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Abstract: This paper considers the mechanism of optical switching and the possible utilisation of the metal
tunnel-insulator n-p* silicon device in optical communication systems. The pertinent design approaches are
described. Under optical excitation, photo holes and electrons generated in the surface depletion region, or
within diffusion range, will eventually be separated by the electric field and produce an increment in the
forward current. Those hole-electron palrs generated in the Junctlon region, or within diffusion range,
produce a photovoltaic increase in the p*n junction bias. Switching is induced optically, as it is electrically,
by the build up of holes at the insulator-semiconductor interface. This paper employs the 1-dimensional
diffusion equatlon to derive the light-generated minority carrier distributions and diffusion currents in the
neutral n and p* regions, together with the currents in the surface and p*n junction depletion regions.
The calculated values of both the drift and diffusion currents compare favourably with those observed

experimentally.

1 Introduction

The electrical switching mechanism of the metal-tunnel
insulator-n-p* silicon structure has recently been described
by Simmons, El Badry and Chik.!” Such a device is
compatible with i.c. fabrication techniques' and hence has
potential in commercial i.c. digital circuits. The added
ability to switch under optical excitation may lead to
further applications in optical communication systems.* In
this paper we consider the mechanism responsible for
optical switching.

Those devices with a lightly doped n-section switch
electrically from the high-impedance off state to the low
impedance on state when, with increasing forward bias, the
depletion region of the n-section reaches through to the
p*n junction. Up to the point of switching, the normal
tendency to form an inversion layer is prevented by holes
tunnelling through the thin oxide from the semiconductor
to the metal electrode. Switching can also be induced
optically and, depending on the design of the structure, the
device can be made quite optically sensitive.

The 1-dimensional diffusion equation is employed to
derive the light-generated minority carrier distributions and
hence diffusion currents in the neutral #n and p* regions.
The drift photocurrents in the surface and p*n junction
depletion regions are also considered. These light-generated
current components are shown to be responsible for both a
photovoltaic increase in the p*n junction voltage and a
collapsing of the surface depletion region. Depending on
the applied external bias, the device will then either remain
in its off state or switch to its on state.

Experimental verification of the photocurrent levels and
the photovoltaic increase in the p*n junction voltage was
undertaken. For ease of experimentation, an He-Ne red
laser was used in the tests.

Possible improvements in the sensitivity of the device as
an optical switch are outlined.
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2 Electrical switching mechanism

A schematic diagram of the physical structure of the device
is shown in Fig. 1. It comprises a number of layers: an
aluminium cathode layer evaporated onto a thin tunnel
oxide, followed by an epitaxially grown n-reglon onap*

substrate. Electrical contact is made to the p*-region by
means of a metal anode. Furthermore, a metal gate elec-
trode has been evaporated onto the device adjacent to the
cathode. Separation between the two terminals consists of
a thick (nontunnelling) oxide.
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Fig. 1 Schematic of the physical structure of the device

a Top view
b Cross-sectional view
(Not to scale)
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The forward I/V characteristic of the silicon structure
with the gate electrode floating is shown in Fig. 2a. It
comprises three parts: a high-impedance low-current off
state, a negative-resistance switching state, and a low-
impedance high-current on state. Furthermore, as the
characteristic resembles that of a thyristor, the device is
known as a metal-insulator-semiconductor thyristor or
m.i.s.t.

Forward biasing of the m.is.t. is effected by operating
the cathode negative with respect to the anode (Fig. 25).
Under this condition, free electrons are swept away from
the surface and a depletion region is established in the
n-section under the cathode. Conversely, holes entering
or generated within this region are swept away to the
oxide-silicon interface where they tunnel through the thin
oxide into the metal. Thus, as the bias is increased, the
normal tendency to invert the surface is prevented and the
surface depletion region continues to grow towards the
p*n junction. The semiconductor surface is then said to be
in deep depletion. The off state current in this mode is
limited by generation in the depleted surface region,!™
and by recombination in the junction depletion region.

At a sufficiently high forward bias ¥V, the surface
depletion region punches through to the p*n junction
space-charge region. Any further increase in the applied
bias voltage will effectively lower the potential-barrier
height of the p™n junction, causing a rush of holes to be
injected from the p* substrate into the n-type region, where
they are swept to the oxide-silicon interface. However, just
before punchthrough, the voltage across the oxide is only
sufficient to pass the small off-state current. Thus, imme-
diately after punchthrough, the oxide field is insufficient
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to allow the relatively large injected hole current to tunnel
through the thin insulator. Consequently, accumulation
of the injected holes takes place at the oxide-silicon inter-
face. Furthermore, electron tunnelling from the metal to
the semiconductor condition band has a strong dependence
on the free hole density at the semiconductor surface.’
Those electrons which tunnel through the oxide are then
swept by the surface electric field to the p*-substrate, thus
causing a correspondingly larger number of holes to be
injected from the p*-region to the oxide-silicon interface.
The free hole density at the semiconductor surface increases
further, thereby causing an ever larger electron tunnel
current to flow. Hence, a regenerative positive-feedback
loop with loop gain greater than unity is established in the
device, giving rise to the following two interacting effects:!

(2) The n-layer begins to move from deep depletion
towards inversion, causing the surface potential and, hence,
the voltage across the m.is.t. to decrease, and the voltage
across the load resistor to increase.

(b) The field in the oxide begins to increase, allowing a
larger current to pass. Thus, a negative resistance region is
allowed to develop as the device switches from the off to
the on state.

A steady-state operating point is reached when the load
resistor current, the p*n junction current and the oxide
tunnelling current are equal.

Electrical control of the switching process can be realised
by either injecting or extracting charged minority carriers
through the gate terminal, or by applying a voltage directly
to the gate.

3 Optically generated currents in the m.i.s.t.

Absorption of light in the m.i.s.t. produces hole-electron
pairs at a rate G(x), where®

G(x) = nPoae )

where n is the effective quantum efficiency, ®, is the
total incident photon flux per unit area per second
(photons/cm? s), and « is the absorption coefficient in
cm™!, Both 7 and « are functions of the optical wavelength
and the semiconductor material.®

Shown in Fig. 3 is a plot of the rate of optical generation
of hole-electron pairs as a function of distance from the
cathode of the m.i.s.t. Here, d,,, Wq, W, and W; denote
the widths of the tunnel oxide, surface-depletion region,
neutral n-region and junction depletion region, respectively.

We now consider the regions of the m.i.s.t. where light-
generated current components are produced. These are the
surface and junction depletion regions where drift currents
exist, and the neutral n-region and p*-substrate where
diffusion currents flow.
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Fig. 3  Rate of generation of hole-electron pairs due to absorption
of light in the m.i.s.t. (not to scale)
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3.1 Surface depletion region

Hole-electron pairs created in the surface depletion region
will immediately be separated by the depletion-layer electric
field. Electrons are swept to the neutral n-region where
they diffuse towards the p*™n junction space-charge region
and recombine with holes injected into the junction
depletion region by the small forward bias, while holes are
swept to the oxidesilicon interface where they tunnel
through the thin SiO, layer. If the device is not triggered
into the switching mode (see Section 4 for discussion on
optical switching), the generated photocurrent contributes
directly to the m.i.s.t. off-state current. For a maximum
increase in drive current the surface depletion region width
is made large relative to the light penetration depth ™!,

The current reaching the oxide-silicon interface, due to
optical excitation of hole-electron pairs in the surface
depletion region, is given by: ®

W,
Iap = —qAL Jod G(x)dx
= _(in__}\'P e Wy

e (1 —e™%"d) (2)

Here, the total incident photo flux ®, was written in terms
of the total incident optical power P:

P
hcA L
where h is Planck’s constant, ¢ and A are the speed and

wavelength of the incident light, respectively, and A is the
illuminated area. For :

o,

1
Wy > —
7 g
then
[ o~ qnAP
dL he

and a maximum current increase is achieved.

3.2 Junction depletion region

Holes and electrons generated optically in the junction
depletion region are swept to the p*-substrate and epitaxial
n-layer, respectively. The resulting current component does
not contribute directly to the m.is.t. off-state current.
However, a photovoltaic increase in the p*n junction bias
is brought about, and this leads to an increased forward
junction current that:

(i) supports the optically generated junction depletion
region current

(ii) supports the surface depletion region photocurrent
The photocurrent produced in the junction depletion
region is given by

I = —ady |, 6@z 3)

where G(z) has been defined in this region as

+a(z—Wn—Wd—Wj)

G() =1 ae 0<z< W,

hcA L
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Here, z=0 is taken to be at the edge of the junction
depletion region and the p*-substrate (Fig. 3).

Substituting for G(z) in eqn. 3 and evaluating the
integral gives the current produced by optical excitation of
hole-electron pairs in the p*™-n junction depletion region as

AP
Ij = — q";c [e—a(Wn+Wd) _e—a(Wn+Wd+Wj)] (4)

3.3 Neutral n-region

Optical generation of hole-electron pairs in the neutral
n-regions results in two current components flowing in
opposite directions. The components are due to the dif-
fusion of photoholes to either the surface or junction
depletion regions. Photoholes reaching the surface depletion
region are swept to the oxide-silicon interface where they
tunnel through the thin SiO, layer. If the device is not
triggered into the switching mode, this generated photo-
current contributes directly to the m.i.s.t. off-state current.
Photoholes diffusing to the junction depletion region are
swept to the p*-substrate by the electric field present
within the junction space-charge region. They then con-
tribute to a photovoltaic increase in the p*n junction bias.

As linear superposition applies to the junction bias
current and the photocurrent,” then the two optically
generated current components can be determined from
the photohole (or minority carrier) gradient on either side
of the neutral n-layer. The distribution of photoholes in
the neutral n-region is obtained by solving the steady-state
1-dimensional diffusion equation:®*”

aZPnL(y)_PnL(y)

+ =
DP ay2 Tp G(y) 0
or
aanL(}’) _ Ppr () - _ nPo £ 4y ~Wn-Wg) )
ay? L12> D,

where D,, is the hole diffusivity, 7, is the minority carrier
lifetime, L, is the minority carrier diffusion length, and
the rate of optical generation of hole-electron pairs in the
neutral n-layer is given by

G(y) = nBoae™ Wn~W)

Here, y =0 is taken to be at the edge of the junction
depletion region and the n-type epitaxial layer, as shown in
Fig. 3.

The general solution to eqn. 5 is

P, (y) = Ae¥p + Be™p + x " WnWa)  (g)
where x, is

=%,

1
aD, (l — a_sz,)

The constants 4 and B can be determined from the
following set of boundary conditions:

(a) Because of the polarity of the electric field in the
junction depletion region, photoholes that diffuse to the
edge of the junction depletion region will run down a
potential energy hill to a more stable lower energy level
in the p*-substrate of the m.i.s.t. Thus, a perfect sink exists

Xp = @)
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for minority carriers, so that
P, (0) =0 (®)

(b) Similarly, the edge of the surface deep depletion
region at y = W, is another sink for minority hole carriers,
so that

PnL(wn) =0 (9)

Application of these boundary conditions to eqn. 6, and
solving for A and B, gives the distribution of photoholes in
the neutral n-region as

r .
xpe—aWd (e_W"/Lp e-OtW" — 1)

PnL (y) = ey/Lp

2 sinh yﬂ
Ly,

[ _-aw, WL o-aWy |
+ Xpe “"4(1 —e "nilpe”*Vn) e~ V/p

2 sinh &'
] L,

+ xpe * e W) (10)

According to the boundary conditions (eqns. 8 and 9) two
light-generated current components may be seen to exist
— a smaller component /7 ﬂowmg across the p*n junction,
and a larger component Ip ;, flowing into the surface
depletion region. Each is determined by the minority carrier
gradient on either side of the neutral n-layer. That is:

() Aty =0,

dpnL
IpL = —qDp (d_;) OAL
y=

W,
naPe”*Wd [ *Wn cosh L +alye Wnginh -1
q P
Lp Lp

1) .. W
aheLy, (1 - ETL—,E) sinh Zi‘

(1)
(i) Aty = W,,

dan
—qD, A
( dy )y=W,, £

W,
gnAPe*Va [ e™*Wn — cosh i aL, sinh—=
LP LP
1 ., Wy
asz,)smh L,

14
Ing

ahcL, (1 -

(12)

However, when no surface depletlon region exists (zero bias
applied to the cathode of the m.is.t.), the boundary con-
dition given by eqn. 9 no longer applies. Thus, I,,; and I
given by eqns. 11 and 12, respectively, are similarly no
longer valid. Under this condition of zero bias, photoholes
created in the n-type epitaxial layer of the m.i.s.t. will now
only diffuse towards the p*n junction depletion region.
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That is, there is no photocurrent flowing away from the
junction, and hence

Lplwgg = 0 (13)

For the current I,;, flowing across the junction depletion
region and into the p*-substrate, the steady-state diffusion
equation must be solved subject to the new boundary
conditions:

Pp(0) =0 ®
and
Por(Wn) = G(Wn)7p
= na®,7, (14)
where W; = 0.

The second boundary condition is valid only if the hole
diffusion length L, is much less than the width of the
neutral n-region W, . Otherwise, holes created at the surface
will diffuse to the edge of the junction depletion region
where they will immediately be swept to the p*-substrate.
Consequently, the steady-state concentration of photoholes
will be less than that suggested by eqn. 14. However, the
m..s.t. is fabricated on wafers where, typically, the width
of the epitaxially grown n-layer (and hence the neutral
n-region for W4 =0) is greater than the hole diffusion
length. Therefore, the special case of L, > W, is not
treated.

Application of the boundary conditions (eqns. 8 and 14)
to eqn. 6, and solving for the constants A and B, gives the
distribution of photoholes in the neutral n-region for Wy =
0, as

na®,7p + xple” aW,,e W"/l?’—l) y/Lp
2 sinh W, /L,

an(.V)le:o = [

aW, e Wn/Lp)

+ [——na@orp +xp(l—e”

-¥/Lp a(y-Wp)
2 sinh W, /L, ]e Xpe

15)

The resulting light-generated current flowing across the
junction into the p*-substrate is then determined by the
minority carrier gradient at the edge of the junction
depletion region:

Ll _ —qnaAPL,

PLIWa=0 ™ pc sinh W, /L,

+ anAP(e”*"n cosh W, /L, + aL,e™*%n sinh W, /L, — 1)
ahcLy, (1 21142)s1nh Wn/Lp (16)

3.4 Neutral p*-region

A similar situation exists in the p*-substrate as in the
neutral n-section. Optically generated minority carriers
(electrons) within diffusion range of the p*n junction
will eventually be swept by the electric field toward the
n-type epitaxial layer. Thus, a further contribution is
made to the photovoltaic increase in the junction bias.
Photoholes, on the other hand, will diffuse away from
the junction and eventually recombine with the minority
carrier electrons.
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As linear superposition of the junction bias current and
the photocurrent applies,” the optically generated current
can be determined by the minority carrier photoelectron
gradient at the edge of the junction depletion region.
The distribution of photoelectrons in the p*-substrate is
obtained by solving the steady-state diffusion equation

np () _ npr ()

D, +G =0
" du? Tn ®)
or
azan(u)_ npr (1) — —nPoa o=+ Wyt W+ Wj)
au2 erl Dn

(17

where D,, is the electron diffusivity, 7,, is the minority
carrier lifetime, L,, is the minority carrier diffusion length,
and the rate of optical generation of hole-eiectron pairs in
the neutral p*-substrate is given by

G(u) — n@oae""‘('“ Wp+Wy+Wj)

Here, u =0 is taken to be at the edge of the junction
depletion region and the p*-substrate, as shown in Fig. 3.
The general solution to eqn. 17 is

an (u) = Ade u/Ly, + Be-u/Ln + Xne-a(u+Wn+Wd+ WJ)
(18)
where the term ¥, is defined as:

— 1%
1
aD, (1 - a—2 L,’,)

The constants 4 and B are determined from the following
boundary conditions:

(@) Any photoelectrons reaching the junction depletion
region will run down a potential energy hill to a more stable
lower energy level in the neutral n-layer of the m.i.s.t. Thus
a perfect sink exists for minority carriers, so that

npr, (O) =0 (20)

(b) Photoholes diffuse away from the junction and
eventually recombine with the minority carrier electrons, so
that

npL(*°) = 0 @n

Application of these boundary conditions to eqn. 18, and
solving for 4 and B, gives the distribution of photoelectrons
in the p*-substrate as:

e (Wn+ Wa+ Wj) [gmom _ p=ulLn] (22)

Xn = 19

Rpp (u) = Xn

The resulting light-generated current flowing across the p*n
junction is then determined from the photoelectron gradient
at the edge of the junction space-charge region:

dn
Iny = 4Dy (TZL) JAc

~a(Wy+ Wa+W;)
qnAPe n J (23)

1
+
he (1 aL,,)
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4 Discussion of the optical switching mechanism

We now consider the mechanism responsible for optically
switching a given device biased as shown in Fig, 2.

To switch the m.i.s.t. optically, an inversion layer must
still be formed at the surface, as is the case for electrical
switching. However, the mechanism responsible for in-
version is not punchthrough but rather the generation of
photoholes within diffusion range of, or in, the surface
depletion region. This creates the current components
Iy and I,z that flow towards the oxide-silicon interface.
Furthermore, optical generation of hole-electron pairs
within diffusion range of, or in, the junction depletion
region result in reverse current components I,r, I;; and
I,;, which give rise to a photovoltaic increase in the p*n
junction voltage. Consequently, there is an increase in the
injection of holes from the p*-substrate towards the surface
depletion region where they are then swept to the oxide-
silicon interface by the surface electric field.* However, at
the interface, the oxide voltage is sufficient to pass only the
small off-state current, and thus accumulation of both the
photoholes and injected holes takes place at the surface. As
is the case for electrical switching, the build up of holes
results in three interacting effects:

(i) The n-layer begins to move from deep depletion
towards inversion, causing the surface potential, and hence
the voltage across the m.i.s.t., to decrease, and the voltage
across the load resistor to increase.

(ii) The oxide field begins to increase, allowing a larger
current to pass.

(iii) Electron tunnelling from the metal to the semi-
conductor conduction band increases because of its strong
dependence on the free hole density at the semiconductor
surface.

Increased electron tunnelling results in the electrons
being swept by the surface field to the p*-substrate, thus
initiating a further increase in the injection of substrate
holes to the oxide-silicon interface. If the oxide voltage is
charging up at a rate sufficient to accommodate the second
hole injection mechanism, the surface free hole density will
begin to decrease, causing the device to remain in the
off-state. A steady-state operating point is established in
the m..s.t. when the currents flowing through the load
resistor, the p*™n junction and the tunnel oxide are equal,
and there is a sufficient free-hole density at the surface to
sustain the increased oxide voltage. Under these conditions,
there is an increase in the m.is.t. off-state current with a
corresponding decrease in the voltage across the device, as
depicted in Fig. 4a4. This has been observed experimentally
(Fig. 4b).

As the incident optical power is increased there is an
approximately linearly related increase in the forward
current components Iz, and I,;, and the reverse current
components I,y , I; and I,; . Consequently, the free hole
density at the oxide-silicon interface is increased, causing
a larger electron tunnel current to flow, which in turn
causes an even greater increase in the injection of substrate
holes to the semiconductor surface. Although the oxide
field is increasing in response to the surface free-hole
density, it becomes increasingly more difficult for the oxide
field to accommodate the increased flow of holes to the

'Recombination of injected holes will take place in the neutral
n-region. However, as this does not affect greatly the overall dis-
cussion of the optical switching mechanism, it is assumed for the
sake of clarity that recombination is negligible.
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surface. When the rate at which these holes reach the oxide-
silicon interface becomes greater than the rate at which
holes are tunnelling through the thin oxide, enhanced
accummulation takes place at the surface. Hence, a regener-
ative positive-feedback loop with loop gain greater than
unity is established and the device moves into a switching
transient. In this mode the surface potential continues to
decrease, and the oxide voltage and device current to
increase, thus allowing the formation of the negative
resistance region in the m.i.s.t. output characteristic as
shown in Fig. 4. When the surface becomes inverted, the
surface potential no longer decreases but remains fixed at
twice the potential difference between the semiconductor
Fermi level and intrinsic Fermi level. The oxide voltage,
however, continues to increase, thus allowing the low
impedance on-characteristic to develop. A steady-state
operating point is then reached when there is current
continuity through the load resistor, the p*n junction and
the tunnel oxide.

anode-cathode current 1,¢, pA

Vapp

R B
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| R dark
1|
|
| anode
H 4 1 cathode
Vi Vo ‘VOFFZ VorFdapp (A ‘\//Olcm\?e
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Fig. 4

a I/V characteristic of the m.i.s.t. under different intensities of
irradiation (not to scale)

b Experimental observations (vertical scale: 1pA/division, hori-
zontal scale: 1 V/division)
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Thus, the processes involved in both electrical and
optical switching are basically identical, differing only in
the mechanism responsible for initiating inversion of the
semiconductor surface. Electrically, and without gate
control, inversion is brought about by the surface depletion
region punching through to the junction depletion region,
whereas, under optical excitation, it is the generation of
both photoholes in and around the surface depletion region,
and of hole-electron pairs in and around the junction
depletion region that is responsible.

The sensitivity of the m.i.s.t. to a constant input optical
power can be improved if more holes can be collected at
the surface and at a faster rate. These effects can be achieved
by implementing the following simple structural changes
to the device:

(a) increasing the epitaxial layer depth to above the
absorption depth of the incident radiation, thus ensuring
a near optimum collection efficiency of the generated
photoholes

(b) decreasing the p™n junction area, and hence capaci-
tance, which increases the rate at which the junction
voltage charges up to the value fixed by the photovoltaic
effect.

However, increasing the epitaxial-layer depth will result
in a smaller photovoltaic increase in the junction bias and
hence a smaller injection of substrate holes. A compromise
situation is therefore created.

5 Optical current continuity in the m.i.s.t. in the
off state

Optical switching of the m.i.s.t. takes place when the rate
of collection of free holes at the surface is sufficient to
initiate a positive regenerative feedback loop with loop gain
greater than unity such that inversion of the surface is
allowed to occur. However, it was seen in Section 4 that the
device may remain in the off state if the rate at which holes
are tunnelling through the thin oxide is greater than the
rate at which they are being replenished at the surface. A
steady-state operating point is then established in the off
state when these two rates become equal. We now examine
the components of current that bring about this current
continuity throughout the device.
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Fig.5 Off-state current components in the m.i.s.t. in equilibrium

All components indicate a positive flow of holes
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Shown in Fig. 5. are the off-state current components
flowing in the m.is.t. when in equilibrium. Here, /4,
Iy, Ipp, Iy, and I, are the optical current components
described in Section 3, I, is the junction recombination
current, g, is the junction hole diffusion current, while
Ior and Iyp denote the electron and hole tunnelling
currents, respectively. All the current components shown
indicate a positive flow of holes, although /o and I,y are
due to the flow of electrons. Furthermore, as the p*-
substrate is more highly doped than the n-type epitaxial
layer, the junction electron diffusion current Iy, has been
neglected.®

With the device in the dark, the junction voltage is of the
order of 0-1V,>™ and thus the junction recombination
current dominates the junction hole diffusion current.® The
source of electrons that feed this recombination current are
derived from both electron tunnelling (/1) from the metal
to the semiconductor conduction band and from the
thermal generation of electron-hole pairs in the epitaxial
layer (Iy7). For large junction area devices, itis the electron
tunnelling mechanism that dominates, The total current
through the device may then be written as:

Iacy = I = Ior

With the m.is.t. excited optically, we may distinguish
between two cases. These are when:

(i) the junction hole diffusion current is much less than
either the junction recombination current or the light-
generation current components /;; and I,;L. This will occur
for junction voltages of approximately less than 0-3V.
Under these circumstances there will be no injection of
holes from the p*-substrate to the oxide-silicon interface
whereby the surface free hole density will consist solely of
photoholes. The corresponding photoelectrons that are
swept out of the surface depletion region help feed the
junction recombination current, which must also overcome
the optical current components Iy, Iy and I,;. The
device current is therefore

Tpcy = I —Upr + i +1n1)
= Icr + (o +IpL)

= Iep +1yy

Here, there is a negligible change in the off-state electron
tunnelling current due to the accumulation of holes at the
surface.® Hence, the increase in device current due to
optical excitation is (/g7 + IpL).

(ii) the junction hole diffusion current is of the same
order of magnitude as either the junction recombination
current or the light generated current components /47, and
I, This will occur for junction voltages of approximately
greater than 0-3 V. In this case, hole injection from the p*-
substrate to the oxide-silicon interface takes place whereby
the surface free-hole density will now consist of both
photoholes and substrate holes. Assuming a negligible
increase in the off-state electron tunnelling current,® the
increase in the device current due to optical excitation will
be the sum of Iy, I, and Igsp .t

T Recombination of injected holes in the neutral n-region must be
taken into account when calculating Ig;zr -
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That is:
IACL = Idiffp +1, _(IpL +IiL +InL)

= Iop + (g +IpL) + laigrp

= Ier +Iyy

The optically generated current components can be seen to
fit in well with the general concept of continuity of current
flow throughout the device. It now remains to show experi-
mentally the existence of these light current components.

6 Experimental results

A number of experimental devices have been fabricated on
silicon wafers with a 20-6 um epitaxial n-layer of 34 Q cm
resistivity, grown on a p*-substrate of 0-01 £ cm resistivity.
The wafers were cleaned in a solution based on hydrogen
peroxide.® This gave an oxide thickness of 13 A before
furnacing. The thin oxide was grown at 800° C for 5-5 min
in dry oxygen and was then nitrogen annealed at the same
temperature for 15min. A final oxide thickness of 29 A,
as measured with an ellipsometer, was obtained. Aluminium
contacts were deposited on the m.i.s.t. in a vacuum system
of pressure less than 107° torr. The thin oxide cathode area
was 40um x 40um while the p*n junction area was
1-4mm x 1-4mm.

In order to verify the existence of the light-generated
current components, the following experimental measure-
ments were taken:

(a) The increase in the m.is.t. off-state current at a fixed
anode-cathode voltage was measured for various intensities
of light. By ensuring that the p*n junction bias does not
exceed 0-3V, then these increases will be equal to the sum
of Iy, and I, as discussed in Section 5.

(b) The photovoltaic increase in the junction voltage at
zero anode-cathode bias was measured for various intensities
of light. This increase should then be equal to the junction
voltage required to produce the three photo currents
IpLIWd=oa1jL andl,,L.

All measurements were taken using a Tektronix type
525 curve tracer. For ease of experimentation, a He-Ne red
laser (optical wavelength A= 0:6328 um and absorption
depth a™! =2-5um® was used. Furthermore, an optical
test bench was set up in order to concentrate the incident
optical power onto the most sensitive area of the m.i.s.t.,
which was found to be the thick oxide just outside the
metal cathode. Here, the illuminated area was of the order
of Sum x 5 um.

Shown in Fig. 6 is a comparison of the experimentally
measured increase in the off-state current of the m.i.s.t.
biased at V4o =15V, with the theoretical increase pre-
dicted by the sum of I, and I,; for three values of the
device quantum efficiency 7.'" 1 Here the incident optical
power was concentrated onto the thick oxide just off the
metal cathode. During the course of the measurements the
p*n junction voltage was not allowed to exceed 0-3V.
Under no incident optical power, the depth Wy of the
surface depletion region at V4o = 5V was calculated to be
6-15um.® Under illumination W, decreased at a rate of
approximately 0-017 um/uW. (See Appendix 11). Finally,
as the device off-state current in the dark is recombination
dominated (¢, =1 =Icr), a value for the minority
carrier hole diffusion length Lp may be calculated. This
gave L, =6um. In estimating L,, the following points
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were taken into account:

DL, <Wgt+ W,

(i) the p*-n junction recombination and hole diffusion
currents are strongly dependent on L, and are of the same
order of magnitude at a junction voltage of approximately
04—05V?

The theoretical and experimental curves illustrated in
Fig. 6 exhibit an approximately linear dependence on the
incident optical power. This is sufficient to indicate that for
junction voltages less than 0-3 V, the increase in the m.is.t.
off-state current is due to the optical current components
I and I,;. The best fit between experiment and theory
occurs for a quantum efficiency of approximately 0-85. It
remains to be shown experimentally that as P, and hence
the junction voltage, is increased, a third current com-
ponent, namely 4, becomes a major contributor to the
increase in the device off-state current. Furthermore, it
should be pointed out that if the diffusion photocurrent
Ipy, is of the same order or greater than the drift photo-
current Iy, then lateral diffusion effects must be con-
sidered. In our measurements however, the width of the
surface depletion region is much greater than the absorp-
tion depth of the incident radiation. Hence I;;, is much
greater than Ip; so that lateral diffusion effects are mini-
mised to such an extent as to be considered negligible.

If the incident radiation is concentrated just outside
the cathode of the m.s.t. for the case of zero surface
depletion region, then lateral diffusion effects will become
dominant. To offset this, the device was uniformly illumi-
nated whereby the illuminated area is equal to the junction
cross-sectional area. The photocurrents Jprlw, _, ’ I;;, and
I, will flow in the m.i.s.t. which cause a photovoltaic volt-
age to appear across the otherwise zero biased p*-n junction.
The resulting junction current flows in opposition to the
three photocurrents so that the external device current is
zero. For junction voltages less than 0-3V the junction
current is recombination dominated. That is:®

I = qniW;A;Dp (e WVAGI2kT _ 1)
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Fig.6 Experimental and theoretical increases in m.is.t. current
Isc at Voc=35V and Vg <03V, for different intensities of
He-Ne light

Lower three lines indicate theoretical predictions
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= Iplwy., L T 1n
or
_ 2kT | [ 2L3UpLlwy., + i+ In)

Vie = — 1 +1| (24
ac = T in 2mW,4;D, (24)

where n; is the intrinsic carrier concentration, A4; is the
junction cross-sectional area and V¢ is the p™n junction
or anode-to-gate voltage.

THustrated in Fig. 7 is a comparison of the experimentally
measured photovoltaic voltage of the m..s.t. on open
circuit, with the theoretical increase predicted by eqn. 24
for three values of the device quantum efficiency n.'% !
Both the experimental and theoretical curves exhibit a
logarithmic dependence on the incident optical power P.
This is sufficient to indicate that the optical current com-
ponents Ipriw,_ ., L and I,y are responsible for the
observed photovoltaic effect. The discrepancies between
the curves can be explained as being a result of uncertainty
in the magnitude of the illuminated areat and the absolute
value of the incident optical power P. The best fit between
the experiment and theory occurs for a quantum efficiency
of approximately 0-8 (cf.n =0-85 for best fit in curves
shown in Fig. 6). :

7 Application as an optical threshold detector

Provided the sensitivity can be improved, and the switching
speed is of the order of a few nanoseconds, the m.is.t.
could be applied to optical communication systems as an
optical threshold detector. Turn-on times of less than 2 ns,
including delay, and turn-off times of less than 1 ns have
been reported’® on electrically switched devices. Similar
optical switching speeds are envisaged, although for devices
described in this paper, no attempt was made to optimise
the fabrication process and geometry in order to produce
high-speed devices.

At present, in high-speed fibre systems p-i-n or avalanche
photodiodes are employed as photodetectors. However, as
these diodes do not exhibit any switching property, extra
circuitry is required to extract information from the
received signal. The circuitry introduces unwanted noise
which would not be present if an optical threshold detector
were used. Thus, if the m.i.s.t. also proves to be no noiser

02r
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Fig. 7 Experimental and theoretical increases in the junction

voltage of the m.is.t. at Voc= 0V, for different intensities of
He-Ne light

¥ The devices tested were large-area devices and were not isolated
during the fabrication process. Hence the junction cross-sectional
area was not well defined.
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than a p-i-n or avalanche photodiode, then a reduction in
receiver noise as well as circuit complexity can be ob*ained
with its use in optical transmission systems.

Finally, we note that as fibre systems incorporate optical
sources operating in the 0-8—0-9 um wavelength region,
future experimental work on the m.is.t. as an optical
switching device must be geared to this wavelength region.

8 Conclusion

In this paper we have considered the mechanism responsible
for optically switching metal tunnel-insulator n-p* silicon
devices. The 1-dimensional diffusion equation was employed
to derive the light-generated minority carrier distributions
and hence diffusion currents in the neutral n and p* regions,
together with the photocurrents in the surface and junction
depletion regions. For junction voltages less than approxi-
mately 0-3V, the increase in the device off-state current is
due to the optical current components I3, and I, whereas
for junction voltages above 0-3V, a third current com-
ponent, namely the junction hole diffusion current, becomes
a major contributor to the increase in the device off-state
current. Photocurrents I,;, I;; and I, were shown to
contribute to a photovoltaic increase in the p*n junction
voltage.

Experimental verification of the photocurrents and
the photovoltaic effect was undertaken, The agreement
obtained between the experimental and predicted results
was sufficient to indicate that the optical current com-

ponents derived in this paper exist and hence play an -

important role in the operation of the device.

Finally, the m.i.s.t. was shown to have potential as an
optical threshold detector in high-speed optical-fibre systems
provided certain levels of sensitivity, switching speed and
noise performance are achieved. .
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11 Appendix
The width Wy of the surface depletion region is given by: 8

(264, 12
Wy = (_—qND) (25)

where €, is the semiconductor permittivity, Np is the
density of electrons in the neutral n-layer, and y;, is the
surface potential.

The surface potential can be calculated by considering
the total voltage across the device. That is, with the m.i.s.t.
not illuminated, we have

Vacg = Vsg T Voxy t Vac, + Vs (26)

where Ve, Vox» Vac and Vg refer to the anode-cathode
voltage, oxide voltage, anode-gate (p™n junction) voltage
and flat-band voltage, respectively. The subscript d indicates
that measurements are taken in the dark.

_ The oxide voltage in the dark can be written as:®

v _ _Q_s _gNpWa _ (ZqNDeswsd)l/zdox
od Cox Cox €ox

= 00082 (¥,,)"2

where the surface space charge per unit area is
Q, = qNpWy = (2qNpe¥,,)"* Clm?
and the oxide capacitance is:
eox
Cox = a. F/m?
Neglecting the oxide voltage, eqn. 26 may be rewritten as
Vsg = Vacy —Vre —Vacy

where Vg, is kept constant at 5V, and V¢, is measured
experimentally. The flatband voltage for this particular
device was approximately 0-5V.'? Hence ¥, and W, may

‘be calculated, giving ¥, , =2 4-38 V and W, = 4:35 um.

Keeping the anode-cathode voltage constant while
illuminating the m.i.s.t., the p™n junction voltage increases,
thus decreasing both the surface potential and the surface
depletion region width. Ignoring the oxide voltage, the
off-state surface potential under illurnination becomes

Vor, = Vacy —Vre —Vacy,

where
Vac; > Vacy
or
Il/cL = ‘p’d + VAGd - VAGL

The corresponding depletion width is then obtained from
eqn. 25. It was found experimentally that W, decreased at
a rate of approximately 0-017 um/uW.
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