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Abstract

In this paper, electrical characterization of lawdielectric methyl-silsesquiazari®SZ) is presented. Thermal stress and bias
temperature stresdBTS) were utilized to evaluate the impact of Cu penetration on dielectric properties. In the investigation of
thermal stress performed by furnace annealing, the leakage mechanism of Al- and Cu-gate MIS capacitors is competed by th
decrease of the interfacial states between metal and dielectric and the increase of defects resulted from Cu penetration. Also, tf
leakage conduction mechanism at high electric field is deduced from Schottky emission in conjunction with space-charge-limited
current conductio{SCLC) through BTS methods.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction quioxane. It is a kind of organic polymer and has
excellent chemical compatibility and adhesive capability
When the progress of integrated circui€s) tech- [6]. In this study, we used MSZ as the insulator and Cu

nology continuously scaled down to deep sub-micron as the electrode to research the dielectric degradation
regime, the speed of signal propagation is determinedcaused by Cu penetration. In this work, thermal stress
by the technology of multi-level interconnection instead and bias temperature stred8TS) are utilized to inves-

of intrinsic transistor delay. The key issues of resistance—tigate the quality of MSZ against Cu diffusion. Also,
capacitanceRC) time delay are related to the wiring the carrier conduction mechanism through MSZ film
metal and the inter-metal dielectri¢ébMD). To reduce  was identified.

the resistance and enhance the electromigration reliabil-

ity, Cu has been recognized as the most suitable alter-2, Experimental procedure

native for Al as wiring material[1,2]. Besides, low
dielectric constan{low-k) materials, instead of tradi-
tional silicon dioxide as IMD, are thus inevitable for
decreasing the parasitic capacitance. Lowielectrics
can also alleviate the power consumption and crosstalk
between metal lines[3—5. Low-k dielectric MSZ
(Methyl-silsesquiazane provided by Clariant Corp.,
whose dielectric constant is 2.6, is methyl-silsesquiox-
ane (MSQ)—like structure derived from methyl-silses-

A metal/insulatoy semiconductor (MIS) capacitor
structure was used to study the electrical properties of
MSZ film. The MSZ solution was spun on the 6-inch
Si wafer and pre-baked in air at 150 and 28D in
sequence, followed by a hydration treatment. It means
leaving the sample in cleanroom for 48 h, leading the
water to be absorbed on MSZ. The water provides the
oxygen to replace the nitrogen elements in methyl-
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5713403. be found that the Si—N peaks are gradually reduced and
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Fig. 1. After thermal stress, the current—voltage characteristics (@jtbhemperature andb) time dependence for Cu electrode.

gradually grow which determine the quality of MSZ samples. They were positively biased at 1 and 2/ MV
film. Standard MSZ film cannot be formed without cm both at 170°C for 1000 s in order to drive the Cu
hydration process. Subsequently, the coated wafer wasons in. The current—voltagel—V) characteristics were
cured in a quartz furnace at 40C for 1 h under N measured at accumulation mode. During the measure-
ambient to remove the residual water. The final MSZ ment, N, gas is continually purged into the probe station
film was formed to a thickness of 410 nm. Afterward,  avoiding the moisture absorption and oxidation of Ti.
a 500-nm-thick metal gate Cu was deposited by sputter-The electrical measurements were performed using a
ing and a 50-nm Ti layer was in-situ deposited to semiconductor parameter analyzer model HP4156.
prevent the Cu gate from oxidation. Also, Al gate was i )

deposited, without capping Ti layer, in contrast with Cu- 3 Results and discussions

gate samples. In our study of thermal stressing, different 5 ; Effects of thermal stress

conditions such as various temperatures and periods of

time were performed in a quartz furnace. In addition, Figures 1 and 2 show the temperature and time-
two strict BTS conditions were performed on Cu-gate dependent current—voltage characteristics after thermal
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Fig. 2. The current—voltage characteristics with temperature an¢b) time dependence for Al electrode.
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is decreased for Al-gate samples. However, thermal

3x10™ drive-in of Cu gate may cause damage or interface
® states. The results exhibit that the interface between Al
2x10™" electrode and MSZ will be improved and the thermal
BTS Condition :170 °C,1000 sec,1MV/cm stress will not cause any damage through the MSZ films
2x10™"'} even if at 500°C. For considering the Cu-gate MSZ
capacitors, the thermal annealing effect cannot compete
ox10" with the damage resulted from Cu diffusion. Therefore,

the leakage current is increased with annealing time and

10" temperatures. Fortunately, the increased leakage current
caused by thermal stress is slight. It is concluded that
%1021 MSZ can meet the tolerance of the subsequent thermal

processes during interconnect manufacturing.

Current (A)

% 200 200 600 800 1000 3.2. Effects of bias temperature stress (BTS)
Time (s)
First, we performed a BTS measurement on Cu-gate
Fig. 3. Current—TimgI-) relation of MSZ during BTS stress. samples at 170C for 1000 s under 1 MYcm. The
current—time(/-¢) characteristic is shown in Fig. 3. A
stress for Cu and Al-electrode capacitors, respectively. sharp downward region before saturation is found which
As shown in Fig. 1, the leakage current is slightly means it is hard for copper ions to penetrate into MSZ.
increased with the elevated temperatures and periods ofFig. 4 shows the/—E curves of Cu-gate capacitors
time. However, quite the other way was observed for measured at elevated temperatures before and after BTS.
Al-electrode samples. It can be deduced that there areThe leakage current arises with temperatures as a result
two mechanisms competing with each other in the of thermal excitation of energetic electrons. Compared
thermal stressing. When the periods of stressing timewith Fig. 4, Fig. 5 shows that MSZ film is so stubborn
and temperatures are increased, the defects and interfacthat the leakage currents are almost the same before and
states may be increased due to thermal drive-in of metalafter BTS. This indicates that MSZ is resistant to Cu
ions [7] or be decreased due to thermal annealing of the penetration. A stricter BTS measurement at 2 k¢%h
interface between metal and MSZ film. Increased tem- and 170°C for 1000 s were further performed to
perature and time improves the interface due to repairinvestigate the endurance of MSZ, as shown in Figs. 6
of discontinuous dangling bonds and the leakage currentand 7. It is found that the leakage current is slightly
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Fig. 4. The leakage current measured with elevated temperd@régfore and(b) after BTS condition 1000 s, 17 and 1 MV/cm.
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Fig. 5. TheJ—E curve of MSZ measured at 17 pre- and post-  Fig. 7. TheJ-E curve of MSZ measured at 17T pre- and post-

BTS. The BTS condition is 1000 s, 17€ and 1 MV/cm. BTS picked from Fig. 4a and Fig. 6. The BTS condition is 1000 s,
170°C, and 2 MV/cm.

increased after the stricter BTS condition. Fig. 8 shows

a slight increase of leakage current among the saturationincrease of leakage current in the saturation region. The

region. It is known that there are some traps within the damage can either be impact ionization due to injected

dielectric film. When a continuous electric field is biased electrons or bond breakage of MSZ due to Cu ion drift.

for a period of time, the injecting electrons will be If the damage is continuously increased, it may finally

captured by the traps, which forms a repulsive electric lead to breakdown.

field. As time passes by, the repulsive electric field will

repel the injecting electrons, which leads to the transient 3.3. Carrier conduction mechanism

decrease of leakage current. Eventually, the steady state

causes the saturation region feff characteristic as Fig. In the analysis of carrier conduction mechanism, it is

3. In Fig. 8, it can be inferred that the damage causedfound that the leakage current density at high electric

during the BTS measurement may lead to the slight field is linearly related to the square root of the applied
electric field for all experimental results of pre- and
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Fig. 6. The leakage current measured with elevated temperatures afteiFig. 8. /-t characteristic of MSZ during BTS stress. A slight rise of
BTS condition 1000 s, 176C and 2 MV/cm. the leakage current is observed.
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Fig. 9. InJ-EY2 characteristics ofa) pre-BTS(b) post-BTS of condition 1000 s, 17, and 1 MV/cm, and(c) post-BTS of condition 1000
s, 170°C, and 2 M\/cm measured at 17CC.

post-BTS conditions shown in Fig. 9. The linear varia- Boltzmann constant. The current density of P—F emis-
tion of the current corresponds to either Schottky emis- sion is given by

sion or Poole—FrenkéP—P emission[7,8]. The current

density in the Schottky emission can be quantified by BpeE2— b pr

the following equation: J=J09XF{TJ )

D low-field conductivity, Ber=(e3/meoe)Y?, and ¢ pg is
the height of trap potential well. From the above
where B,=(e3/4me0e)Y/?, e the electronic chargeg, description we know thgB values depend on dielectric
the dielectric constant of free spaeghe high frequency  constant of the material. For MS& ~ 2.6) we calcu-
relative dielectric constantd* effective Richardson lated that the theoreticgdg and By are 3.76<1072% J
constant,T absolute temperaturd; the applied electric ~ cm'/2V¥2 and 7.5 1022 Jcn/2 \W2 | respectively. In
field, ¢, the contact potential barrier, ank; is the Fig. 9, the experimentaB values, extracted from the

J=A*T2ex;{ BXE:ZT_ ¢J where J,= o E is the low-field current densityg, the
B
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values are smaller than 3.76 and closer to 3.76 than 0 1 2
7.53. It is worth noticing that the experimenfalvalues Electric Field (MV/cm)

are smaller than the theoretical ones. As shown in Fig.

10, the band d_|agram _Of Schottky emission path for a Fig. 11.J-E curves performed with different sweeping times. It is
MIS capacitor is exhibited. It can be deduced that the found that the leakage current is decreased with increasing sweeping
carrier conduction mechanism should be Schottky emis-times.

sion at high field. The electrons first have to cross the

potential barrier built at the interface between metal and transformed from Fig. 7, shows a linear region at high
insulator and then go through the insulator along the field. It indicates that/ is linearly proportional taE? at
potential difference within the insulator. From EQ), high electric field, which obey the SCLC conduction.
smaller 8 value leads to smaller leakage current. Con- Interestingly, among the conduction mechanism of
sequently, the measured leakage currents are smalleSchottky emission, SCLC conduction also appeared at
than those calculated from ided value. Since the  high field. It is deduced that higher electric field may
leakage current is reduced, it can be inferred that the cause the band bending of the potential barrier, which
conductive electrons must be retarded in the insulator|eads more electrons to be injected into the insulator,
layer after they cross the potential barrier. In Fig. 11, and consequently SCLC becomes more pronounced. In
the I-V characteristics were measured with MIS capac-

itors biased at accumulation mode. From 0-+d.00 V

is repeatedly swept. The-V characteristics with differ- 6e-8
ent sweeping times for Cu-gate samples are shown. The
leakage current is decreased with the sweeping times 5e-8
and finally approached saturation without decrease. It _
shows there might exist some charge trapping sites Ng 4e-81
within the insulator and the electrons will be captured Z
to form a local field and retard the other injecting :; 3e-8-
electrons. This kind of conduction mechanism is similar '@
to space-charge-limited current conducti®CLC). As 8 2e-8
considering the space-charge-limited current conduction, =
[9,10 the current density can be expressed as the g 1e-8
following equation 3 ® pre-BTS
! m  post-BTS
9go,10V? oeror
— r 2
J= 84 o E 3 et . . |
3 4 5 6 7

where . is the free carrier mobilityg, the permittivity E? (MV/cm)?)

of free spaceg, the relative dielectric constant of the

sample materiald the sample thickness, anl is th_e Fig. 12.J-E2 characteristic of MSZ with Cu electrode measured at
ratio of the free charge carriers to trapped ones. Fig. 12,170°C.
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Fig. 13. The dependence of effective barrier height vs. electric fielddbbefore BTS,(b) after BTS condition 1 Mycm, and(c) after BTS
condition 2 MV/cm.

the high electric field regime, strong injection of exces- That's the cause of coexistence of Schottky emission
sive electrons occurs and the quasi-Fermi level movesand SCLC conduction at high field and can be predicted
through an appreciable range toward the conductionthat as the field is higher and higher, without breakdown,
band[11] Fig. 13, calculated from Fig. 9, exhibits the SCLC will be more pronounced. From the above anal-
characteristics of effective barrier heighthes= ¢, — yses, it is concluded that the carriers first surmount the
B,E*?) vs. the electric field. It shows the barrier bends potential barrier between the metal gate and the dielec-
more with the increasing electric field. Under this tric by Schottky emission and then are limited by SCLC
situation, the requirement for SCLC conduction is within the bulk of the dielectric. These two independent
achieved. Fig. 14 shows the band diagram for our conduction mechanisms dominate the conduction mech-
discussions. In mathematical analyses, the form of theanism of MSZ at high electric field.

leakage current at high field can be described as the
form of SCLC J~E? which approximates to
J~exp(EY?) of Schottky emission when Schottky emis- In this paper, the electrical characterization of lbw-
sion is Taylor expanded and the square term is dominant.dielectric MSZ has been investigated. Thermal stress

4, Conclusions
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Fig. 14. The band diagram used in our discussion when we performed 2]
the electrical measurements.

(3]

and bias temperature stress were performed to study the 1
electrical properties and quality of MSZ films. In the (5]
research of thermal stress, the leakage current won't be [6]
severely degraded for both Cu and Al-electrode capaci-
tors. Also, the carrier conduction mechanism is identi- |5
fied. From the evidence, it is concluded that the carrier
conduction mechanism of MSZ is dominated by Schott-  [8]
ky emission in conjunction with space-charge-limited
current conduction at high field. It is concluded that [1[3
MSZ is a reliable lowk dielectric, which can be used  [1q]
in the Cu-interconnect structure.
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