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Abstract

Amorphous glass/ZnO:Al/p(a-Si:H)/i(a-Si:H)/n(a-Si; _,C,:H)/Al imagers with different n-layer resistivities were produced by plasma
enhanced chemical vapour deposition technique (PE-CVD). An image is projected onto the sensing element and leads to spatially confined
depletion regions that can be readout by scanning the photodiode with a low-power modulated laser beam. The essence of the scheme is the
analog readout, and the absence of semiconductor arrays or electrode potential manipulations to transfer the information coming from the
transducer.

The influence of the intensity of the optical image projected onto the sensor surface is correlated with the sensor output characteristics
(sensitivity, linearity, blooming, resolution and signal-to-noise ratio) are analysed for different material compositions (0.5 < x < 1). The
results show that the responsivity and the spatial resolution are limited by the conductivity of the doped layers. An enhancement of one
order of magnitude in the image intensity signal and on the spatial resolution are achieved at 0.2 mW cm™? light flux by decreasing the n-
layer conductivity by the same amount.

A physical model supported by electrical simulation gives insight into the image-sensing technique used. © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

When we try to capture and analyse light, we enter the
realm of detectors and imaging technologies. Whether we
want to view images or count photons, we use devices that
work by absorbing photons and turning them into informa-
tion. Three forces direct the evolution of the image sensors:
advances in technology determine what is possible, algo-
rithms determine what is practical, and applications deter-
mine what is desirable. If we wanted to generalise about
areas in which detectors and imaging technology can
improve, we could talk about collecting information more
quickly and efficiently, at more wavelengths, with more
compact and user-friendly devices or interfaces.

Any conventional solid state imaging device consists of
an array of sensing elements combined with some form of
transport mechanism to deliver these sensor outputs to the
periphery of the device. Sensors used in commercial devices
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include photodiode arrays, complementary metal oxide
semiconductors, charge injecting devices, and bipolar tran-
sistors. All of these devices use essentially the same light-
sensing mechanism. Photons penetrating a depletion region
generate electron—hole pairs. These carriers are swept away
by the electric field across the depletion region and generate
a small transverse photocurrent.

If the illumination is not uniform, different packets of
charges are accumulated beneath the dark and the illumi-
nated regions. This spatial distribution is responsible by an
electric field modulation across the depletion region [1-3]
that can be sensed if a small-signal scanning beam is used to
readout the photo-generated carriers. Based on this effect,
microcrystalline [4,5] and amorphous [6] optical TCO/p—i—
n/metal image transducers were developed. Those sensors
are different from charge-coupled devices (CCD) [7]. In that
no special photolithography techniques for patterning the
optical sensor array or voltage requirements to transfer the
information are needed. A single photodiode as sensing
element and a modulated low-power beam of laser light
to “paint” the image directly is what is needed to restore an
image.
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In order to clarify what limits the image resolution
modifications on the transducer structure are proposed
and discussed. Hydrogenated amorphous silicon n-layers
with different doping levels were deposited on a ZnO:Al/p/i
structure and a thin metal layer was evaporated on them. The
effect of the sensor structure (contact geometry, n-layer
conductivity) and image brightness on the output character-
istics is discussed. A model for the transducer operation
supported by an electrical circuit simulation is presented.

2. Operation principle and electrical modelling
2.1. Image representation

Under non-uniform steady illumination, different packets
of charges are accumulated beneath the dark and the illu-
minated regions [1-3]. This anisotropic spatial distribution
is responsible for an electric field modulation across the
depletion region and for a shrinking of the depletion region
at the illuminated regions. If, in addition, a weak light spot is
scanning the device, the carriers that are generated by the
probe beam in the dark regions are separated by the junction
electric field and collected (high ac component of the
current, low X, ,, values). Those generated at the illuminated
region, inside the depletion region, drift in the lateral
direction due to the local lowering of the potential barrier
and recombine, or are trapped inside the amorphous bulk
(low ac component of the current, high X,,,, values).

2.2. Electrical model and simulation

Based on the above model, the p—i—n image sensor was
modelled as an array of photodiodes interconnected through
lateral resistors [8]. Fig. 1 depicts the electrical model for
explaining the sensing methodology, in addition the sensor
configuration and the depletion regions (dotted lines) are
visualised. On the right side, a fraction of the electrical
circuit, being part of the non-planar structure used for future
simulation is presented. Each photodiode (D) was replaced

by its incremental resistance (r4), and connected to its four
neighbours, in a row-line matrix, by the resistors Ry, and Ry,
that model the sheet resistance of the n- and p-doped layers,
respectively. The contacts establish the points for transversal
measurements (V) and the scanner is simulated through a
sine-wave current source (0.1 mA, 10 Hz) applied from each
top node of the circuit to the ground. Those nodes are the
diode anodes, i.e. the m X n points used for voltage readout
obtained using a SPICE-based simulator [10].

Several parameters such as contact geometry, layer resis-
tivity, and image brightness can be modelled. The contact
shaping is simulated by choosing the points for voltage
readout (V and the ground). If strip contacts are used, those
points are fixed at circuit nodes where Ry are short-circuited
(the contact regions). If the contacts cover the entire surface,
they change for each m x n value readout, as is shown in
Fig. 1. The conductivity of the doped layers is modelled by
changing Ry for the whole circuit accordingly (higher con-
ductivities correspond to lower values of Ry ). The brightness
of the images is obtained by changing rq on the points
allocated to the image area.

The simulation procedure has two main phases: the circuit
construction and the simulation process. In the first phase,
the input parameters and the array dimensions are defined in
order to include the image area, the surrounding dark region,
and the contacts. In the second phase, a voltage distribution
composed of a matrix of m x n values is obtained. Each
simulation run corresponds to a different assigned node
where the scanner source is applied. The stored values
are the amplitudes of the sinusoidal small signals taken in
each simulation process step. The image-intensity matrix is
obtained as described in Section 3.2.

3. Experimental

3.1. Device deposition and characterisation

A series of large area (3cm x 3 cm) single layers and
image transducers in the assembly glass/ZnO:Al/p(Si:H)/
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Fig. 1. Electrical model, sensor configuration and the depletion regions (dotted lines). Insert: a fraction of the electrical circuit used for simulation is

depicted.
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i(Si:H)/n(Si,C; _,:H)/Al were produced. The p-i-n Si:H
junction acts as a sensing element, the back and the front
contacts are used as electrical interfaces.

All the layers in p—i—n transducers were deposited by
plasma enhanced chemical vapour deposition (PE-CVD) at a
13.56 MHz radio frequency and the contacts produced by
sputtering technique [9]. The deposition pressure was
200 mTorr, the substrate temperature was held at 150°C,
and the rf-power was 4 W. The deposition conditions of all
the p- and i-layers were kept constant while varied in the
n-layer (1-10 sccm PH3/10 sccm SiH4/0-20 sccm CHy).
A preliminary electrical and optical characterisation of
the films was carried out by measuring the electrical con-
ductivity in the coplanar direction and by obtaining the
absorption spectra from transmission and reflection mea-
surements. The deposited n-layers present conductivity,
sS4, in the range of 1.0 x 10526 x 1074 Q' cm™! and
optical gaps, E,,, between 1.8 and 2.1 eV, while for the
p-type film 7 x 1075 Q' cm ™' and 1.8 eV were inferred.
The i-layer has a dark conductivity of approximately
1x107°Q 'em™!' and a photosensitivity higher than
10* under AM1.5 (100 mW cm ). The thicknesses of the
p-, i- and n-layers in the transducer were 500, 5000 and
500 A, respectively. The front contact ZnO:Al is a 300 nm
thick and has a transmission of approximately 80% from 425
to 700 nm and a resistivity around 9 x 107* Q cm. Two
back-contact geometries were evaporated: strip contacts
around the borders and large area contacts covering the
entire active surface.

The transducers were characterised by current—voltage (/-
V) in dark and under illumination and spectral response
measurements. Open circuit voltages, Voc, of the order of
0.8 V and short-circuit currents, Isc, of about 8 mA cm ™2
were measured. The devices present a good detection in the
visible range (450-750 nm) with a maximum at wavelengths
of the order of 600 nm.

3.2. Device operation

A focused image is projected onto the photosensitive
surface through the transparent contact. For image acquisi-
tion, a low-power chopped laser spot scans the sensor in the
frame mode. The readout of the injected carriers is achieved
by measuring the ac component of the short-circuit current,
Isc. The entire process is controlled by a microcomputer
which stores the currents as a two-dimensional array of
discrete values, 1,,,,, each one representing the photocurrent
induced by the chopped light at the selected position. A
m x n grid with 200 pm X 250 pm spacing in x and y
directions is used for image representation. The image
intensity, X,, ,, is obtained by subtracting the input matrix
L., (with image) from the background, b,, ,, (without image)
and inverting the results. The signal-to-noise ratio (S/N)
depends on the relationship between the light source fluxes
of the scanner (®s), and the image (&; ) for a constant value
of the n-layer conductivity.

4. Results and discussion
4.1. Contact geometry versus lateral photoeffect

The contact geometry is an important parameter to define
accurately the image. Several contact geometry configura-
tions were analysed and helped to define the actual geometry
[10].

Fig. 2 shows the simulated image intensity and the grey
level image representation of a rectangle (3:4) using: strip
contacts around the border (a) and large area contact cover-
ing the active surface (b). The values of 74, Ry, and R; , were
kept constant during the simulation process, and
ra/Rin = 1072. The results show that contact area and
location play an important role in image representation,
since its location influences the carrier path before collec-
tion. As the contact area increases from the border strips to
cover contacts, a decrease on the blurring effect is detected.
In the configuration with border strips, the carriers after
generation are diverted in the lateral direction, across Ry, p,
towards the contact [1] decreasing the ac component of the
photocurrent mainly near the image border and giving rise to
a blurring effect as shown in Fig. 2a. However, if the contact
area extends all over the active surface, the lateral path is
short-circuited and the carriers are collected at the generated
points. The image intensity increases and the blurring effect
is minimised. Large area contacts all over the active surface
will be used for further results.

4.2. Doped-layer resistivity versus spatial resolution

In Fig. 3, the image intensity of a circle of 6 mm diameter
cut into two halves by a 2 mm gap is displayed for two
transducers having different n-layer conductivities: (a)
26x1074Q 'em™' #MO006291), and (b) 1.0 x 1073
Q 'em™! (#MO006301). At the bottom, the corresponding
simulated intensities for rq/Ry, = 107! (a) and rq/Ry, =
1072 are shown, keeping rq/Ry, = 1072,

The simulated and experimental results are in good agree-
ment. By using a low-conductivity n-layer, a good image
representation is achieved (Fig. 3b), with sharp edges and
almost no blur. If the n-layer conductivity is higher (Fig. 3a),
the S/N decreases, the image intensity decreases and spreads
out in the lateral direction. In this case, some restoring
algorithms should be used to filter the noise and to sharpen
the edges in blurred images [5]. Results show that the image
intensity and the spatial resolution increase by one order of
magnitude by decreasing the n-layer conductivity by the same
amount. S/N is of the order of 32 dB for ¢s/Pr. = 1/20.

The observed difference in both images depends on n-
layer resistivity (Ry,) for a constant value of the p-layer
resistivity (Ryp) and light flux intensity (rg). Due to the
lateral photoeffect, under steady state illumination, the
carriers tend to drift in the lateral direction across the doped
layers towards the nearby dark regions. As the doped-layer
conductivity increases, the ratio between the lateral and
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Fig. 2. Simulated image intensity of a rectangle using: (a) strip contacts; (b) a large area contact. The values of r4, R, and Ry, were kept constant, with
1072, The grey level image representation and sensor configuration are also depicted.
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transverse electrical field increases decreasing the depletion
layer modulation across the junction. When the conductivity
of the doped layers is high, some carriers generated by the
scanner inside the depletion regions drift along the doped
layers towards the illuminated region (lower potential bar-
riers/higher ry) and are not collected, decreasing the image
intensity and giving rise to some blur. Decreasing the n-layer
conductivity, the lateral photoeffect is minimised. The car-
riers flow in the transverse direction and are collected or

recombine beneath the generation point, increasing the
spatial resolution.
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4.3. Responsivity and linearity

In Fig. 4, the image intensity as a function of light source
flux is displayed. The scanner intensity was kept constant,
while the light source flux used for mapping the image into the
sensor was changed (10?>mWem 2 < ¢ < 6mW cm ™).
As @r increases, the image intensity increases, reaching its
saturation value at @, > 4 mW cm ™ 2. The minimum illumi-
nation at which the sensor can still operate is of the order of
0.2 mW cm 2. The sensor presents a good linearity at low

signal levels and starts to saturate at around 70% of maximum
value.

Fig. 4. Image intensity as a function of @;.

condition is achieved. During the image acquisition process,
only the carriers generated by the scanner within the deple-
tion region are swept away by the existing electric field and
collected (low ac component of the current, high X, ,, values)
otherwise they diffuse, recombine or are trapped in the bulk
(high ac component of the current, low X,,,, values). The
image intensity will increase with @ and saturates for the
minimum value of the depletion width. The saturation of the
image intensity is then limited by the capacity of the
depletion region to hold and to separate the photocarriers

As @y increases, the depletion region shrinks, initially in a
linear way reaching its minimum value when the flat-band
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Fig. 5. Experimental (top) and simulated (bottom) image intensity representation for a 7.5mm donut with a 2.5mm inner hole with
&g =2.5x 1072 mW cm 2 and (a) &1 = 5 mW cm™ 2, rg/Rin

=102, (b) & = 0.5 mW cm 2, rg/R, = 107"
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generated by the scanner, and depends on @ and on the
junction electric field strength. A 7.5 mm donut having an
inner hole of 2.5 mm diameter was projected onto the sensor
having the most resistive n-layer (#M006301). Fig. 5a and b
display the acquired images, respectively, at & =5 and
0.5mW cm ™%, keeping ®s = 2.5 x 1072 mW cm 2 For
comparison at the bottom the outputs from the sensor
obtained under a donut illumination for two different values
of r4/Rin = 1072 (a) and r4/Rr, = 10~! (b) are shown. Ry,
and Ry, were kept constant during the simulation process.
The results show a good contrast between the illuminated
(high X,,,,, values, low rq values) and the dark regions (low
X,n.n values, high ry values) even at low flux. As @ increases
(rq decreases), the image intensity increases. Under full
contact collection and for high resistive n-layers, the carriers
injected by the scanner (ac current source) flow mainly in the
transversal direction. Nevertheless, if the light source flux is
high enough (saturation condition), the excess charge car-
riers generated from the bright part of the image spread out
giving rise to some blooming at the edges (Fig. 5a).

5. Conclusions and future trends

A new semiconductor device concept has been devised
which shows promise of having wide applications in optics.
The image projected onto the active surface leads to spatially
confined depletion regions that can be readout by scanning
the photodiode with a modulated laser beam. The essence of
the scheme is the analog readout, and the absence of
semiconductor arrays or electrode potential manipulations
to transfer the information coming from the transducer.
Examples of possible applications are as imaging device,
as display device, and for character recognition or facsimile.

In Fig. 6, we display the black and white image of a text
word (ISEL) and a greyscale photo-representation obtained
with the transducer #M006301. No image processing algo-
rithms were used. A good resolution was obtained, although
some geometrical distortion occurs due to the mechanical
apparatus and the optical system used [8].

An optical ZnO:Al/a-p—i—n Si,C,_,:H/Al imager that uses
a small-signal scanning beam to readout the photo-generated
carriers was presented. The results show that under full
contact collection, the responsivity, the linearity and the
resolution are limited by the contact geometry, by the
conductivity of the doped layers and by the light flux

L

Fig. 6. Images obtained using an amorphous p—i—n image transducer.

used to map the image onto the sensor. An enhancement
of one order of magnitude in the image intensity and on the
spatial resolution are achieved with a responsivity of
0.2mW cm ™ by decreasing the n-layer conductivity by
the same amount.

An optimisation of the mechanical parts and of the optical
system, and more elaborate processing algorithms is still
necessary for further improvement of the sensor perfor-
mance.
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