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Absfract—[)eep depletion in both p-type and n-type substrates can
be induced by minority carriers tunneling away from the substrate.
When this occurs, tunneling current becomes saturated at the rate of
carrier generation in the substrate, with the excess applied voltage
dropped across the deep-depletion region, We present a guantitative
model for this phenomenon based on balancing the tunneling current
and the space-charge generation current. Conversely, the usual tran-
sient deep depletion in n-type substrate MOS capacitors can be ter-
minated by tunneling-induced electren-hole pair generation, except
for those with ultrathin oxides (<40 A).

THE SATURATION of gate tunneling current at high
positive bias in p-type substrate MOS capacitors has been
reported previously by several authors [1] ~[3]. The phenom-
enological explanation was known due to the limitation of
the substrate minority carrier generation. In this work, a more
clear and quantitative treatment is presented. New phenomena
of hole tunneling through ultrathin oxide as well as the termi-
nation of substrate deep depietion in n-type substrate MOS
capacitor due to tunneling-induced pair generation will also be
discussed., ‘

The silicon-gate samples are arsenic-doped poly MOS capac-
itors fabricated on {100} p-type substrate with Tox of ~100 A
and substrate resistivity of 5-10 Q+cm and on {100} n-type
substrate with 7, of ~108 & and doping of 1.3 X 1017 jem?®,
respectively. The metal gate samples are fabricated on (100}
n-type substrate with T, of ~31 A and substrate resistivity of
5-10 £2-cm. The gate oxides are grown in dry oxygen ambient
at 900°C followed by 10 min N, annealing at the same tem-
perature. They are all sintered in forming gas at 400°C for 15
cimin after mets' e The thinVresses of the oxide are de-
‘termined by ellipso...clry and checked with low-frequency
CV measurements. ‘

We shall first examine the case in which electrons tunnel
from the p-type substrate toward a positively biased gate,
The Fowler-Nordheim (F-N) tunneling current Jo from the
inversion layer of a p-type MOS capacitor is given by Wein-
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berg [4] as

fe=q0 Ny - QE) (1)

where g is the electronic charge, Ey is the lowest quantized
energy level in the inversion well, 9 is the fraction of Ninv
residing at energy leve! £y, Ny is the inversion carrier surface
concentration, Q(£) is the probability current of the electron
at By J(£y)1s also equal to AEy e B1Eox where B, is
the oxide field; .4, and B are constants.

Under steady-state conditions, this tunneling current must

be supplied by the net electron-hole pair generation in the

space charge region as given by (2). Bulk generation is assumed
negligible in this study.

Iy =Jgeneration =4 * N; (Xa —Xa0)/27, (2)

where 7, is the minority carrier generation lifetime, X is the
depletion width for an applied voltage Vy, and X4, is the
equilibrium depletion width of an inverted surface. Note that,
at equilibrium, the generation rate is exactly balanced by the
recombination rate (including the surface-effect components).
Therefore, the net generation current J. n 18 zero at equilibrium,
as expected from (2). ' .

The applied voltage V¢ is divided between the oxide voitage
drop ¥, and semiconductor surface potential ¥,

o 0.5¢N 4 X 42
Ve~ D= W+ Vox = eqi - +Eyy Tox (3)
. . 1 .

where ®,, ; is metal-semiconductor work function differe.. ...,
£y is the oxide field which is equal to (q*Nyyy + ge X oV 4
Or)eox,and O is the interface fixed charge,

The experimental points of a typical MOS capacitor tunnel-
ing current versus voltage relationship are plotted in Fig.1.The
theoretical J, -V, fit is obtained by solving (1), (2), and (3)
using numerical iteration. This is drawn as the solid curve
(curve 4) in Fig. 1 for T,, = 100 A, Ny =2X10"5/cm3,
and 7, = 0.5 uS (the only fitting parameter). Our theoretical
solution also indicates that a layer of constant inversion
charges is always present at the 8i-8i0, interface throughout
the deep-depletion regime, as plotted in Fig. 1. For Ve<7V,
the tunneling current is relatively small and can be adequately
supplied by the generation current without noticeable increase
in the width of the space-charge region and the capacitor can
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Fig. 1. Theoretical and expenmental Je-Ve plots of n¥ gate-100 A
oxide p-type substrate MOS capacitor. A nea:ly constant inversion
charge which is present throughout the deep-depletion regime js
shown. The inset shows the energy band diagram of a MOS capacitor
under the deep-depletion condition.

3.5
28l | ]
= ]
o
< L 4
@ 2.1 4
< L E
= ]
o ]
x 1.4 4
:,, J
0.7k .
i ]
[0} IR IS AN EP P BT BT
O 0.5 1.O 1.5 2.0 2.5

Xd(,u-m)

Fig. 2. Expenmental plot of Jg(Vy) versus depletion width Xa(Vg}
The inset shown experimental high-frequency CV plot for the same
sample ‘described in Fig. 1. Only the inversion and deep-depletion
reapcg)n‘s})a.re represented in the CV curve (VT ~ 0.2V, Vgp ~

he considered to be in equilibrium. For ¥V, > 7V, the deple-
tion width has to expand in order to supply this {unneling
current, Applied voltage in excess of the 7 V is dropped across
the deep depletion region, and the J, -V, curve exhibits
saturation. The energy band diagram deplctmg such tunneling
process under deep depletion is shown in the inset of Fig. 1,
The dashed curve (curve (b)) in Fig. 1 represents the ideal
(F-N) curve of this capacitor (as though the generation cur-
rent is infinite in supply) for comparison.

The change in the depletion width X,; with apphed voltage
can be monitored with the standard high-frequency CV
measurement. This is shown in the inset of Fig, 2, K is clear
that below ¥V, ~ 7 V the capacitance is equal to the equilib-
rium high-frequency capacitance in inversion. For Ve>17V,
the depletion layer widens in order to maintain current

continuity and hence the CV plot exh:blts the deep-dep]etlon '

charactenstxcs

- oxide/n-substrate device, indeed indicate significant hole

Afcm?, However, the amount of this hole current must h_avé

Fig. 3. Tunneling characteristics of a metal gate 31-A and a poly-gate
108-A oxide n-type substrate MOS capacitors with areas of 760 um?2
and 575 pm2, respectively. The saturation of tunmeling current in
31-A oxide indicates the tunneling of holes from the valence band
edge of the substrate which is shown in the inset of the figure.

Equation (2) indicates that a plot of J, (V) from the
I-V measurement versus Xy(V;) from the CV measurement
should yield a straight line with a slope of ¥;/27,,. Such a plot
is shown in Fig, 2. It is clear that the data points indeed fall
on a straight line giving 7, ~ 0.5 uS. The theory indicates that
Niny and Ey, remain essentially constant in the deep-deple-
tion region for Vg > 7V, therefore W, is approximately equal
to (V, — 7) V Using this and one-sided abrupt junction
relatlonshlp Ny(X) = 2/qeq:4 2 [d(1 /C2)/dV ] the doping
profile near the surface can be determined from the CV plot.
The extracted dopant concentration of 2 X 1013 /em? agrees
with the 5-10-8-cm resistivity of the p-type substrate used.

The tunpeling-induced deep-depletion phenomenon is also -
observed in ultrathin gate oxide (<40 A), n-type substrate
‘MOS capacitors under slow negative gate voltage ramp. The

- tunneling characteristics of a 31-A oxide along with a 108-A _,_._«'_-

oxide MOS capacitors are shown in Fig. 3, In order for the ™
substrate to become deep depleted under slow gate voltage
‘ramp, holes must be removed from the surface i inversjon layer
by the tunneling of holes from the substrate, as depicted in
the inset of Fig. 3, Experimental results by Faraone ef al,
using a p-channel MOSFET incorporating with a metal/tunnel-

tunneling currents in ultrathin oxides (<22.5 A) at low gate
voltage [5]. In our 31-A oxide capacitor, the measured current e
is believed to be mostly electron tunneling current from the -

gate since the hole current (limited by the generation current) '
from the substrate is not expected to be more than 1 X 10~7 ..

become comparable to the spacecharge generation current
to cause the substrate to deep-deplete and the current to.
saturate. In thicker oxide, such as the 108-A case, the, hol
tunneling becomes pract1ca11y zero for thch thng is enurely
due to the tunnelmg of electrons from the gate
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interruption indicates a total disappearance of the deep-
depletion region beyond the critical voltage V. As this critical
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Fig. 4. Experimental I~ Vs plots of negative gate biased n-type sub-
strate MOS capacitor with area of 575 ym?2 for different ramp rates.
The abrupt rises in Te for 50 mV /s and 200 mV/s ramp rates demon-
sirate the terminations of transient deep depletion by tunneling-
induced carrier generation. The inset shows the high-frequency CV
plot of a capacitor with a area of 5000 um? at 200 mV/s ramp rate.

curve in Fig. 3 follows the classical F-N relationship, In addi-
..tion, as we shall explain later, pair productions will always
occur in the substrate of thicker oxide capacitors due to
impact ionizations by energetic electrons tunneling from the
gate' [6]. Hence the generation of holes in the substrate be-
. comes further enhanced to keep the substrate free from any

deep _depletion. However, electronhole pair productions

.usually do not occur in MOS capacitors with ultrafine oxides
because the energy of the. incident electrons is below the
threshold energy for impact ionization [7].

A related but opposite phenomenon is also observed in
thicker oxide, n-type substrate MOS capacitors under negative
gate bias. As we know, substrate deep depletion can occur if

. the gate ramp rate is sufficently fast such that the substrate
- hole generation current can not keep up with the CdV/dt

capacitor charging current. However, this transient deep de-. -

“ pletion (created by fast ramping of V¢) can be terminated
. at a critical ¥ depending on dVg/dt. The corresponding
gV, curves are shown in Fig, 4. The termination of deep
depletion is not due to avalanche breakdown in the sub-
strate since the avalanche breakdown voltage is expected

't0 be in excess of 100 V and the values of C and I, after the

amount of electron-hole pairs is generated near the substrate
surface by impact jonjzation of the energetic electrons tunnel-

~ing from the gate. Indeed we have measured the quantum yield
(number of electron-hole pairs generated per incident electron)

of tunneling induced pair generation to be between 0 ~ 2 [7
depending on the thickness of the oxide. Electrons, being the
majority carriers, will be swept into the bulk and the holes will
drift to the surface inversion layer. This leads to z further
build-up of the oxide voltage. Consequently, electron tunnel-
ing from the gate becomes further enhanced, resulting in a
positive feedback process. Once the surface inversion layer is
fully established the current will revert back to the usual F-N
curve, The dependence of the critical ¥, on the ramp rate is
obviously related to the time required for building up certain
amount of holes in the inversion layer. Therefore, the faster
the ramp rate is, the higher the critical gate voltage will be.

The electron-hole pair generation by tunneling electrons
is also evident in the high frequency CV curve. The inset
in Fig. 4 shows that the capacitance jumps from the deple-
tion capacitance to oxide capacitance C,, at the critical
gate voltage, as a result of the abundant supply of holes. One
might note, however, that the termination of deep depletion
should not be observed in inverted p-type substrate MOS
capacitors because, in this case, the electrons are ‘tunneling
from the substrate and there are no electron-hole pair genera-
tions occurring in the substrate.
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