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Abstract

Large area hydrogenated amorphous silicon single and stacked p–i–n structures with low conductivity doped layers are proposed as
m e
c der differ
r ns the sensor
a estigation of
t nabling color
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onochrome and color image sensors. The layers of the structures are based on amorphous silicon alloys (a-SixC1−x:H). The current–voltag
haracteristics and the spectral sensitivity under different bias conditions are analyzed. The output characteristics are evaluated unent
ead-out voltages and scanner wavelengths. To extract information on image shape, intensity and color, a modulated light beam sca
ctive area at three appropriate bias voltages and the photoresponse in each scanning position (“sub-pixel”) is recorded. The inv

he sensor output under different scanner wavelengths and varying electrical bias reveals that the response can be tuned, thus e
eparation. The operation of the sensor is exemplified and supported by a numerical simulation.
2005 Elsevier B.V. All rights reserved.

ategory: 4 (Non-magnetic physical devices); 10 (Applications)
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. Introduction

Image sensing device is an apparatus for transforming
ight image into a sequential electronic signal. They are usu-
lly based on arrays of sensing elements. They capture light
n a grid of small pixels on their surfaces and image sensing

s performed using two basic techniques: line scanning and
rea scanning[1,2].

Resolution is not the only factor governing the quality
f the images. Equally important is the color. Silicon based
evices are monochrome in nature. Color image processing

s usually performed with the aid of three-color sequential
lters or integral color filter arrays overlaying the devices.
n this respect, voltage bias controlled color detection by
wo-terminal thin film devices is very interesting since one
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instead of three or four pixels will be sufficient for co
discrimination, there is a remarkable gain in spatial res
tion, and color filters as a major cost driver are no lon
needed.

Various structures and sequences have been sug
[3–6]. In our group, efforts have been devoted towards
development of a new kind of image sensor[7,8]. This sen
sor consists on one large cell detector or pixel (picture
ement) where the optical image is scanned by sequen
detecting scene information at discreteXY coordinates. Th
read-out of the injected carriers is achieved by measurin
ac component of the current,iac.

For simultaneous image and color detection the w
length filtering property of the silicon has to be combi
with the sensor responsivity dependence on the applied
age. This work intends to evaluate the possibility of c
selectivity in single and stacked large area p–i–n cell
controlling parameters like scanner wavelength and rea
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voltage[9]. The device operation is explained through the
results obtained from a numerical simulation of its internal
electrical configuration.

2. Experimental details

2.1. Sensor configuration

The optically addressed color sensor consists on a sin-
gle or on two stacked p–i–n sensing photodiodes and two
semitransparent contacts. Three configurations (#1, #2 and
#3) are proposed as it is sketched inFig. 1a–c. Single (sen-
sor #1) and stacked (sensors #2 and #3) p–i–n structures
were deposited by PE-CVD on glass substrates covered with
a transparent conductive oxide front contact (TCO). Ther-
mal evaporated back contacts were deposited on the top
of the structure and define the active area of the sensor
(4 cm× 4 cm). In sensors #1 and #2, the intrinsic layers are
based on a-Si:H and the doped layers on a-SiC:H. In sen-
sor #3, the front p–i–n structure (near the front contact) is
based on a-SiC:H while in the back p–i–n structure the p
doped layer is based on a-SiC:H and the intrinsic and n doped
layer on a-Si:H. The structure and geometry of sensors #1, #2
and #3 are, respectively, ZnO/p type a-SiC:H (50 nm)/a-Si:H
(500 nm)/n type a-SiC:H (50 nm)/Al; ITO/p type a-SiC:H
( a-
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The light-to-dark sensitivity was defined as the ratio be-
tween the photocurrent with and without optical bias, at a
given scanner wavelength (λS) andXY coordinate. As dis-
played inFig. 1, for image and color acquisition, the optical
image was projected onto the active surface of the sensor and
scanned through the same (sensor #1) or opposite sides (sen-
sors #2 and #3) by sequentially detecting scene information
at eachXY coordinates under appropriated electrical bias.
The read-out of the photogenerated carriers was performed
using a 200�W/cm2 red (sensors #1 and #3) or green (sen-
sor #2) scanner with a chopper frequency around 1 kHz. The
scanner-induced photocurrent is measured using a lock-in
amplifier.

3. Results and discussion

The spectral response of the three devices was analyzed
in order to determine its dependence on the applied opti-
cal/electrical bias. As can be seen fromFig. 2, as the applied
voltage changes from negative to positive the spectral sen-
sitivity decreases. Its decay rate depends on the optical bias
wavelength and on the device configuration, allowing color
recognition in all the analyzed sensors.

In sensor #1, the spectral sensitivity at zero voltage is
h -out
v eply at
a n il-
l onse
p ias)
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t nder
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the de
20 nm)/ a-Si:H (500 nm)/n type a-SiC:H (20 nm)/p type
iC:H (20 nm)/a-Si:H (500 nm)/n type a-Si:H (20 nm)/me
nd ITO/p type a-SiC:H (20 nm)/a-SiC:H (200 nm)/n ty
-SiC:H (20 nm)/p type a-SiC:H (20 nm)/a-Si:H (500 nm

ype a-Si:H (20 nm)/ITO.

.2. Optical characterization

The devices were characterized through the ana
f the photocurrent and spectral response (in the r
f 400–800 nm) under different steady-state optical
λL = 450, 550 and 650 nm;ΦL = 2 mW/cm2) and applied
oltages (−6 V < V < 2 V). The optical bias was always a
lied onto the front contact (seeFig. 1).

Fig. 1. Schematic structure and read-out of
igher without optical bias and the increase of the read
oltage causes the spectral response to decrease ste
fast rate in dark, and very slowly under red and gree

umination. In the stacked structures, the spectral resp
resents a different behaviour. In dark (without optical b

t is independent on the applied voltage, remaining con
n the analyzed voltage range. In sensor #2, the spectra
itivity without optical bias is almost constant and under
ination a strong dependence on the optical bias wavele
ith the applied voltage is observed, in the green spe

egion. In sensor #3, the spectral response is enhanced
ut optical bias. Under red optical bias, it is independen

he applied voltage and its magnitude is 10 times less. U
reen optical bias the spectral response is smaller than
ut optical bias, but as the reverse voltage increases i

vices: (a) sensor #1, (b) sensor #2 and (c) sensor #3.
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Fig. 2. Responsivitiy dependence on the read-out voltage under steady-state light conditions: (a) in dark and under (b) green (550 nm), (c) red (650 nm), bias
andΦL = 100�W/cm2 for sensor #1 (top), sensor #2 (center) and sensor #3 (bottom).

increases, reaching the same value of the spectral response
without optical bias at−6 V.

In Fig. 3is displayed the collection efficiency as a function
of the applied bias in dark (ΦL = 0) and under steady-state il-
lumination,ΦL = 2 mW cm−2, at different wavelengths (λL)
for sensor #1 (a), sensor #2 (b) and sensor #3 (c). Results
show that the collection efficiency at an appropriated wave-
length (Fig. 2) depends on the optical bias conditions and
device configuration (single or stacked), and composition of
the front intrinsic layer (with or without carbon). As the ap-
plied bias changes from reverse to forward bias the carrier
collection decreases, with different slopes in dark and under
illumination. This behavior allows light-to-dark sensitivity
and enables all the three structures with color sensing prop-
erties.

As expected (seeFig. 2) different trends are observed, de-
pending on the device configuration. In sensor #1 as the ap-
plied voltage decreases the carrier collection also decreases,
in a steep way in dark and more slowly under illumination.
For a drift-controlled device, it should be expected a change
in sign near the open circuit voltage. However, due to the high
resistive doped layers the turn-off in sign shifts to higher val-
ues due to the increased flatness of the curves beyond this
voltage (Fig. 2). Color information can be extracted (see ar-
rows inFig. 3a). By tuning the voltage to different values of
the forward bias both red and green signals can be succes-
sively suppressed, which allows color recognition[10]. In
sensor #2, the collection efficiency trend without optical bias
is independent of the read-out voltage and cross also the red
and green collection curves at different values of the applied
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Fig. 3. Collection efficiency in dark and under red and green steady-state illumination for sensor #1 (a), sensor #2 (b) and sensor #3 (c).

bias[9]. In sensor #3, the trend is different as the presence
of carbon in the front photodiode light filters the structure.
The collection efficiency without optical bias and under red
optical bias remains constant in the analyzed voltage range.
Under green optical bias the collection efficiency curve in-
tersects the curve without optical bias at−6 V, which allows
at this voltage value the possibility of recognizing the red
and blue signals. Under forward bias, the blue signal is sup-
pressed around +1 V, which means that at this voltage value
both green and red signals can be identified. In this structure,
color recognition is obtained by suppressing the blue and the
green photocurrent at different values of the applied voltage,
which depend on the power density of both image and scan-
ner light. In this structure, the separation of the spectrum in
bands is assured by the thin a-SiC:H intrinsic layer of the
front photodiode. Its thickness and optical gap (2 eV) were
optimized for high conversation efficiency in the blue light
and transparency of the red photons coming either from the
image (front photodiode) or from the scanner (back photo-
diode). The conversion efficiency in the blue range is max-
imized inside the a-SiC:H front diode (200 nm) and in the
red range inside the a-SiH back diode (500 nm). The green
photons absorption occurs across the front photodiode, the
n–p defectous interface and at the front side of the back pho-
todiode (Fig. 1a). Under reverse bias and blue irradiation, the
collection is high since the back photodiode becomes fully
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Fig. 4. Simulated potential profiles in short-circuit condition within the
structure for different wavelengths of the incident light.

of the single layers[11] and devices and some results from a
computer simulation performed using the ASCA simulator.
Details about the program are described elsewhere[12].

In Fig. 4 it is displayed the simulated potential profiles
within sensor #3 for different wavelengths of the incident
light (similar data for sensors #1 and #2 can be found in liter-
ature[9,10]). Under short circuit condition, the perturbation
on the potential profile due to the incident light depends on the
wavelength. In all the cases considered, and even under low
power radiation, the potential barrier at the internal n–p inter-
face is reduced. In the intrinsic layer of the front photodiode
the potential profile becomes flat, while the other photodiode
suffers a reverse internal self-biasing to compensate the po-
tential variation. We observe an opposite behavior under low
energy radiations (red) and high energy ones (blue), due to
the different penetration length of the light.

The photocurrent perturbation read through the LSP tech-
nique with a pulsed red laser scanning the back photodiode
must be interpreted as a direct dependence of the photocurrent
on the incident power light in the case of a red image reading,
and as a compensation of the reverse internal self-biasing of
the back photodiode when the device is illuminated with a
blue image.

Superposition of bias light and external applied bias can
cancel out the blue and green photocurrent at a certain value
epleted due to its self-biasing process. Under red illum
ion, due to the high light penetration depth of the red pho
nd higher conversion efficiency of the a-Si:H intrinsic la
f the back photodiode acting, as a load (ON state), the

ection is almost inexistent. In the green spectral range a
everse bias increases due to the increase of the potentia
cross the switching diode the collection increases linea

s interesting to notice that around−6 V the collection with
r without green optical image is the same, leading to
ejection of the green images.

. Sensor operation

To support the image acquisition and representation
ess we took into account the experimental characteriz



330 P. Louro et al. / Sensors and Actuators A 123–124 (2005) 326–330

of the applied bias. It is, thus, possible to use this structure
as a color recognition device. The main difference from the
previous structures is that the identification of color is ob-
tained though the suppression of the blue and green photocur-
rents, instead of the red and green signals. Further work on
the device optimization is still needed, such as reducing the
thickness of the internal recombination junction (in order to
enhance diffusion transport for red detection) and increasing
the intrinsic layer thickness of the back a-Si:H photodiode (in
order to obtain a better detection of green color by enhancing
the reverse internal self-biasing of the back photodiode).

5. Conclusions

Single and stacked p–i–n structures based on a-SiC:H ma-
terial were compared and its ability as color sensor analyzed.
Results show that the collection efficiency and the light-to-
dark sensitivity are dependent on the type of structure (single
or stacked), on the composition of the front intrinsic layer,
as well as the geometry of the intrinsic layers of the stacked
structures and also on the read-out voltage. By tuning the
voltage to appropriate values the red, the green or the blue
signal can be suppressed allowing color recognition. Com-
bining the signal information at these voltages a color image
can be acquired. A numerical simulation supports the sensor
o
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