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Abstract

A large area colour imager optically addressed is presented. The colour imager consists of a thin wide band gap p-i-n a-SiC:H filtering element
deposited on the top of a thick large area a-SiC:H(-p)/a-Si:H(-1)/a-SiC:H(-n) image sensor, which reveals itself an intrinsic colour filter.

In order to tune the external applied voltage for full colour discrimination the photocurrent generated by a modulated red light is measured under
different optical and electrical bias. Results reveal that the integrated device behaves itself as an imager and a filter giving information not only on
the position where the optical image is absorbed but also on it wavelength and intensity.

The amplitude and sign of the image signals are electrically tuneable. In a wide range of incident fluxes and under reverse bias, the red and blue
image signals are opposite in sign and the green signal is suppressed allowing blue and red colour recognition. The green information is obtained
under forward bias, where the blue signal goes down to zero and the red and green remain constant. Combining the information obtained at this
two applied voltages a RGB colour image picture can be acquired without the need of the usual colour filters or pixel architecture. A numerical

simulation supports the colour filter analysis.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Red, green and blue (RGB) are the additive fundamental per-
ceptual components of the visible spectrum and can be easily
separated by using appropriate detectors and/or bandpass filters
[1,2]. Light filtering, employing distinct wavelength optimized
structures, in an array, is rather complex and is an expensive
solution. Optical filters may be eliminated by using a-SiC:H
multi-layer stacked devices, in which the detector structure,
itself, behaves as a filter. In the stacked structure, information
about the spectrum corresponds to information about where the
radiation is absorbed. By sampling the absorption region with
different bias voltages, and extracting separately the integrated
information about the radiation absorbed in each region is pos-
sible to identify the RGB components of the visible spectrum
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[3-6]. In those devices, blue light is usually detected in the front
of the structure, green light at the centre and red light at the
bottom.

Large area single and stacked p-i-n image sensors based on
amorphous hydrogenated silicon alloys were proposed as opti-
cally addressed laser scanned photodiode (LSP) [7,8]. The LSP
sensor is different from the electrically scanned image systems
since it is based on one single sensing element, and uses a mod-
ulated low-power beam of laser light to scan the active area
directly. Advantages to this approach are large area imaging,
high resolution and uniformity of measurement along the sen-
sor. The complexity of the interconnection is reduced, while the
colour information is extracted by applying a sequence of test
voltages.

In this paper, we propose to optimize the sensor design in
order to apply the optical addressed Laser Scanned Photodiode
technique to full colour discrimination. The effect of the applied
voltage on the colour selectivity and image intensity is discussed
and supported by a self-biasing model.
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2. Sensor design, characterization and operation

The sensing element consists of two stacked amorphous
cells [p(SiC:H)/i(SiC:H)/n(SiC:H)/p(SiC:H)/i(Si:H)/n(Si:H)]
and two conductive contacts. As transparent conductors
are required, for both front and back illuminated surfaces,
indium tin oxide, produced by thermal evaporation, was used.
The intrinsic and doped layers were fabricated by plasma
enhanced chemical vapour deposition at 13.56 MHz radio
frequency.

The design attempts to optimize the most important per-
formance attributes of the colour imager which are the spatial
resolution, the colour sensitivity and the dynamic range. In this
configuration, full colour detection is attempted based on spa-
tially separated absorption of different wavelengths. The blue
sensitivity and the red transmittance were optimized, respec-
tively, through a thin a-SiC:H absorber (200 nm) with an optical
gap of 2.1 eV and thick a-SiH back absorbers (NC #4/500 nm;
NC #5/1000 nm) having optical gap around 1.8 eV. Their thick-
nesses are a trade-off between the full absorption of the blue
light into the front diode and green across both. To decrease
the lateral currents that could lead to image smearing and to
enhance the blue sensitivity, the doped layers (20nm thick)
are based on a-SiC:H [9]. The doped layers provide rectifying
contacts but do not contribute to the light sensitivity because
doping causes a high density of charge dangling bond defects
in a-SiC:H. Doping level in the internal recombination junc-
tion is about half the doping level of the external p and n-
layers. The internal lightly doped layers are ionized and cause a
reduction of the field at the contacts increasing the breakdown
field.

The image to acquire is optically mapped onto the
front photodiode and a low-power light spot (Ag=650nm;
@5 =10 wW cm~2) scans the device by the opposite side. The
photocurrent generated by the moving spot is recorded as the
electronic image signal, and its magnitude depends on the light
pattern localization, wavelength and intensity [3]. The line scan
speed is close to 1kHz. No image processing algorithms are
used during the image reconstruction process.

The devices were characterized through the analysis of the
photocurrent and spectral response (in the range of 400-800 nm)
under different RGB optical bias (AL =450, 550 and 650 nm;
@ =200 wW cm™2) and in dark, for different applied volt-
ages (—6V<V<6V). In these measurements the device was
uniformly illuminated through the a-Si:H back diode with red
chopped light (As =650 nm, @s = 10 wW cm~2) and the optical
bias was applied through the a-SiC:H front one. The photocur-
rent under different optical and electric bias conditions was
measured using a lock-in amplifier.

3. Experimental results
3.1. Sensor responsivity and colour rejection
In order to optimize, for each sensor, the applied voltages

that lead to colour filtering and to evaluate the responsivity to
different light pattern wavelengths, the photocurrent generated
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Fig. 1. Image signal as a function of the optical bias and under different applied
voltages.

by ared pulsed laser (the scanner) was measured under different
steady-state illumination conditions and different electrical bias.
This image signal (difference between the photocurrent with and
without optical bias) is displayed in Fig. 1. Here the photocurrent
at 750 nm was assumed as the dark level.

In order to tune correctly, for each sensor, the readout voltage
that enables colour rejection (no image signal), the photocur-
rents generated by the same scanner, as a function of the applied
bias and under different steady-state illumination conditions, are
displayed in Fig. 2 and compared with their values without opti-
cal bias. The arrows (dotted in sensor NC #4 and solid in NC
#5) guide the eyes towards the values where colour rejection is
achieved (crossover between the photocurrents with and without
optical bias).

To be sure that these readout voltages are independent on
the image intensity, the photocurrent generated by the scanner
was measured under red, green and blue steady-state illumina-
tion (0 wW cm ™2 < @ < 160 wW cm~2). In these measurements
the element sensor was uniformly illuminated through the front
diode with red pulsed light and the optical bias applied through
the back one. For sensor NC #5, Fig. 3 shows this dependence.

3.2. Image and colour recognition

To show the ability of the sensor as a colour image sensor, the
acquired images (difference between the photocurrents with and
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Fig. 2. Photocurrent as a function of the applied bias for sensors NC #4 (a) and
NC #5 (b) in dark and under blue, green and red irradiation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 3. Photocurrent as a function of the incident flux.

without a light pattern) are shown in Fig. 4 for sensor NC #35,

—6, —2 and +1 V. Here, the same green, red and blue optical
images (5) were projected, one by one, on the active surface
of the front diode and acquired through the back one with the
LSP technique. The line scan frequency was close to 1 kHz and
no algorithms were used during the image restoration process.

Red s s '
B X B

Fig. 4. Red (A, =650 nm), green (A, =550nm) and blue (A, =450 nm) elec-
trical images acquired by the LSP technique, at different applied bias. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)

For readout time of 1 ms the frame time, for a 50 lines image,
is around 50 ms. The white cross guide the eyes for the colour
rejection at each voltage.

4. Simulation results

We used a device simulation program ASCA-2D [10] to
analyze the potential profiles in the investigated structure. The
thickness of the front and back diodes and the optical gaps
were chosen in compliance with the obtained experimental val-
ues. The doping level was adjusted in order to obtain approx-
imately the same conductivity of the layers as in the tested
samples. The photogeneration/recombination profiles for a NC
#5-like cell are depicted in Fig. 5, under red, green and blue
irradiation.

In Fig. 6, the obtained potential profiles are compared in dark
and under red, green and blue irradiation, at —4, —2 and +1 V.

Fig. 7 displays the simulated electrical field profiles at differ-
ent electrical bias, under blue (a), green (b), red (c) irradiation
and in dark (d).
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Fig. 5. Recombination profiles (straight lines) under red (A, =650 nm) green
(AL, =550nm) and blue (Ar, =450 nm) optical bias and different electrical bias.
The generation profiles are also shown (symbols). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)
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Fig. 6. Potential profiles at different electrical bias for sensor NC #5 under
blue, green, red irradiation and without optical bias. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)

5. Discussion
5.1. Colour filtering

Results show that the light-to-dark responsivity to a red
pulsed light (Figs. 1 and 2) depends on thickness of the back
diode and on the applied voltage. As the applied bias changes
from forward to reverse, in both sensors, the responsivity
increases in the blue range and remains constant in the red
one. The main difference occurs in the green spectral region.
In the thin device (NC #4) the behaviour is similar to the one
observed under red illumination while in the thick one (NC #5)
it approaches the trend under blue irradiation.

Under red irradiation or in dark (without optical bias) the pho-
tocurrent generated by the scanner is independent on the applied
voltage (Fig. 2). This effect can be ascribed to the flatness of the
potential across the back absorber in a wide range of applied
voltages (Fig. 6). Under blue/green irradiation the responsivity
decreases as the applied voltage changes from reverse to for-
ward due to an asymmetric decrease of the electrical field across
front and back absorbers (Fig. 7) until the flat band condition is
achieved. It is interesting to notice that around —6V (NC #4)
or —2V (NC #5) the collection with or without green image
is the same, leading to the rejection of the green image signal
(Fig. 2). So, by tuning the voltage to —6V (NC #4) or —2V
(NC #5) the red and blue signals are high and opposite in sign
and the green signal is suppressed allowing blue and red colour
recognitions. The green information is obtained under slight for-
ward bias (+1 V), where the blue signal goes down to zero and
the red remains constant. Fig. 3 also shows that there is a good
reproducibility between the flux intensity and the amplitude of
the photocurrent, which reinforces the suppression of the blue
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Fig. 7. Simulated electrical field profile under different applied voltages, under
blue (a) green (b) and red (c) irradiations and without optical bias (d). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)
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and green signals at +1 and —2 'V, respectively, independently
of the light flux of the optical bias. Combining the information
obtained at three applied voltages a full colour image can be
acquired without the need of the usual colour filters or pixel
architecture as can be seen in Fig. 4.

5.2. Self-biasing effect

Figs. 5-7 show that the shallow penetration of the blue pho-
tons into the front diode, the deep penetration of the red photons
exclusively into the back diode or the decay of the green absorp-
tion across both controls the sensor behaviour. In the analyzed
structures both the front and the back diodes are optically and
electrically in series. Since light traverses through the sequence
and is absorbed accordingly its wavelength (Fig. 5) and since
they are electrically in series, the current through both diodes
should be the same. Any diode whose current is bellow the other
has to reduce its bucking current and consequently voltage to try
to catch up. This diode may even have to reverse bias itself in its
efforts to get in line with the other. This effect is what we call
the self-biasing effect.

Results show that the application of an external electrical
bias (forward or reverse) mainly influences the field distribu-
tion within the less photo-excited sub-cell (Figs. 5 and 7). When
compared with the electric field profile under thermo-dynamical
equilibrium conditions, the field under illumination conditions
is lowered in the most absorbing cell, while the less absorb-
ing one reacts by assuming a reverse bias configuration. Hence,
opposite behaviour is observed under red and blue background
light while under green light condition the redistribution of
the field profile is balanced between the two sub-cells. The
balance between those electrical field adjustments, due to the
non-uniform absorption of the impinging photons, depends on
generation/recombination ratio profiles at each applied voltage.
As this ratio approaches the unity the self-bias effect changes
from reverse to forward until flat band condition is achieved.
To sustain the net current across the device, under blue irradi-
ation, the current in the back diode has to be adjusted through
an increase of the electrical field that becomes reverse bias even
under short circuit conditions (Fig. 7). As the voltage changes
from reverse to forward the electrical field decreases from the
bottom to the front side of the back diode and approaches its
value in dark around +1V, in both sensors, leading to colour
rejection (arrows in Fig. 2). The deep penetration of the red
photons uniformly and exclusively into the switching diode, and
the transparency of the sensing diode to them push the electri-
cal field up in the front diode (self-reverse effect) and down
into the back one (self-forward effect) leading to a poor col-
lection of the carriers generated by the red scanner (Fig. 2).
In the green range both reverse and forward self-bias effects
co-exists. The observed differences are related with the decay
of the green absorption across both sensors (Fig. 5). Here, the
self-reverse effect due to the front absorption is balanced by the
self-forward effect due to the back absorption, that is higher
inside the thin device. So, to cancel this effect a higher reverse
bias (—6V) is needed in the thin device then in the thicker
one (—2V).

6. Conclusions

Light filtering using the Laser Scanned Photodiode technique
in a-SiC:H multi-layer devices was presented and explained
through a trade-off between the different light penetration depth
of the impinging photons and self adjustments of the electrical
field.

Results show that the colour discrimination and the light-
to-dark sensitivity are dependent on the thickness of the back
absorber and on the readout voltage. For each red, green and
blue wavelength colour rejection was achieved at a readout
voltage that cancels the self-bias effect in the back absorber. This
voltage shifts from reverse to forward as the light penetration
depth in the back diode decreases.
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