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A humidity-sensing model for metal—insulator—semiconductor capacitors
with porous ceramic film
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A new physical model for a humidity-sensitive metal—insulator—semicondubtt) capacitor

with porous thin film is proposed. The model is used to determine water adsorption isotherm and
calculate pore-size distribution of the film. The relative-humidity dependences of the capacitance
and resistance of the film were measured. The effects of frequency on the dielectric constant of the
film and the current of the MIS structure under various relative humidities were investigated.
© 2000 American Institute of Physids$0021-897@0)06212-3

I. INTRODUCTION The wafer was cleaned by the standard RCA process
(NH,OH:H,0,:H,0=1:2:5; then HCI:HO,:H,0=1:2:8)

. .In the plevelopment of autqmatlc (.:OerI teCh.mqueS’with its native oxide removed by a HF d{pl,O:HF=10:1).
miniaturization of sensors and integration of sensing ele;

ments have become important issues. Their realization d S1-xLaTiOs film with a 0.8 um thickness was deposited on

pends on investigation and exploitation of thin-film sensors(:{he silicon substrate by argon-—ion-beam sputtering under a

I . ; vacuum of 1.33 mPa at room temperature, and then the wa-
on silicon substrates. Perovsk{BO,)-type oxides, besides o A
. ) o ; L . _fers were annealed at 450 °C for 20 min in nitrogen. The
being used as high-permittivity dielectrics in nonvolatile

memory'=3 have been extensively studied as sensing materpaterlal chosen for the sputtering target was a sintered-type

o 11 . . semiconducting ceramic. Aluminum evaporation and photo-
rials in recent year&: ! Radio-frequency sputtering or argon ) e
. . S =~ lithographic processes were used to form a thin-film MIS
ion-beam sputtering commonly found in integrated-circuit . .

o . . . capacitor, and then the back surface of the device was gold
fabrication, were used to deposit barium titanate

(BaTiOs)'23film on silicon wafer, and strontium lanthanum Friztﬁg\ﬁlgo\r/vrgsaﬂeogtn,:rlg;[zgtz(?josoh? éN ?olrnllggﬁ%] 'Tr;ngll':?/o en
titanate (Sy_,La,TiO3)'* or strontium titanate—niobate gen,

(SINB.Ti, .09 film on SiO,/Si substrate. A metal— 2nd attached to a header. A high-frequendy MHz)

insulator—semiconductdMIS) capacitor was then built as a capacitance—voltage instrument was used to measure the ca-

humidity-sensing element. It is well known that these depos_pacitance of the device under various relative humidities

ited films have a porous structufeand their capacitances (RHs), and a dc power supply was used to investigate the

increase with relative humidity due to the fact that adsorbeéeﬁcects of RH on the resistance of the film. An ac power
. ; . . supply was chosen to measure the current of the device ver-
water in the pores increases the dielectric constant of the

materials. In this work, a physical model for water adsorp-Sus RH under various frequencies.
tion in porous film is proposed. The effect of adsorbed water

on the capacitance of porous film, adsorption isotherm, porey, ‘e /| ENT MODEL OF WATER ADSORPTION IN
size distribution of the film, and the humidity-sensitivity

- . _ ’  POROUS FILM
characteristics of the MIS structure are investigated, with

Sn_4La,TiO5 film as an example. Generally, a humidity-sensitive porous ceramic film is
considered to be composed of three portions, i.e., solid ce-
Il. EXPERIMENTS ramic, absorbed and condensed water, and air. The equiva-

- o _ _ _ lent model of the porous film in Fig. 2 is proposed to de-
N/n™ type silicon epitaxial wafer witli111) orientation  scribe the humidity dependency of the sensor. Therefore, the
and 0.3-0.6(2cm resistivity was used in this experiment. total capacitanc€ of the MIS structure is given as follows:

Cs 2 in= 1Ci
dAuthor to whom correspondence should be addressed. Electronic mail: C= < ~ (1)
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As can be seen from Ed5), N, depends ore, and
e;1. While e,p can be obtained directly frog [i.e., Eq.
Al (3)], &,1 may not be equal to the dielectric constapt of the
i target material. Therefore, a successive approximation
w

method by substituting/, and N, into Egs.(5) and (4) is
used to calculates,;, and then the total pore volume/ (
=N,AW) in the film can be obtained. For our example of
Sr,_,La,TiO3 material, measured/, ,Cp are 115 and 112
pF at 1 MHz, respectively, and heneg;, N,, andV are
calculated to be 102, 49.5%, and .80 8cm®, respec-

Sl‘l.xLaxTiO3 ( 0.8 p,m)

Au tively.
Under a relative humidity of RH, the capacitance of the
é wet film can be written as
80A 80A ,
FIG. 1. Cross section of MIS capacitor with,SgLa,TiO5 film (area of Cw= WSrW:W(8r1N1+ groNs+ €r3N3), (6)

upper electrode is 1.9610 2 cn?).
whereeg,y, is the effective dielectric constant under wet con-
ditions, and\1, N3, N3 are the corresponding area fractions

wheren=2 and 3 for dry and wet conditions, respectively, shown in Fig. 2b). With N,=N;+ N3z and assuming the

andC,=dQ./dV¥ (charge change with the potential at the volume of adsorbed water isN;=»/WA), Eq. (6) can be

silicon surfacg Since the surface layer is under accumula-written as

tion, Cc>>"_,C;. Equation(1) becomes

goA v v
n &0 n CWZW 8r1N1+8r2 Nz— m +8r3W—A
C:E Ci:W E eriA, (2
i=1 i=1 veg
with W the thickness of the filmg, the vacuum pemittivity, =Cot iz (era~er2). @)

ande,; andA, the dielectric constants and areas of the cor-_.. : : B .
. . I, . Since the dielectric constant of wateg, {=81) is much
responding regions shown in Fig. 2, respectively.

For dry condition(RH=0%), the total capacitance of the Ia.r?_]e.r than Fhat of air ,~1), » and henceCW Increase
MIS structure in Fig. 2a) with a total ared\ is calculated as wit increasing RH. Based on E@), by measurlng_:D and
' Cw as a function of RHyp versus RH can be obtained.

It is well known that physisorption includes capillary
condensation and pore—wall adsorption. Condensation oc-
curs in all the pores with radius up tQ given by the Kelvin
equation(contact angle:0)!1-16

80A 80A
Co= -y e =CitCo= (enNiterN2), (9

wheree,p is the effective dielectric constant of the porous
film under dry conditions, antll; andN, are the area frac-
tions of the two regions, respectiveliN{ is regarded as po- B YVm
rosity of the film. Sinces,,~1 andN;+ N,=1, Eq.(3) can k= RTIN(1/RH)’
be written as

®

where y, v,,, T, andR stand for the surface tension, molar
goA volume, absolute temperature, and gas constant, respectively.

CD:W[(l_ N2)era+Na] 4 On the other hand, desorption is determined by a pore radius
ri. (=2r,).*® Since the thickness of adsorbed water on the
or pore wall is given by the Halsey equatidbh'®
N ( CDW) / (21— 1)=( M(s11-1) —5 \*®
2=\ 1™ A €ri— L)=(&n1—&rpp)iler—41). =t ———
wheretg is the thickness of a single adsorption layer, the
critical pore radius should be
Ny, A Ny A N, A N, N; r=t+ry, (OI’ rl’() (]_O)
The logarithmic dependence of (or r;) andt on RH im-
W _ - _ plies that the increase af, &,y , or Cy with RH exhibits
S A R strong nonlinearity.
(82) ) | (a) Using the above equivalent model for the
Al/Sr,_,La,TiO3/SiO,/Si structure, the film capacitance
- ) (Cg) under various RH can be determined from
a
FIG. 2. Equi . . _ CeCox
. 2. Equivalent model of porous filnfa) without water adsorbed}) Cr=r-+—, (11
with water adsorbedN;, N,, N5 andNj; are fractions of the film arga Ce+Cox
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FIG. 3. Dielectric constant of $r,La,TiO; film vs relative humidity at 1 o ] o ]
MHz of test frequency(—) RH changes from 0% to 92%adsorption  FIG. 4. Adsorption isotherm of water in Sr,La,TiO; film (film volume

branch; (—) RH changes from 92% to 0%lesorption brangh =AW=1.96x10"° cn’x0.8x10~* cm).
whereCy is the total capacitance which can be measured at B ﬂz Cw—Cp (12)
high frequency;Coy is the capacitance of the SjQayer . €s €13~ Er2

which can be calculated by the device size and dielectri

constant of SiQ (&,0,=3.9). (stmg the experimental data in Fig. B,versus RH can be

calculated and is shown in Fig. 4. In the cyclindrical-pore
model based on the desorption step, when relative humidity
IV. RESULTS AND DISCUSSIONS decreases from RH; to RH, the volumes\V; of pores with
radius ranging fronr;_; to r; can be calculated by a recur-

The deposited film of Sr ,La,TiO5 and its target mate- 2 03
rence formuld

rial should be ann-type semiconducting polycrystalline
ceramic'*®because the atomic radii of £5(0.122 nm) and i-1 il
SrP*(0.125nm) are nearly the same and hence donor levels AVizRi( Av;—2At; 2 F—AVj+2tiAti E =AV;]|,
are formed in the band gap due to partial substitution &f Sr =1 =1t

by La®" in the target material. Moreover, since the substrate Ti=1(r_,+r), L=i(t_,+t) (13)
is not heated during film deposition and a low temperature is >+ U0 o2V AR

used for postdeposition annealing, single crystal or glass _ _ T o\?

structure should not form in the deposited film. The chemical At=(t-1—t), Ri= ﬁ '

composition of the film is examined by Auger electron spec- . .
P y Aug P whereAv; is the desorption amount of water at thé de-

troscopy and the composition of La is found to be about 5%. ) T o )

sorption step, which includes vaporization of capillary con-
A. Effect of relative humidity on dielectric contant of densation and thinning of the adsorption layer on the wall,
Srl_XLaXTiO3 film with ri= rki+ti [Eq (10)]

Figure 3 shows that the effective dielectric constant ~ The incremenfv; can be determined by the desorption
(e,w) Of the Sk_,La,TiO5 film increases with RH. The de- branch of the adsorption isotherm in Fig. 4. In the calcula-
sorption branch lies to the left of the adsorption one as RHION: % ¥m, to, andR of water are taken to be 71 dyn/dt
changes from low to high and then back, and the maximuns0 °C), 18 cni/mol, 3 A, and 8.3k 10" erg/K mol, respec-
hysteresis is about 7%. The hesteresis loop should be relatéyely- Thusry;, t;, and als@AV;(r;) could be calculated by
to pore—radius distribution, because according to(Bgthe  Eds. (8), (9), and (13). The pore-volume distribution

Kelvin radius of desorption is twice that of adsorption under(AVi/Ar; vsr) is shown in Fig. 5. The results show that the
the same RH. film has high porosity £AV;/AW~47.7%) and present a

wide pore-size distribution, which are helpful for improving
the humidity sensitivity characteristics. On the other hand,
the total pore volume (7610 8cn?) is slightly smaller
than the value (7.810 8cm) calculated by Eq(5), be-

The adsorption isotherm of water for the; SgLa, TiO;  cause the RH range from 92% to 100% is not included in the
film could be determined by Ed7), i.e., experiment.

B. Adsorption isotherm and pore-radius distribution
of Sry_,La,TiO5 film
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FIG. 5. Pore—volume distribution with pore radius as a parameter. FIG. 7. Resistance of $r,La TiOs film vs relative humidity
7. LLay, .

C. Frequency effects on humidity sensitivity By measuringR under various RHas shown in Fig. 7and
characteristics of Al /Sr;_,La,TiO3/Si structure calculatingZ from Fig. 6,Cp andC,y as a function of can
The influence of frequency on the current of the MIS P€ obtained. As shown in Figs. 8 and(®, andC,y decrease
capacitor under various relative humidities is shown in Fig With increasing frequency, but humidity-induced capacitance
6. Theoretically, the current change with increasing fre-(Cw—Cp) is almost constant. It reveals that although the
quency is nonmonotonous, and should be a combined effegtielectric constant of the dry $r,La,TiOs fllmsdecreases
of frequency increase and dielectric-loss increase on the imi¥ith frequency(Fig. 10 due to dielectric |0_S§U the water
pedance of the device. Based on a simple parallel resistgydsorbed in the film does not show any dielectric loss within
(R)—capacitor(C) circuit model, the frequencfdependence the experimental frequency range. Theref@g,— Cp either

of the impedanc@ of the device is given by can be determined at low frequen@g., 20 Hz by Eq.(13)
R or directly measured at 1 MHz. When RH changes from 0%

7— . _ (14) to 92%, the current increases by 130% under a test voltage of
1+j27RCf 5 V with a frequency range from 20 Hz to 20 kHz at room

temperature, but the current change is smaller at higher fre-

quencies, e.g., only 60% at 200 kHz. More experiments dis-
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FIG. 6. Current of MIS capacitor vs frequency for various relative humidi-
ties (test voltage is in rms valye FIG. 8. Influence of frequency on capacitance of Ska, TiOj3 film.
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FIG. 9. Humidity-induced capacitanceCg,—Cp) vs frequency for

Sr_,La,TiO4 film.

Li et al.

V. CONCLUSIONS

A new physical model describing the humidity-sensitive
MIS capacitor with porous thin film is proposed. The model
can be used to determine the water adsorption isotherm and
calculate pore-size distribution. Although deposited
Sr_,La,TiOg film presents a dielectric-loss increase at high
frequencies, adsorbed water in the film does not enhance this
loss for frequencies up to 1 MHz. The film exhibits superior
humidity-sensitivity characteristics because its dielectric
constant increases and its resistivity decreases with increas-
ing RH.
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