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The conduction mechanism under quasibreakdown of ultrathin gate oxide has been studied
systematically in botim andp metal—oxide—semiconductor field effect transisiMOSFETS with

a 3.7 nm gate oxide. The carrier separation experiment is conducted to investigate the evolutions of
gate, source/drain, and substrate currents before and after quasibreakdown. It is shown that after
guasibreakdown, the substrate current and the source-drain current versus the gate voltage curves
are surprisingly analogous to those curves observed in fresh MOSFET with a gate oxide of direct
tunneling thickness. This strongly supports the quasibreakdown model based on the local physically
damaged region by which the effective oxide thickness is reduced. When direct tunnelings of
conduction band electrons, valence band electrons and holes through the effectively thinned gate
oxide are taken into account, the major experimental observations in the quasibreakdown can be
explained in a unified way. €1999 American Institute of Physid$S0003-695(99)03542-1

With the development of ultralarge scale integrated cir-both polarities, i.e., gate and substrate injections, were ap-
cuits, the gate oxide thickness has been scaled down to leptied to n- and p-MOSFETs grounding source/drain and
than 5 nm, and the integrity of the ultrathin gate oxide hassubstrate. Static current—voltage-{/) characteristics were
become one of the most important reliability issues. The ideanonitored using an HP4156A model semiconductor param-
that the breakdown of oxides starts at a locally damagee@ter analyzer. In order to understand the conduction mecha-
region near the Si/SiQinterface has been discussed verynism, the carrier separation experintemtas conducted to
extensively for thicker oxidesCompared to the thicker gate measure the gate currelt, the sum of the source and drain
oxide, a new anomalous degradation and failure mode hacurrentslgy, and the substrate currehny,, separately before
been reported over the past few years, referred to as quasind after QB. All currents flowing into the device are taken
breakdown(QB),” or B-mode SILC}® or soft breakdowrd.  as positive and g+ 1+ 1 =0 if there is no other leakage
The QB is characterized by high leakage current at low fieldchannel.
the gate signal fluctuations, and the increase of random tele- Figures 1a) and Xb) show the variations of gate voltage
graph noise or ¥/ noise?~® Several models have been pro- Vg andlgq with stress time for -MOSFET under constant
posed to explain the conduction mechanism under QB, sucturrent stress with—-50 nA gate current. Figures(d and
as the physical damage model near the anode intetftee, 1(d) show similar curves o¥/y andl g, with stress time for
multiple trap assisted tunneling modethe variable range ann-MOSFET under constant current stress with-50 nA
hopping conduction modéland so on. Although there is a gate current. In Fig. 2, each figure shows measuiged g/q,
consensus that the QB is a localized effect in a very small
area’ 8 there is no generally accepted model of the QB con-

duction mechanism that gives an overall explanation of ma ' ' ' [ ' A7

) . - . 4 @ o[ 1 | ® QB 110
jor experimental observations under the QB. In this letter, we 02
investigate the QB conduction mechanism systematically ir%.5 i I %
both n and p metal-oxide—semiconductor field effect tran- - [ w2
sistors (MOSFETS by constant current stress and carrier ¢ | 50

separation measurementdll experimental results strongly 0 2 m & 80 0 20 10 6 80
. Stress Time (sec) Stress Time (sec)
support the quasibreakdown model based on the local phys

cally damaged regiofLPDR) by which the effective oxide @ 10
thickness is reduced at that local afea. o | R
The MOSFETSs used in our experiments are dual gate 4 ] 0B P2
complementary MOS devices, wiih"-polycrystalline sili- > ! ’ 0.13
con (polysilicon) gate forp-MOSFETs andh* -polysilicon B 001
gate forn-MOSFETSs, fabricated by using 0.18n technol- 29 Se0 1000 1500 2000 o 500 1000 1300 2000
Stress Time (sec) Stress Time (sec)

ogy with a 37 A gate oxide. The transistor size under tesi
was 50umx0.5um in channel width and length. Constant rig, 1. (a) and (b) The evolution ofVy and Iy with stress time for a

50 nA current stresse200 mA/cnt in current density for p-MOSFET under gate injection mode constant current stress with a stress
current of—50 nA; (c) and(d) V4 andl g, vs time for ann-MOSFET under
substrate injection mode constant current stress with a stress curreb0of
3E|ectronic mail: elelimf@nus.edu.sg nA.
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FIG. 3. The energy band diagrams pfMOSFET under gate injection
10°® mode(al)(a?, and ofn-MOSFET under gate injection modb) and sub-
2 strate injection moddc). (al) Before QB, oxide is thick, there are only
:’1 tunneling electron currents, and |; and impact ionization induced hole
E current (1-n)l,, herel,=vyl3+y'l,. y and y' are impact ionization
= ) guantum yields of ; electrons and, electrons respectivelya?) After QB,
=1 o the effective oxide thickness is reduced by LPDR. There are electron DT
S r A currentsl; andl,, hole DT currentl; and impact ionization induced hole
& current (1- 5)l,. LPDR is indicated in(@2 explicitly, but not in(b) and
0

2 3 4
Gate Voltage (V)
FIG. 2. Carrier separatioh-V curves for MOSFETs with a 3.7 nm gate gives rise to DT current. Using this model, we can explain all

oxide: (a) p-MOSFET, fresh and after QB under gate injection mode stressiof our 1=V curves in a unified way and also clarify some
(b) n-MOSFET, fresh and after QB under gate injection mode strEss,

n-MOSFET, fresh and after QB under substrate injection mode stress. muddles which hav_e never been unde_rStOOd_'_ln g, 2
the low voltage regime|{/q|<2 V), Iyqis positive and g

~—lg, implying that hole DT from the substrate LPDR to
andl g, Vs Vg curves for the fresh device and for the devicethe gate[l, in Fig. 3@2] is the dominating process. When
after the gate oxide QB. The corresponding band diagrams qi/g| >2.5V, Iy starts to supersedi,y and becomes the
the devices are illustrated in Fig. 3. Figuree)11(b), 2@,  dominant component df;. |, consists of electrons tunnel-
and 3al), 3(a2 show the case of @-MOSFET under the ing from the gate I3+1,), and impact ionization induced
gate injection mode. In this cask,,, measures the electron electron currentl(,). These findings are consistent with DT
current and ;g measures the hole current. The mechanism obf electrons and holes in fregh-MOSFET with a 2.5 nm
three current components of fresh device in Fi@) & indi-  gate oxide in Ref. 11. Additionally, as shown in FigaR
cated in Fig. 8a1). From Fig. 1b) we can see that the mag- when|Vg| increases from 2 to 5 V, the increaselgf tends
nitude ofl ;4 before QB is nearly identical to the gate currentto slow down and even turns to decrease, showing a down-
(Igq=14g=—50nA) and the polarity is negative, which ward U turn of thel g4 curve. In this region whefV| in-
means that holes are coming out through the source/draimreases, the number and the quantum yigldf injected
This indicates that the electrons of currégtandl,, when  electrons increas®, therefore more electron—hole palis,
tunneled to the substrate, produce electron—hole pairs by imn Fig. 3(a2)] are generated in the substrate region. When the
pact ionization with a quantum yietg~ 1.1° After QB, how-  major portion of the generated holes diffuse out of the
ever, the sign of ;4 is changed to positive. The three curves source/drai[1— 7] |, in Fig. 3@2), herey is the probabil-
after QB in Fig. 2a) show surprising analogy with three ity of the impact-ionized hot hole crossing over the oxide
curves of freshp*-polysilicon gatep-MOSFET with a 2.5 barrier and reaching the opposite Sidthe corresponding
nm gate oxide which is in the direct tunnelifDT) regime  source/drain current is negative, as illustrated in Fig23
reported by Shet all! Our curves after QB in Fig.(@) are  This negative source/drain current will compensate the posi-
almost identical with the curves in Fig. 7 in Ref. 11, with tive source/drain currert;, causing a downward U turn of
slightly different voltage and current scaling, which can bel gy curve and even the change of the sign gf from posi-
ascribed to the different oxide thickness and area. This anative to negative, whefil— »]l, overcompensates the hole
ogy gives a very strong support of the QB model proposed iriunneling current ;. This downward U turn ol g4 is also
Ref. 2 that after QB, a LPDR region at the Si/Si@terface  consistent witH ;4 vs theVy curve in freshp-MOSFET with
reduces the effective SiCthickness at that local area and gate oxide in the DT regime reported in Ref. 11.
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The band diagrams op-MOSFET in Fig. 3a) and tively thinned gate oxide due to formation of the LPDR re-
n-MOSFET in Fig. 3b) are similar when negativ®/, is  gion after QBs are taken into account. For instance, we can
applied to both devices. However, in theMOSFET case, predict thatl ;4 will increase 2 to 3 orders of magnitude after
| ;g measures the electron current dgg measures the hole. QB for the case(and only for this caseof p-MOSFET
Therefore, applying this LPDR-DT model to-MOSFET, stressed by substrate injection. This has never been reported
we may predict that all-V curves forn-MOSFET can be previously, however, it has been confirmed in our experi-
roughly derived from those fqu-MOSFET by swappind,y ~ ment. The detailed experimental results and the analysis of
andlg,,. This is confirmed by experimental curves in Fig. all cases will be published elsewhere.

2(b). Six curves in Fig. &) are analogous to six curves in In summary, systematic carrier separation experiments
Fig. 2(a), whenlgqy and I, are swapped each other with were conducted to investigate the evolutions of gate, source/
different voltage and current scaling, due to different arealrain, and substrate currents before and after gate oxide qua-
and thickness of the LPDR. Therefore, the same explanatiosibreakdown in MOSFETs. We found that after quasibreak-

of Fig. 2(a) can be made for the-MOSFET curves in Fig. down, the substrate current and source/drain current versus
2(b) as well. gate voltage curves are surprisingly analogous to those

Figures 1c), 1(d), 2(c), and 3c) are the case of substrate curves observed in fresh MOSFET with a gate oxide of di-
injection mode om-MOSFET. In Fig. 3c), it is shown that rect tunneling thickness. This strongly supports the quasi-
I 5,4 corresponds to the conduction band electron tunnelingpreakdown model based on the LPDR by which the effective
current I3, while I, corresponds to the hole currehf  oxide thickness is reduced in that area. When direct tunnel-
+1,+ nyls. Herel, is actually the substrate valence bandings of conduction band electrons, valence band electrons
electron tunneling current. When the substrate valence barehd holes through thinned gate oxide are considered, the ma-
electrons tunnel through the oxide to the gate, there arpr experimental observations of QB can be explained in a
“cold” holes left in the substrate that will diffuse to the unified and natural way.

substrate and can be measured as negative substrate hole _ | )
current. Before QB, the oxide is thick $¢ andl;~0. The This work was supported by Singapore NSTB Research
smalll g corresponds tayyl 3 [=2 pA atV,=5.4V, in Fig. Grant No. NSTB/17/2/3 and the National University of Sin-

2(0)] as indicated in Fig. @). From the data of Fig.(), nis  9aPore Research Project No. 3982754.
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