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Interface Trap Generation by FN Injection
under Dynamic Oxide Field Stress

T. P. Chen, Stella Li, S. Fung, and K. F. Lo

Abstract—Interface trap generation under dynamic (bipolar unipolar stress, but it continues to increase under bipolar stress.
and unipolar) and dc oxide field stress has been investigated with However, Chaparalat al.[17] observed a continuous increase
the charge pumping technique. It is observed that regardless of i, intarface trap density with stress time for unipolar stress.

stress type, whether dc or dynamic (bipolar or unipolar), and the Interf i ration under binolar str has been found
polarity of stress voltage, interface trap generation starts to occur ntériace trap generation under bipolar stress has been fou

at the voltage at which Fowler—Nordheim (FN) tunneling through  t0 increase first and then decrease with stress frequency with
the oxide starts to build up. For positive voltage, interface trap a maximum at around 2 kHz [16]. It is believed [16] that

generation is attributed to the recombination of trapped holes interface traps are generated by the recombination of trapped
with electrons and to the bond breaking by the hydrogen (H and q1e5 with electrons. However, the electrons flowing through

H™) released during stressing. For negative voltage, in addition to .
these two mechanisms, the bond breaking by energetic electrons_the oxides may also break the bonds and generate traps at the

may also contribute to interface trap generation. The frequency interface [6]. _
dependence of interface trap generation is also investigated. In this study, interface trap generation under the dc and

Interface trap generation is independent of stressing frequency dynamic (bipolar and unipolar) oxide field stress has been
for unipolar stress but it shows a frequency dependence for investigated with the charge pumping technique. It is ob-
bipolar stress. .
served that, regardless of stress type, whether dc or dynamic
Index Terms—Integrated circuit reliability, MOS devices, (unipolar or bipolar), or polarity of the stress voltage, interface
MOSFET's, semiconductor device reliability, silicon materials/ trap generation starts to occur at the voltage at which the
devices. Fowler—Nordheim (FN) tunneling of electrons into the oxide
starts to build up. This gives a direct evidence for the relation-
I. INTRODUCTION ship between interface trap generation and FN tunneling. The
ERY large scale integration (VLSI) technology requiregyechanisms for interface trgp generation, including the recom-
smaller devices with thinner silicon dioxide films. ThinPination of trapped holes with electrons, the bond breaking by
silicon dioxide films tend to be used at higher electric field§nergetic electrons, and the bond breaking by the hydrogen (H
since voltage scaling is not well advanced. It is well known tha'd H") released during stressing are discussed. On the other
the high electric field across the oxide leads to trap generatfydnd: the frequency dependence of interface trap generation
both in the bulk of the oxide and at the oxide/substrate intd" POth bipolar and unipolar stresses is also investigated.
face [1]-[8]. The trap generation in oxide and at the interface
has been investigated intensively. However, most high field II. - EXPERIMENTAL
stress have been performed with dc voltage. Even for interfaceThe devices used in these experiments were polysilicon
trap generation under dc oxide field stress, some controvergjate n-channel MOSFET'’s fabricated on p-substrates in a
results have been reported. For example, in [1], [8], it waRanufacturing facility with a 0.2:m CMOS technology. The
reported that interface trap generation doesn’t depend on tete length and width are O/6m and 50:m, respectively, the
stress voltage polarity, but in [7], it was observed that interfagenction depth of both the source and the drain is;m® and
trap density generated by negative voltage stress is mublk thickness of the gate oxide is 180
higher than that by positive voltage stress. On the other handDuring the pulsed unipolar and bipolar, and dc stresses,
there has been relatively little information concerning traghe stress voltage was applied to the gate electrode while the
generation at the interface under dynamic stress. Interfaggbstrate, drain and source were grounded. In the following
trap generation under dynamic stress conditions has befscriptions, we usé/, to represent the amplitude of the
investigated in previous studies [15]-[18]. Rosenbaeinal. stress voltage. A square voltage waveform was used for both
[15] observed that interface trap generation under bipoldre bipolar and unipolar stresses. For bipolar stress, the stress
stress is larger than that under unipolar stress. They alsgitage was a symmetric bipolar square wave witH, during
observed that, interface trap density saturates quickly ungmsitive half-cycle and-V, during the negative half-cycle.

. . , . Unipolar stress was divided into two subgroups: the positive
Manuscript received January 2, 1998. The review of this paper was arranged

by Editor J. M. Vasi. Ripolar stress (i.e., the voltage was maintainedt &t during
T. P. Chen, S. Li, and S. Fung are with Solid State Laboratory, Departmetnie half-cycle and at 0 V during the next half-cycle.) and

of Physics, The University of Hong Kong, Hong Kong. , the negative unipolar stress (i.e., the voltage was maintained
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738406, at —V, during one half-cycle and at 0 V during the next
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Fig. 1. Evolution of charge pumping current after bipolar or positive anlig. 2. Interface trap generation by (a) bipolar stress at the frequency of 3
negative unipolar stresses at the frequency of 3 MHz. At each voltalyHz and by (b) negative dc stress; voltage amplitd@iewas increased with
amplitude Vs (= 8, 9 and 10 V), a stress of 20 min was performed om step of 0.5V, and at eadly a stress of 20 min was performed on the same
the same devices, and then the charge pumping current was measureddgudices. AN;; = N (Vs) — N (Vs — 0.5 V).

Bipolar, (b) positive unipolar, and (c) negative unipolar.

and negative voltage stresses. For the measurement of ¢l the bipolar and positive and negative unipolar stresses
current I, the substrate, drain and source were groundeslere performed on different devices. A 20-minute stress was
I, was measured as the gate voltagge was swept from carried out at each stress voltage (= 8, 9, and 10 V), and

0 V to a positive or negative voltage with a sufficiently lowthen the charge pumping current was measured. The charge
sweep rate. The gate current measurement was performedoomping current was observed to start to increas¥,at: 6
fresh devices. Charge pumping measurements were carried\Wubr bipolar, positive unipolar and positive dc stresses and
with a Tektronix AFG 5101 programmable function generatett V, ~ 8 V for negative unipolar and negative dc stresses.
and a Keithley programmable electrometer. The measurem&hkse observations are independent of the frequency of the
frequency was 300 kHz, the amplitude 4 V, and source apgpolar and unipolar pulses. As the measurement frequency
drain were grounded. The interface trap density for fres§ 300 kHz, the near-interface oxide traps do not respond
devices obtained from the charge pumping measurements @&t enough and thus only the interface traps contribute to
of the order of 16° cm~2. All the stresses and measurementge charge pumping current [9]. Thus the change of charge

were performed at room temperature. pumping current can be translated to the change of interface
trap density {V;;). As the device under test was stressed at
lll. RESULTS AND DISCUSSION each stress voltagg, (V, was increased in a step of 0.5 V)

Devices were stressed by applying dc or dynamic (bipolf# 20 min, AN;:(V;) = Nit(Vs) — Nir(Vs — 0.5 V) represents
and unipolar) voltages with different amplitudé to their the increase of interface trap density caused by each stress at
gates.V, was normally increased from 2 to 11 V in steps o¥s. As an example, the change of the interface trap density
0.5 V. At eachV,, a device was stressed for 20 min. Thafter the bipolar stress at a frequency of 3 MHz or negative
charge pumping measurements were carried out before aledstress at each, i.e., AN (V;) = Ny (V) — Nip(V, — 0.5
after stress at eadi,. As an example, the evolution of chargeV) is shown in Fig. 2. It is evident in Fig. 2 that interface trap
pumping current after bipolar or positive and negative unipoldensity starts to increase at about 6 V and at about 8 V for
stresses at the frequency of 3 MHz is shown in Fig. 1. Noteépolar and negative dc stresses, respectively.
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reaches a maximum af, ~ 7.5 V. Then it drops down but
15 starts to increase again & ~ 8 V. AN;;/N;; increases
with V; continuously until it reaches another maximum, and
-~ 1.0 4 then it drops down again. Such a picture indicates that there
> o5 are two processes in two different rangesigfinvolved in
£l the interface trap generation during bipolar stress. As shown
0.0 | below, this is related to FN injection at positive and negative
, | ; [ . voltages during positive and negative half-cycles, respectively.
0 2 4 6 8 10 12 For the same magnitude of applied voltage, the electric field
Vs (V) strength in the oxide film is different for positive and negative
© voltages. The electric field in the oxide filA,,, is evaluated as

) ) ) ) . i i is obtained by taking into account
Fig. 3. AN;./N; as a function of/; for bipolar stress at the frequencies offOHOWS For inversionto; Y 9

(a) 300 Hz, (b) 30 kHz, and (c) 3 MHz. Voltage amplitutie was increased th€ flat-band voltag&’r5 and the SUbStrat_e pOtentwl_’(Q¢F
with a step of 0.5 V, and at eadi; a stress of 20 min was performed onis the energy difference between the midgap position and the
the same devicesV;; represents the interface trap density before the stress@brmi level in the bulk of the substrate) as [7]

eachVs, i.e., Nit (Vs — 0.5 V), and AN;; = Nip (Vi) — Nig(Vs — 0.5 V).
anc = (‘/g - VFB - 2¢F)/toac (1)

To show the fine features oA N; as a function ofV; ) . .
clearly, AN;(V;) is normalized toN;; at the voltage of whereVg is the volltage. applied to the g{:\te a‘?@ |s.the
(V,—0.5V), i.e., ANit(V,)/Nir(Vo—0.5 V) , or ANi; /Ny for thickness of the oxide film. For accumulatiofi,,. is defined
simplicity. As discussed below, the plotting AfN,, /IV;; helps as [7]
to d_istinguish thg interface trap generation by posi_tive voltage Eop = (Vy— Vg — 055 + ¢r)/tos. )
during the positive half-cycles from that by negative voltage
during the negative half-cycles in bipolar streasV;,(V;) may As the substrate is p type, positive voltage corresponds to
become saturated or decreasé’/agand stress time) increaseshe inversion while the negative voltage corresponds the
further. The saturation or decrease®i;; is possibly due to accumulation. The values ofrp and ¢ are —1.36 and
the factor that injected current decreases because of decr@nsgg Vv, respectively, for the 11A-oxide film grown on the
of cathode field due to electron trapping in the oxide. On thstype substrate. If we take an electric field of 6 MV/cm across
other handV;; increases continuously with;. Therefore, the the oxide film as the criterion of the start of FN tunneling [7],
plotting of AN;,/N; will create peak structures. As showrusing (1) and (2) we can estimate that the FN tunneling current
below, both dc and unipolar stresses have only one peakstarts to build up a¥, = 6.2 V for positive gate voltage and at
the plots of AN;; /N, but bipolar stress has two peaks. Th&, = —7.9 V for negative gate voltage. Fig. 4 shows the gate
two peaks are due to the interface trap generation during th@rentl, as a function of the gate voltag§ for positive and
positive and negative half-cycles in the bipolar stress. Fig.nggative voltages for a fresh device. It is shown that the FN
shows AN, /N;; as a function ofV; for bipolar stress with tunneling current starts to build up at around 6 V for positive
different frequencies. As can be seen in Fig. 3, for all theoltage and at around8 V for negative voltage. This agrees
frequencies, AN;, /N, starts to increase &, ~ 6 V and with the estimate given above.
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Fig. 5. AN,¢/N;¢ as a function ofV/; for positive and negative dc stressesFig. 6. AN,,/N;; as a function ofV; for positive and negative unipolar
The stress procedures and time are the same as those in Fig. 3. stresses. The stress procedures and time are the same as those in Fig. 3.

For bipolar stress, a positive voltageV, is applied to the plots of AN;;/N;; versusV;. This has been confirmed
the gate during one half-cycle (the positive half-cycle) but lay experiment. Fig. 5 showaN;;/N,; as a function ofV;
negative voltage-V; is applied to the gate during another halffor positive and negative dc stresses. It is again observed
cycle (the negative half-cycle). From the above discussionsthat, AN;;/N;, starts to increase at thE, values at which
is clear that, forV, less than~6 V, no FN tunneling takes the FN tunneling current starts to build up, and it increases
place during either the positive or the negative half-cyclesith increasingV, until it reaches a maximum and then it
for V, larger than~6 V but less than~8 V FN tunneling decreases. For positive and negative unipolar stresses, it is also
can take place during only the positive half-cycles; andifpr observed that the start of interface trap generation corresponds
larger than~8 V FN tunneling can take place during both theo the start of the building up of FN tunneling current and that
positive and negative half-cycles. AN, /N, increases withV; first and then decreases after it

Comparing Fig. 3 with Fig. 4, we find that, the first starteaches a maximum. Fig. 6 shows the change\df;; /N,
of the increase ofAN;,/N,; at V; =~ 6 V corresponds to the with V, for positive and negative unipolar stresses. Note that,
start of FN tunneling at about 6 V for positive voltage, whilehe thickness of the gate oxide may be slightly different for
the second start dt; ~ & V corresponds to the start of FNdifferent devices and thus the voltage at which FN tunneling
tunneling at about-8 V for negative voltage. Therefore, thecurrent start to build up may be slightly different, and this will
features ofA N, /IN;, versusV, shown in Fig. 3 are related to have some influence on the plots AfV;; /N;, versusV;.

FN injection during positive and negative half-cycles. In other The above observation that interface trap generation starts
words, for bipolar stress, fo¥, less than~6 V, there is no at the voltage at which FN tunneling current start to build up
FN injection taking place during both positive and negativagrees with the result reported in [6]. In [6], the interface trap
half-cycles and thus there is no interface trap generation; fpeneration data with different fluence through the oxide can
V, larger than~6 V but less than~8 V, interface traps are be extrapolated to a voltage at which the tunneling current is
generated by FN injection during only positive half-cycledjrst detectable. From the above discussions, it can be firmly
for V; larger than~8 V, interface traps are generated duringoncluded that, regardless of bipolar, unipolar or dc stresses, or
both positive and negative half-cycles as FN injection can taktee polarity of voltage, the start of interface trap generation is
place during both the half-cycles. It is evident from Fig. 3 thatyell related to the onset of FN injection. For positive voltage,
in both the ranges of-6 V < V, < ~8 V and of V; > ~8 V, electrons are injected from the Si substrate and the gate is the
AN, /N, first increases withV; but decreases after it reachesnode; for negative voltage, electrons are injected from the
a maximum. Such a feature can also be observed in posityegte and the Si substrate is the anode. Fig. 7 shaws, as

and negative dc and unipolar stresses, as shown below. a function of V, for negative and positive voltages under dc

In contrast to bipolar stress under which interface trap mlyig. 7(a)] and unipolar [Fig. 7(b)] stresses. It is evident in
be generated by both positive and negative voltages, dc ahi figure that, regardless of dc or unipolar stresge¥;; by
unipolar stresses may lead to interface trap generation tggative voltage is much larger than that by positive voltage at
only one polarity of voltage, i.e., by either positive voltage dnigher oxide field. This agrees with the result reported in [7].
negative voltage. In other words, for dc and unipolar stressesRosenbaunet al. suggested that interface traps are gener-
only one feature corresponding to FN injection under eithated by the recombination of trapped holes generated during
positive voltage or negative voltage should be observed stressing with electrons [16]. We believe that, in addition to
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Fig. 7. AN, as afunction o¥/; for (a) positive and negative dc stresses and
(b) positive and negative unipolar stresses. Actually, Figs. 5-7 come from the
same experimental data.

Positive voltage

this mechanism, other mechanisms such as the bond breaking (b)

by energet'c_ electrons. and by the hydrogen (H a.nti) H Fig. 8. Schematic energy band diagram for FN injection under (a) negative
released during stressing may also contribute to interfaegtage and (b) positive voltage.

trap generation. As shown in Fig. 8(a) for negative voltage,

electrons are injected from the gate by tunneling into the OXi%ring stressing may react with the Si—H bonds in the,SiO

conduction band. Electrons gain energy with a distributiqgyer and the reaction may occur according to one of the
from the oxide field [10], [11]. Those electrons which reacﬁ)llowing processes [12]

the SiG/Si interface lose their energy as they drop to the

conduction band of the silicon. Part of the energy is converted Si-H+h™ — Si+HT
to interface trap generation as the chemical bonds at the

interface are broken by the energetic electrons. Of course, fle

recombination of the trapped holes generated during stressing Si-kH+ht — Sit +H.

with electrons, and the release of hydrogen (see discussions

below) may also create interface traps for negative voltad@® 'eleased hydrogen atoms™(tind H) may move to the
stress. On the other hand, as shown in Fig. 8(b) for positi O./substrate interface where they can break a Si—H bond and

voltage, electrons are injected from the substrate by tunnelifg€ate an interface trap &according to one of the following

and they also gain energy from the oxide field. The releaBEPcesses [13]:

of energy of the electrons at the poly-Si/Si@hterface will SitH+HT + e — Sie+H,

generate electron-hole pairs in the poly-Si, and the holes will

be injected into the oxide. Holes may be also generated insile

the oxide via impact ionization [16]. Some of the holes drift to - :

the SiQ/substrate interface (the cathode) under the influence SiH+H = Sie +H,.

of the electric field, and the recombination of the holes witlhis trap generation model based on the release of hydrogen
electrons leads to trap generation at the interface. For bdiks been used to explain the post-stress interface trap gener-
negative and positive voltage stresses, the holes generatdn induced by hot carriers [13] and by FN injection [14].
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10M shown in Fig. 9(a), the frequency dependence of interface trap
generation can be divided into two regions: 1) for frequency
less than 30 kHz, interface trap generation is essentially
1013 | independent of frequency; and 2) for frequency larger than
V, =10V A 30 kHz, 6 V;; increases linearly with frequency but such a
a frequency dependence becomes weaker as the amphude
o7 v / increases. The frequency dependence observed here is different
v from that reported by Rosenbauet al. [15]. They observed
that, for the bipolar stressi, = 11.6 MV/cm and stress
10" time = 1 or 10 s), interface trap generation first increases
with frequency but then decreases with a maximum at around
6.5V ° 2 kHz. This disagreement is not understood at this stage. On
1g10 | the other hand, for unipolar stress, as shown in Fig. 9(b),
interface trap generation is independent of frequency, being
different from the situation of bipolar stress mentioned above.
‘ [ : Such a difference is also not understood exactly, and further
102 10° 10 108 108 107 research is required.
Frequency (Hz) As can be seen in both Figs. 1 and 9, bipolar stress has
@) higher interface trap generation. This observation is consistent
with that reported in [15], [16]. In the above discussions, we
1013 have already shown that interface traps can be generated by
both positive and negative voltage stresses. Thus it is clear that,
in contrast to unipolar stress which produces interface traps for
only one-half cycle, bipolar stress can produce interface traps
for the entire cycle. Actually, Rosenbawghal.[15], [16] have
pointed out that the bipola¥;; enhancement is nothing more
10" than a reflection of the fact that current flows for one-half cycle
under unipolar stress and for the entire cycle under bipolar
stress. On the other hand, Fig. 9 shows that interface trap
1010 | generation increases as the stress voltage increases. Chaparala
O O et al. [17] also observed that interface trap generation under
O o negative unipolar stress increases as the oxide field increases.
100 - This may be due to the fact that the current flowing through
the oxide increases as the oxide field increases.

8N, (cm™®)
(o]
<

10°

102 |

3N, ( cm?)
O

108

T T I I
102 108 104 105 108 107 IV. CONCLUSIONS

Frequency (Hz) This work demonstrates that interface trap generation under
(b) the stresses of dc and dynamic (bipolar and unipolar) oxide
Fig. 9. Interface trap generation as a function of stressing frequencyﬁcﬁld can easily be monitored by charge pumping measurement.
different V for bipolar stress [Fig. 9(a)] and unipolar stress [Fig. 9(6):;; Regardless of stress type, dc or dynamic (unipolar or bipolar),
e e b sty oo ooy e oo (1 poarit ofth siress volage, nterface rap generation
gﬂwplitﬁdle for 20 mirF:. Eachystress was carriedgout on dc#errer%lt devices. a%lrts to OCCUI_’ at the VOItag_e at Whlc_h the I_:N tunneling
through the oxide starts to build up. While the interface trap
generation by positive (or negative) voltage is observed in the
Here, it is reasonable to assume that the release of hydroggReriments of positive (or negative) dc and unipolar stresses,
may also create some interface traps during the stress perip@, interface trap generation by both positive and negative
however, it is difficult to estimate how much the procesgoltages during positive and negative half-cycles is also clearly
contributes to the total interface trap generation. observed in the bipolar experiments. For positive voltage,
The frequency dependence of interface trap generation faferface trap generation is attributed to the recombination of
bipolar and unipolar stresses was also investigated. Figir@pped holes with electrons and to the bond breaking by the
shows the interface trap generation as a function of frequengydrogen (H and H) released during stressing. For negative
at different amplitudeV; of bipolar [Fig. 9(a)] or unipolar voltage, in addition to these two mechanisms, the bond break-
[Fig. 9(b)] pluses. Note thatN;; shown in Fig. 9 representsing by energetic electrons may also contribute to interface
the difference between the interface trap density of frestap generation. The frequency dependence of interface trap
devices and the interface trap density after the stress at a gigemeration is also investigated. Interface trap generation is
frequency and a voltage amplitude for 20 min. Each strefsind to be independent of stressing frequency for unipolar
was carried out on different devices. For bipolar stress, ssess. However, for bipolar stress, although interface trap
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generation is essentially independent of frequency at low@s] D. J. Dumin, K. Dickerson, M. Hall, W. Vigrass, and G. A. Brown,
frequencies (Iess than 30 kHZ) it increases with frequency at “Correlation of wearout and breakdown in sub-10 nm silicon oxide,” in

higher frequency (larger than 30 kHz).
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