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We describe a technique to extract room temperature parameters of Schottky diodes based on
single or double-terminal configurations whose barrier height is bias dependent. This method
allows us to extract the zero bias barrier height without specific knowledge of interface states or the
existence of insulator layers at the metal-semiconductor boundaries. This technique enables us to
establish the type of thermionic emission mechanism, limited by a bias dependent image force
potential and/or diffusion, taking into account interfacial states or layers. This technique makes use
of experimental current-voltage (I-V) characteristics measured at both bias polarities and different
intensities of illumination and the corresponding voltage-dependent differential slope-voltage char-
acteristics o = din(I)/din(V'). This method is verified experimentally on a conventional p-Silicon
based Schottky diode and on metal-semiconductor and metal-insulator-semiconductor diodes fabri-
cated on n-silicon-on-insulator substrates. Pd/Au Schottky electrodes were used, while the insulator
stack of the metal-insulator-semiconductor diodes comprises an HfO, layer on top of an SiO, layer.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4994176]

I. INTRODUCTION

Numerous semiconductor devices and circuits make use of
metal-semiconductor (MS) and metal-insulator-semiconductor
(MIS) structures or their back-to-back (metal-semiconductor-
metal (MSM) or MISM) conﬁgurations.1 MS junctions exhibit
either an Ohmic or a rectifying behavior; this is determined by
the work-function of the metal (/,,), the electron affinity of the
semiconductor (), the interfacial-trap density at the MS junc-
tion, the thickness of an interfacial layer (when such a layer
exists), and the potential barrier. All these factors influence the
barrier height, which is ideally the difference between the metal
work function and electron affinity of the n-type semiconduc-
tor:? @pn = W,, — x5, While for the p-type semiconductor, it is
@ppy = Eg — (Y, — 1s), Where E, is the band gap of the semi-
conductor. The Ohmic or rectifying nature of a junction can be
altered by a bias voltage, as well as illumination, temperature,
and radiation. These external perturbations manifest themselves
as a modification of the current-voltage (I-V) characteristics of
the device. In the case where both electrodes form Schottky-
type contacts in a MSM system, the carrier transport mecha-
nism is complex; in particular, if the junctions are asymmetric
(due to the use of electrode materials with different 1, values
and or due to the presence of an interfacial insulator layer
between the electrode and semiconductor3), double-Schottky
MSM diodes and heterojunctions with different barrier heights
are analysed as done in Refs. 4 and 5 by employing the therm-
ionic emission theory model, which is valid for semiconductor
substrates with doping levels, N p,_below 10'7 cm 2.5

The influence of illumination on ¢,, and therefore on
the photosensitivity of photodetectors was considered in
Refs. 9-13. The reduction of ¢, under illumination, in
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conjunction with the lowering of the potential barrier due to
image-forces, was attributed to the change in the quasi-Fermi
level in the semiconductor relative to the dark equilibrium
state.'” This was also used to explain the observed photosensi-
tivity of I-V and capacitance-voltage (C-V) characteristics in
MIS diodes. > Variations in different Schottky-barrier
parameters also influence the photosensitivity of different
MSM and MIS structures.''™'* MIS structures with a leaky
insulator stack containing many pores (metal seeping through
the pores results in the formation of local MS junctions) were
considered in Ref. 11. Under illumination, photogenerated
holes are accumulated at the Si surface along the perimeter of
the islands, enhancing the electric field around specific local
points, thereby lowering ¢,,, which in turn increases the pho-
tosensitivity. The photocurrent intensification in MIS struc-
tures can also be attributed to edge fringing field effects.'*!?
Most of the previously published papers'>' used
graphical methods to extract parameters from forward biased
I-V characteristics of Schottky diodes. All the extracted
parameters, ideality factor, saturation current, and zero-bias
barrier height (when the value of the linear series resistance
is known), were assumed to be independent of the applied
voltage. In Ref. 22, these parameters were extracted using
the voltage difference of the differential slope (0—V, where
= d[fl(;i"v[,e)) of I-V characteristics, additionally taking into
consideration the non-linear series resistance and parallel
conductance. A complex graphical differentiation of the
experimental forward bias I-V characteristics was employed
in Refs. 23 and 24 in order to extract the voltage-dependent
ideality factor, after the extraction of surface states and traps
in the interfacial layer between the Schottky electrode and
semiconductor. Finally, Mikhelashvili et al® analyzed the
o—V characteristics, which enabled the extraction of the lin-
ear series resistance and voltage-dependent ideality factor
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from the experimental -V characteristics. However, this
method assumes that the change in the image potential with
applied voltage is linear, which is valid only at small biases.*®
The strong influence of the barrier height on the charac-
teristics of the devices comprising Schottky electrodes calls
for a more effective method than those discussed above to
evaluate the role of the electrode materials and geometry, as
well as the effect of external perturbations. To this end, we
have developed a comprehensive procedure, which in con-
trast to the previous studies allows establishing, from the
reverse bias I-V characteristics, the most probable current
flow mechanisms in a Schottky junction: thermionic emission
limited or diffusion limited in the presence or absence of sur-
face states at the metal-semiconductor boundary or without
them in conjunction of an image force. Also determined are
the image force potential and the zero voltage barrier height
of holes (¢,) or electrons (¢,,), as well as their modifica-
tion with illumination. The method was verified for MS,
MSM, and MISM structures with symmetric or asymmetric
electrodes by the measurement of the current voltage charac-
teristics (I-V) at room temperature under different illumina-
tion regimes. The developed method requires the knowledge
of the doping level of the substrate only, with the assumption
that surface states'?*® with a constant density are monoe-
nergetic or uniformly distributed in energy within the
bandgap. For other types of distribution of interface states, it
is essential to identify the distribution behavior.?**°

Il. THEORETICAL ANALYSIS

The planar systems analyzed in this paper include pairs
of diodes connected back-to-back via silicon. Systems com-
prising p-Si can be analyzed similarly. A simplified equivalent
circuit of such a structure is shown in Fig. 1, where V; and V,
are the voltage drops across diodes I and II, respectively. This
model is based on the assumption that the voltage drop across
Si can be neglected, when compared to the voltage drop
across the reverse-biased diode junction, namely, the applied
voltage equals V = V| + V,. Based on the current continuity
theory, the total current density J; = J; = J, (for the system
represented in Fig. 1) is given by™”

. \%
27,1/ psinh (2"”>

\% vV’
Jsiexp <2qkT) + Jsexp (— quT)

where J;; and Jy, are the leakage current densities through
the reverse-biased Schottky junctions I and II, respectively;
T, q, and k are the absolute temperature, electron charge, and

Jr = (D

D1 D2
V1 r— Rsi \'/3
Vv

FIG. 1. The schematic electrical circuit of a back-to-back connected pair of
diodes (Rg; is the Si layer resistance).
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Boltzmann constant, respectively, while current density
J = é, where S is the electrode area.

One of the diodes [ or /I is always reverse biased and
hence limits the net current for either bias polarity. J;; and
Js at reverse-biased Schottky junctions with unequal barrier
heights are given as follows:'*"-**

0gN, oRexp (_ (N’hpl,nlka ;1 q’bpz,n2>

(1 00R> L@
o

where @, ,; and ¢, ,, are the voltage-dependent barrier
heights at the junctions / and /I, respectively; vg and vp are
the thermal and effective diffusion velocities of carriers,
respectively; N, and N, are the effective density of states in
the valence or conduction bands, respectively; and 0 is the
barrier transmission coefficient (0 < 1or 6 = 1, for barriers
with or without an interfacial layer, respectively). The rela-
tion between thermal and effective carrier diffusion veloci-
ties determines the role of the thermionic emission or
diffusion current flow mechanisms.

Leakage current density in an ideal Schottky diode is
independent of the applied reverse-bias; it is determined only
bY @ppn = Pipono- However, real Schottky diodes exhibit a
significant increase in leakage current with reverse bias due to
the voltage-dependence of the Schottky barrier height. The
increase in leakage current is larger than that caused by
thermally-generated minority carriers within the expanding
depletion region. The Schottky barrier height is reduced in the
dark due to both a variation of image force potential and a
dipole layer, which results from an interfacial layer with sur-
face trap states and or fixed charges at the MS boundary.'*"*®
The barrier height reduces further under illumination'®

The variation of g¢,, is generally expressed as”?728

Jsl, -]s2 =

Ppint, Pop2nz = Popo1 no1> Popoz,n02 EAP, 3)
where
1 ill
Ap = l—n— Ve + Apy + Ap™. %)
0
The interfacial layer, image force, and illumination related

contributions are denoted as

1 £06;
[ L 5
no & +q*diDi;’ ©)

1/4

3 1/4

q NA‘D kT

Agy = Vi + V| —— . (6
%o <8n2826§> ( it Vel ‘1) ] ©

and
Ag" = (Ej —E) or Ap' = (B —Eg), (D)

respectively, for n- and p-type semiconductors.

The = sign in (3) denotes forward bias (V) and reverse
(V) bias, respectively. &, &, and d; are the free space per-
mittivity, dielectric constant, and thickness of the interfacial
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layer, respectively, while D;; is the density of the surface
states per unit energy and area. Surface states are assumed to
be uniformly distributed in energy within the bandgap. Vi, = ¥

s
_Wm + kFTln (1[\\/,_/;) and V= wm - Ws - k;Tln (1[\\1/_;)7 where
N4 and Np are the built-in voltages (or diffusion potentials)
and the acceptor donor concentration, respectively, of p- or
n-type semiconductors; and ; is the work function of
the semiconductor. @01, Ppu02=Wpmi, Vo — %) are the
barrier heights at zero bias; V,,; and,,, are the work func-
tions of the metal electrodes. The corresponding hole barrier

heights are (pb17017 (pbp02:%E£ - (lpmb l//rnZ - X‘v)’ where Els’
is the semiconductor band gap. Er, Ej, and Ef are the

equilibrium Fermi and quasi Fermi levels of electrons or

holes under illumination, while (Ei — E;) = kTLn(I’\%/) and

(E — EI') = kTLn(1) with #?" the illumination intensity
dependent intrinsic carrier concentration. '

At small Dj, values, when &, < ¢°d;D;; [see Eq. (5)],
the barrier height changes by the image force. The relation-
ship between thermal and diffusion velocities distinguishes
between two limiting Schottky current mechanisms in MSM
or MIS structures. When 6vg < vp [see Eq. (2)], only therm-
ionic emission determines the current flow, while for large
Ovg values, carrier diffusion from the edge of the depletion
layer to the peak of the image force potential (electrostatic
potential of the conduction band) limits the current. Inserting
Egs. (3) and (4) into (2) leads to several current transport
mechanisms that take place in real Schottky diodes and
therefore in pairs of back-to-back connected devices. The
thermionic and diffusion mechanisms in reverse biased
Schottky diodes (taking into account an interfacial layer and
the transmission coefficient of the barrier to be smaller than
unity?’*%) are approximated by

A
Js, thermionic == HA*TzeXp (_ qwzl;)mo) exXp (qkT(p> ) (8)
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ZqNA,’D

00s

~ 4Pppo.n0 qAe
X exp( T )exp( T ), 9

where A* is the effective Richardson constant (for n-Si,
A* =120m*,, with m*, being the effective mass of the elec-
tron). Based on Egs. (3)—(6), we propose a simple analytical
method to analyze experimental current-voltage characteris-
tics in order to discriminate among the carrier transport
mechanisms (thermionic or diffusion with or without the
influence of an interfacial layer) and to extract the zero bias
Schottky barrier height and the voltage dependence of the
image force.

We analyze the o-V curves, whose usefulness in the
extraction of the diode parameters was demonstrated in Refs.
22, 25, and 31-36. The technique we propose does not require
to resort to complicated graphical differentiation techniques as
given in Refs. 23 and 24 for the extraction of bias-dependent
parameters, and it is unlike the technique reported in Ref. 37,
which is only valid under limited conditions.

Simple algebraic manipulation of Egs. (8) and (9) yields
two pairs (for the thermionic and diffusion cases) of analyti-
cal expressions of -Vg in order to extract the values of volt-
age dependent lowering of the barrier height (with or
without interfacial states influence). These equations are
summarized in Table I.

The behavior of the calculated reverse /-V; and a—Vy
characteristics in all the particular cases considered above is
summered in Fig. 2. As predicted by Eq. (1), the total current
in back-to-back connected diodes is limited by the reverse
biased diode, while the influence of the forward direction
biased diode is insignificant due to its low differential
resistance.

The -V characteristics of structures with equal (¢,
= Qpu02 = 0.8eV) and unequal (¢, = 0.8eVand ¢p,0
= 0.73eV) barrier heights reveal symmetric and asymmetric

% 1
Js diffusion = qUIN v.,c'( ) (Vi — Vg)?

TABLE I. Extraction of the exponential coefficient [Egs. (8) and (9)] bias dependent A¢ at different current flow mechanisms of the thermionic emission.

Conditions Current flow mechanisms o — Vg dependence Ao, eV

Without interfacial Thermionic limited current, KT (V¢ o

layer or states taking into account image o= ﬂd(Aq}) 7J VdvR +a
Y e g g kT dVg q Jvrg=0 VR

force potential (Aug < vp)

Ap = Ap, (10)
Without interfacial Diffusion limited thermionic o= % d(dAVwO) A 1
— —dVg—=In(|Vy =V, C +C
layer or states current (Qvg > vp) Tl ‘}?R 7 '[VR:O Ve R=5 n(|Vi; &) p +Ci1+C
2(Voi — Vi) Ap = Ap, an
With interfacial Thermionic limited KT (Ve
layer or states current (Qvg < vp) o= Ve d(Ap) ;J idvR +G
kT dVg Ve=0 VR

1
Ap = (1 - —) Vi + Apy (12)
no
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FIG. 2. (a) Current-voltage and (b) o-V characteristics of the back-to-back connected MS diodes simulated in accordance with Eq. (1) for different current
flow mechanisms descripted by Egs. (8) and (9). The equal and different zero biased barrier heights for curves 1 and 2-thermionic emission limited current are
Ppno1 = Ppnoo = 0.8eV and @, = 0.73eV and ¢, = 0.8 eV, respectively; for curves 3 and 4 in the cases of diffusion limited current and thermionic lim-
ited current at availability of the interfacial layer or states, respectively, the equal barrier height is ¢;,0; = ¢,,0, = 0.8eV. The rest calculation parameters are
A"=120m." A em 2K %, T=300K, Np=8 x 10"* cm >, N.=2.8 x 10" cm 2, =1, V;,=0.82¢V, &= 11.8, u=1400cm®> V" 's ™!, D;=1 x 10" cm eV,

di=3nm, and S=3.4 x 10~° cm?.

characteristics (see curves 1 and 2) in Fig. 2(a), respectively.
Curves | and 2 were calculated considering the thermionic
emission limited case and lowering of the barrier height only
by the voltage dependent image force. The consequent o—Vp
characteristics [Fig. 2(b)] are symmetric in both cases inde-
pendent of the barrier height difference. The reason is that
the differential slope value and its change with applied
reverse voltage are determined only by the variation of the
image force potential. When the diffusion limited current
dominates, for equal zero biased barrier heights, the total
current is more than one order of magnitude larger than in
the thermionic emission case. The dependence of the pre-
exponential term on applied reverse voltage [see Eq. (9)]
causes the differential slope to change fast with applied bias
as compared to the thermionic emission case. The transition
regions in both current flow mechanisms are almost linear («
values at zero bias approach 1). The I-Vy curves were calcu-
lated next for diodes, which include thin interfacial layers at
the metal semiconductor interfaces. The calculation assumed
again equal barrier heights. The voltage dependence of the
reverse current on applied voltage is symmetric once more
but with larger values that increase exponentially with bias.
This also exhibited in the o—V% behavior [see curve 4 in Fig.
2(b)], which is linear with applied voltage, in contrast to
cases without an interfacial layer and also depends strongly
on the density of the interface states.

Solving numerically the two equation system that
includes Eq. (4) and the expression of the differential slope

|VR| 1 dA(po
=—|(1-——| ——+ 13
Tk n,)  avi |’ (13
1/4

quDU o 1 q3NA,D 1 (13b)

dVg 4 \8n2eled Kk 34

(Vbi +|Vr| — —>
q

enables us to estimate the values of (1 — %) from experi-

mental data and hence D;, used in Eq. (5). Equation (13a) is
obtained from Eq. (8), taking into account that A¢ in (4) is
affected by interfacial states and the image force potential as
in Egs. (5) and (6).

The value of Ag extracted from experimental /-Vy and
o—V characteristics in accordance with the proper equations
of the table enables the calculation of the zero biased barrier
height from Egs. (8) or (9)

1
(pbp(),n() = kTlIn (A_S) - A(p7 (14)

where / and A are the measured total current and the pre-
exponential multiplier in (8) and (9), respectively. There are
several difficulties in establishing accurately the contact
parameters in the case where a thin insulator layer exists
between the metal and the semiconductor. The difficulties
stem from the fact that the measured leakage current is sensi-
tive to local non-uniformities (non-uniform thickness, crys-
talline inclusions embedded into the amorphous matrix, or
grain boundaries). In addition, when the films are subjected
to a high electric field, injection into an insulator may modify
the insulating properties permanently even in the absence of
local non-uniformities. This makes it impossible to deter-
mine the actual electrode area contacting non-uniform cur-
rent channels, which actually defines the measured current
density and therefore the Schottky barrier height in accor-
dance with Eq. (14). The transmission coefficient, which is
usually assumed to be about 1, may reduce from this ideal
value under large electric fields C>1MV/cm) due to the auto
electron emission phenomenon.®** Note that the image force
potential value is not a function of the real area of the elec-
trodes and transmission coefficient. Thus, the method allows
us to establish the value and the trend of the barrier height
dependence on illumination with satisfactory accuracy.

lll. EXPERIMENTAL VERIFICATION

The parameter extraction technique and discrimination
among transport mechanisms were employed in three differ-
ent Schottky devices: a commercial n-Si Schottky diode
(MA40147-213) and two experimental planar structures fab-
ricated on Silicon-on-Insulator (SOI) substrates, one being a
symmetric back-to-back connected metal-semiconductor-
metal (MSM) structure and the second a metal-insulator-
semiconductor-metal (MIS-MS) diode which is asymmetric.
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The SOI substrate included a 3 um thick n-Si device
layer with a resistivity of 50 Qcm and a 1.4 um thick SiO,
box layer. The MSM and MIS-MS structures are comprised
of similar electrodes: an electron beam gun evaporated Pd/
Au stack, which ensured a high potential barrier, and the
insulator stack, which included a 3nm thermal SiO, layer
covered by an atomic layer deposited 20nm HfO, film. Pt
nanoparticles grown in-situ with the HfO, film were embed-
ded between the two insulator layers. The measurement of
the SOI based devices was carried out in the dark and under
illumination at 365 nm. The optical signal was applied via a
fiber lens. The electrode area in the MSM diode was 1.6
% 107> cm? with an inter electrode distance of 20 um, which
was illuminated uniformly with a spot area of 1.7 x 10~°
cm?. In the MIS-MS structure, only the MIS branch was illu-
minated. In order to ensure the asymmetric illumination, the
interelectrode distance was increased to 135 um where the
electrodes were connected via the silicon device layer. The
electrode area in the MIS diode was 1.75 x 107° cm?. A
schematic image of the measured structure is similar to that
described in Ref. 3.

The MIS-MS structure underwent a voltage stress pro-
cess'* in order to form filament paths, which enable a leak-
age path for the photocurrent. All the experiments were
conducted for a variable gate voltage and a grounded back
electrode. The I-V characteristics were measured at room
temperature using an Agilent 4155C Semiconductor parame-
ter analyzer.

A. Single Schottky diode

Measured I-V characteristics of a commercial Schottky
diode and the corresponding calculated «-V characteristics

J. Appl. Phys. 122, 034503 (2017)

are shown by solid lines in Figs. 3(a) and 3(b). The typical
exponential behavior at forward bias and saturation under
reverse bias conditions are clearly observed. The more sensi-
tive -V dependences reveal a very small « value in the
range of 0.08-0.11 [see the inset in Fig. 3(b)] under reverse
bias, while in the forward bias case, o is larger than 1 over a
limited voltage range and eventually reaches a peak when
the current is limited by the MS junction barriers. At this
point, the current flow mechanism changes from exponential
to one that is dominated by the series resistance of the bulk
semiconductor and the Ohmic back contact.

The parameters of the maximum point (%4, Vinar, and
1,...) enable the extraction of the ideality factor, total barrier
height ¢,,, and series resistance,”” which in the present case
are 1.12, 0.65eV, and 0.89 Q, respectively, under the
assumption that these parameters are voltage-independent.
An ideality factor value of about 1.12 was estimated from
the maximum of the -V plot in accordance with the method
described in Ref. 22, which assumes the Schottky barrier
height to be independent of the applied voltage. Therefore,
the extracted ideality factor value is an approximate one.
The real voltage dependence of the ideality factor, in accor-
dance with Refs. 1 and 26, is expressed as n ~ 1/(1 — %),
assuming the voltage independent Richardson coefficient. A
correct curve depicting the dependence of the ideality factor
with applied bias is shown in Fig. 3(d), which takes the
voltage-dependence of the extracted image force potential
into account [see Fig. 3(c)]. It is seen that n reduces from
1.027 at V. > 0.05V to 1.005 at V = 0.4 V. Therefore, the
small deviation of the ideality factor from a value of unity
indicates that the current flow by thermionic emission is dis-
turbed by the effect of the voltage dependent image force
potential."?® A similar procedure can be used to establish the

0.5
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behavior of the ideality factor with applied bias in the com-
mon case [see Eq. (4)] when interfacial states are present
with or without incorporation of the image force potential.
This is further proven by the weak dependence of « on the
reverse bias. Moreover, o < 0.5 (at reverse bias) indicates
that diffusion limited thermionic emission (which is charac-
terized by o ~ 0.5) does not take place. In addition, interfa-
cial states (or a thin interfacial insulator layer) at the metal-
semiconductor interface are also absent since o does not
depend linearly on the applied voltage. Further evidence lies
in the linear dependence on V'’ “ of the A value, extracted
by from Eq. (10) shown in Table I and Fig. 3(c). This indi-
cates that the thermionic emission mechanism with voltage
modified image force potential dominates [see Eq. (6)]. The
zero bias barrier height, estimated by Eq. (14), taking into
consideration Eq. (4), is 0.64eV. It differs from the value
obtained from the forward bias I-V characteristics, which is
the sum of ¢,,, + Ae, [see Eq. (3)] and takes the value of
0.65eV. The calculated I-V and o~V curves (which use the
extracted parameters, when 0= 1) are plotted in Figs. 3(a)
and 3(b) as dashed lines. The inset shows the reverse bias
portion of the «—V plot, in a magnified scale. The perfect
coincidence testifies to the strength of the proposed method,
which is simpler than the complicated current versus

J. Appl. Phys. 122, 034503 (2017)

temperature technique of extraction of the zero bias barrier
height of single Schottky diodes."

B. Back-to-back connected structure with symmetric
Schottky electrodes

Next, we examine the proposed technique for MSM
diodes operating in the dark and under illumination.
Experimental I-V and «—V curves are shown in Figs. 4(a)
and 4(b), respectively.

As predicted by Egs. (1) and (2) [see Fig. 2(b)], the I-V
characteristics are saturated for both bias polarities for |V|
> 0.8 V. For bias levels smaller than 0.8 V and independent
of illumination, « increases as the bias is reduced and at
|[V|=0V it reaches unity.

A qualitative analysis of the experimental «—V charac-
teristics indicates that it is consistent with the theoretical
curves shown in Fig. 2(b) (« measured in the dark is approxi-
mately 0.45). At large voltages, o saturates with the average
value reducing from 0.45 in the dark to 0.2 within a small
range of illumination intensities of less than 4 x 107 °W. In
the illumination range of 4 x 107°W to 2.5x 107 °W, «
varies in the small range of 0.1-0.2. We conclude that under
low illumination, the current flow mechanism is close to
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diffusion-limited thermionic emission (where o ~ 0.45 which
is close to the theoretical of 0.5) with the incorporation of
bias dependent image force potential. However, increasing
the illumination intensity leads to thermionic emission,
which is limited only by the barrier height variation due to
image force potential changes with applied voltage. The
measured sub-linear character of oo —V for all bias levels
precludes any role of interfacial states or an interfacial layer
at the metal-semiconductor interfaces similar to that
observed for the single Schottky diode discussed above. The
reason is that interfacial states would lead to an exponential
dependence of the reverse saturation current on applied volt-
age and therefore a linear increase in « with applied voltage,
as predicted by Egs. (2) or (8) taking into consideration (3)
and (4).

Figures 4(c) and 4(d) present extracted A¢ and experi-
mental Ln(I) versus Vg'* in the dark and illumination
regimes. The linear character of the curves indicates that
only variations of the image force potential with applied bias
limit the voltage dependence of the exponential part of the I-
V characteristic, in accordance with Egs. (6) and (8).

Ap = Agp, calculated from the experimental /-V and
o—V curves, using the equations given in Table I, increases
with illumination [see Fig. 4(c)] but maintains the linear
Vi '"* dependence similar to the dark regime. In the dark and
at small illumination powers, A, values were extracted by
Eq. (11) in Table I, while at large illuminations, we used Eq.
(10). This causes a reduction of the zero biased dark barrier
height in both bias polarities from 0.68eV to 0.525eV. The
illumination power dependences of the zero bias barrier
heights, calculated for both bias polarities with and without
diffusion limited thermionic emission regimes, are shown in
Fig. 4(e). As expected, the dependencies are similar due to
the identical metallic stack used in both electrodes. The
small difference in the extracted curves is due to deviations
from the uniform illumination of the interelectrodes area.

The enhancement of the thermionic emission of carriers
into the semiconductor under illumination due to lowering of
the barrier height was discussed in Refs. 9, 39, and 40.
Illumination induces a difference between the quasi-Fermi
level of the photo-excited holes in the depletion region of an
n-type semiconductor and the equilibrium Fermi level.

1x1078
1x107
1x1078

1x10°°

Leakage current (A)

3 -2 -1 0 1 2 3
Applied voltage (V)
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Under illumination, the full reduction of the barrier height
should be considered in Egs. (4) and (7).

Figures 5(a) and 5(b) compare the experimental (sym-
bols) and calculated (dashed lines) I-V and o~V curves, in
the dark and under maximum illumination. The curves were
calculated according to Egs. (9) and (14) using the extracted
parameters from the experimental [-V characteristics. The
agreement between calculated and experimental curves,
especially in the saturation regime, as well as their similar
behavior to the simulated results of Fig. 2, is quite remark-
able. Finally, we note that the measured symmetrical I-V and
o-V characteristics with zero photo current at zero bias is
due to the zero electric field at the center of the potential
well caused by the two identical rectifying electrodes. This
is in contrast to the single Schottky photodiode where at zero
bias, the internal electric field formed by the work function
difference between metal-semiconductors induces a finite
photocurrent.'

C. Back-to-back connected MIS and MS structures
with asymmetric junctions and illumination

I-V characteristics of a MIS-MS structure measured are
shown in Fig. 6(a). The illumination was non-uniform: the
MIS part of the device was illuminated, while the MS section
was in the dark regime.

The first difference from the MSM data [see Figs. 4(a)
and 4(b)] is [see Figs. 6(a) and 6(b)] that at negative bias,
conventional photocurrent with illumination is observed,
while at positive bias, it is significantly lower although it is
higher than the dark current. The effect of illumination on
the MS junction current (which is in the dark) is due to drift-
diffusion via the Si layer of the photogenerated minority car-
riers from the positive biased illuminated gate area, while
MS junction is under negative polarity of the voltage.*'
Minority carriers that accumulate at the MS interface attract
majority carriers from the reverse biased electrode and hence
cause an increase in the net current.”

The second difference is that under illumination and
negative bias, the I-V curve changes super linearly. This is
clearly seen in Fig. 6(b) (see the inset with curves enlarged
along the voltage scale), where the «-V curves, measured in
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FIG. 5. Experimental (symbols) and calculated (solid lines) (a) current-voltage and (b) differential slope-voltage characteristics of the MSM structures mea-
sured in the dark and under illumination at 2.5 x 10~®W. Calculation in the dark regime and under illumination considered the extracted image force potential
assuming thermionic emission with and without limitations by diffusion and the absence of interfacial states or layers. In the calculation, the extracted values
of ¢, equal to 0.69eV in the dark and 0.525eV under illumination were used. The other parameters of calculation in Egs. (2), (8), and (9) are 0 =1,

A"=120m" A cm 2K 2 and T=300K.
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dashed line indicates a linear fit.

the dark and under illumination, reach large values in the
vicinity of zero bias. For positive bias, the behavior is similar
to that of the MSM structure [see Fig. 4(b)]. The a-V curves
under illumination are linear and in the bias range of 0V to
—0.65V [see the linear fit in the inset of Fig. 6(b)], while for
—1.5V to =5V, they are sublinear. For both bias polarities
in the dark regime and for positive bias under illumination, a
region with o < 0.5 is observed similar to the MSM struc-
ture [see Fig. 4(b)].

We postulate that the reason for the change in the
nature of the contact from rectifying (where o < 1) under
reverse bias and in the dark to injecting (with o > 1) under
illumination is the accumulation of photogenerated minor-
ity carriers at the semiconductor surface, which attract
majority carriers from the gate electrodes so as to ensure
charge neutrality across the junction. The almost linear
character of -V [see the inset in Fig. 6(b)] is due to the
contribution of interfacial traps in the thermionic emission
process, in accordance with Eq. (4). This however cannot
explain the revelation of a maximum point in the a-V
curves. The super linearity of the I-V characteristics can
also be induced by the space charge limited current due to
filling of interfacial or bulk traps originating from the fila-
mentation process and the Pt NPs. In the low voltage range,
the gate electrode has a limited capacity to supply external
carriers; the drop of the o-V curve following the maximum
can only be induced by such a change in the capability of
the electrode to supply excess carriers. In accordance with
Refs. 7,42, and 43, when the current is sufficiently high
or when the electric field at the metal-semiconductor inter-
face gap is large, the real value of the effective contact con-
centration formed close to the semiconductor surface
decreases, and therefore, the character of the current flow
mechanism changes from limited by traps to the Schottky
barrier height. All these effects result in a non-monotonic
o-V curve seen in Fig. 6. Enhancement due to the illumina-
tion of the local electric fields in MIS structures with ultra-
thin porous insulators compared to uniform films was
discussed in Ref. 11, while a similar effect due to edge
fringing fields in the vicinity of the electrodes was consid-
ered in Refs. 11-13. A comparable increase in the local
electric field in the filament regions of the insulator stack is

expected at negative voltages (|V|>1.5V), corresponding
to the saturation region of the I-V characteristics (a<1).

It is seen in Fig. 6(b) that in the dark regime, the reduc-
tion and saturation of « in both bias polarities are observed
immediately after the maximum at o =2 1 [analogous to the
curves in Figs. 2(b) or 5(b)] in a very small voltage range
close to zero. The explanation is that the bulk carrier concen-
tration in the Si layer is not perturbated by the externally
injected carriers, whose density is limited by the large barrier
height, and they are exclusively captured by interfacial traps.
The reason for the weak voltage dependence of the current
and therefore the small values of o in both bias polarities is
analogous to the MSM case where the image force potential
affects the barrier height.

At negative bias on the MS part of the device, the influ-
ence of illumination and interfacial layer is negligible, and
hence, -V behaves analogous to the MSM structure or the
dark regime. The maximum a-V value at very small bias
[see the inset in Fig. 6(b)] is not due to the interfacial states
at the MS boundary but rather due to a change in the sign of
the current at the inflection point close to zero bias. Finally,
the diffusion mechanism is excluded as the a at any applied
bias differs significantly from the theoretical value of 0.5.

Figure 7 describes the influence of illumination power
on the lowering of the barrier height in both junctions: MIS
and MS. At any illumination power, the determination of the

0.7 b
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0.45 - A L A
5x107 1.5x10°®
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FIG. 7. The dependence of the zero bias barrier height on illumination
power in the case of an asymmetric illumination of the branches of the
MISM structure.
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zero bias barrier height at negative bias assumes that two
factors determine the exponential factor: the presence of
interfacial states and an image force potential. Therefore,
using experimental [-V and «-V curves and the procedure
given in Eq. (12) of Table I, we extract Ap [see Eq. (4)] and
hence the barrier height. At positive bias, the voltage depen-
dence of the barrier height is only limited by the image force
potential (see Eq. (10) in Table I). Figure 7 clearly demon-
strates the effect of the non-uniform illumination on the
asymmetric variation of the barrier heights in the gate and
back electrodes, as the net current is different in different
branches (MIS and MS). In the dark, the zero bias barrier
heights are almost identical, which are about 0.7eV and
0.71eV. However, a significant deviation in the zero bias
barrier height is already clearly observed at small illumina-
tion powers of about 1.0 x 10™"W.

IV. CONCLUSIONS

We presented a new method for the extraction of the
zero bias barrier height and for the reproduction of the image
force potential dependence on voltage of single and back-to-
back connected Schottky structures, from experimental I-V
characteristics. The translation of the I-V characteristics to
the voltage dependent differential slope curve establishes the
dominant thermionic emission mechanisms among alterna-
tive ones (limited by diffusion, bias varied image force
potential, interfacial states, or their combinations). We show
a successful fitting of the current-voltage dependences of dif-
ferent structures by parameters extracted from experimental
I-V curves measured at different illumination regimes. The
advantage of the proposed technique over other published
methods'->*" is the zero bias barrier height of Schottky
diodes used in single or back-to-back configurations without
assuming that interfacial states or insulator layer exist, even
at room temperature.
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