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Increase of Leakage Current and Trap Density Caused by Bias Stress
in Silicon Nitride Prepared by Photo-Chemical Vapor Deposition

Hideharu MATSUURA, Masahiro YOSHIMOTO and Hiroyuki MATSUNAMI
Department of Electrical Engineering, Kyoto University, Sakyo, Kyoto 606-01, Japan

(Received December 7, 1994; accepted for publication February 18, 1995)

Leakage current at low electric fields in silicon nitride (SiN, ) prepared by photo-chemical vapor deposition is in-
creased by bias stress. Discharging current transient spectroscopy (DCTS) for determining the density and
energy distribution of traps in insulators is applied to the study of the change of traps by bias stress. After holes of
2.6 X 1072 C/cm? are injected into SiN,, the densities of single-level traps (~0.80 eV) and energetically distribut-
ed traps located between 0.83 eV and 0.90 eV above the top of the valence band in SiN, increase, which could

result in the increase of leakage current.

KEYWORDS: discharging current transient spectroscopy (DCTS), electrical traps, silicon nitride, leakage current, dielectric

breakdown

1. Introduction

Dielectric breakdown of insulators has been a great
problem affecting device reliability. It could result
from thermal runaway," avalanche generation of hole-
electron pairs,? or generation of traps.? An increase of
leakage current at low electric fields is induced by bias
stress in silicon dioxide (SiO,), and is argued to be relat-
ed to the generation of traps.? Since silicon nitride
(SiN,) has many traps, the leakage current and the dielec-
tric breakdown are considered to correlate strongly
with traps.

Since an increase in specific traps would result in
these phenomena, information not only on single-level
traps but also on energetically distributed traps is re-
quired. Although thermally stimulated current (T'SC)*
and photocurrent spectroscopic techniques” can be ap-
plied to the evaluation of single-level traps in insula-
tors, it is difficult to evaluate energetically distributed
traps in the band gap. These techniques require temper-
ature scanning or light illumination which stresses insu-
lators. However, the density and energy distribution of
traps should be measured without any stress after the
bias stress is removed.

A novel method for evaluating traps in insulators has
been developed by us,? which is referred to as discharg-
ing current transient spectroscopy (DCTS). By DCTS,
one can easily evaluate not only single-level traps but
also energetically distributed traps without any stress
to insulators after bias stress has been removed.

We describe the correlation between the leakage cur-
rent at low electric fields and the density and energy dis-
tribution of traps in SiN, prepared by photo-chemical
vapor deposition (photo-CVD). These traps are evaluat-
ed by DCT'S, and the effect of bias stress on the leak-
age current and the trap density is discussed.

2. Experimental

Capacitors have an Al/SiN,/heavily doped p-type
crystalline silicon (p* ¢-Si) metal-insulator-semiconduc-
tor (MIS) structure, where Al and p* c-Si act as elec-
trodes of the capacitor. After p* c-Si was soaked in a so-
lution of HF and rinsed in deionised water, SiN, was
deposited on p* c-Si at a substrate temperature of

500°C by direct photo-CVD with a low-pressure mercu-
ry lamp using No-diluted mixtures of SiH, and NH;.?
The flow rates of NH; and SiH, were kept at 45 and 1.5
scem, respectively, and the total pressure was main-
tained at 7.6 Torr. The SiN, thickness was 76 nm. Af-
ter depositing SiN,, an ohmic contact to p* c-Si was
formed using Au-Ga alloy, and then Al was evaporated
on SiN; in a vacuum. The area of circular Al electrodes
was 3.14 mm?

The deposition rate of SiN, was 1.7 nm/min. The
refractive index determined by ellipsometry was 1.94,
and the dielectric constant estimated from capacitance
at 1 MHz was around 7.0. The resistivity was about
5x 10" Q-cm below an electric field of 3 MV/em, and
the breakdown field was around 8 MV/cm. The mini-
mum interface-trap density at SiN./Si was around
3x10%cm~2-eV~! in Al/SiN,/n-type c-Si MIS di-
odes.? These electrical properties are better than those
of SiN, prepared by plasma CVD.?

Currents of these capacitors were measured at room
temperature using a Keithley 237 source-measure unit.
A set of measurements of DCTS and current-voltage
(I-V') characteristics was repeated, as shown in Fig. 1.
During the charging time (i.e., in —600s<t<0s), a
bias voltage (V) of 50 V was applied to the Al elec-
trode of a capacitor, and charging current [Lua(2)] was
measured. In this study, charging corresponds to bias
stress. Discharging current [Is(t)] was measured at
Ve=0Vint>0s. After measuring Iss(t), the I-V char-
acteristics were measured in a short time interval of 1
s, in order to reduce the number of injected holes dur-
ing the I-V measurements. All measurements were con-
trolled by a personal computer.

Applying a positive voltage to the Al electrode im-
plies that holes injected from the Al electrode flow
through SiN,, since electrons cannot be injected into
the film from p™ ¢-Si. The number of holes (g}) injected
into the film during the n-th charging time was esti-
mated to be the integrated value of Iy, (t) from —600 s
to 0 s. After the n-th charging, the total number of in-
jected holes (Qﬁ) was calculated as the sum of ¢f from
1=1 ton.
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Fig. 1. A set of measurements for DCTS and I-V.

3. Results and Discussion

The effect of bias stress on capacitors was studied.
Figure 2 shows the [-V characteristics for Capacitor A
[A1l: the first experiment (g;=1.2X1072 C/cm?), A2:
the second experiment (¢?=7.3 X107 C/cm?), and A3:
the third experiment (g3=7.2%107® C/cm?)]. The up-
per abscissa in the figure shows an electric field (E).
Although the leakage current at low electric fields did
not change for the first and second bias stresses, it in-
creased for the third bias stress. In order to study the
relationship between the leakage current and the trap
density in detail, the I-V characteristics of Capacitor B
were also shown in the figure. Capacitor B exhibited
greater leakage current at low electric fields in the first
experiment than the others.

As is clear from the figure, currents in V;>40 V are
similar. These currents in high electric fields are report-
ed to be Poole-Frenkel current caused by traps located
at 1.3+0.2eV."® On the assumption of Poole-
Frenkel conduction, the dielectric constants were calcu-
lated to be around 3.6 from the slope of I/E—EY?
curves replotted from Fig. 2. Although these dielectric
constants are slightly smaller than that of about 4 ob-
tained from the refractive index in the visible light
region,'™'? these currents can be assumed to be Poole-
Frenkel current. The densities of these traps should
not be different in these capacitors, since Poole-
Frenkel current is proportional to the trap density.

On the other hand, currents in V,<30V are quite
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Fig. 2. I-V characteristics of Al/SiN,/p* c-Si MIS capacitors (A
and B) with an SiN, thickness of 76 nm (A1: the first experiment,
A2: the second experiment, and A3: the third experiment for
Capacitor A, and B1: the first experiment for Capacitor B]. -V
characteristics were measured at a short time interval of 1 s after
applying each voltage.

different. There are only a few reports on currents in
low electric fields. These currents may result from hop-
ping conduction' or trap-assisted injection,'*'® and
they increase with an increase of trap densities. These
traps should be located in energy levels shallower than
1.1 eV, because these currents flow with lower electric
fields than does Poole-Frenkel current. In order to fit
experimental results with theoretical curves (I-V char-
acteristics or time-dependent flat-band voltage) as
trap-assisted injection of holes into SiN,, the energy lev-
el and density of single-level traps were assumed to be
0.95+0.2 eV and on the order of 10" cm™ by Sven-
sson and Lundstrom,' and 0.87 €V and between 10
and 10 cm ~® by Maes and Van Overstraeten,'® respec-
tively. As is clear from the discussion above, Capaci-
tors Al and A2 have lower density of shallow traps,
while Capacitor A3 has higher density. In Capacitor
A3, an increase of traps may result in excess current in
35 V<V <40V, which could lead to the dielectric
breakdown.

Let us evaluate traps shallower than 1.1 eV in these
SiN, films by DCTS. In Fig. 1, Liua(t) is the sum of cur-
rent [I,(t)] for charging the capacitor, absorption cur-
rent [Ia(t)], and conduction current [;(¢)]. The in-
tegrated value of I(t) corresponds to the charge
¢.=CV, at the electrodes (C: capacitance of the insula-
tor), while the integrated value of I(t) corresponds to
the total charge of trapped holes in the insulator. ()
is the current which flows through the insulator, but
I,(t) does not flow during discharging because Vy=0
V. I(t) flows in the opposite direction to Isa(t). Since



Jpn. J. Appl. Phys. Vol. 34 (1995) Pt. 2, No. 3B

g. disappears in a short time after t=0, charges emit-
ted thermally from traps contribute to Iy (¢) which can
be experimentally measured. Therefore, Iys(t) includes
information on traps.

In order to evaluate traps from Iy(t), the function
D(t) is defined as?

D(t)=—tIs(t)/qSd, (1)

where ¢ is the charge of an electron, S the electrode
area, and d the film thickness. The single-level trap den-
sity (n:) and the trap level (E,—FEy) for holes are ob-
tained from the figure as follows:

ny=D(tn)/exp (—1), (2)
and
Ei—EBy=kTIn (vpta), (3)

where tn is the time at which D(¢)/exp (—1) becomes a
maximum, E; the energy level of hole traps, Ev the top
of the valence band, v, the attempt-to-escape fre-
quency, k the Boltzmann constant, and T the absolute
temperature.

Figure 3 presents D(t)/exp (—1) calculated from the
measured Iy(t). The narrow peaks appearing at
around 3 s in the figure represent single-level traps.?
The obtained values of n, and E,—FEv were 2.8 X 10
cm ™ and 0.79 eV for Al and A2 using v,=103s1 ¥
7.2%10" cm ™3 and 0.80 eV for A3, and 4.3 X 10" cm =3
and 0.80 eV for B1, respectively. The energy level and
density of traps estimated here coincide with those in
the trap-assisted injection of holes.'*'®

Since the data for t>10 s do not have a narrow peak,
the traps corresponding to these data should be ener-
getically distributed. In this case, the following rela-
tions can be derived:®

9(E)=D(t)/kT, (4)
and
E—Ey=kTIn (vpt), (5)

where g(E) in cm3-eV ! is the trap density for holes.
Therefore, the right ordinate and the upper abscissa in
Fig. 3 are useful for assigning the results for t>10 s to
energetically distributed traps. From the figure, ener-
getically distributed traps on the order of 10V
cm ?-eV ! were located at 0.83 eV<E—Ey<0.94 eV.

The value of qf corresponds to the sum of the in-
tegrated value (ql) of Il(t), and charges (q:;][1 and qde)
trapped at shallow and deep traps. As is clear from Fig.
3, traps deeper than 1 eV cannot release holes during
discharging. Therefore, g} (i>2) corresponds to the
sum of ¢, and gs. This agrees with the finding that in
Capacitor A ¢ was larger than ¢3(=¢%). Since ga,
which is given by the product of ¢, d, and shallow trap
densities obtained in this measurement, is on the order
of 1078 C/em?, ¢i (i>2) is nearly equal to .

In a comparison of Figs. 2 and 3, it is found that the
current at low electric fields increases with an increase
in the densities of the single-level traps as well as of the
traps distributed at 0.83 eV <E—FEy<0.90 eV, indicat-
ing that the leakage current could be caused by these
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Fig. 3. DCTS signals of Al/SiN,/p™ ¢-Si MIS capacitors (A and B)

with an SiN, thickness of 76 nm. The right ordinate is calculated
from eq. (4) and the upper abscissa is calculated from eq. (5) using
v,=10" 57!, for assigning the results for t>>10's to energetically
distributed traps.

traps. The density of the single-level trap is larger than
the integrated value of g(E) for the distributed traps,
and the former energy level is shallower than those of
the latter (distributed traps). Therefore, the single-
level trap is considered to correlate strongly with the
leakage current. The current at 20 V is approximately
proportional to ni®. This relationship is now under con-
sideration.

The degradation of gate insulators is discussed rela-
tive to the number of injected charges: a convenient
parameter to characterize breakdown due to charge in-
jection is ‘‘charge-to-breakdown’’ @gp. In thermally ox-
idized SiOs, Qgp is reported to be larger than 10 C/cm?
and the hole component in Qgp is around 0.1 C/em?,”
while for SiN, there are no reports of Qgp, as far as we
know. In this study, the charges of holes emitted dur-
ing discharging and holes injected during I-V measure-
ments are negligible compared with ¢} during the bias
stress. The similarity between data for Al
(Qi=1.2%107% C/cm?) and A2 (Q2=1.9X 1072 C/cm?)
indicates that the capacitor was not degraded up to the
second experiment. After the third bias stress, the den-
sity of the single-level traps increased from 2.8 X 106
cm™? to 7.2X10"% cm ™%, and the integrated value of
g(E) for the traps distributed from 0.83 eV to 0.90 eV
increased from 2.0xX10%cm™ to 4.0x10%cm™°
Simultaneously, the leakage current in Vz<30V in-
creased. Therefore, bias stress, which injected
2.6 X 1072 C/cm? holes into SiN, results in increases of
single-level and energetically distributed traps. This
probably leads to the increase of leakage current in low
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electric fields.

If the sample is heated by current, Poole-Frenkel cur-
rent should increase with charging time. In this study,
since the current decreased with time, the increase of
traps by hole injection could occur electronically, not
thermally.

4. Conclusions

As the first step in understanding the dielectric
breakdown of gate insulators in MISFETs, DCTS
proposed by us has been applied to the study of the
change of traps in SiN; films due to bias stress. The sin-
gle-level trap at E;—Fy of around 0.80 eV and traps
energetically distributed at 0.83 eV<E—Fy<0.90 eV
increased with hole injection. The relationship between
the densities of these traps and the origin of leakage
current at low electric fields has been discussed.
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