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The optoelectronic properties of new metal-insulator-silicon (MIS) optical sensors are described. Silicon rich
oxide layer is used as an insulator in this sensor. We are discussing the case when applied voltage bias is not enough
for significant thorough leakage current through the silicon rich oxide layer. At that, the sensor presents a MIS
capacitor, photoelectric properties of which are investigated and simulated numerically. It is shown that at stepped
voltage bias the sensor operates in two quasi-equilibrium modes. A transition between these modes presents a
practical interest. In the first operating mode, photo generated minority carriers are stored in the potential well at
silicon rich oxide/silicon interface. The readout of stored charge occurs at stepped changing the applied voltage bias.
At that, the inversion charge is injected into the silicon substrate and a displacement current peak is obtained. The
amplitude of this peak exceeds drastically the value of photocurrent at the storing stage. An internal amplification
coefficient of current exceeds the value of 10*. Thus, the investigated sensors have an internal amplification of the
electrical signal and they can be used for a weak optical signal registration. Numerical model has been put forward,
where a presence of inversion and depletion regions in semiconductor, and also a leakage through the silicon rich
oxide are taken into account. Simulations have been done for experimental input parameters and demonstrate a good

agreement with the experimental results.
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1. Introduction

Non-stoichiometric silicon oxides (or Silicon Rich
Oxide, SRO) are a variation of silicon dioxide (SiO,), in
which the content of either silicon or oxygen is changed.
These oxides are no longer SiO, and have to be
represented by SiOx where x is between zero and two.
When x is equal 2, the dielectric is SiO,; whereas when x
is zero, then it is amorphous or poly crystal line silicon.
For any value of x between 0 and 2, the dielectric is non-
stoichiometric silicon oxide. Silicon rich oxide (SRO)
presents small silicon islands embedded in silicon
dioxide matrix. This circumstance drastically changes its
electric property with respect to silicon dioxide.

SRO can be deposited by low-pressure chemical
vapour deposition (LPCVD) in an evacuated furnace
through which there is a flow of silane (SiH4) and nitrous
oxide (N,0). The excess silicon can be judged by the
ratio of these gases Ry = N,O/SiH,.

In the SRO, electrons can move between the silicon
islands by tunneling [1]. Thus, the SRO layer at certain
value of Ry is likewise to a leaky insulator that exhibits
considerable steady state current flow even at relatively
small electric field applied. If such SRO layer is
sandwiched between a metallic electrode and a
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semiconductor (metal-insulator-semiconductor (MIS)
structure), new physical effects can be achieved. It has
been shown [2] that the d. c. current through the insulator
introduces deviation of this structure from a standard
MOS capacitor. The application of a substrate-depleting
d. c. voltage establishes a steady-state non-equilibrium
depletion regime [2,3]. This regime is characterized by
an equality of the minority current generated (in the bulk
of the substrate and at the interface with the insulator)
and the thorough current across the insulator to a metallic
gate. The current depends on the voltage drop across the
leaky insulator and the excess surface minority carriers
density because of the charge accumulated in the space
charge region. Any change in the generation current will
produce new current equality and a new value of the
charge in the space charge region. If the majority-carrier
current through the insulator is small and the bias voltage
is sufficient to maintain the steady-state non-equilibrium
depletion regime, the electrical characteristics of such
structure are likewise to those of an abrupt p-n junction.
M. Aceves et al [4] investigated the AI/SRO/Si under
this mode of operation, for the first time. However,
opacity of Al contact was a limitation to obtain the real
value of photocurrent. Quantitative assessment of the
photocurrent in a steady-state non-equilibrium mode was
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done in [5], when Al non-transparent contact was
replaced by conducting transparent fluorine-doped tin
oxide layer.

At lower bias, the transport of generated minority
carriers through the insulator is limited, and a stable
inversion layer will form at the semiconductor surface.
At this bias, the structure will operate in an equilibrium
MOS capacitor mode. A rapid increase of the voltage
bias can disturb this equilibrium state. Then, the sensor
goes in a non-equilibrium state due to the increase of the
potential well capacity at the SRO/silicon interface. The
initial quasi-equilibrium state will be reached only when
through some time the potential well is tilled by thermal
or photogenerated minority carriers. This time is named
stored time. Illumination will accelerate the storage
process. Recently, we show, for the first time, that this
process can be used in new optical sensors with essential
internal gain [6]. The mechanism is not only
characteristic of structures with SRO layer, but it can
take place also in metal-insulator-semiconductor
structures with SiO, SizN4 and other types of insulator as
a metal-phthalocyanine organic semiconductor [7], for
example. Based on this principle the conception of new
optical sensors has been formulated [8]. Accordingly this
conception  photo-induced  charge inside  the
semiconductor substrate can be stored in the potential
well at insulator/silicon interface. Increasing the gate
voltage that switches the structure in deep depletion
mode forms this potential well. Then, the stored charge
can be readout by retaining the gate voltage bias to the
initial value after time called the integration time, which
is smaller then the stored time. At that, a displacement
current peak with amplitude much more then
photocurrent takes place in the circuit. At fixed
integration time, the amplitude of this current peak is
proportional to the light intensity and essential internal
amplification of the electrical signal is obtained.
Proposed sensors can be used for a weak optical signal
registration. Moreover, because the sensor works in
integration mode, it is useful also for registration of
modulated optical signals. In this application the
modulation frequency is not important since the
collection time of the minority photo generated carriers is
determined by the electric field in the depletion region
and this time is much less than the integration time.

The goal of this article is to present additional new
experimental results of the FTO/SRO/Si structures, to
better understand photo detectors based on MIS
capacitor.

II. Experimental details

A. Samples Fabrication

The FTO/SRO/Si sensors were prepared by
depositing SRO layer on high-resistive n-type silicon
substrate with carrier concentration about of 10'> cm™.
The SRO with silicon excess of 8.5 at. % was deposited
in a hot-wall LPCVD reactor. Silane, diluted to 5% in
nitrogen, and nitrous oxide were used as reactants with
an Ry =20. Samples were sintered in a nitrogen ambient
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at T =1000°C for 30 minutes after deposition of SRO.
The thickness of the SRO layer was determined both by
ellipsometry with a Gartner 117 ellipsometer and by
profilling with a Tencor Surface Profilometer Alphastep
200. In both cases, the average of the measurement was
taken as the thickness of the SRO film, Transparent
conducting n-type fluorine-doped tin oxide (FTO) layer
as the gate electrode was deposited on the surface of
SRO by spray technique [9]. The conduction properties
of FTO film are similar to that of a metallic layer due to
its big carrier concentration (~ 10*°cm™). Moreover, high
transparency of FTO in visible and near infrared spectral
range (more than 80 %) allows an effective light
penetration inside the silicon substrate. HTO film was
subsequently etched to a rectangular shape of 6x10 cm?.

B. Measurement Details

Dynamic current-voltage (I-V) and capacitance-
voltage (C-V) characteristics were obtained by a linear
ramp voltage method with a Wavetek pulse/function
generator. Characteristics were recorded with a Tektronix
TDS-3012 digital oscilloscope equipped with a Tektronix
ADA4GOA preamplifier. The investigated structures
were connected in serial with a function generator and a
load resistor.

At a linear voltage sweep U(t) = Uo = at, the output
signal is proportional to the capacity of the structure:

U, (t)=-R,C|dU(t)/dt,

where C is the capacitance of FTO/SRO/Si sensor and R,
is a load resistor (R;, = 50 kQ), The output signal is
U, =|aR, C(t)| or I(t)=|aC(t)|. (1)

Thus, using the linear ramp voltage method, it is
possible to obtain the C-V characteristic of MOS
capacitors at low and intermediate sweep rates.

The transient processes were studied using a
trapezoidal voltage together with a constant voltage bias
(DC offset) with a Wavetek generator.

A monochromator or light-emitting diode (LED) was
used to carry out the photoelectric measurements.

I11. Experimental results

A. Characteristics with a linear voltage sweep

Dynamic (I-V) characteristics (Fig. 1) of fabricated
MOS capacitors have been recorded when a triangular
voltage with intermediate sweep rate was applied to the
FTQ gate of the capacitor. At that, the structure capacity
is proportional to the recorded displacement current.
Consider the first part of I-V characteristic when
dU/dt < 0. Judging from the first picture in Fig. 1, one
can make the solution that the sweep rate of 2.2 V/s is
too slow for minority carriers to follow the gate bias
sweep and to form an inversion layer. Formation of such
layer is seen clearly at — 7 V bias on the first picture in
Fig. 1. At that, displacement current behavior is the same
in dark and under illumination. However, how it will be
shown below, the minority carrier response time in
strong inversion is about 1.2 sec. Because this response
time is very long, the sweeping rate 2.2 V/s is too fast for
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Fig. 1. Dynamic I-V characteristics of fabricated MOS
capacitor recorded when a triangular sweep voltage at
different sweep rates was applied to the FTO gate.

minority carriers to follow the gate bias sweep.
Consequently, as gate bias sweeps into inversion, no
strong inversion layer forms.

Our experiment shows that SRO negative charge
beyond the gate is responsible for appearance of obtained
pseudo-inversion at dU/dt=2.2 V/s. This charge does
not affect the capacitance in accumulation and depletion.
However, when oxide charge beyond the gate inverts the
surface, a weak inversion layer that is formed under the
FTO gate has connection with this surface inverted layer
and the measured capacitance rises to the capacity of the
SRO layer. Illumination docs not affect on the
capacitance behaviour.

At bigger dU/dt (11 V/s and 44 V/s) and dark
condition the formation of weak inversion layer, which

then has a contact with surface inverted layer, requires
more time. Thus, this process takes place during some
time interval when the sign of dU/dt is changed.
I[llumination decreases the minority carrier response time
and accelerates this process. At the return sweep
(dU/dt > 0), the structure moves towards the
accumulation state because the band bending at the
silicon surface under FTO gate decreases. At the same
minority carrier generation rate and at certain voltage
bias, decreasing the surface potential in silicon assists the
formation of weak inversion layer under the gate. This
layer immediately connects with surface inverted layer
beyond the gate and, as a result, the structure rapidly
switches to strong inversion mode where the capacitance
is determined by SRO parameters. Sample illumination
accelerates the format ion of weak inversion layer under
the gate due to increased minority carrier generation rate.
At that, the transition to above mentioned inversion mode
requires smaller bias changes. Further decreasing the bias
causes the depletion and the accumulation modes of the
capacitor that is shown in upper parts of Fig. 1.

The question about a pseudo-inversion layer
formation was investigated separately in semitransparent
metal-silicon dioxide-silicon (MOS) structures fabricated
in the same n-type material Our experimental conditions
allow us to fabricate the MOS structure where silicon
dioxide thermal grown layer has either positive (that is
usual for thermally grown oxide) or negative charge. The
last was prepared a special chemical and thermal
treatment the MOS structure with initially positive
charge in SiO, layer. Fig.2 shows the dynamic I-V
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Fig. 2. Dynamic [-V characteristics of fabricated MOS

capacitor with silicon dioxide as insulator with positive
(above) and negative (below) charge recorded when a
triangular sweep voltage (60 V/s) was applied to the
gate.
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characteristics of these MOS structures when linear
voltage sweep (60 V/s) was applied to the metallic
semitransparent gate.

Negative charge in SiO, causes the appearance of
surface inverted layer at silicon interface beyond the
gate. At that, a pseudo-inversion arises in MOS capacitor
I-V characteristic with the same formation mechanism as
was described in FTO/SRO/Si structures, structure in
strong inversion mode. After that, the structure is
likewise a capacitor and a displacement photocurrent
current, has a differential shape.

Fig. 3 shows I-V characteristics of the FTO/SRO/Si
structure in the dark (a) and illumination (b) recorded
when linear voltage sweep bias from —20V to 0.5V
with dU/dt = 400 V/s was applied to the gate.

The value of the current in Fig. 3b was recalculated
using equation (1) to obtain the C-V characteristic
(insertion in Fig. 3b). From this, the thickness of the SRO
layer is determined as 0.16 um that agrees with the
measured thickness obtained by ellipsometric and
profilometric methods.

1[nA]

Bias [V]
C*10’ [F)
Lis
12
F0.9
F0.6
Lo3

0.0

Fig. 3. Dynamic [-V characteristics recorded when
linear sweep bias from -20V to 0.5V with
dU/dt =400 V/s was applied to the FTO/SRO/Si
sensor: a - m the dark; b - at illumination.

Fig. 4 shows illuminated dynamic I-V characteristics
in one of fabricated sensor when linear sweep voltage
was applied to the gate. This sample was illuminated
using a square-wave modulated LED emission. In non-
equilibrium depletion-operating mode photogenerated
holes try to restore the equilibrium disturbed by applying
the gate sweep voltage with dU/dt<0. As a result,
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Fig. 4. The I-V characteristic of FTO/SRO/Si structure
recorded at linear sweep bias and a square-wave
modulated light with wavelength of 930 nm.

minority carrier photocurrent takes place. At that, the
operational mode of the structure is likewise an usual p-n
photodiode. The output current reproduces the modulated
light shape. The photogenerated holes are driven to
SRO/Si interface to fill the potential well formed by a
negative voltage bias applied to the SRO electrode.
However, sweeping gate bias into inversion is too fast for
minority carriers to follow it and to form a strong
inversion layer. At dU/dt > 0, decreasing the voltage bias
reduces the band bending at the silicon interface and
at - 7V a weak inversion layer under the gate connects
electrically with inversion surface layer beyond the gate
causing transition of the structure in strong inversion
mode. After that, the structure is likewise a capacitor and
a displacement photocurrent current has a differential
shape.

Depending on the illumination level, transition into
strong inversion mode takes place at different voltage
bias or voltage threshold (Fig. 5). The curve 1 was taken

I[uA]
0.6
[ 0.4

0.2

-0.2

Fig. 5. The 1-V characteristic of FTO/SRO/Si sensor
recorded at a linear sweep bias and at different
illumination levels, from dark (1) to maximum
illumination (6).
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in dark, and curves 2 to 6 were taken under increasing
illumination level.

IV. Photo electric characteristics in non-
equilibrium mode

This type of operation is obtained under two
conditions. The first is that a constant voltage applied to
the structure causes an initial inversion under the gate.
This voltage can be very low, close to zero, if SRO layer
is negatively charged. The second one is to put on a
trapezoidal depleting voltage pulse in addition to a
constant voltage bias. This pulse causes transition of the
structure in a non-equilibrium mode. If the voltage pulse
is long, generated minority carriers try to restore the
equilibrium. This process is accompanied by a
displacement current in the circuit.

The displacement current versus time (in dark and
under illumination) when a long trapezoidal pulse is
applied to the structure is shown in Fig. 6. Pulse voltage
bias is added to a constant bias, at which the structure is
in the first quasi-equilibrium inversion mode. Results in
Fig. 6 show that displacement current decreases in time.
It is because thermal or photo generated holes fill up the
potential well created by a pulse bias. Displacement
current is zero, when the potential well at the SRO/Si
interface is filled completely. At dark conditions, this
time (the storage time) is about 1.2 seconds. A
monochromatic backlighting decreases the storage time.
When the potential well is full, the structure goes into the
second quasi-equilibrium inversion state with a bigger
inversion charge.

Readout procedure to have the information about
stored charge takes place if the structure is returned into
the initial inversion state by rapid decreasing the voltage
bias to the initial constant value. The stored charge
(holes), at that, injects into silicon. These excess holes
recombine with electrons inside the silicon substrate. As
result, a displacement current peak (3.4 pA) appears at
trailing edge of a trapezoidal pulse.

Fig. 7 shows the displacement photocurrent in the
FTO/SRO/Si MIS capacitor sensors, when the device is
biased with a negative 10 V constant voltage and a 10 V
trapezoidal voltage pulse is added to this constant
voltage. The integration lime (the duration of a
trapezoidal pulse) is 100 ms and it is smaller than the
storage time in dark (1.2 s). Illumination was provided
with a 930 nm LED. It is easy to see that the amplitude
of the readout current peak (about 80 pA) is 700 times
bigger than the 80 nA photocurrent that flows to charge
the FTO/SROY/Si capacitor.

The reason of this is the ratio of charging and
recharging times (100 ms and 0.004 ms, respectively)
taken into account that the stored charge in the potential
well during the integration time and the charge injected
into the substrate is nearly the same.
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Fig. 7. Illuminated FTO/SRO/Si sensor time-depended
current characteristics at two-level stepwise voltage bias
applied to the structure. Combined voltage bias is a
superposition of a 10V constant voltage and 10V
trapezoidal voltage pulse. Inset shows the readout
current peak at trailing edge of the trapezoidal voltage
pulses.

Thus, the current gain in this case is 700. In other
words, the investigated sensors have essential internal
amplification of the electrical signal, then they can be
used to sense weak optical signals. Moreover, our
experiment shows that these sensors can be used also to
register weak modulated optical signals. Moreover, the
modulation frequency of the optical signal is not
important due to the integration of photogenerated charge
that has not the dependence from RC constant that is
important in design of high-speed p-i-n photodetectors.
This fact opens the possibility to use large-area MIS
capacitor sensors also as sensitive detectors of high-
frequency modulated optical signals.

The transient processes in the structures under
investigations have been simulated by means of a circuit
model (see details in [10]). The basic equations are the
second Kirchhoff’s law for the circuit and the equation
for the charge of MOS capacitor. A full depletion
approximation is used for depleted layer within n” Si. The
charge sources at the integration stage include volume
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Fig. 8. Simulated dependencies of electric current
on time for integration. A transient U=-10V to

U =-20 V takes place at the time moment

t = 2000 ms. Curve 1 is at dark, curve 2 is for the
carrier generation rate for the unit of volume
Gy=10" cm™s™, curve 3 is for G, = 3x10" cms™.

thermo generation and photo generation. The following
parameters have been used: the depth of Si-rich oxide is
0.16 um, the transverse area is A = 3x107 cm?, a
dielectric permittivity is £ ~4. The generation time in n’
Si is used as 7, = 66 ps and lifetime for holes is 7, = 3.6
ps. Under these values of generation time and lifetime, a
coincidence of simulations and measurements of storage
time takes place. The load resistor is R, = 50 KQ. A
duration of transients of voltage from U =-20 V to U= -
10 V (for readout) is 6 us. A value of leakage current is
about 0.6 nA for U =-20V (see Fig. 8). Typical results of
simulations are given in Fig. 8 for integration and in Fig.
9 for readout. In the Fig. 8, dependencies of the current
within the circuit on time are presented at the dark (curve
1, Gy = 0) and for different levels of illumination (curve
2, G, =107 cm'3s"1, curve 3, G, = 3x10"° cm’3s'1). Here
Gy = aJy/(hv) is a carrier generation rate per unit volume
by infra red radiation of the input intensity Jy; o = 200
cm’ is a dissipation coefficient for infrared radiation at
Ao = 930 nm. One can see that a maximal value of the
current under readout is about 2x10* times greater than
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Fig. 9. Simulated dependencies of electric current
on time for readout. A duration of the transient
from

U=-20VtoU=-10Vis 6 ps.

one under integration in the dark. At illumination, a ratio
of readout and integration currents is 10° — 10*,

V. Conclusion

The experimental results of investigations MIS structures
on a base of Si-rich oxide demonstrated a possibility for
using these structures as optical sensors with internal
signal amplification. Numerical simulations qualitatively
confirm experimental results.
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3acTrocyBaHs 30araueHUX OKCHAAMM KPEeMHI€BUX IJIIBOK B HOBITHiX
ONTOCJICKTPOHHUX NpAJagax
Hayionanvnuii incmumym acmpoghizuxu, onmuku ma e1eKmpouixu, axyivmem eieKmpoHiKu,

P.O. 51 ma 216, Ilyebno, ZP 72000, Ilye, Mexcuxka,
Ten/@axc +52-222-247 05 17, E-mail: maceves@ieee.org, amalik@inaoep.mx, verim@inaoep.mx

OmmcaHi ONTOENEKTPOHHI BIACTHBOCTI HOBHX ONTHYHUX JaT4YMKIB MeTan-i3omsrop-kpemuiin (MIK). Ilap
30arayeHuil OKCHJIOM KpPEMHII0 BHKOPHCTOBYEThCS SIK 1307TOp. MM OOrOBOpIOEMO BHIAIOK, KOJIM HAmpyra
3MIIICHHS HE € JIOCTaTHBOK Ui CTPyMy, IO MPOTiKae dYepes3 Iap KPEeMHIi 30aradeHoro okcuaom. Jlatumk
npencrasisie konaeHcatop MIK, ¢oToenekTpruyHi BIaCTHBOCTI SKOTO JAOCHiIKeH 1 yncenbHo onucani. Lle Bka3ye Ha
Te, IO CTyIEHEeBa Hampyra 3MILICHHsS IaT4dKa Ji€ B [IBOX KBa3i-piBHOBaXHHX MeTonmax. [lepexim Mix numu
METOJaMH TpPEACTABIsE MPAKTHYHUIA iHTepec. B mepiiomy omepauiitniii Mozi, dororeHepoBaHi HEOCHOBHI HOCIT
30epiraroThCs B MOTEHLIANI KPEMHiI0 30aradeHOMy OKCHIOM Ha IMOBEPXHi po3ainy. 30epe:KeHHS 3apsay BiIOyBaeThCs
MpH 3MiHi, 1[0 HACTYyINIA€ Yepe3 3acCTOCOBYBaHY Hampyra 3MilieHHsS. ToMmy iHBEpCHHH 3apsa 1HKEKTYETHCS B
KpPEMHI€BY MiJKJIAIKy 1 CIIOCTEPIraeThesl MK 3CYyBY IO CTPyMy. AMIUTITYAa HOBOTO MKy HEPEeBUINYE HaIMipHE
3HaUeHHS (OTOCTPYMYy B cTafii 30epexxeHHs. BHyTpimHil koedilieHT pO3MIMPEeHHsI CTPyMy HEpEBHINyE 3HAUCHHS
10*. Tomy, HOCHimKyBaHi NATYMKH MAIOTh BHYTIIUIHE PO3IIMPEHHS ENEKTPHYHOrO CHTHATY i BOHH MOXYTb
BUKOPUCTOBYBATHCSI Ul CIa0KOI ONTHUYHOI CHUTHaJBbHOI peectpauii. YucenbHa Mopenb BKa3ye Ha IPUCYTHICTh
iHBepcito i obnacTeii 30iAHCHHS B HAIIBIPOBIJHUKY, 8 TAKOXX BPAaXOBYE BUTIK uepe3 30aradeHuil OKCHUIOM KPEMHIiH.
ITpoBeeHO MOZENIOBAHHS JUI EKCHEPUMEHTAIPHMX BXiJHMX IapaMeTpiB 1 IOKa3aHO a00pe Y3rOJUKEHHA 3
CKCHEPUMEHTAJIEHUMH PE3yJIbTaTaMH.
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