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due to charge
Hons

4 power faw dependence on mjected charge.

In this paper, we report ap investigation of barrier height change in gate oxide ceused by charge injection. By analyzing the small
change in the post-siress Fowier-Nordheim (FN} tunneling current through the oxide layer, the change of the oxide barrier height
niection is determined quantitatively. The barrier height changes
d measurement polarities for n-channel metal oxide samicondoctor field-effect transistors (MOSFETS) are Newmw For
e ampmxo;) & measyrersent on a p-channel MOSFET &5 also carried out. For all the ca

iated with different charge-injection divec-

5, the barrter height changes always exhibit
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It is well known that eleciric charges are injected into the gate
oxide in a metal oxide semiconductor field-effect transistor
{(MOSFET) when the device is stressed at high electric fields. The
charge ijections can result in trap generation and charge rapping in
the oxide and at the inerfaces, Jeading to gate oxide degradation
such as oxide leakage and breakdown. % The charge trapping may
cause changes of both the oxide barier height and the oxide field.
For unstressed devices, as the oxide field can be calenlated accu-
rately, the oxide barrier height can be obtained from the amplitde
of the Fowler-Nordheim iv i} tnneling -current across the oxide
layers as predicted by the FN theory.’ 8 However, for stressed de-
vices, hoth the oxide field and the oxide barrier height may be
‘changed by the charge trapping. Therefore, the conventional FN
plots {le., In JIF.T; vs. I/ E, where J is the FN munneling current and
E, is the externally applied oxide electric field) cannot vield a reli-
able bamrier height. Obviously, a systematic stady of the changes of
hoth the oxide field and the oxide barrier height as a function of
charge injection is highly desirable. In this work, we used a novel
approach to analyze the change in the FN tunneling current through
the oxide layer caused by high field stress, and thus the change of
the oxide barrier height is oblained. The barrier height changes in
n-channel MOSBFETs associsted with different charge-injection di-
rections and measurement polarities are determined, 1n addition, for
comparison the barrier height change in a p-channel MOSFET
caused by positive-polarity stress Is also measured with positive
polarity current-voltage (1-V) measurement. For all the cases, the
barrier height change is found to follow a power law of the form Qf,
with #n = (.1 to 0.4 where (0, is the injected charge dose.

Experimental

The n7-polvsilicon-gate n-channel and pﬂpai‘vsiiicowgaxu
p~clsamxel MOSFETs used in this study were fabricated in a manu-
faciuring facility by a 025 m process with a channel length of
%G 25 wm and 2 gate width of 50 pm. The gate oxide thickness-was
4 nm. The n-channel devices were 3%1*(:"-3&6(1 with FN injection from
the gate electrode (ie., the gate injection under negative gate bias)
or fmm the substrate (Le., the m%mmzc fjection mdtr positive gate
bias) at a constant current (10 mA/cm®) {the source, drain, and sab-
strate were grounded), On the other hand, the p-channel device was
stressed under positive gate bias with the same current density. After
cach FN siress, a negative or positive IV measurement was con-
ducted. Both the stress and the -V measurement were carried out
with an HP4136A semiconductor parameter analyzer al room tem-
perature, The stress caused a small change in the FN mnoeling cur-
rent. The stress effect can be seen clearty in the plots of Eg in(Jiy)
vs. HE, where E, is the externally applied oxide field, and J, and J
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are the FN tunnel currents before and after stress, respectively. Fig-
ure 1 shows a tvpical example of Ey Int/ip} vs. I/ Ey as a function of
injected charge.

Resunlis and Discussion

As discussed below, by analyzing the change of the IV charuc-
teristics in the PN wnneling regime, the oxide barrier height change
can be determined. The relationship between the FN nmneling cwr
rent (/1 through the oxide layer and the oxide field (£, can be
expressed by the following welb-known formula’

- Y gl - R o Fi
J o AE’&):{ E‘:\?{ BIE ot ]
where A and B are two constants given by
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where g is the electronic charge, mg, and m, are the effective elec-
won mass in Si and Si0., respectively, kb is the Planck constant, £
the reduced Planck constant, and ¢, the oxide barrier height. When
electric charges are injected into the oxide under high field stress,
the charge trapping in the oxide and at the interfaces may lead 10 &
change (A F) of the oxide field. Now the oxide field at the tnneling
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Figure 1. Typical E, InlJy) vs. 178, a8 a fanction of injected charge dose.
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Figure 2. Oxide barrier height change {(A$,/@.) in s n-channel
MOSFET vs, charge infection {7 for gate injection. {(a) Negative and {B)
positive |V measurement,

wterface E,, = By (1 + AE/E) where E, 18 the externally ap-
plied oxide fleld as mentioned gbove. On the other hand, the stress
could also lead to a change (AA and A8} inthe A and B values if
the oxide barrier height is changed by the stress. From Eg. 2 and 3,
if the changes are small, It can be shown that
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where B, is the $, value before stress and Ad, is the oxide barrier
height change, and A, and By are the A and B values before stress,
respestively.

From Eq. 1, we obtamned the following exprassion for the com-
parison of the FN mnneling current {J} after stress with the unnel-
ing current {J,) before s in terms of the changes AFE, 4A, and
AB

Inserting Eq. 4 and 3 inio Bq. 6, and if AE/E and AP,/ by, wre
srdl, one can obtain
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Figure 3 Oxide barrier height change (A®,/®y in an n-channel
Negative and

MOSFET vs. charge injection ({0, for substrate injection. (
(1) positive -V measswrement.

As (32)(By/Eqy) > 1, Eq.
as

gy
P

Eq 151!

Because 8y, AF, and 8§/, are independent of the £, a linear
relationship is expected in the plot of By Intdidy) vs. 17E,. This has
been confirmed by our measurements {one typical example is shown
m Fig. 1). Based on BEq. 8, & lnear regression o the data points of
Ey Il fgy va. VE, viglds the values of both AEF and A, /Py,
This method enables us to quickly determine the barrier height
change and the oxide feld change simultaneousty.

The oxide barrier height change resulting from different injection
direotions (gate or substrate irjections) and measured with different
gate-bias polarities {le. the positive and negative -V measure-
ments) has been determined by using the shove approach. The bar-
rier height changes in n-channe!l MOSPFETs of different situations
are shown in Fig. 2 and 3. Figure 2 shows the barrier height change
AP, /Py v the injected charge dose Qyy for the gate |
measured with the negative -V (Fig. 2a} and positve I-V _
measurements, and Fig. 3 shows the AP, /&y, vs. the @y, for the
substrate injection measured with the negative IV (Fig, 3a) and
positive BV (Fig. 3b) messurements. For comparison, the barrier
height change in a p-channel MOSFET cauged by positive-polarity
stress 15 also measured with positve-polarity I-V measurement as
shewn in Fig. 4. As can been seen in all these figures {note that
Ady Py, v Oy is plotted in og-log scale), the AP,/ Sy follows
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Figure 4. Oxide barrier height change (A, /) in & p-channel MOSFET
vs. charge injection () for positive-polarity stress and positive IV mea-
surgmsnt.

a sublinear power law, ie., 8@, /Py = AQL, where A and n are
two coefficients that are generally different for different stresses and
devices. We have examiped many identical devices as well as dif-
ferent devices with different dimensions for different injection
directions/measurement polarities, For all the cases, the power-law
behavior was always observed with the exponent factor n =~ 0.1 to
0.4 It seems that there was » trend that positive IV measurement
“had 8 higher # value and that the n was also Jarger for gate injection.
The reason for this trend is not clear yet. On the other hand, #t was
found that the AE (and thus the charge trapping} alse exhibited a
power-law behavior with an » value almost identical to that of the
barrier height change. This tmplies the strong relationship between
the charge trapping and the barrier height change.

Conclustons

We have conducted an investigation of barrier height change in
gate oxide caused by charge injection. By analvzing the small
change in the post-swess FN tunneling current through the oxide
layer, the changes of the oxide barrier heights due to charge injec-
tion are determined quantitatively. The barrier height changes asso-
clated with different charge-injection directions and measurement
polarities are determined for n-channel MOSFET:. For comparison a
measarement on a p-channel MOSFET is also carried out, For all
the cases, the barrier height change alwavs exhibits a power-law
dependence on infected charge with the power-law exponent factor
n = 01w 04 It is also observed that gate injection and positive
IV measurement tend to vield a higher # value, The oxide field
change {and thus the charge trapping} also exhibits a power-law
behavior almost identical to that of the barrier height change, imply-
ing the strong relationship between the charge frapping and the bar-
rier height change.
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