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A New Quasi-2-D Model for Hot-Carrier
Band-to-Band Tunneling Current
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Abstract—A significant mismatch occurs when we predict the D) models for calculating the band-to-band tunneling current
gate-induced drain leakage current (GIDL) by using existing one- are not valid if both the gate and drain biases are changed.
dimensional (1-D) models. It's found that the gate-induced drain Therefore, a new quasi-two-dimensional (quasi-2-D) gate-

leakage current is attributed to not only the vertical field but also . d d drain leak del i d in thi t
the lateral field near the drain-to-gate overlap region. Therefore, 'NMQUCEd drain leakageé model IS proposed in this paper to

a new quasi-two-dimensional (quasi-2-D) model considering both calculate the band-to-band tunneling current precisely.

the lateral and vertical fields for predicting the gate-induced drain

leakage current is proposed by using the drain-induced energy- II. EXPERIMENT

barrier reduction in our model. The calculated results using the

developed quasi-2-D model are in good agreement with measured The experimental poly-Si gate p-channel MOSFET's were
values for a wide range of gate and drain biases. Therefore, the fabricated in n-well on the(100> p-type Si-wafer with the
proposed new model can be used to simulate the hot-carrier band- gpstrate doping concentration of abBu6 x 101 cm3. The

to-band tunneling current for p-channel flash memory device. n-well was formed by the phosphorus implant with a dose of
Index Terms— Band-to-band tunneling, gate-induced drain 7.5 x 10! cm~2 at 80 KeV and the # S/D was formed by

leakage current (GIDL), hot carrier, two-dimensional effect. implanting BR, with a dose o2.0x 101> cm—2 at 60 KeV. The
gate-oxide thickness is 108, the channel width i€5 ;m, the
|. INTRODUCTION channel lengths vary from 1 to 0/8n and the length of gate-

. . . drain overlap is about 0.xm. A 3000A poly-gate film with
Sl TrEd GATI.E'OOX'SE tthlt:kness. |s.f.scalttacll aEd the gatg POC3 diffusion is formed and the resistivity is 21.8-22.5
electrode 1S In -staté, a significant leakage curreﬂpsq. The tested devices are fabricated using conventional
bassing thrpugh the drain glectrode can be observ_ed W RMoSFET process without threshold-voltage adjustment.
the drain bias is Iarge_ but is not large e_nough for junction To measure the GIDL current, different bias conditions are
breakdown [1]{5]. This leakage current is so-called "galgagioy and 4 HP41458 is utilized to measure the drain and

induced drain leakage current (GIDL)," which is common%ate currents. The source terminal is floating. Note that the

attributed to band-to-band tunneling near the gate-to-drgi; range of gate/drain bias is large and, therefore, the

overlap region. Mea.n\{vhn.e, th|s band-to-band tunneling NWhole characteristics can be obtained. Measured results are
duced hot-electron injection is recently proposed to be

programming method for p-channel flash memory cell [6] shown in Figs. 1 and 2.
Since the band-to-band tunneling current is important f rFrom Figs. 1 and 2, some interesting phenomena are ob-

ha . served. One can see that the band-to-band tunneling currents
flash memory applications, it is necessary that the conductla’él

. & different under the samEgp. The conventional 1-D
mechamsm should be well-modeled and well—assessed. d-to-band tunneling current model [1] can be expressed as
model in [1] neglects the dependence of the vertical electric
field on the drain doping profile and uses a fixed value of band Ip=A-F, exp(—B/E,) @
bending. However, it is well-known that the value of band . .
bending is strongly related to the drain doping concentrati&‘hereA. is a preexponential constar; = 21.3 Mv/em [1]
and is not a constant value when the drain and gate biasesaeng E, is expressed by
applied. The model in [4] considers only the vertical field and B o~ Vep —1.2 )
neglects the lateral field near the gate-to-drain overlap region. T 3T,

The model in [5] only considers the built-in lateral field Causeﬂccording to (1) and (2), the drain current should be the
by the lateral gradient of the drain doping concentration a@%me under the samé; ,regardless of differenty or Vp.
neglectg the c.ontrl.butlon of the ext_er.nal dfa'”,"o'tag_e to trEpparently, this prediction conflicts with the characteristics
lateral field. It is evident that the existing one-dimensional (Jshown in Figs. 1 and 2, in which the larger negative drain
bias makes the larger band-to-band tunneling current under a
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Fig. 1. Band-to-band tunneling current versus the voltage difference between the gate and drain electrode. The gate electrode is swept from 0 to 7 V
and the drain electrode is biased at -3.5, —4.01, —-4.5, -5.0, -5.5 V.
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Fig. 2. Band-to-band tunneling current versus the voltage difference between the gate and drain electrode. The drain electrode is swept-iom 0 to
V and the gate electrode is biased at 4.0, 5.0, 6.0 V.

tunneling current. The above variations can be further verifiddD models, including those in [1], [4], and [5]. Note that
by a two-dimensional (2-D) device simulator and the resulte polarities of the drain and gate voltages are negative
are shown in Fig. 3. It is noteworthy that the peak vertic@and positive, respectively. For evaluating the band-to-band
field is larger than the peak lateral field for these two bidsNneling current correctly, the effect caused by the lateral
conditions, and the smaller lateral field obviously influencdi€'d Must be taken into consideration.

the band-to-band tunneling unexpectedly. Therefore, if the

lateral field is more influential in causing the band-to-band !ll. A NEW MODEL AND ITS SIMULATED RESULTS
tunneling, the curves shown in Figs. 1 and 2 would split There are several characteristics in our model: a) the band
obviously. This fact can not be obtained from all existinpending value is dependent on the drain doping concentration
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Fig. 3. Simulated (a) lateral and (b) vertical electric fields by a 2-D device simulator at two bias conditions (-5 V, Vo =4 V, and V), = -9

V, Vg = 0 V) for the sameVp.

and the gate/drain bias instead of a fixed value, b) the barnlde following relationship:

to-band tunneling occurs at a shaded depletion region instead

at a fixed position, c) the band-to-band tunneling current is .. .(7 = W) = €,, Ep = €0s (Vap = Vrp = Vbend)

a function of Vp and Vi, instead of onlyVyp as proposed Ton

in existing 1-D models, and d) the validity of our model 4)
calculation is given for a large variation of both the drain

and gate biases instead of a single change in the driff€'® Eo. 1s the electric field across SiO T, is the
bias ¢ g g oﬁlde thickness;W is the depletion width, which is equal

t0 \/2¢5; Viend /9N 4; Vg Is the flatband voltagdip is the

potential difference between the gate and drain electrode; and

. - L Woena 1S the band bending value.

A. Potential and Electric Field Distribution One can see that the v%rtical band bending value could be
In this subsection, the concept of the new accurate modgiger than 1.2 eV or smaller than 1.2 eV, depending on the

is described in detail, and a device cross section is shownbias condition and the doping concentration near the gate-

Fig. 4(a). The electric field in the drain depletion region ca-drain overlap region. According to (3) and (4), the band

be calculated by using the deep-depletion approximation apeénding value can be calculated by the following equation:

is formulated as follows:

Vbend
Z () =Vap — Vip+qNaTesi/e2,

—V(Vap — Vrp + qNaT2,6,:/€2,)* — (Vop — Vrp)?2.

5
E,; electric field in the depletion region; ®)

N.4 doping concentration in the drain depletion region;  The position that occurs band-to-band tunneling is not fixed
q electronic charge; at one position but is extended by a shaded region shown in
Z  the coordinate normal to the Si-Sithterface, which Fig. 4(c). The potential distributions of conduction and valence
is equal to O at the edge of the drain depletion regiasands can be separately expressed by
and is positive directed from the depleted edge to the

_ 4N

Csi

L, (Z)

where

Si-SIiG; interface, as shown in Fig. 4(c). ® :_Vbend 72 (6)

v 2

Note that the doping concentration is assumed to be constant VW
in the drain depletion region for simplicity. Since the depth D, = —% Z? + E, @)

where the doping distribution of drain is nearly uniform is
about 200-300A and the width of the deep depletion layewhere £, is the energy gap of Si.
where band-to-band tunneling occurs is only about 100-200
A. Therefore, the above assumption in our calculations is )
acceptable. B. Band-to-Band Tunneling Current

Moreover, from Gaussian law, the electric displacementIf the drain is biased negatively, a reverse p-n junction
across the Si-Si©must be continuous and is described bydrain to channel) would introduce a large lateral electric



YOU AND WU: NEW QUASI-2-D MODEL FOR HOT-CARRIER BAND-TO-BAND TUNNELING CURRENT 1177

VG
@]
@ electron
X~
O hole ‘
Y ’s
Y
z
—————0YD
N-Substrate P+ Drain P+ Drain Oxide Poly—gate

Ev

X-X' -

7-71’-=

(b) ©

Fig. 4. (a) Cross-sectional view of a planar diode, (b) the energy band diagram in the directier’ofand (c) the energy band diagram at the
position B based on our new model.

field as shown in Fig. 4(b). This lateral electric field wouldor hot-electron band-to-band tunneling can be expressed as
render electrons in the valence band traveling horizontally, fiollows:
example, from A to B as depicted in Fig. 4(b) and, in turn,
these valence electrons would gain energy from the lateral Egp = Eg— aVp (8)
electric field. If the band-to-band tunneling occurs for these ho . . -

(berea is an empirical fitting parameter.

valence electrons, the equivalent energy barrier would reduldt )
g 9y To calculate the band-to-band tunneling current, the tunnel-

as shown in Fig. 4(c). Therefore, the energy barrier which is

equal to energy gap for cold electrons could be reduced duelt?yg probability as a function of electric field in Si is expressed

the applied drain bias. We call this phenomenon as the draiii- using the two-band tunneling theory as follows [7]:
induced energy-barrier reduction effect. Here, we introduce Pmi/2E?, aml/2 B2
the drain biasing effect on the energy barrier reduction and P(Ey)="—""exp| "t (9)

o \ - 7 .1/2 4
use a fitting parameterr. The reduced energy barrier,, 187" Egp 2hqksi
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Fig. 5. Comparisons between measured results and calculated currents using our model. The dashed lines are calculated by the model in [4]. The bias
conditions are the same as those used in Fig. 1.
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Fig. 6. Comparisons between measured results and calculated currents using our models. The bias conditions are the same as those used in Fig. 2.

whereP is the tunneling rate per second per cubic centimetevhere Z;, = W /1 — E ,/Viena; Zo = W \/Ey,/Vienda;
The band-to-band tunneling currefi§ can be obtained by Ey = E;(Z = Z3); Ex = Ei(Z = W) and A,.., Is the
integrating the tunneling rate through the whole depleticffective area of band-to-band tunneling near the gate-to-drain

region as overlap region in the direction of andy, as shown in Fig. 4.
A
Iy =Acq / dz-q-P(Es) C. Comparisons Between Simulated and Measured Results
0 B d The band-to-band tunneling characteristics are calculated for
=Ares dE.; %z -q-P(E,) (10) Vvarious bias conditions. In Fig. 5, the gate bias is swept from
Ey dEs; 0 to 7.0 V and the drain is biased a8.5, —4.0, —4.5, —5.0,



YOU AND WU: NEW QUASI-2-D MODEL FOR HOT-CARRIER BAND-TO-BAND TUNNELING CURRENT 1179

TABLE | [4] T. Endoh, R. Shirota, M. Momodomi, and F. Masuoka, “An accurate
THE PARAMETERS USED FOR MODEL CALCULATIONS model of subbreakdown due to band-to-band tunneling and some
applications,”IEEE Trans. Electron Devicespl. 37, p. 290, Jan. 1990.
[5] S. A. Parke, J. E. Moon, H. C. Wann, P. K. Ko, and C. Hu, “Design for

. R
device’s parameter values ” fitting parameter values suppression of gate-induced drain leakage in LDD MOSFET’s using a
% quasi-two-dimensional analytical modelEEE Trans. Electron Devices,
Toz(A) 100 o 0.033 vol. 39, p. 1694, July 1992.
Vra(V) -1.10 Area(cm?) | 1.549 x 107° [6] T.Ohnakado, K. Mitsunaga, M. Nunoshita, H. Onoda, K. Sakakibara, N.
Tsuji, N.Ajika, M. Hatanaka, and H. Migoshi, “Novel electron injection
NA(cm's) 3.0 x 10'® method using band-to-band tunneling induced hot electrons (BBHE) for
flash memory with a P-channel cell,” IEDM Tech. Dig.,1995, p. 279.
Eq(eV) 1.12 [7] E. O. Kane, “Zener tunneling in semiconductord,Phys. Chem. Solids,

vol. 12, p. 181, 1959.

—5.5 V. It is obvious that the simulated and measured currents
are quite matched for various bias conditions. The calculated
band-to-band currents using our model agree well with ti
measured results over a wide range of band-to-band tunnel
current from 102 to 10~° A. In Fig. 6, the drain bias is
swept from 0 to—6.0 V while the gate electrode is biased a
4.0, 5.0, 6.0 V. Because the avalanche breakdown voltage
the drain-substrate junction is about 6.5 V, the maximum val
of measured drain bias is6.0 V to avoid the involvement
of the avalanche effect. It is clearly seen that the calculated
results match well with the measured curves. The dotted lines
shown in Figs. 5 and 6 are calculated by using the model in
[4]. Note that the parameters used for calculations are identiral
between our model and conventional one [4] except that
set to zero for the conventional model [4], which are liste
in Table I. The band-to-band tunneling currents calculated |
our quasi-2-D model almost match with experimental resul
for any bias condition, in which both the vertical and laterz
electric fields are significant and can’t be neglected. Therefo
our developed band-to-band tunneling current model can /1 ! urir
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