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Color characterization of large area polymer image sensors
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Abstract

Large area image sensors made with semiconducting polymers are demonstrated to have true-color resolution (24-
bits). The red, green and blue color primaries are achieved by coupling a set of color filters with the polymer sensor; the
color-sensing pixels are fabricated from a single polymer with photoresponse that covers the visible spectral range from
400 to 700 nm. A process for recovering the image from the pixelated photocurrent data is developed; the image re-
covery process is general and applicable to image arrays with power-law light intensity dependence and with finite pixel
dark current. Large size, true-color images were processed by scanning with a linear array of polymer photo-

diodes. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Optoelectronic phenomena in semiconducting
(conjugated) polymers have attracted broad at-
tention in recent years [1-3]. Since the discovery of
electroluminescence (EL) from poly(p-phenylene
vinylene) [4] and its soluble derivatives [5], research
has focused on developing an understanding of the
device physics [6] and on improvement of the de-
vice performance to levels suitable for practical
applications. Passively x—y addressable polymer
emissive displays have been demonstrated with
luminous efficiencies of 3—5 Im/Watt and operating
lifetimes of more than 10* h [1,2,7-9]. Moreover,
significantly improvement of EL efficiencies can be
anticipated [10].

In the polymer light emitting diode, electrons
and holes are injected into the semiconducting
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polymer film at the cathode and anode, respec-
tively. The electrons and holes subsequently re-
combine radiatively within the polymer, and
photons are emitted. The inverse process, photo-
generation of electric current, offers promise for
large area photovoltaic and photosensing appli-
cations [1,2]. High efficiency polymer photovoltaic
cells, photodiodes and optocouplers have been
demonstrated [11-14]. More recently, large area,
true-color, digital image sensors have been suc-
cessfully demonstrated using photodiode arrays
made with semiconducting polymers [15]. These
polymer image sensors show high photosensitivity,
low dark current, large dynamic range and 24-bit
color resolution.

For image sensing applications in the visible
spectral range, the sensing material must absorb
light with wavelengths between 400 and 700 nm. To
achieve high quality digital images, the dynamic
range of the photosensor must be larger than 256
(to enable images with at least 8-bit gray levels).
For image sensors with color recognition, the image
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pixels must separate the color information into
three primary colors (such as red, green and blue,
or their complementary colors cyan, magenta and
yellow). This color information must then be cor-
rectly interpreted in the process of reproduction of
color images. In this article, we study the color
separation and reproduction processes with a large
area polymer image sensor. Color images were
achieved by coupling wide-band polymer photo-
diodes with color filters. The working primaries are
used to make color images that faithfully repro-
duce the original picture. High quality color re-
production is demonstrated by matching the
overall spectral response of the sensing system to
the color-response of human vision.

2. Device fabrication

There are two common approaches in the con-
struction of red, green and blue color pixels for
image sensors. The first is to combine three mono-
color pixels made with different sensing materials
that exhibit spectral response to three primary
colors within the spectral range. The second is to
use three photosensors made with a single sensing
material with a photoresponse spectrum that
covers the entire visible range. In the latter case,
color recognition is achieved by combining the
three wide-band pixels with a set of color filters.
Although both approaches have been adopted in
the display industry, the first approach offers the
advantage of higher device efficiency. The second
approach has been the favorite for image sensors
because the fabrication process is relatively easy
and because of the relative simplicity of achieving
saturated colors.

The color filter approach (with a single sensing
material) was chosen to construct the color pixels
of the polymer image sensors used for this study.
Regioregular poly(3-hexyl thiophene), P3HT, a
semiconducting polymer with an optical gap of
~1.8 eV (670 nm), was utilized as the sensing
material. The photosensitivity of P3HT can be en-
hanced significantly by blending with a photosen-
sitizer such as Cg, or soluble fullerene derivatives
such as 1-(3-methoxycarbonyl)propyl-1-phenyl-
[6,6]Cs1, [6,6]PCBM. The enhanced photosen-

sitivity of the blend over that of the pure
semiconducting polymer results from ultrafast
photoinduced electron transfer from P3HT to the
fullerene acceptor [16,17]. The onset of the pho-
toresponse of the P3SHT:PCBM blend is nearly the
same as that of P3HT, with a small tail extending
beyond 700 nm as a result of absorption by the
PCBM. The molecular structures of these com-
ponents are shown in Fig. 1. Fig. 2 shows the
spectral response of a photodiode made using in-
dium/tin-oxide (ITO) as the anode and aluminum
(Al) as the cathode in the ITO/P3HT:PCBM/AI
thin film (sandwich) structure.

A linear photodiode array was made as shown
in Fig. 3, with each pixel in the ITO/P3HT:PCBM/
Al diode configuration. The ITO layer was pat-
terned by photolithography into 102 strips, each
450 pm in width. The space between adjacent ITO
strips was 185 um. The pitch size was thus 635 pum.
The P3HT:PCBM blend solution was prepared by
mixing master solutions of P3HT and PCBM with
1:1 weight ratio. The blend film was spin-cast from
the solution onto the ITO/glass substrate at room
temperature; the polymer film was not patterned.
A strip of aluminum (635 pm wide) was thermally
evaporated onto the surface of P3HT:PCBM film
and served as the common cathode of the linear
array. The whole length of the photodiode array
was 2.55 inch with 40 dpi resolution in both di-
rections.

A unique feature of this image array is that the
sensing area of each pixel is defined by the pat-
terned electrodes [15]. No patterning of the
photoactive polymer layer is involved. This feature
simplified the fabrication process and the corre-
sponding cost considerably. The processability of
the photosensing materials also allows such sensor
arrays being fabricated in desired shapes for non-
planar image sensing. By using flexible substrate
materials, flexible polymer photodiode arrays were
demonstrated in UNTAX recently [18].

3. Theory of color sensing
Color recognition is based on the theory that

any color can be decomposed into three primary
colors [19],
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Fig. 1. Molecular structures of head-to-head regioregular P3HT and [6,6]PCBM.
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Fig. 2. Spectral response of a photodiode sensing pixel with the
ITO/P3HT:PCBM/AL structure.

C = ArRR + AgG + ARB, (1)

where C represents any color, and Ag, Ag and Ay
are the relative amounts of each primary color R,

G and B. In the human visual system, the Ag, Ag
and Ap values are determined by integrating the
human vision color-matching functions over the
visible spectrum [20,21],

Ap = / BOS(AF() di, (22)
do = [ BRSDED . (2b)
v = [ BOSOIB) . (2¢)

where (1) is the spectral reflectance/transmittance
of the object, S(4) is the spectral power distribu-
tion of the illumination, and 7#(1), g(1), b(A) are the
human visual color-matching functions defined
with respect to chosen primaries.

The CIE 1931 standard color-matching func-
tions are shown in Fig. 4. Since #(4), g(4), b(4)
have negative as well as positive values, the R, G, B
amounts can be negative. This fact leads to the con-
clusion that additive color reproduction systems,
such as displays, scanners, etc. cannot produce
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Fig. 3. Cross-section views of the polymer photodiode and the photodiode arrays.
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Fig. 4. Color-matching functions for the CIE 1931 Standard
Colorimetric Observer with respect to the primaries Red at
700 nm, Green at 546.1 nm and Blue at 435.8 nm.

all the colors that can be detected by the human
eye.

In color sensing systems, the amounts of each
primary color are determined by the following [22]:

4 = [ BOSS DRGPG . (3a)

45 = [ BOS DR DPR) I (3b)

4= [ OIS ORGP (30)

In Egs. (3a)—(3c), the superscript S denotes the
scanning system, P(/) is the spectral response of
the sensor, and F.(1), F, (1) and F,(1) are
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Fig. 5. The color-matching functions of our sensing systems
with filters.
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the spectral transmittances of the color filters. The
color-matching functions (1), g%(1), b%(2) of
the sensing system can be defined as F, ., (4)P(4).

The color-matching functions of the color
pixels were determined by measuring the spectral
responses of the ITO/P3HT:PCBM/AIl photodi-
odes with red, green and blue filters. The results
are plotted in Fig. 5. Since the spectral response
P(1) of the ITO/P3OT:PCBM/AL is relatively flat
in blue and green spectral region (see Fig. 2), the
color-matching functions g%(4) and 5°(2) are
mainly determined by the transmission charac-
teristics of the color filters F,(4) and F,(4). The
color matching function of the red pixels, how-
ever, is determined by both the transmittance of a
long wavelength pass filter F.(41) and the photo-
response of ITO/P3HT:PCBM/Al photodiodes
P(4).

4. Color image grabbing

The photodiode array was mounted on a linear
translation stage driven by a computer controlled
stepping motor. A color image was projected and
focused on the surface of the color sensor array.
The image was read out by scanning the photo-
diode array line by line in the longitudinal direc-
tion. The 40 dpi resolution was guaranteed by
setting the shift step equal to the pixel size of the
sensor array. The color information at each posi-
tion was decomposed into red, green and blue
color primaries by placing the red, green and blue
filters in sequence in front of the sensor array. The
intensity of the image at each color primary was
detected by the photodiode with the corresponding
color filter. By this process, the color image was
collected through three scans and was transformed
into three sets of analog photocurrent data ma-
trices.

5. Digitization and image reconstruction

The photocurrent of the P3HT:PCBM color
pixels follows a power-law relation with the inci-
dent light intensity. A typical data set is shown in
Fig. 6. The power index is 0.97, close to unity (i.e.,

linear photocurrent-intensity dependence). This
linear dependence allows the incident light inten-
sity to be represented directly by the photocurrent
with negligible deformation. For a digital image
with 8-bit dynamic range, the gray levels of the
image can be recovered by digitizing the recorded
photocurrent data matrices following Eq. (4):

n 1 PC

255 T P’ @

where 7 is the digital color value (an integer be-
tween 0 and 255 for 8-bit resolution), [ is the light
intensity, I, 1s the maximum light intensity nor-
malized to the highest gray level 255, and PC and
PC, are the corresponding photocurrents. Eq.
(4) can be generalized to image pixels with any
power law intensity dependence, i.e. PC ~ [*,
where o is an arbitrary number. For such a power
law, the light intensity can be restored from the
recorded photocurrent by the following expres-
sion:

I Pcl/oc
I~ pci (5)

More generally, if the pixel dark current is com-
parable to the level corresponding to the 1-bit
digital gray level (as a result of leakage or other
imperfections), this dark current can be corrected
during digitalization by the following equation:

weh [ (PCr#b — DO ‘
255 Imax  (PCREY — DC)V* ©

where DC is the dark current value.

In our color image reproducing process, the
maximum photocurrents measured under the in-
dividual r, g, b filters were digitized to 255, and the
intensity information contained in the photocur-
rent data matrices was converted into 8-bit digital
data matrices. The dark current of each pixel in the
polymer photodiode array was typically three or-
ders of magnitude lower than the maximum
photocurrent, which means that no dark current
correction was necessary. The final image was re-
covered by recombination of the red, green and
blue mono-color images. Since each color data set
was digitized to 8-bit gray levels, a true color res-
olution (24-bit) was achieved.



38 J. Wang et al. | Organic Electronics 1 (2000) 33—40

10
1¢

10

LELRLLLLL B R L B ALl B L s R

Output Current (a.u.)

T T T T

10°  10° 10" 1¢ 10 10 10 1d

Incident Light (W)

Fig. 6. The light intensity dependence of the photocurrent of
the photodiode made with P3HT:PCBM.

Fig. 7 shows a color image recorded with the
polymer image sensor and recovered following the
procedure describes above. Residual “graininess”
in the spatial resolution arises from the 635 um
pixel size. Since image pixels with spatial dimen-
sion smaller by an order of magnitude can be
fabricated by photolithography, photographic
quality true-color images can be achieved with
polymer image sensors.

6. Discussion

The color-matching functions of the scanning
system can be improved by choosing suitable
sensing material, light source or color filters. Im-
provement by using different color filters has been
done in our experiments. Fig. 5 shows the color-
matching functions with a set of better filters. In
Fig. 7, the color image was scanned by the polymer
photodiode array with that set of filters. The image
was printed out by an HP DeskJet 1600CM color
printer. Since the color printer does not reproduce
the color resolution available from the polymer
sensor, the original picture and the scanned image

Fig. 7. A scanned image, with true-color resolution, as recon-
structed by the computer.

printed out by the color printer show no color
difference. In addition to the choice of filters, the
great variety of the semiconducting polymers of-
fers additional opportunities to match the human
visual color-matching functions for accurate color
reproduction.
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There have been reports in literature that, in
some organic photodetectors, the power-law index
o of the photocurrent on light intensity derives
significantly from unity. The gray level of the input
image can be restored accurately by the general-
ized Eq. (6). We have found from simulations that,
for photosensors with o far from unity, this res-
toration process is a necessary step for correct
image reconstruction. The corresponding step in
color reproduction of a color display is gamma ()
correction [23]. The restoration step provides a
way for any semiconducting polymers with visible
spectral response to serve as the sensing material in
image sensing applications. In practice, this res-
toration step can be carried out digitally after
recording the image data into a computer. Alter-
natively, the corrections (dark current subtraction
and light intensity restoration) can be carried out
by the corresponding circuit unit in the readout
circuit prior to digitization. With the correction
automatically done during readout, the gray levels
of the input image can be read out and digitized
directly from the photocurrent following Eq. (4).

The gray levels of the polymer photodiode ar-
ray are not limited to an 8-bit range. As demon-
strated earlier [11-14], the dynamic range of
polymer photodiodes is more than six orders of
magnitude. This large dynamic range allows 16-bit
resolution in each primary color, leading to a
combination of 48-bit color resolution. Further-
more, the significant processing advantages of
semiconducting polymers allow the photosensors
to be fabricated on a curved substrate for detecting
light with complicated wavefronts. Thus, polymer
image sensor arrays are attractive for high quality
imaging applications involving large areas on
flexible substrates.

7. Summary

In summary, large area, true-color image sens-
ing with semiconducting polymers has been suc-
cessfully demonstrated. We have achieved good
color primaries by proper selection of color filters
and the photosensitive polymer. A generalized
equation was developed for digitizing photocur-
rent with power-law light intensity dependence. By

applying this process, any polymer photodiode
array with photoresponse that covers the visible
spectral range can be used for digital image sens-
ing, including those with non-linear light intensity
dependences. The simplicity of the device structure
and the processing advantages of conjugated
polymers provide unique opportunity for fabri-
cating large area, low cost photodiode arrays, and
for using such arrays for large area, high quality
image sensing applications.
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