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Abstract

We report in this paper the recent advances we obtained in optimizing a color image sensor based on the laser-scanned-photodiode (LSP)
technique. A novel device structure based on a a-SiC:H/a-Si:H pin/pin tandem structure has been tested for a proper color separation process
that takes advantage on the different filtering properties due to the different light penetration depth at different wavelengths a-Si:H and a-
SiC:H. While the green and the red images give, in comparison with previous tested structures, a weak response, this structure shows a very
good recognition of blue color under reverse bias, leaving a good margin for future device optimization in order to achieve a complete and
satisfactory RGB image mapping. Experimental results about the spectral collection efficiency are presented and discussed from the point of
view of the color sensor applications. The physics behind the device functioning is explained by recurring to a numerical simulation of the
internal electrical configuration of the device.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction photogeneration profile, producing a peak on the resulting
photocurrent. Once that a B&W image has been detected,
A black and white image sensor based on the measurea green scanner can be used to detect red color while a red
of the photocurrent perturbation caused by a laser spot overscanner detects the green radiation. A similar technique was
an image projected on the device surface has been recentlyproposed for an a-Si:H p-i-n structure with carbon in the
presented. Called laser scanned photodiode (LSP) this sensodoped layers, where the photocurrent were measured under
has recently shown its potential capability as monochrome forward bias conditiori3].
image sensing devicg$,2]. The LSP under short circuit is Our simulation results pointed out in our past work that
naturally monochromatic. further improvement in the color recognition process can be
For simultaneous light intensity and color detection, the obtained with a p-i-n (a-SiC:H)/p-i-n(a-Si:H) struct{#
wavelength filtering property of a-SiC:H (variation of the By using a-SiC:H in the top cell, the red part of the image
absorption coefficient with wavelength) can be combined spectrum is only absorbed in the bottom cell, while the
with the asymmetric behavior of the photocurrent profile we blue one remain confined within the top cell. The electrical
observed in tandem structures. The wavelength of a laserinternal configuration assumes different profiles depending
scanner can be tuned to compensate the asymmetry in then the color of the incident light. The thickness of the
two sub-cells must be optimized in order to separate the
blue absorption in the top cell and the red in the bottom
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We present in this work experimental results about the sl ' ;
spectral response of the pin(a-SiC:H)/pin(a-Si:H) tandem
cell, measured under different external polarization. In order ] _
to explain the physics of the device operation, results obtained _ 10'7'; \
by a numerical simulation of the internal electric configura- § ] o
tion are also presented and compared. G 10° Green/Blue

3 ]
10—9_E -

2. Experimental set-up ]

We have characterized and simulated a tandem pin- 1 s 4 T o 1 T 2
pin device with the following structure deposited with Bias(V)

PECVD technique: ITO/p-type a-SiC:H (20nm)/a-

SiC:H (200 nm)/n-type a-SiC:H (20 nm)/p-type a-SiC:H Fig. 2. I-V curve under red (650 nm), blue (450 nm) and green(550 nm)
(20 nm))/a-Si:H (500 nm)/n-type a-Si:H (50 nm)/ITBig. 1 illumination. Light_ezntering through the bottom a-Si:H thick cell. Incident
schematically shows the structure under analysis. Depo-power: 22QuWem-=.

sition temperature and RF power were 3@and 20W,
respectively.

Carbon concentration (introduced through a flux of4CH ) )
during the deposition) in the top a-SiC:H cell produces an _ F19s:- 2 and 3show the |-V measurements obtained by
optical gap of about 2.0eV. The purpose of using a wide illuminating the cell, respectively, from the bottom and the
band gap material, such as a-SiC:H in the front photodiode [©OP Surface. The current values are very small, due to the
is the enhancement of the blue sensitivity and of the red low conduc’uwty ofthe'a—Slc:H layers and to the unbalanced
transmittance. Doping level in the internal recombination Photo-generation profile between the two sub-cells. Whenthe
junction is about half the doping level of the external p device is illuminated fron_1 the bottom thick cell, t_he_ current
and n-layers. More technical details about film character- Under blue andgreenradiations presents a very similar depen-
istics and deposition conditions can be found elsewhere dence from the applied bias. The open circuit voltage (Voc)

3. Results and discussion

5] is very small, revealing that internal transport of photogener-

For a better color screening, the image is projected over ated carriers is not completely activated. Under red light, the

the top surface, and it is absorbed by the structure throughphoto-generationis almost uniform (and restricted) within the
the thin a-SiC:H cell. while the laser scanner is absorbed bottom cell, the current value remains low, but the Voc reaches

through the bottom thick a-Si:H cell. Transparent contacts astable value of 1.2 V, which falls close to the Voc of 1.5V we

on both the surfaces are required by the LSP photocurrentObserved under white light, showing that the internal transport
measurement. mechanism is activated by the red radiation. When the struc-

The thick back photodiode controls the conversion effi- ture is illuminated through the thin top a-SiC:H cell, the |-V
ciency in the red spectral range, while the thin one controls characteristic remains almost unchanged under red lightirra-
it in the blue range. A modulated light beam shines on dlatlon._As expe_cted, the red I'gh,t phpt(_)-genera_ltlon W'.th'n
the sample through the thick diode and a steady state biad"® @ SiC:H cellis almost null, while within the thick a-Si:H
light was applied through the back side. The photocurrent the photogeneration profile is almost uniform, independently

generated by the probe beam was then measured by a lock-

in amplifier while varying the electrical bias in the range 1051 T E ]
(—6 to +2V). The light probe with wavelengtty =650 nm ] E
and power flux®s=5.5pW cm~2 was generated by a laser,
while the steady state bias light was obtained by filteringa 1073
halogen light source with bandpass filters: FXWHO nm, 5‘: ]
1xL =450 nm (blue), 550 nm (green), 650 nm (red), incident & qo¢4 .
power 0 <¢ < 200puW/cn?. 3

10_9_; Green |
Image Light o/ Scanner Light 107° 5 ? 5 : 5
— = -_—— Bias (V)

Fig. 3. 1=V curve under red (650 nm), blue (450 nm) and green(550 nm) illu-
mination. Light entering through the top a-SiC:H thin cell. Incident power:
Fig. 1. Schematic representation of the tandem structure under analysis. 220pW cm—2.
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on the illuminated side. Under blue radiation, the top cell 8,0x10°8
plays an active role but the photogeneration does not reach ]
the bottom cell. An intermediary situation is observed under < ——y
green illumination, where the top cell is completely depleted, § '

and photogeneration process reaches also the bottom cell. The ]

Voc becomes similar to the one observed under red light. The § 419"
current value remains low, but it is to be remarked that high §
values of the current, even if welcome for measuring sim- g 2.0x10°
plicity, are not required for color sensor applications. We can g
conclude from the analysis of these two figures that the carrier & 0.0

transport mechanism is activated when the cell is illuminated
from the top a-SiC:H cell, while only the red radiation suc-
ceeds in activating the cell when light shines on the bottom
a-Si:H cell. Fig. 5. Spectral response, at different applied bias (frdiio 2 V) obtained
Fig. 4 reports the spectral response of the device mea-illuminating through the bottom a-Si:H thick cell, with background blue
sured through the bottom a-Si:H thick cell, with and without background bias light (450 nm) entering through the top a-SiC:H thin cel
background bias light entering through the top a-SiC:H thin Iwith incident p_oweronZQLWcrn*Z. Light from the mgrzmochromatorenter
cell. Independently on the wavelength of the background bias through the thick bottom cell with a power of JIV cm™.
light, the maximum responsivity is obtained at a wavelength
of about 650 nm, i.e. in the red part of the spectrum, as could
be expected by the previous analysis of the -V character-

Istics presented g, 2. It is interesting to note that with light reach its maximum at values of the applied reverse bias
background blue bias light through the top a-SiC:H cell the above 2 V. We can explain this different behaviour of the pho-

spectral response is enhanced in relation to the CorresF)Ond:tocurrent by considering that carrier transport under red bias
ing SR without bias light. In opposition, the application of y 9 P

2 - light condition is limited by the diffusion process at the inter-
both red and green bias light causes the responsivity of the ST . : .
. . . nal recombination junction. While carrier transport under the
cell to decrease. This consideration leads us to conclude that

even under short-circuit condition it is possible to separate blue bias light is drift dominated and sensible to variation of

blue colour from red and green, by a simple analysis of the the external bias. The green case falls in a middle situation.

algebraic sign of the scanner perturbation of the measured These different behaviours can be well observefdig 6
photocurrent. which reports the photocurrent produced by a pulsed red scan-

, o ner (wavelength 650 nm) shining on the bottom a-Si:H cell,
The spectral response (SR) without bias light and under . S . )
red bias Fl)ight is indgpende(nt o)n the applied e?dernal bias awh|le a bias light of different wavelength enters the device

small dependence has been observed under green bias lig tprough the top a-SiC:H cell. The photocurrent without bias

conditionsFig. 5shows the variation of the spectral response ight, or W'.th red .b'as light, does not vary W.'th the applied
with an external applied bias varying betwee@ and 2V external bias, while under blue and green bias light, respec-

- o - _ tively at forward and reverse applied bias, the photocurrent
under blue bias light conditions. The application of a for reduces to the corresponding one with no bias light. With the

T T T T T T T T
400 500 600 700 800
Wavelength (nm)

ward bias reduce the responsivity of the structure, while the
application of a reverse bias enhances it, and the difference
between the SR profile with blue bias light and without bias
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Fig. 4. Spectral response obtained through the bottom a-Si:H thick cell, Fig. 6. Photocurrent produced a pulsed red scanner (wavelength 650 nm,
with and without background bias light red (650 nm), blue (450nm) and power flux 5.5.W cm~2) shining on the bottom a-Si:H cell, while a bias
green(550 nm), incident power: 2a0V cm~2. Background light entering light of different wavelength enters the device through the top a-SiC:H cell
through the top a-SiC:H thin cell. Light from the monochromator enter (red bias light: 650 nm, green bias light 550 nm, blue bias light: 450 nm,
through the thick bottom cell with a power of i@V cm~2. power flux 50uW cm 2.
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application of a forward bias is possible to cancel out the blue  Under blue light radiation, the photogeneration process is
part of the incident spectrum and detect the sum of the greenmainly limited to the top cell, assuming low values within
and the red bias light contributions to the photocurrent. With the bottom cell. The corresponding recombination rate pro-
the application of a reverse bias the device becomes blindfile reveals the nature of the transport mechanism within the
to the green colour, and it is possible to detect the red anddevice. While under blue light radiation the recombination
the blue contribution to the photocurrent, differentiated by rate remains constantly below the photogeneration one, under
opposite algebraic sign, leading to a complete RGB colour red light radiation, within the top cell (where there is no pho-
sensor. Applications of this structure as a colour laser scannedogeneration) assumes low positive values due to the carrier
photodiode (CLSP) image sensor are presented at this samédiffusion through the internal recombination junction; within
conferencd6] the bottom cell there is an accumulation of charge, and the
recombination rate assumes a profile very close to the pho-
togeneration ond-ig. 8reports the corresponding simulated
free carrier profiles. It is possible to observe here the dif-
ferent carriers profile distribution within the device under
Based on the results about the internal electrical configu- the different illumination conditions. The presence of car-
ration of the device obtained with our numerical simulator "€r excess under red light condition in the top cell is to be
ASCA [7], we present here an explanation of the device rglatgd to_ carrier diffusion thrgugh the internal recombina-
dynamics. This insight into the device physics permits a gen- tion junction. Being the resulting photocurrent value equal
eral understanding of the device behavior and gives somet0 the area delimited by the two profiles along the entire
hints about future optimization of the device performance as device, considering the redistribution of the carriers under red
a CLSP image sensor. For sake of simplicity in plot reading, |IIum|na_t|on_ I|m_|ted by the qn‘fusmn process at the_ mt_ernal
we present only results about the internal configuration under "écombination junction, being moreover the well distributed
blue and red light irradiation. The green light case is to be recombination profile under blue illumination dependent on
intended to fall in between the red and the blue ones. the external applied bias, it is expectable the observation of
Fig. 7 shows the different photogeneration rate profiles & Strong dependence of the photocurrent from the applied
within the device under illumination through the top cell with  bias under blue radiation (drift dominated transport mecha-
different wavelengths, and the corresponding recombinationNism) and a very slight dependence under red light (diffu-
rates. Because of the high optical gap in the a-SiC:H mate-Sion dominated transport mechanism). FinallyFig. 9 it
rial (above 2.0eV), photogeneration within the top cell is IS reported the simulated potential profiles within the struc-
almost null under red light conditions (the simulator does ture for different wavelengths of the incident light. Under
not consider sub-band absorption). Being the top cell blind Short circuit condition, the perturbation on the potential pro-
to the red radiation, and the photogeneration almost uniform filé due to the incident light depends on the wavelength. In
within the bottom cell, we can assume that, under red light, &l the cases considered, and even under low power radi-
the side chosen for illumination does not play any important ation, the potential barrier at the |nte.rnal n-p interface is
role. This conclusion is also confirmed by the experimental "educed. Inthe absorber cell the potential profile become flat,

I-V characteristics reported IFigs. 2 and 3

4. Simulation results
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Fig. 7. Simulated photogeneration (dotted lines) and recombination rate Fig. 8. Simulated free carriers profiles in short-circuit condition (dashed
(solid lines) profile within the structure in short-circuit condition for dif-  lines: electrons, solid lines: holes) within the structure for different wave-
ferent light wavelength. lengths of the incident light.
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1,6 about |-V characteristics and spectral response have
1.4 Red been presented and explained in terms of drift/diffusion
4. nature of the photocurrent by a recourse to a numerical
' simulation.
S L0 Forwarding the application of this tandem heterostructure
s 084 for color recognition, detection of the blue color can be con-
E 0,6 1 sidered satisfactory. Device optimization for red detection
£ 04 can to be obtained by reducing the thickness of the internal
s \ recombination jun'ction WhileT byincreasing the intrinsic I'ayer
' Bliuc of the bottom a-Si:H cell to is foreseen a better detection of
0,09 the green color.
-0,2 T T T T T T T T
o0 o1 02 03 04 05 06 07 08 09

Position (um) References
Fig. 9. Simulated potential profiles in short-circuit condition within the
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