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Stacked Amorphous Silicon Color Sensors

Dietmar Knipp, Patrick G. Herzog, and Helmut Stiebig

Abstract—Color sensors based on vertically integrated thin-film  rial connection of two diodes [5]-[7], a phototransistor config-
structures of amorphous silicon @-Si: H) and its alloys were real-  yration [2], or a diode with different absorption regions for the
ized to overcome color moiré or color aliasing effects. The complete detection of red, green, and blue light [3], [4]. Since the spectral

colorinformation of the color aliasing free sensors is detected at the be shifted f blue t dred by th .
same spatial position without the application of additional optical response can be shiited irom biue to green and red by the varia-

filters. The color separation is realized in the depth of the structure  tion of the applied voltage, the color channels must be separately
due to the strong wavelength dependent absorption af-Si:H al-  selected and read out sequentially. The pixel pitch of amorphous

loys in the visible range. The sensors consist of three stacked p-i-ntwo-terminal sensors integrated on top of a processing electronic
diodes. The spectral sensitivity of the sensors can be controlled by ;s similar to CCD or CMOS sensors. A pixel pitchdk 5 m?

the optical and electronic properties of the materials on one hand . .
and the design of the devices on the other hand. In order to inves- has been demonstrated for afSi: H black/white sensor on

tigate the optical wave propagation within the device and to op- top of an application specific integrated circuit (ASIC) [12].
timize the color separation we have developed an optical model, The area fill factor is close to 100%. Similar values can be ex-
which takes the optical properties of the individual layers and the  pected for two-terminal color sensor arrays. Furthermore, it has
device design into account. The optical model has been combinedye mentioned that two-terminal devices suffer from nonlineari-
with a colorimetric model, which facilitates the benchmarking of . e . .
the color sensors and the reduction of the color error of the sensors. ties [3], because the spectral sensitivity depends on the intensity
Finally, an improved device design will be presented. of the illumination. Additionally, real-time applications are lim-
ited by the transient response times, especially at low levels of
illumination. This behavior originates from the trapping and re-
combination behavior of carriers irSi: H [3], [13].

To improve the linearity of the spectral response, we have
. INTRODUCTION realized thin-film devices based on three vertically integrated

OLOR image processing is usually performed with thdiodes ofa-Si: H and its alloys. Since the diodes are driven at
C aid of color filter array (CFA)-coated charge-coupled dg€Verse bias, a good carrier extraction, a high linearity, and a fast
vice (CCD) or CMOS sensor arrays [1]. However, color deteéeSponse are achieved. Additionally, a stac_:ked t.hree—ch.annel de-
tion with a CFA leads to the color moiré, or color aliasing efl€ctor can be read out by one shot. Multiterminal devices are
fect, which is observed when structures with high spatial fréharacterized by a more complex layer structure since four ter-
quencies are captured. Additionally, traditional sensor systefi§1ls have to be connected with the readout electronic of each
exhibit low area fill factors, because one color pixel is Sp”@lxel. This fact results in a lower area fill factor. Furthermore,
into several chromatic subpixels. In order to overcome the cole integration of three individual sensors facilitates a more flex-
moiré, effect, vertically integrated sensor structures have bel¥f design of the absorption region to achieve an adjusted spec-
proposed, which detect the color information in the depth of tiigal sensitivity for red, green, and blue. Due to the device design,
sensor structure [2]-[9]. Furthermore, stacked sensor systei lightis rr_lalnly absorbed in t_he top d_lode and green lightin
based on amorphous silicoa-6i : H) can be integrated on topthe second diode, whereas red light mainly determines the pho-
of amorphous, polycrystalline, or crystalline readout electroniégcurrent of the bottom diode (see Fig. 1). In order to match the
[10]-[12], because-Si : H can be prepared at low temperature@ema”ds of different applications, the optical bandgap of the
(200-300°C). material can be controlled over a wide range by the deposition

The device design of the color sensors ranges from two-t&Rnditions. The color recognition of the sensors is in general
minal thin-film devices [2]-[7], which change the spectral sendimited by the mismatch between the spectral sensitivities of the
tivity as a function of the applied bias voltage, to multiterminajensor and the color matching curves representing human color
devices in thin-film or crystalline silicon technology [8], [9].Vision [14]. Furthermore, a general limitation @fSi: H-based

Two-terminal sensors can typically be described by an anti-&&lor detectors is the broadened blue response, due to the high
absorption of light for longer wavelength even for thin layers.
This originates from the lack of absorption materials with a high
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| Fig. 2. Measured spectral response of a three-channel sensor based on three
’ = vertically integrated p-i-n diodes. The sensitivity is measured under short-circuit
conditions.
Fig. 1. Schematic configuration of a three-channel sensor based on three
vertical integrated diodes. e : T B —
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In Section I, we describe the experimental realization of th = "_'-h_ sre | ot e Laa. | SR
vertically stacked color sensors. Experimental results will b L) | Cized | ! | )
presented in Section lll. Based on the realized structure, in Se - . = i -
tion 1V, we develop an optical model, which facilitates the cal-
culation of the spectral sensitivity of each diode as a function G- 3. Schematic sketch of a multilayer sequence based omnteyer
the design of the multilayer stack and the absorption materialSii ™
order to analyze the optical properties of the sensors. The optical = . . .
simulations and the influence of the device design on the sng’?"y integrated diodes "’_‘”OWS the 5|mult§1neous detection and
tral sensitivity will be discussed in Section V. The colorimetrig€2dout of three sensor signals. THayer thickness of the top,
characterization of the sensor for different device designs wij]idd!e, and bottom diode is approximately 85 nm, 200 nm, and
be discussed in Section VI and an improved and experimentaf§0 M. respectively. The optical bandgap of the absorption
realized device structure will be discussed in Section VII. Fi2Yers in the top, middle, and bottom diode is 2.0 eV, 1.9 eV,

nally, conclusions will be presented in Section V1. and 1.75 eV, respectively, by alloying carbon to the deposition
gas silane. The spectral response curves of the three-color de-

tector (see Fig. 2), measured under short-circuit conditions, ex-
hibit maximum at 450 nm, 560 nm, and 640 nm and full widths

The samples have been deposited in a multichamber plas@ghalf maximum (FWHM) of 185 nm, 125 nm, and 120 nm,
enhanced chemical vapor deposition (PECVD) system rispectively.

210 °C on glass substrates coated with flat transparent con-
ductive oxide (TCO). The TCO-layers have been realized by IV. OPTICAL MODEL
rf-magnetron sputtered zinc oxide [15]. Each of the three amor-__ . . . . .
phous diodes consists of a p-i-n-layer structure. In order to var To |rjvest|gate d|ffe_rent device designs, we have deyeloped
the optical bandgap within the device, different layers we thlcal m_odel, which calculates t_he optical generation pro-
alloyed with carbon using a gas mixture of silane and metharﬁI emna mullayer sy_stem as a function 9f the_ p95|t|on an_d the
The optical bandgaps of thielayers increase with Emh(,;mced/vaveIength. The optical wave propagauon within a multilayer
carbon content. P- and n-type doped layers were realized tem can be caIcuI_ated by different approgches [17]. Qne of
adding trimethylboron and phosphine, respectively. A detaild ('eas!est ways tp |mplement a mathematical met.hod |s.the
description of the deposition parameters can be found in [1 _pl|c_at|on of me_1tr|x formalism [18]. In the case of |sotro_p|c
The optical constants and the optical bandgap of the layers h ferials assuming sm_ooth and parallel Iaye_rs, a o_ne-d|men-
been determined by a separated characterization of individf(%ﬂnal model can dgscnbe_ the_\(vave propaga_tlon. This assump-
layers by transmission/reflection, constant photocurrent methﬁl;aq Ieaqs toa dr-:;xst|cally.3|mpl|f|ed mathematical formalism. In
(CPM), and ellipsometry measurements. After deposition e.apphed mgtrlx forma!lsm thg OUtPUt of the system can pe de-
the complete layer stack (see Fig. 1) the samples were patterrc‘lcér ed by a linear fu.ncltlon, which dwectly correlates the nput
using photolithography and reactive ion etching. In order id the output eI?Ct”Cf'eld vet_:tors.Acham maﬁﬁxiescnb_es .
pattern the four-terminal devices, a simple three-mask procé & t_ransfer matrix of the mult|lay_er s_ystem The formalism is
has been developed. We use thermally evaporated aluminun?gg“ed to the layer stack, shown in Fig. 3:
a back contact. The area of the realized sensors varies betwe Bt s11 81z E++1

s _ . m , m — S

r [821 822} E;H_l’m]

3 and 10 mn for all realized structures.
The componenng1 describes the electric field toward the first
In Fig. 2, the spectral response of a produced three-chanimeérface in positive direction, where&§ ; represents the elec-
sensor is given. The three-channel sensor based on three trezfield at the interface between layers 0 and 1 in negative di-

Il. EXPERIMENT

Ern—l—l, m

ETt
m+1l,m
_ ] - (D)
EO, 1
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rection. The components,,,;; ., indicate the electric output 12
field at the interface between the— andm+1-layer. The layer 10 fvon
i i — ) 95nm
m + 1 is typically the back contact, so that, ., ,, becomes 2
zero. The scattering matrix S describes the multilayer system § 08
17
[
S11 S12 i = 06
S= |: :| it H IV—l,VTz/ 'Irn,rn-l—l- (2) ":_:)
S21 S22 v S 04 o
The scattering matrix is set together by a step-by-step multipli- ° 02 25nm
cation of interface{) and transmissioril() matrix elements for

each mFerface and each Iaygr. Based on the scattgrlng matrix the %0 30 400 450 500 550 600 60
transmission and the reflection of the whole multilayer system

can be determined. In order to simplify the description of the wavelength fnm)

optical wave propagation, the layer stack can be divided mtq:@. 4. Simulated and normalized spectral sensitivity of the top diode of a
three-layer system based on théayer and two subsysten$§  stacked three-color sensor. The applied optical bandgap of the absorption layer
andS,. Hence, the description of the layer stack is simplifie'@ 2.0 eV. The absorption layer thickness was varied from 25 nm to 95 nm.

to a stack consisting of the subsystém(layer 1 toj — 1), the

layer ; itself, and the subsystesst, (layerj + 1 tom). There- jeqrated over the active regionléyer) of the diode. We as-
fore, the transmissions and reflections of the subsystems canyige that the collection efficiency of the carriers generated in
defined. thei-layer is 100%, because of the electric field in the thin ac-

Based on these expressions, the electric field injtf@/er e regions is high under short-circuit conditions and material
can be calculated as a superposition of the electric field injai, jow defect density was incorporated.

positive and negative directions
Ej(z) =Ef (z)+ E; (z) V. OPTICAL SIMULATIONS

= (t;’-e“‘jl’ +t; -e*i”j’”) -ngl 3) A comparison of the realized sensor (see Fig. 1) with
crystalline sensors covered with optical filters or with the color

t;” ~ isthe transmission through thidayer in positive/negative matching functions [14] indicates that the spectral response
directions. The intensity within the layercan be calculated curves of the three channels (see Fig. 2) are widened. The
after a few transformations, as given in (4) and (&)is the difference in spectral sensitivity between the experimentally
incident light intensity and’;(A) = nj(no)—1|tj|2 corresponds realized sensor and the standard observer [14] is caused by the
to an internal transmission of the multilayer system.is the lack of optoelectronic materials with a high optical bandgap and
absorption coefficient of thg-layer (a; = 47r;/A). p3 and good optoelectronic properties. The available material limits

§ denotes the absolute value and the phase of the reflectespecially the spectral sensitivity of the top diode. However,

of the subsysteny,, respectively the shape of the spectral response in this range depends also on
the device structure. Before the influence of the top diode layer
I (w, \) = 3 ceon; |E; (2, M) (4) thickness and the optical bandgap on the device performance
was investigated, the reflection of the realized structure was
Li(z, \) = 10T} <c‘"ﬂ"10 + (pf)? - e ok calculated [19] to confirm the accuracy of the assumed device

structure. The relative spectral response of the top diode as a
47rm); function of the layer thickness is given in Fig. 4 for an optical
e~ - cos <% (dj —2)+ (7);)) " bandgap of 2.0 e)</. ’ ’ P
(5) The peak of the shown spectral sensitivities is normalized to
the maximum value of the simulated spectral sensitivity of a
The first terme=*:* of (5) originates from the electric field structure with an-layer thickness of 85 nm, which is correlated
propagation into positive direction. The positive directiomwith the experimentally realized structure. In the simulation, the
means the direction of the incident light. The second terthickness was varied between 25 nm and 95 nm. This varia-
e—(24-7) describes the electric field propagation intdion results in a shift of the maximum of the spectral response
negative direction. The third term is due to interference effedt®m 390 nm to 425 nm. However, the FWHM of the spectral
of the two waves. The interference component is especiatlysponse curves gives a comprehensive view of the simulation
important for very thin layer systems and/or systems with rasults (see Fig. 5).
distinct difference in the complex refractive indexes of the The circles and squares in Fig. 5 indicate the FWHM of the
individual layers. top diode employing optical bandgaps of 2.0 eV and 2.2 eV, re-
In the next section, we will show that the interference effectpectively. The reduction of the thickness of the absorption layer
can be applied as a tool to improve the color separation, egthin the top diode from 85 nm (experimental) to 65 nm or
pecially for the top diode of a vertically integrated three-colds5 nm leads to a narrowing of the spectral response curve and a
sensor. In order to determine the optical spectral sensitivity @écrease of the FWHM by 15 nm down to 170 nm. For a thicker
the individual diodes, the optical energy dissipation has to bbsorption layerd; = 105 nm), a reduction of the FWHM is
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220 light, 7()\) is the spectral reflection of the object, ands the
210 realized spectral sensitivity of a channel of the sen&as a pre-factor to
200 2.08V sensor normalize the calculations to a white reference object. The inte-
gration was repeated for all three sensor channelg(IX) in (6)
g 190 is replaced by the color matching functioné\), 7(\), Z(\),
; 180 the colorimetric tristimulus valueX, Y, andZ are obtained. In
< 170 2.2eV order to obtain colorimetric values from the sensor outputs
T o Ecur a transformation matrixd is set up, yielding
150 (X,Y,2) = (V1,V2,V3) - A. )
140

This procedure is repeated for all test colors. In the first step, a
130 least square fit is used to determine the 3 = 9 parameters
25 8 45 55 65 75 8 95 :
. . ) of the matrixA. A set of reference colors has been used for the
Thickness of the absorption layer of the top diode [nm] fit. In the second step, the matrik has been applied to calcu-

Fig. 5. FWHM of the simulated spectral response of the top diode o /ate the estimated tristimuli for the sensor V|a_(7). In this case,
vertical integrated three-channel sensor for different absorption layer thicknedsSet of test colors has been used. In the third step, the exact
The circles and squares correspond to optical bandgaps of 2.0 eV and 2.2(e¥andard observer) and the estimated values (sensor) are trans-
respectively. formed into the CIELab color space, which is visually rather
physically uniform. After the nonlinear transformation into the

observed in the simulation. For afayer thickness thinner than | ap color space, the color error for each individual test color
55 nm, an increase of the FWHM is also calculated. The varigan be determined by

tion of the FWHM is mainly determined by interference effects,
which appear between 500 nm and 520 nm (see Fig. 4). As aznp_, — \/(LE — L)+ (o —ab)? + (b5 — b))% (8)
consequence, the shape of the blue response for longer wave-

length is changed. This can be explained by the third termin (8)s and Lp represent the brightness of the CIE standard ob-
The variation of the thickness from 55 nm or 65 nm to 95 nigerver and the detector, respectively. The variableds, ap,

leads to a change from destructive to constructive interfereriedbp correspond to hugy(= arctan(b/a)) and chromad =

in the amorphous layers of the top diode for the wavelength @f + b)/2) of the standard observer and the detector. In this
500 nm, caused by a changel;7; = A/4. For calculations caseAFE,, represents the color error in the CIELab color space.
assuming an optical bandgap of 2.2 eV instead of 2.0 eV, a sifaised on the average color error and the root-mean-square of
of the minimum of the FWHM down to 145 nm can be observeitie evaluated test colors, different sensors can be compared re-
for an absorption layer with a thickness of 45 nm. Nevertheleggrding the color perception of the human eye. A more detailed
the shape of the blue response is similar. Based on the calcal@scription of the colorimetric characterization is given in [24].
tions in Fig. 5, the FWHM of the top diode can be reduced to The colorimetric characterization has been applied to the op-
a certain extent, but the influence of microshunts significanttically calculated spectral response curves of a vertically stacked

enhances the datk— V current for very thin diodes. three-color sensor. The color error for different thickness of the
top diode is shown in Fig. 6, employing an absorption layer with
VI. COLORIMETRIC CHARACTERIZATION an optical bandgap of 2.0 eV and 2.2 eV, respectively. A set of

. 1269 Munsell test colors has been used for the evaluation [20].
Different models have been developed to transform the SPEC, good agreement between the color error for the simulated
realized structure is obtained. In contrast to the decreasing
spectral response curves [3], [4], [20] to colorimetric Chl"‘""Cte::{érved for the thinnerlayer. The reduction of the FWHM of the
ization models using sets of test colors [21]-[23]. Colorimetri

o §pectral response from 185 nm to 170 nm results in an increase
characterizations of stacked color sensors have been perforrglegm average color error fromE,, = 5.1 to AE,, = 5.4

using the spectral response .date.l [21], [22] or experimental dﬁ?e lowest color error is calculated for top diodes with an optical
determined by the characterization of color test charts [23]. || ndgap of 2.2 eV in combination with an 80- or 90-nm thick ab-
In the following, a colorimetric characte'rization mpdel basega rption Iaye.r. However, the difference of the color error cannot
on the spectral response of the sensor will be applleq to ben ly be explained by a change of the spectral sensitivity of the
mark the performance of the produged and n_umencally “35p diode. A modification of the design affects the transmission
Cu.latel.d sensorls. I|3a5((ajdfon r:herf]ollowmg equgt|0|?s, three co ?Frl)ight through the top diode as well. The spectral response of
stimuli were caiculated for the three sensor signais the middle diode is mostly affected by a change of the trans-
780 nm mission through the top diode. The optical calculations of the

Va=k / D(A) -7 (A) -wa (A) dA. (6) spectral response point out that, only for very thin top diodes,

3 a shift of the spectral response of the middle diode to shorter

The suffix d denotes the three measured channels 1, 2, andv8velengths is observed (see Fig. 7).

and the three color stimuly, V5, and V5 are free of dimen-  For a layer thickness in the top diode between 55 nm and 95
sions. D()) is the spectral power distribution of the incidentm, the maximum of the spectral response curve of the middle

80 nm
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Fig.6. Color error of three-channel sensor based on optical calculated spedtigl 8. Measured relative spectral response of a three-channel sensor based on
response curves as a function of the thickness of the absorption layer of thettope vertically integrated p-i-n diodes. The sensitivity is measured under short-
diode. The circles and squares correspond to optical bandgaps of 2.0 eV aincliit conditions.

2.2 eV, respectively.

TABLE |
565 THICKNESS AND OPTICAL BANDGAPS OF THEINCORPORATEDAMORPHOUS
realized sensor SILICON ABSORPTIONLAYERS WITHIN THE STACKED p-i-n DIODES ASWELL

£ 560 N AS THE COLOR ERRORA F,,;,, STANDARD DEVIATION o, AND MAXIMUM
A= 555 COLOR ERRORA Ey,ax USING A SET OF 1269 TEST COLORS[20]
[0)]
=}
-.g 2.0eV Sensor Top Diode [di/Eg] Middle Diode Botiom Diode
o 950 [d/E,] [d/Ey]
5> Sensor A (experimental, Fig. 2) 85nm/2.0eV 205nm/1.9eV 7000m/1.75eV
B 545 Sensor B (stmulated, Fig. 5, 6) 85nm/2.2eV 205nm/1.9eV 700nm/1.75eV
1S Sensor C (experimental, Fig. 8) | 85nm/2.2eV 150nm/1.9eV 400nm/1.75eV
.-OC_.) 540 Sensor Color error [AE;] Deviation [6] Max. error [AE ]
[ 22eV Sensor A (experimental, Fig. 2) 512 4.24 20.16
8 535 ! Sensor B (simulated, Fig. 5, 6) 4.18 2.98 16.35
2 Sensor C (experimental, Fig. 8) 3.6 3.06 33.92
c
8 530

505 diode and the middle diode is reduced. Based on the discussed

optimization criteria, we have prepared a sensor structure with

Thickness of the absorption layer of the top diode [nm] improved device design.

Fig. 7. Center of the middle diode of the three-color sensor based on optical VII. | MPROVED DEVICE DESIGN
calculated spectral response curves as a function of the thickness of the absorp- ’

tion layer of the top diode. The circl_es and squares correspond to optical bandThe properties of a stacked multichannel sensor with an
gaps of 2.0 eV and 2.2 eV, respectively. optical bandgap of 2.2 eV in the top diode are depicted in

ig. 8. The maximum of the spectral sensitivity of the new top

: . F
diode keeps constant at 555 nm and 540 nm, employing a M&jfgge shifts from 450 nm to 410 nm due to the higher (2.2 eV)
rial with bandgaps of 2.0 eV and 2.2 eV, respectively. This res‘ﬂéndgap.

confirms thatinterference effects mainly determine the change ofas 5 further comparison of Fig. 2 and Fig. 8 indicates, the op-

the spectral sensitivity for the top diodes, whereas the direct g bandgap of the top diode is not the only parameter, which
sorption [terms 1 and 2 of (5)] is mainly unchanged. In order {955 changed to optimize the sensor. A summary of the calcu-
understand the reduction of the color error for the top diode Wifted color errors, standard deviations, and maximum errors of
an optical bandgap of 2.2 eV and a thickness of 85 nm or 95 nfRe different device structures is given in Table 1. The thickness
a second aspect has to be taken into account. The overlap ofdhghe absorption layers of the middle and the bottom layer has
spectral response curves is a further condition, which has an ifflso been reduced from 205 nm in the middle diode to 150 nm
pactonthe colorerror. Alarge or avery small overlap of the spegnd from 700 nm to 400 nm in the bottom diode. Caused by the
tral response leads to an enhanced color error due to a mismaéduced thickness of the absorption layers, in particularly, the
of the spectral response curves and the color matching functiomgximum of the red response shifts to shorter wavelengths and
The FWHM of the sensor in Fig. 2 is relatively large, especiallfhe absolute value of the spectral sensitivity is reduced. Hence,
forthe top diode. Therefore, an enhancement of optical bandgams red response of the sensor fits well with the standard ob-
from 2.0 eV t0 2.2 V leads to a drastically decrease of the colserver for longer wavelength [15]. Consequently, the color error
error, whereas afurther reduction of the thickness of the top diadgdower than the calculated one in the previous section. Sensor
leads to no further improvement,( = 55 nm/E, = 2.0 eV, A corresponds to the experimentally realized sensor in Fig. 2.
d; = 35 nm/E, = 2.0 eV). For thinner absorption layers inThe absorption layer of the top diode has a thickness of 85 nm
the top diode, a destructive interference at 500 nm takes plaard an optical bandgap of 2.0 eV. Sensor B is the optically sim-
As aconsequence, the overlap of the spectral responses of thettafed sensor using an absorption layer of 85 nm and a bandgap
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of 2.2 eV in the top diode. The color error of Sensor C coengineering in the short wavelength range as a powerful tool to
responds to the experimentally realized structure C. As mamprove the performance of optical sensor has been described
tioned above, the sensor consists of a top diode used for Sersat demonstrated. The optimized sensor exhibits a color error

B (d; = 85 nm/E, = 2.2 eV) in combination with the modi- comparable with commercial detectors using optical filters.

fied absorption layer thickness of the middle and bottom diode.
In addition to the modified design of the amorphous absorp-
tion layers, a surface treatment of the TCO-layer between the
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diode and reduces the sensitivity to deviations of the thickness
of the whole layer stack due to the fabrication process of the in-
dividual layers. However, experimental results and optical cal-
culations reveal that the spectral sensitivity of the individual [1]
diodes is less sensitive to deviations of the absorption rather tha'ﬂz]
changes in the thickness of the individual diodes due to fluctu-
ations of the fabrication process. As mentioned, for the bottom
diode of the stacked sensor, the sensitivity to interference effect&’!
can be reduced by the incorporation of a rough contact layer.
Due to light scattering the contribution of coherent light prop- [4]
agation reduces. This approach can be also used for the middle
diode, which leads to a slightly increase of the color error buts)
improves the uniformity and the robustness of the fabrication
process. However, the modification of the design of the middle®
and the bottom diode results in an additional reduction of the
color error fromAE,;, = 4.18t0 AE,;, = 3.6. Furthermore, the
standard deviatios of the color error for the applied 1269 Mun-
sell test colors has been distinctly reduced for Sensors B and (g]
in comparison to Sensor A. Only the maximum color error of
the novel device has been increased due to the shift of the max®
imum of the spectral response of the middle diode from 540 nm
to 530 nm, and the shift of the maximum of the spectral responsié0l
of the bottom diode from 640 nm to 590 nm. Nevertheless, the
colorimetric calculations in Table | point out that the Sensor C

in Fig. 8 is clearly superior to Sensor A in Fig. 2. To comparell1]
the realized sensor structures with other sensors, we have char-
acterized several other digital cameras and scanners in respect to
their color resolution. The color error of commercially available[12]
sensors is typically in the range AfE,,, = 3—4. Therefore, the
novel device structure demonstrates a color resolution, which is
compatible and, in some cases, better than commercial sensolfs]

(7]

[14]
[15]
Novel color sensors based on stacked thin-film diodes have

been developed. These thin-film structures enable color moiré,
free color detection. Accordingly, the complete color infor-
mation can be detected at the same position of a sensor arrgl)(/i]
without the aid of optical filters. In order to match the demandd17]
of different applications, an optical model has been developeﬂ8
which describes the wave propagation within the multilayerj; o]
stack. In combination with a colorimetric characterization
model, a direct correlation between the optical design of th
color sensor and the color error of the structure was established.
Based on the optical and colorimetric calculations, a novel
device design has been determined and a sensor has bé%l
experimentally realized. The ability to use interference effect

VIIl. CONCLUSION
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