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Abstract

Large area n—i—p—n—i—p a-SiC:H heterostructures are used as sensing element in a double colour laser scanned photodiode image sens
(D/CLSP). This work aims to clarify possible improvements, physical limits and performance of CLSP image sensor when used as non-pixel
image reader. Here, the image capture device and the scanning reader are optimized and the effects of the sensor structure on the outpt
characteristics discussed. The role of the design of the sensing element, the doped layer composition and thickness, the read-out parameter
(applied voltage and scanner frequency) on the image acquisition and the colour detection process are analysed. A physical model is
presented and supported by a numerical simulation of the output characteristics of the sensor.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Tandem structures; Heterojunction; Image sensor; Electrical and numerical simulation

1. Introduction beam, which scans the active area of the device, performs
the probing by measuring the photocurrent generated by the
Amorphous silicon-carbon (a-SiC:H) is a material that peam, which is dependent on the local illumination condi-
exhibits excellent photosensitive properties. This feature to- tions. When a junction is illuminated with a light pattern, a
gether with the strong dependence of the maximum spectraliocal distortion of the space charge regions occurs at the il-
response with the applied bias has been intensively used fonuminated regions, giving rise to electrical field modulation
the development of colour devices. Various structures and across the device. Low local electrical fields are ascribed to
sequences have been suggegted]. In our group efforts  jlluminated regions and high electrical fields to dark zones.
have been devoted towards the development of a new kind of - By applying different electrical bias around the open cir-

colour sensor, the colour laser scanned photodiode (CLSP)cuit voltage the device can selectively reject different wave-
[3-5]. The usual technique used for colour separation is |engths enabling its use as a colour sensor.
based on the modulr_;\tion.of the maxirr_lum of .the spectral A further improvement can be achieved by keeping the
response by the applied bias voltgge9] in transistor-like  carriers generated by the image and by the scanner away
structures. By controlling the electrical bias of the device from each other. This carrier and optical confinement can be
the effective region can be the one closer to the surface, thusmplemented by using a double p—i—n/p—i—n heterostructure.
sensitive to lower wavelengths, or the one deeper where only Advantages to this approach are high resolution, uniformity
the long wavelength photons can penetrate. The bias volt-of measurement along the sensor and the cost/simplicity of
ages used are in the range of several volts either positive Orthe detector. The design allows a continuous sensor without
negative. the need for pixel-level patterning, and so can take advantage
The CLSP sensor presents a different colour separationof the amorphous silicon technology.
technique, which is based on the probing of the electri-  Thiswork aims to clarify possible improvements, physical
cal field induced across the device when illuminated with limits and performance of the D/CLSP image sensor when
a steady-state light pattern. A low power modulated light ysed as non-pixel image and colour reader. Here, the image
capture device and the scanning reader are optimized and the
* Corresponding author. Tek:351-218317289; fax+351-218317114.  €ffects of the sensor structure on the output characteristics
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2. Experimental while in the heterojunction it depends on light bias inten-
sity. So, the heterojunction presents light to dark sensitivity

Single glass/ZnO(Al)/p(SiC:H)/i(Si:H)/n(SiC:H)/Al and  while the homojunction is blind to a pattern of light pro-
Cr/n(Si:H)/i(Si:H)/p(Si:H)/n(Si:H)/i(Si:H)/p(SIC:H)/Cr sta-  jected onto its active surface. This light bias dependence
cked structures were produced by plasma enhanced chemallows the use of these heterodevices as image sensors
ical vapour deposition (PE-CVD) at 13.56 MHz radio fre- [1].
guency in a three chamber load-lock UHV-system. After
the deposition of the amorphous layers, a back contact of3.2. Device description and operation
Cr was thermally evaporated which defines the active area
of the sensor (4 cnx 4cm). 3.2.1. Single p—i—n structure

The deposition conditions of all the i-layers were kept  The CLSP operation and image representation are based
constant while they varied in the n- and p-layer by adding or on the analysis of the electrical field profile, induced across
not methane during the deposition process. Depending on thehe capture device by a steady-state light pattern illumi-
methane fluxes the n- and p-layers present conductivity andnation. Low local electrical fields are ascribed to illumi-
optical gaps betweendx 10712and 82x 10~" Q~1cm1, nated regions and high electrical fields to dark zones. In
2.2 and 1.8 eV, respectively. The i-layer has a dark conduc-the dark regions the carriers generated by the scanner are
tivity of 7 x 10711 Q@~1cm=! and a photosensitivity higher  separated by the electric field and collected, while those
than 1¢ under AM1.5 illumination (100 mW/cR). generated inside the illuminated regions mostly recom-

The characterization of the device was performed through bine inside the bulk. So, by mapping the ac component
the analysis of the photocurrent and spectral response depenef the photocurrentjse, during the scanning of the cap-
dencies on the applied voltage, under different optical bias ture device it is possible to reconstruct the projected light
conditions (dark and.. = 450, 550, 650nm; O< & < pattern.
450pW/cn?). To suppress the dc component of the pho- | this device the high resistivity SiC-doped layers con-
tocurrent all the measurements were performed using thefine the photogenerated carriers at the different generation
lock-in technique. The responsivity was obtained by nor- regions and, driven by the scanner, extract information on
malizing the photocurreniy, to the incident flux under dif-  the image colour and intensity. In short circuit mode, it can
ferent light wavelengthss (in the range of 400-800nm),  detect a black and white image with a spatial resolution less
and at different optical biag, . The collection efficiency is  than 20um. For reading out the RGB colour signals three
determined by normalizing the photocurrent to the value at forward appropriate voltages have to be successively applied
which the sensor responsivity becomes independent on thein order to collect information to yield the reconstruction of
optical bias (around 1.5V). a colour image.

To confirm the colour separation ability with the control
of the electrical bias, one image was acquired under different

3. Results and discussion electrical bias. In the image (CLSP) the first two letters were
green and the last two red. Under short circuit conditions
3.1. Carrier and optical confinement the sensor is sensitive to all wavelengths and a black/white

picture is obtainedKig. 2(@)) in this operating mode the
In Fig. 1 the normalized spectral respons&s,, under sensor is only sensitive to the light intensity. If the bias is
different optical bias intensity@,, for: (a) a p—i-n ho- increased to 0.5V only the green letters are observed (b)
mojunction (a-Si:H) and (b) for a p—i—n heterojunction as for 0.9V only the red component of the image is visible
(a-SiC:H) are compared. Results show that in the homo- (c). The full colour picture can then be reconstructed by
junction the spectral sensitivity is light bias independent, summing the two images (b) and (c).
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Fig. 1. Spectral response for: (a) a pin homojunction based on a-Si:H and (b) a pin heterojunction based on a-SiC:H.
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Fig. 2. Image acquired under OV (a), 0.5V (b) and 0.9V (c) electrical
bias.
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3.2.2. Double n—i—p—n—i—p structure

When a single p—i—n heterojunction is used as sensing
element, the generated carriers can diffuse away from the
generated point and escape into the direction parallel to the U[ﬁm
junction. This effect leads to image smearing. The proposed @@@
carrier and optical confinement can be implemented by
adding to the front photodetector (the n—i—p homojunction)
a rear thin n—i—p a-SiC:H reader. In the resulting stacked
structure the front a-Si:H i-layer has to be thick enough element when a pattern of red light is projected on its active
(>5000 A) to absorb all the light incoming from the image; surface.
the rear one is thinner<3000A) and based on a-SiC:H
in order to enhance light transmission from the scanner 3.4. Electrical and numerical simulation
(Fig. 3.

The front photodiode, the photodetector, confines the car-  Both electrical and numerical simulations were per-
riers inside the illuminated regions while the rear one, the formed. InFig. 5athe simulated voltage drop across both
reader, driven by the optical scanner, gives information on diodes as a function of the applied voltage is displayed
their location (image shape), density (image intensity) and [3]. In Fig 5ba comparison between the experimental and

Fig. 3. D/ICLSP reader and the sensing element structure.

absorbed wavelength (image colour). simulated photocurrent are presented andrFig. 5c the
potential profile across a stacked pin—pin strucfi@ is
3.3. Light to dark sensitivity shown. Assuming that the current across the photodetector

and the reader is the same and that the applied bias is shared
Fig. 4 shows the sensor responsivity as a function of by both, we conclude that at voltages lower then the open
the applied voltage under different steady-state illumination circuit voltage (around 1.1V) and under illumination, the

conditions: (a) without optical bias (dark regiofs, = 0) homojunction is self-forward biased and the heterojunction
and (b) under red illumination (illuminated regiorlg, = becomes reverse biased. The carriers generated at the illumi-
650 nm,®, = 10pWcm2). nated diode (load, ON state) are injected into the second one

As the applied voltage increases the spectral sensitivity (photodiode, OFF state) where they recombine, are trapped
decreases steeply in dark and slowly under illumination. or collected, depending on its reverse current. A good fit be-
At 650 nm (scanner wavelength) it is much higher in dark tween both experimental and simulated data was achieved.
than in the presence of optical red bias, confirming that this  In dark the potential drogHg. 59 is distributed unevenly
tandem structure can be used as an image sensor-sensingcross both diodes. At the internal p—n interface a rever-
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Fig. 4. Spectral response in a tandem structure under different applied bias without (a) and under red illumination (b).



222 M. Vieira et al./Sensors and Actuators A 114 (2004) 219-223

] 0.0 bametemnd | Dark | Light

Potential drop (V)
o
o

031 —o— Photodetector (a-Si:H) Sensor
06l —=—Reader(a-SiC:H) | 00 03 06 09 12 15 18
’ . . . . . . . Time (ms)
00 03 06 09 12 15 18
(a) Applied voltage (V) Fig. 6. Single line scans in dark (line) and crossing an illuminated region

(squares).

2.0x10%{ 4 Experimental (A=650nm) -

28x10% T2 Simulated a ] *
< 3.0x10° 1
é -3.5x10°* 1
§ -4.0x10° . ‘ e
] 6 u
S -4.5x10™ 1
= -6
O -5.0x10° 1
5.5010° ] (a) CLSP (b) D/CLSP
00 02 04 06 08 10 12 14 16 Fig. 7. Same image acquired using (a) single n-i-p and (b) double
(b) Applied voltage (V) n—i—p—n—i—p structure.
1,4+ "Photodete'ctor " Reader ' ,_l =
120, 650 nm . 3.5. Line scanning frequency
1,0F ) Dark _
S sl / i Fast scanning is possible with a current to voltage con-
S el ] verter and posterior suppression of the current due to the
5 0’4_ \ 1 image.Fig. 6 shows the result of a single line scan in dark
g 0’2 i A, =530 nm ] (line), and crossing an illuminated area (squares). The signal
’ represents the photocurrent due only to the scanner.
OO i 8SiCH) | peion (88 ] In this case the line scan frequency is close to 1 kHz with
02 02 04 06 08 10 a small reduction in the resolution caused by the value of the
© Position (um) rise and fall times, which can be enhanced by reducing the

used 1 load resistor. If one considers a 100 lines image

Fig. 5. (a) Voltage drop as a function of the applied bias for both homo- then a frame rate of 10 Hz is obtained
junctions and heterojunctions. (b) Experimental and simulated photocur- '

rent as a function of the electrical bias. (c) Potential profile across the )
structure. 3.6. Single versus double CLSP

Fig. 7 compares the same image acquired using a single
sal in the potential profile is observed leading to charge and a double structure showing an improved resolution. The
accumulation in this region. Under illumination, and de- readout frequency was also optimized leading to a value of
pending on the light depth penetration, a change in the 1kHz, showing that scan speeds of 1000 lines per second
potential drop across the absorber layers is observed. Itcan be achieved without a significant degradation of the
flattens inside the reader under red illumination or inside resolution.
the photodetector under blue/green irradiation, which en-
sures the presence of a quasi-neutral region inside the ab-
sorber layers. If the light is absorbed only in the front 4. Conclusions and future work
diode (blue/green light) the electrical field is always zero
on the bulk of the photodetector and enhanced mainly at A new design based on a stacked n-i—p—n—i—p structure
the reader whose i-layer becomes fully depleted. Under is proposed for the colour laser scanned photodiode sensor.
red illumination the light is absorbed mainly inside the Optical and carrier confinement was achieved. A B/W image
reader changing the reader electrical field in an opposite was acquired under short circuit condition with improved
way. resolution when compared with the single structure. Readout
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of 1000 lines per second was achieved allowing continuous Biographies
and fast image sensing without the need of pixel patterning.

The stacked structure should be optimized in order to M. Vieirawas bor in Lisbon, Portugal in 1951. She graduated in Physics
improve higher resolution and full colour detection. Basic P the Faculty of Science of the University of Lisbon in 1974. In 1986,
. . lgorithms should be apolied for image he received the Master of Science in Solid State Physics-Microelectronic
Image processing aig . Pp . g by the New University of Lisbon. At that time she became Auxiliary
enhance_men_t and pattern recognition. MOdUlE§ for bright- professor of Semiconductor and Microelectronics in ISEL, Lisbon,
ness calibration and edge enhancement are still needed tavhere she is now Coordinator Professor in Semiconductor/Electronics
improve the system. Further optimisation of the optical and President of the Department of Electronics and Communications. In

Scanning system includes dynamic characterization of thelg%' she received the PhD in Semiconductor Materials from the New

sensor (readout frequency, frame rate).
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