCD in continuous sequence.

bSample X1: SiQ (1000 A/HR-Si, deposited by thermal growth at 1000 °C.

cSample X2: SiQ (1000 A/HR-Si, deposited by thermal growth at 1000 °C with Si®the gap(W) removed.
dFor the MIS capacitors, the areas are defined to b 9064 cn?.

because BST possessed low-loss and high tunability propeshown in Fig. 1 indicate that all the samples except S6 are
ties. In this article, we are interested in the dielectric andwell-crystallized films. The thicknesses of BST films were
interfacial properties of (BaSr, 5) TiO3 (BST) thin films de-  ranged from 500 toward 2000 A. After deposition, the back-
posited on silicon substrate. The dielectric constants of botkide of the normal substrates were deposited with aluminum
the BST thin film and thin interface layer were measured byfor ohmic contact after etching off Sydn hydrofluoric so-

the phase response of the CPW transmission lines. The relastion. Platinum was used as the top electrodes for probe
tionships between insertion losses and bias voltages are alpads. TheC—V curves of these MIS capacitors were mea-
investigated and the results clearly imply the correlation withsured by HP 4284 at 1 MHz.

the trap states. For more illustration, polysilicon with high For the BST/HR-silicon, Izm-thick aluminum was de-
trap densities and thermally grown Si@ere also measured posited on the BST films by thermal evaporator. The photo-
for comparison. These results imply that CPW transmissiotithography and wet etching were then carried out to form
lines can be used to investigate the dielectric and interfacidzhe CPW transmission line patterns as indicated in Fig. 2.

properties of MIS structures. The center conductor widtfS) was designed to be 20m
and the gap width(W) 10 um. Because the characteristic
Il. SAMPLE PREPARATION impedance of the CPW transmission line can be changed by

the dielectric layer, impedance mismatch may happen. In ad-

BST thin films were deposited o100 n-type silicon  dition, the transition between the pads and the narrow CPW
substrates with resistivity op=10 cm (norma) and p
=10 kQ cm[high resistivity(HR)] by rf magnetron sputter-
ing. The deposition conditions of these samples denoted a-
S1-S7 are listed in Table . The g, g TiO5 target with a (100) (110) L (200)
diameter of 3 in. was synthesized using standard solid-state | A A 7
reaction process. Since the microwave loss of the conven:
tional silicon substraténorma) with low resistivity is rather
high, we employ high-resistivity silicon substrate to carry out
this microwave measurement. For consistency, the normaz 1
silicon substrate and the high-resistivity silicon substratesg
were deposited with BST thin films simultaneously on a spin £
substrate holder in the vacuum chamber. Before the deposi |
tion, standard Radio Corporation of America processes were
carried out on silicon substrates to remove the native oxide
and surface contamination. The deposition temperatures
were ranged from 400 to 600°C. The constant deposition ,
pressure of 5 mTorr which was maintained by a mixture of
oxygen and argon mixing ratiOMR: O,/(O,+Ar)]
ranged from 0% toward 20%. The x-ray diffraction results as FIG. 1. X-ray diffraction patterns of BST films indicated.
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FIG. 3. The phase 08,, of BST/HR—Si CPW transmission lind§ mm
(b) Thru Reflect long) measured at zero gate bias after TRL calibration.

" | B3 a l i °
% % % The film thickness of the gate dielectrics was obtained
l .
" l l ]

by the spectrophotometén&k analyzer 1200, Nikoh The
n&k analyzer incorporates the Forouhi—Blooffeiormula-
% tion for optical constants along with a parameterized model
' ‘ ) for multilayer configuration. The thickness of the thin inter-
Tine face layers were observed by transmission electron micro-
scope(TEM) with Philips Tecnai 20 microscope that was

FIG. 2. (a) Cross-section vie_W of CPW transmission lines structutes. operating at an accelerating voltage of 200 keV.

Layouts of thru, reflect, and line. The samples P, X1, and X2 were prepared for compari-
son. For sample P, 3000-A-thick poly-silicon was deposited
directly on HR-silicon substrate, after that 1000-A-thick
SiO, layer was deposited. The processes were done in a con-

transmission linegtapers also causes parasitic effect. The tinuous sequence by plasma enhanced chemical vapor depo-

TRL calibration was employed to de-embed the microwavesition (PECVD). For samples X1 and X2, 1000-A-thick SiO

response accurately. Details of TRL calibration have beemwas thermally grown at 1000 °C in Oambient. For the

described previouskt1® After TRL calibration, the effects sample X2, SiQ in the gap(W) was removed by dipping the

of parasitic reflection and impedance mismatch are removedgample in the buffer oxide etchéBOE, NH,F: HF=6:1)

We designed and measured the “thru,” “reflect,” and “line” with photoresist covered on the aluminum conductors. CPW

CPW patterns at the same wafer, as shown in Fig. 2, and thgratterns were also fabricated on these samples to compare

calculated the TRL calibration by a self-made program. Thewith the BST gate dielectrics.

line pattern was 5 mm longer than the thru, hence, the

S-parameter de-embedded by the TRL calibration is equivay]. MICROWAVE AND C-V MEASUREMENTS OF THE

lent to 5 mm long CPW transmission line. These CPW deDIELECTRIC CONSTANT

vices were measured at Cascade microwave probe station

with HPC GSG probes, and tt&parameters were measured

The plots of phase of transmission coefficien8s,,
measured at zero gate bias versus frequency are shown in

by the network analyzer HP 8510C with frequency ranging_. -
from 200 MHz to 20 GHz. Before measurements, full-two 9 3: We can observe that the phase of CPW transmission
lines is changed after deposition of BST thin film on silicon

port calibrations were conducted with standard kits to re- ,
move external systematic errors. s'u.bstrate. These phase changes with re;pect 'to the bare HR-
In order to investigate the behavior of charge carriers inciiCOn substrate, denoted by®s, are listed in Table |,
the MIS structures, dc voltage bias was applied at the centé¥hich are around 10° to 60° at 20 GHz. It is indicated that
conductor through a bias tee. The two ports were appliedh® pPhase change is a function of deposition condition and
with the same voltage synchronously to prevent current flowthickness of the BST thin film. For each sample, the effective
The measurement frequency was fixed at 20 GHz and thdielectric constant ¢ is extracted by the phase of transmis-
voltage is swept from-5 to —5 V. For each CPW device the Sion coefficientS,;:
sweep-frequency measuremenF at zero bias was first per- 360\/s_efff/
formed, and then the sweep-bias measurement at 20 GHz |CI>321|= —c
was then carried out without lifting the probes. The sweep-
bias measurement also incorporated TRL calibration for conwheref is the frequencyg is the velocity of light, and” is
sistency. the length of transmission line, and is equal to 5 mm. The

(degree, (1)
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TRL calibration is not suitable for frequencies near/2 (or 0035
equivalent 0° and 180° phase shift¥herefore, the suitable

bandwidths without these points are shown in Fig. 3. Itis ~ “®*]| == S oAk, F O
indicated that the phases of all CPW transmission lines ar€s® ggs || —— S=10"u"',n1{,w=5um£
straight lines implying that the dielectric constants of BST

films are constant over this frequency range. The effectiveS 0.020

dielectric constants . are extracted by the slopes of those € -
lines in Fig. 3. = N e oo
The effective dielectric constaety is a measure of the £ (.,1 e
microwave propagation velocity. We have developed the cal-= | " 500"
culation procedure in our previous wdtkor the two-layer 0005 K 00
structure, and we can simply extend the formula to three- e
layer structure with the same conformal mapping *®7% s 1000 1500 2000 2500
method>"*8as the following: Film Thickness (Angstrom)
eei=1t01(egi— 1)t 0o(ei—eg) tas(eq—ei), (2 FIG. 4. Calculated filling factors vs BST film thickness for various CPW
linewidths indicated.
and
S
ko=g oW’ (3 therefore the contribution of interface layer is estimated to be
less than 1% and can be neglected for convenience. We can
sinh(7S/4h) @ simplify the Eq.(2) to
" sinf{m(S+2wW)/an]’ eer=1+Ux(s5— 1) +Ux(eg—eg). ©)
_ sin{@S/A(ty+t)] This equation is consisted of only one unknown value,
27 sinf 7(S+2W)/4(tg+1;)]’ ®) €4, and hence the gate dielectric constant can be extracted
directly by the microwave measurements. If E@) rather
sinH 7S/4tq) than Eq.(9) is used, the two unknown values; and ;

(6)

should be determined if combined with EG0), which will
be discussed next.
1 K(kj) K'(ko) For a 1000-A-thick thin film, its filling factorgs is
q‘_i K’ (k;) K(ko) ' around 0.007, therefore high dielectric constant thin film is
required to give sensitive phase change of CPW transmission
whereh, ty, andt; are defined to be the thickness of sub-|ine. That is the reason why we use BST with high dielectric
strate, gate dielectric, and interface layer, respectively.  constant ¢,>200) to demonstrate this technique. However,
gq, ande; are the dielectric constants of the Si substratefor thinner gate dielectrics with lower dielectric constants,
gate dielectric, and interface layer, respectivélyx) is the  he phase changes can be too small to be measured. In this
elliptical integral of the first kind, antl’ (x)=K(v1—-x%) @i case, it can be solved by reducing the linewidths of CPW
are the filling factors. The parameters are clearly defined ifransmission lines. As indicated in Fig. 4, we can find that
Fig. 2. Equation2) can be rewritten as the filling factor increases significantly with reducing line-
eoi=(1—0y)+(Q1—Go)e s+ (Qo—Ga)ei+ Gzeg. (8 widt'h. The meas.urement sensitivity can be enhanced by re-
ducing the linewidth. Another possible way to enhance the
Equation(8) indicates that the total effective dielectric phase change is to increase the length of transmission line.
constant is the sum of the dielectric constant of each layeHowever, in these cases the insertion losses increase corre-
multiplied by the filling factor. In other words, the filling spondingly, and the etching process becomes more difficult.
factor is a measure of the proportionality of electromagneticTherefore, certain trade-off between the linewidth and phase
energy inside each layer. The filling factor of the substratechange should be made to ensure good-sensitivity measure-
g1, is almost a constant and approaches 0.5. For our CP\Went.
devices withS=20 um, W= 10 um, the filling factors.q, The measurement of insertion loss versus frequency for
and gz are calculated versus various film thicknesses an@everal samples was carried out and shown in Fig. 5. It
plotted in Fig. 4. For comparison, filling factors for different shows that the loss of passivated polysilicon is the lowest
linewidths CPW are also shown. Note that the filling factor iswhile that of the thermal oxide is the largest. The reason for
almost proportional to the film thickness and increases withhis phenomenon will be discussed in Sec. V.
shorter linewidths. The effective dielectric constants were  The results ofC—V measurements of several samples
measured for each sample and the correspongjnandds  are shown in Fig. 6. The average dielectric constant is equal
are listed in Table I. to the series combination of the capacitances of BST and
Note that the thin interface layers are less than 100 Ajnterface layer, and can be calculated by
and the corresponding filling factorsy{—qs), are less than
7% 10" . Furthermore, the dielectric constant of the inter- e =Cma*(td+ti) _
face layer is much lower than that of the gate dielectric, average Agg

Ke= St (St 2W)/aty]

i=1,2,3, (7)

-1

ty
— (tg+tp), (10

Eq

£
+ J—
&j
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FIG. 5. The insertion loss vs frequency for various samples indicated, which

was measured at zero bias after TRL calibration.

where C,,a is the maximum capacitander the accumula-
tion capacitance A is the capacitor area, which is equal to
9.6x10 * cn? in our measurementig, is the free space
dielectric permittivity. This average dielectric constant is of-
ten much lower §,erags<100) than the dielectric constant

Lue, Tseng, and Huang 5279

€4 measured by microwave CPW transmission lines. ComFIG. 7. Transmission electron microscope picture of sample S1. The upper

bining Egs.(10) and(2), we can calculate4 ande;, and the
results are listed in Table I. For simplicity, E@) instead of

side is silicon, while the lower side is BST thin film.

Eqg. (2) can be used and the results provide less than 1%
deviation, indicating that the contribution of interface layerinterface layer formed to compensate the lattice strain. The

to the microwave measurements is negligibly small

IV. DISCUSSION OF THE DIELECTRIC PROPERTIES

OF BST/SI

As indicated in Table I, the; range from 5 toward 31,
which are much lower thasy, but larger than 3.@dielectric

interface layer of sample S1 is clearly viewed by TEM pic-
tures shown in Fig. 7, from which the thickness of the inter-
face layer of sample S1 is obtained to be 5 nm. Typical depth
profile analyzed by the secondary ion mass spectroscopy of
sample S1(Fig. 8) indicates uniform concentration distribu-
tion for all species in the film, but atoms accumulate at the
interface of BST/silicon. Although it is common to assume

constant of SiQ). The lattice constan.t of _cubic BST can be {he interface layer of gate dielectric is pure S$iQhis as-
calculated by x-ray spectrum shown in Fig. 1 and the result§,mption is incorrect because Ba, Sr, and Ti ions can diffuse
show that the lattice constant of BST is 3.97 A, which Sinto Si0, interface layer. Small ions such as'1i(0.6 A)

much lower than that of the silicon, 5.40 A. This lattice show a large accumulation at the interface, indicating that
mismatch between BST and silicon wafer may lead to thin

800 |-
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400

Capacitance(pF)

200

Gate voltage (V)

FIG. 6. C-V characteristics of Pt/BST/@iorma) MIS structures.
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Ti** ions easily diffuse into the interfacial SjQayers com-
pared to Ba and Sr. This BST diffused Sifayer has dielec-
tric constant larger than that of SjQ03.9.

One important result of our method is that we can obtain __ s
the dielectric constants of both the BST film and interfacial
layer. The dielectric constanty of 600 °C deposited BST
film is around 200 and decreases for lower deposition tem
perature(samples S2, S6, and 5% is only 85 for 400°C
deposition temperaturé€S6), this is because that the BST
layer is amorphous at low temperature growth, as confirmec=
by the weak peak intensity in the x-ray spectriiig. 1).

nsertion loss (

The average dielectric constantg,r,qcdecrease with de- 2t

creasing film thicknesgsamples S2, S4, and B5vhich is L
common result in the higk-gate dielectrics. On the other 6 5 4 3 2 4 0 1 2 3 4 5 6
hand, we can observe the dielectric constgnof BST layer Bias voltage (V)

and the interface layer thicknesdo not change much for , , _ _
different BST film thickness and the average dielectric Con_SIG. 9. Comparison of the insertion Io_sses vs bias at 20 GHz for samples
i . eposued at various oxygen mixing ratio.

stants are lowered down much more for thinner BST films.

Therefore, it may conclude that the decreasing average di-

electric constant with decreasing thickness is mainly due tdrap states effectively “pin” the Fermi level and the micro-

the interface layer rather than the crystallinity of BST layerwave dissipation shows low variation in this voltage range.

in this case. In addition, the interface layer dielectric constanHowever, if the applied bias is larger such tl@gtQ;, the

g; increases with increasing BST film thickness. This may beadditional carriers will go to the conduction bands or valence

attributed to the better crystallized interface layer for thickerbands and consequently contribute larger microwave dissipa-

BST film. tions. Since the energy of the trap states is often continuously

So far we are the first to measure the dielectric constantdistributed in the band gap, the trap densities are often char-

of both the gate dielectrics and interface layers directly byacterized by energy density of statBs(1/ cnf eV). TheD;,

employing conventionaC—V and microwave measurements then causes less band bending than ideal, and the slope of the

together. This measurement technique would provide verynsertion loss versus bias is reduced.

useful information for the MIS structure studies. Based on the earlier argument, we can qualitatively ex-
plain the characteristics of the behavior of insertion loss ver-
sus bias voltage. As shown in Fig. 9, 10% OMR B&R)

V. THE MICROWAVE RESPONSE OF MULTILAYERED has the fastest variation implying that lower trap density ex-

CPW TRANSMISSION LINES UNDER BIAS isted in this sample compared to those of S1 and S3. In Fig.

The phase 0f5,; is related to the dielectric constant of 10, the low temperature grown BS$6) has smaller varia-
the thin film. On the other hand, the magnitude%ﬁ (Or tion Implylng Iarger trap densities existed in this Sample. In
insertion los§ is able to give us the information about the Fig. 11, thinner BST gate dielectri¢S4 and S2have faster
charge carrier. We can apply dc bias on the center conductd@riations because their capacitances are larger such that the
in the CPW transmission line to attract charge carriers int¢harge densities attracted per unit voltage are larger. For
the interface and monitor the change of insertion loss. Fofore illustration, characteristics of passivated polysilicon
n-type substrate, there is electron accumulation at the surface
for positive gate bias while there is hole inversion for nega-
tive bias. In both cases, we may expect that the charge acct
mulation in the interface of BST/Si will cause dissipation of
electromagnetic energy. The results of the measurements ¢
insertion loss versus bias at 20 GHz for various samples aréz 5r
shown in Figs. 9—-12. On the basis of these results, we car2
find that the insertion loss does not always change rapidly§
with the bias but instead there are voltage ranges existe% 4t
with small variations of insertion loss in some samples. In €
this region the insertion losses vary slowly and beyond this &
region the insertion losses increase rapidly. We believe tha™
this interesting phenomenon is related to the interface traps
If the charge carrier densit® (1/cn?) attracted by the bias
is less than the trap densit®,, the charge carriers will be SO D SO
bound in the trap states. The trap states are the localizes * * 4 3 =2 4 0 1 2 3 4 5 ¢
electronic energy states or in other words, the carriers in the Bias voltage (V)
trap states are immobile. Therefore, those charge carriers Wi, 10. comparison of the insertion losses vs bias at 20 GHz for samples
contribute much less microwave dissipation. In this way, thaleposited at various temperatures.
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FIG. 13. Comparison of the phase changes vs bias at 20 GHz for several

) ) . . samples indicated.
FIG. 11. Comparison of the insertion losses vs bias at 20 GHz for samples

with various film thicknesses.

the gap of CPW was removed is redudé&dg. 12 because
were also measuretsample B. The 3000-A-thick poly- the conducting channel in the gap was removed. The inser-
silicon film was used to provide trap states while the 1000tion loss of sample X2 also shows a small variation over
A-thick SiO, was used for isolation and passivation. Gamblebias. This is due to the accumulated carriers below the con-
et al1® have pointed out the incorporation of polysilicon on ductors.
the surface of HR silicon will reduce the microwave loss  Another interesting behavior is the phase changes, as
through trap states; We are now verifying this assumption byhown in Fig. 13, indicating the phasés, remain constant
applying bias. In Fig. 12, the insertion loss of sample P refor small bias voltages, as the results in the measurement of
mains almost constant for various biases, indicating that alhsertion losgFig. 9). Beyond this region, the phase changes
the carriers induced by the applied bias were accommodatgfcrease indicating a slower microwave velocity. This behav-
in the trap states. This result strongly suggests the correlatiogy is due to the “slow wave” phenomendh=? The accu-
of the behavior of insertion loss with trap states. For themylated free carriers not only increase the loss but also ef-
1000-A-thick thermal-oxidésample X1 the insertion loss is  fectively slow down the microwave velocity. At low bias
larger than sample P, and shows a larger variation over biagoltages, the carriers are trapped in the trap states and are
The reason for that the incorporation of insulating oxidejmmobile. Therefore, the slow-wave property does not occur.
would cause large microwave loss was explained by Wigor accurate measurement of the dielectric constant, the

etal® That is, there is surface band bending existed at thghase should be chosen in the range with low variation to
interface of silicon substrate due to the oxide fixed chargeprevent the effect of slow wave.

This band bending causes a conducting channel between the Ajthough we can qualitatively explain the behavior of

signal and ground lines and contributes a large microwavehsertion loss over bias, the accurate modeling of the MIS
loss. The insertion loss of sample X2 in which the Si®  cpw transmission lines is complex and requires more rigor-

ous analysis of the distribution of charge carriers. It needs
7 further study to quantitatively characterize these phenomena.

By the earlier-mentioned result of this article, the appli-
cation of passivated polysilicon is a good choice to keep the
HR silicon low-loss, even for high bias voltage. We also
suggest deep-level traps introduced by ion implantation into
the HR-silicon surface will result in the similar behavior due
to the pinning of the deep level. All these trap states can be
monitored by the relationships of insertion loss versus bias
voltage.

High-resistivity silicon is thought to be a possible candi-
date for rf-complementary metal-oxide—semiconductor
(CMOS) substrate. Recent developments of silicon-based rf—
CMOS meet difficulty* due to the loss of silicon substrate.
L S Conventional CMOS silicon substratp~ 10{2-cm) is high
o T T T loss, which causes serious parasitic effects both in the active
(CMOS, BJT, eto.and passive devicg@ductors, transmis-
FIG. 12. Comparison of the insertion losses vs bias at 20 GHz for severapion lines, etg. To overcome such high loss, developments
samples indicated. such as microelectromechanical technofdgyand thick

Insertion loss (dB)

Bias voltage (volt)
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