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The selection of materials for semiconductor device passiv-
ation was investigated as regards the application of ZnO- and
PbO-based glasses in MOS (metal, oxide, and silicon) devices.
It was found that mechanisms affecting the application of these
glasses to MOS devices were related to the molar polarizabilities
and the OH radical contents in glasses. With regard to the
recovery of C-V (capacitance—voltage) hysteresis loops in MOS
capacitors, ZnO-based glasses were found to be superior to
PbO-based glasses, since the molar polarizability of ZnO-based
glasses was smaller than that of PbO-based glasses. The concen-
tration of OH radicals depends on the composition of the glasscs
and had a negative effect on the recovery of C-V curve shifts
in MOS capacitors passivated by these glasses. The glasses had
low-temperature reflow below 800°C; PbO-based glasses had
lower flow points than ZnO-based glasses. The possible mecha-
nisms for the recovery of AV shifts in C-V hysteresis loops
were elucidated by the use of Poisson’s equation and OH absorp-
tion coefficients. © 1995 Academic Press, Inc.

1. INTRODUCTION

Dielectric glass films are an essential component of ULSI
{ultra large-scale integration) devices, where they are used
as interlayer insulators and muitilevel interconnection in-
sulators (1-3). Recently, there has been a particular need
for low-temperature reflow glasses in highly integrated
ULSI chips, since such chips require the formation of shal-
low junctions (4, 5). Highly doped and low polarizable
borophosphosilicate glasses (BPSG) formed from inor-
ganic sources by chemical vapor deposition have been
adopted in some highly integrated ULSIs (6), but there is
a tendency for BPO, crystallites to form (7). The precipita-
tion of BPQ, crystallites inhibits glass reflow, so this is a
fatal drawback in terms of device planarization and the
formation of multilevel interconnections (8). The results
of many studies of inorganic BPSG have demonstrated
that it is difficult to obtain homogeneous glasses without
crystallites when the reflow temperature is below
800°C (7).

Zn0O- and PbO-based glasses without crystallites have
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flow temperatures far lower than that of BPSG, but both
are somewhat polarizable and contain a small quantity of
OH radicals (9, 10). The concentration of OH radicals in
ULSI insulator glasses can be obtained by measuring opti-
cal properties such as transmittance, absorption, and re-
flectivity. The introduction of fluoride ions with low polar-
izability and weak chemical bonds into glasses causes the
removal of OH radicals (11) and improves the C-V (capac-
itance—voltage) characteristics in passivated MOS capaci-
tors; fluoride-containing ZnC- and PbO-based glasses are
particularly favorable for the formation of homogeneous
{ilms for use in device passivations, since they readily re-
duce the flow temperature. This paper deals with the opti-
cal, thermomechanical, polarizable, and MOS properties
of low-temperature reflow and low OH-containing ZnO-
and PbO-based device planarization glasses.

2. EXPERIMENTAL

Batches of ZnO-ZnF,-5i0,-B,0:-P,05 and PbO-
PbF,-5i0,-B,0;-Al,0; glasses were prepared from re-
agent grade chemicals. The ZnO-based glasses were
melted at 1300°C for 5 h and PbO-based glasses were
melted at 1200°C for 5 h. Melting was carried out in a
platinum crucible using an electric furnace under an oxidiz-
ing atmosphere. After they were melted, the glasses were
poured onto a stainless steel plate and then annealed. Infra-
red spectra were measured using a Digi-Labo spectropho-
tometer with 10 X 20 X 1 mm plates. Thermal expansion
curves were measured using Rigaku TMA systems. Glass
transition points and flow points were determined using
thermal expansion curves obtained on 20-mm-long, 4.5-
mm-diameter rods.

The molar polarizability of the glass was calculated,
as previously described by the author (10, 12). Sputter
target plasses were cut and ground to 75.0-mm-diameter,
10-mm-thick shapes. Glass films 2000 A thick were sput-
tered on a S10; layer (500 A) formed on Si(100) wafers
at 1 kW power and 30 m Torr using a Perkin-Eimer
vacuum system. Glass thickness was measured by the
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FIG. 1. Charge distribution and electric field in MOS capacitors.

use of a Nanometrics SD9-2000T thickness-meter using
the Na—D-line refractive index (Np = 1.56). Aluminum
electrodes were deposited on the glass film. C-V curves
for the MOS capacitors were observed at 1 GHz at
room temperature.
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3. DISCUSSION AND RESULTS
3.1. Theory of MOS Capacitors Passivated by Glasses

The potential for application of glasses in ULSI device
passivation can be demonstrated by measuring the C-V
characteristics of MOS capacitors passivated with the
glasses. The C—V curve shifts toward higher voltage as the
molar polarizability of the glass increases, This adverse
effect on the C-V curve has been described in terms of
the polarizing voltage, V,,, in MGOS (metal, glass, oxide,
and silicon) structure (13, 14), in which Poisson’s equation
is written as

=V, = (Nyd*2K,Ey) + Nd X,/ K E,, [1]
where 4 is the charge width, representing the charge distri-
bution in the glass, N is the polarizable ion concentration
at charge g, (J; is the surface charge accumulated on the
silicon surface, X, and X, are the glass and oxide film
thicknesses, respectively, and K, and K, are the glass and
oxide dielectric constants, respectively. Ey is the dielectric
permittivity of free space. The charge distribution in the
glass and the electric field in the MOS capacitor are shown
in Fig. 1. Solving Eq. [1] for 4 results in

d= (K_éﬁ_?EﬂKg.

1/2 KgXO
K2 N, *’) B :

e 2]
When the glass molar polarizability is very small, V;, = 0
and, therefore, (ZE K, /N)V,, = 0. If this term (2EK,/
Ng) - V, is then neglected in Eq. [2], d = 0 is obtained.
Therefore, in Fig. 1, Q4 and @; (= Q4/K,F;) become
very small.

TABLE 1 _

Zn0O- and PbC-Based Glass Compaositions, Toy, Ron, Bos, AV, and T;
Glass Ton Bon AVq T;
no. Zno ZnF, B,O; 810, AlLO; P05 Pn (%) Rou (cm'l) (V) (°CJ
1 52 1 36 6 2 3 0.395 23 0.52 2.0 1.0 595
2 54 1 31 6 3 5 L.410 21 0.54 2.1 2.5 590
3 54 1 33 4 3 5 0.409 17 0.58 24 30 587
4 54 1 34 2 3 6 0.408 3 0.83 38 KX 580
5 55 1 30 A 3 9 0.414 2 0.86 4.0 4.5 570
Ton Bou AV T
Glass no. PbO PbEF, 810, B,O; AL O, Pn (%} Ron (cm™") (V) (°C)
6 19.0 0.5 56.0 20.0 4.5 0.35% 9.0 0.70 3.08 5.5 570
7 22.0 0.5 52.0 21.0 45 0.402 8.0 0.72 3.18 5.5 560
8 31.0 05 40.0 250 35 0.531 23.0 0.52 2.m 4.8 540
9 49.0 0.5 135 37.0 0 0.786 42.0 0.35 1.06 4.0 520
10 54.0 0.5 145 31.0 0 0.864 46.0 0.32 06.91 35 505
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FIG. 2. C-V hysteresis loops for rapid thermal annealed MOS capacitors passivated by ZnO- and PbO-based glasses. Plates (1)-(10) represent

passivation by the respective glass numbers.

Snow and Dumesnil (13) deduced the relationship be-
tween the C-V curve shift, AV, and Q;, as given by

AVg = QJC,, [3]

where C, is the oxide film capacitance. Since @, and Q4

depend on glass polarizability, so does AV in Eq. [3].
Molar polarizability P,, can be described as
Pn = Pm, [4]

where P; is the molar polarizability and m, is the composi-

tion making up the glass (mole%). Polarizable mobile ions
are introduced at the metal-oxide interface and trans-
ported through the oxide to accumulate near the semicon-
ductor electrode. The induced charge causes the C-V char-
acteristics of the device to shift toward the right. This
charge storage adversely affects MOS device electric prop-
erties (13).

3.2 Polarizable, Optical, Thermomechanical, and MOS
Properties of Glasses

The compositions of ZnQO- and PbO-based glasses pre-
pared in this work are given in Table 1, along with various
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FIG. 2—Continued

characteristics. Glass transition points, T (log n = 13.3),
flow points, Ti(log = 10), thermal expansion coefficients,
a, OH absorption coefficients By, transmittances around
OH band, Ty, reflectivities around OH band, Ry, molar
polarizabilities, Py, and C-V curve shifts, AV, are listed
in Table 1. AV; is the mean value at the midpoints of the
front and back of the hysteresis curves. The molar polariz-
abilities, P, for the ZnQ- and PbO-based glasses are calcu-
lated from the equations

P =0.72my2+ + 0.0076mp3+ + 0.084mig;+
+ 0.136,,p+ + 0.054m5+ (5]

Py = 1.56mpy2 + 0.084mge+ + 0.0076mg + 0.136m 45+,
(6]

where the constants of molar polarizabilities are obtained
from Vleck’s data (15).

C-V curves for MOS capacitors passivated by ZnO-
based and PbO-based glasses are shown in Fig. 2, plates
(1)-(10). The composition of the glass after sputtering
deviated somewhat from the bulk composition. The con-
tent of ZnO in films showed a decrease of 3% and the
content of PbO in films showed a decrease of 5%, in com-
parison with the compositions of the bulk glasses. The
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other oxides such as SiO,, B,0;, P,Os, and ALO; in films
were the same composition as the bulks.

[tis reasonable to suppose that these peculiar C-V curve
shifts and the hysteresis loops are affected by the polarizing
voltage and the OH absorption in the glasses (16-18). Both
effects have been shown to give rise to the hysteresis curve
feature and Vi shift toward the higher voltage. The OH
content probably arises from a glass batch composition
containing water and the OH ions react with fluoride jons,
as represented by

20H- +F; 5 2HF 1+ 0,1. (7]

It is presumed that the reversible reaction in a pyrohy-
drolysis phenomena controls the OH concentration in
glasses. Infrared OH absorption spectra for ZnO- and
PbO-based bulk glasses 1 mm thick are given in Fig. 3
plates (1)-(10).
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FIG. 3. Infrared absorption spectra for ZnO- and PbO-based glasses.

Plates (1)~{10) represent the respective glass numbers,
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FIG. 4. Typical thermal expansion curves for ZnQ- and PbO-based
glasses. 1, glass No. (1): 2, glass No. (3); 3, glass No. (6); and 4, glass No. (7).

Impurities in the OH absorption bands around 3500
cm™! varied with the composition of the glasses. The rela-
tionships between Ty and Ry can be represented as (19)

TDH - 1[ - [ROH(l - ROH) + ROH] = (1 - ROH)Z. [8]

The absorption coefficient, Sgy, resulting from the funda-
mental vibration of OH radicals at around 3500 cm™! is
calculated from (20)

Tou = [(1 — Rou)Ye Pou’]/[1 — R%HE’Z‘SO”"], (9]

where 1 is the glass thickness.
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By substituting Eq. [8] intc Eq. [9], Eq. [9] can be simpli-
fied to

= ¢ Pou’ 4 Rpye Hon* [10]

The OH absorption coefficients, Boy, are computed from
Eq. [10], using a microcomputer.

Optical values of Ty, Rou, and Boy calculated from
the infrared absorption spectra are also listed in Table 1.
The author has focused on two factors for the deformation
and the shift of the hysteresis C—V curves, namely the
effects of polarizability and OH radicals in glasses.

Typical thermal expansion curves for ZnO- and PbO-
based glasses are given in Figs. 4a and 4b, respectively.
Assuming that these glasses will be used as semiconductor
insulators, low-temperature reflow below 800°C has been
studied in an effort to obtain highly doped borophosphosil-
icate glasses. These ZnO- and PbO-based glasses showed
far lower flow points than those for borophosphosilicate
glasses reported previously. In particular, flow points for
PbO-based glasses were lower than those for ZnO-based
glasses, The flow temperature was determined by Baret
et al. (21), using the thermal expansion curves.

4. CONCLUSIONS

The recovery of AV shifts depends on both the molar
polarizability and OH radical content. This recovery is
more pronounced in Zn()-based glasses than in PbO-based
glasses, since ZnO-based glasses have lower polarizability
than PbO-based glasses. The concentration of OH radicals
indicates that the total oxide charge increases, This positive
oxide charge derives from hydrogen-related vacancies (16).

The loss of hydrogeneous species is related to the disap-
pearance of hysteresis in the C-V curve (16). A hydrogen-
eous complex is responsible for the carrier trapping mecha-
nism (16). MOS capacitors passivated by ZnQO-based
glasses with a minimum content of OH radicals and low
polarizability showed the best recovery of C-V characteris-
tics and flowed at below 800°C. The possible mechanisms
for the AV shift in MOS capacitors was discussed in terms
of Poisson’s equation in MOS capacitors using values of
Bou calculated from infrared absorption spectra.
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