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Transient photocurrent response of three-color detectors based
on amorphous silicon

B. Stannowski,® H. Stiebig, D. Knipp, and H. Wagner
Institute of Thin-Film and lon Technology, Research Ceniiledu52425 Jlich, Germany

(Received 1 October 1998; accepted for publication 4 January) 1999

Color detectors based on multilayers of amorphous—silicon alloys facilitate the detection of the three
fundamental components of visible light in one single pixel of a sensor array. In order to achieve
sensitivity for the blue, green, and red components of light, three different bias voltages are applied
to the device. By switching them sequentially the detector is readheisp-i-i-n structures with

a controlled band gap and mobility—lifetime product exhibit excellent stationary properties, namely:
good color separation and have dynamic behaviors above 95 dB. Besides the stationary behavior the
transient response of a color detector is a further optimization criterion. The experimentally found
transient photocurrent response after switching on monochromatic light at different applied bias
voltages showed reasonable delay times in the range of tens of milliseconds before reaching steady
state. Numerical simulations have been carried out which reproduce this characteristic behavior and
facilitate a study of time dependent processes within the device, such as charge transport and storage
in localized states. The delay times can be explained by the recharging of electrical defect states in
the amorphous material. Consequently, the electrical potential within the device changes, which
remarkably affects the carrier transport. Based on these results optimization criteria for the transient
behavior of the color detectors are discussed. 1999 American Institute of Physics.
[S0021-897€09)03507-0

I. INTRODUCTION those devices is detected at the same spatial detector posi-
q g h i 1) based thi tion, a high area fill factor can be achieved and the color-
Hydrogenated amorphous  silico@-Si:H) based thin o offect can be prevented. Therefore, each detector is

f||m- detectors can be applled fqr-color. recognition, SINC 024 out sequentially, which requires a fast transient behav-
a-Si:H and related materials exhibit a high photosensitivity. S I .
. . ior. In order to develop optimization criteria to achieve ad-

and a strong wavelength dependent absorption coefficient be- . ; : o

; . équate color detection with high frame rates, more insight
tween the near ultravioldtJV-A) and the near infraredR) into the transport and recombination behavior of carriers in a
part of the spectrum. Due to the wavelength dependent pen- | P fruct fter light :
etration depth of incident light, the spatial resolution of pho-CO or-sensor structure -after ight exposure 1S ‘necessary.

togenerated carriers offers good feasibilities for color Sepa]’herefore, the transient photocurrent response of color detec-

ration and, thus, detection of the fundamental components aers has been a matter. of numerous.lnvesngatu.)ns. Since up
visible light. Sucha-Si:H based devices can be produced by!® now only the stationary behavior af-i-p-i-n and
plasma enhanced chemical vapor depositRECVD) atlow ~ P=!"N-1-P, 7s§r2ucturt_es has been investigated by numerical
temperatures between 200 and 300 °C on various substratB¥deling;"""“the simulation of the transient response can be
like glass, steel, or crystalline silicon. The deposition tech-2 useful tool to explain the limiting processes which avoid
nology allows an easy modification of the material propertiedligh-speed color detection.

by adding methane (Gj{ or germane (Ge}j to the process In this study we focus on the transient behavior of a
gas silane (Si), thereby depositing the alloysSiC:H or  high-quality n-i-p-i-i-n three-color detector based on
a-SiGe:H. By this technology various vertical integrateda-Si:H alloys by comparing experimental and numerically
color sensitive devices lika-i-p-i-n,*? p-i-n-i-p,® p-i-n  simulated data. Due to an improved device design our detec-
with modifiedi-layer profiles*® and even more complex de- tor exhibits good color separation, bias-light independent
vice structurel’ have been produced. The preferential car-spectral response curves, and a linear relation between pho-
rier collection region of these two-terminal devices shiftston flux and photocurrent. It exhibits a high dynamic range
upon changing an applied voltage, which leads to a coloexceeding 95 dB,which is defined as the ratio between the
sensitivity. The spectral response of the devices varies frorsurrent under 10004 white-light illumination and the dark

red to green and bIu€RGB signal. The combination of a  current: 20<log(lgn /1 gad. However, the sensor perfor-
thin-film color detector with amorphous-, polycrystalline-, or mance is limited by the response time, especially at low lev-
crystalline-silicon read-out electronics can be used to prog|s of illumination intensity>~*> While extensive studies of
duce color sensitive sensor arrays, which are already realiz&fle transient response after bias-voltage switching were car-
for black and white sensofs!* Since the RGB signal in  (ied out and described elsewhdfaye have investigated the
transient photocurrent response after switching on a constant
3Electronic mail: b.stannowski@phys.uu.nl illumination.
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Il. EXPERIMENT

FIG. 2. Simulation results of charged defect states im-iap-i-i-n color

The color sensitive diodes discussed here have been dgetector in equilibrium.
posited in a multichamber PECVD system on glass sub-
strates coated with smooth transparent conductive oxide
(TCO). The deposition was conducted at a substrate tempersity resembling the defect-pool model was implemented. In
ture of 200°C, a pressure of 500 mTorr, and a rf powerorder to describe a nonequilibrium situation we divide the
density of 35 mW/crh As a rear contact of the multilayer density of dangling-bond states into three Gaussian defect
structure, thermally evaporated aluminum was used. In ordgpeaksD", D', andDP. The energy position dD" is located
to achieve 10 mrhtest-pixel structures, the samples werein the lower half,D' lies close to mid-band gap, aiP is
patterned using photolithography and reactive-ion etchingpositioned in the upper half of the band gap. According to
Figure 1 sketches the layer sequence of thée-p-i-i-n  the amphoteric character of dangling-bond states, each state
structure. It consists of six layers with thicknesses of 13, 125¢an be occupied by two, one, or no electrons resulting in a
20, 200, 100, and 20 nm. The optical band gaps of the difnegative, neutral, or positive charge state. Thus, in equilib-
ferent intrinsic absorption layers decrease from 2 to 1.9 tgium these three defect band®'{, D', DP) are charged
1.55 eV. This band gap profiling is achieved by alloying negatively, neutrally, and positively, respectively. Taking
carbon or germanium to the Si:H layers using process-gas into account the positive correlation energybetween two
mixtures of silane, methane, and germane. The different maslectrons occupying the same defect state, negatively
terials also result in a variation of the mobility—lifetime pro- charged state® ~ are assumed to be separated from positive
duce u7. With increasing Ge content an increase of the de-and neutral state®* D° by U=0.2 eV. The separation en-
fect density and a reduction of the.r produce is ergy between the positively charged defect states oDthe
observed’*® The doped layers were deposited by addingpeak and the negatively charged defect states obthpeak
phospine forn-type material and trimethylboron fg-type  have been chosen to be independent from the optical gap
material to the process gas. used. In order to keep the calculation time reasonably short,

The transient response measurements were performed lepch of the defect peak®(, D' andDP) is represented by
switching red or blue light emitting diodgsEDs), respec- seven discrete defect levels. Values for the Fermi level de-
tively, which are arranged in an array. These light sourcependent defect density & Si:H anda-SiGe:H capture cross
facilitated rise times of less than &s and a photon flux of sections and the free-carrier mobilities of electrofi®
10'° cm 251, In combination with interference filters wave- cn?/V's) and holes(2 cnf/V's) were comparable to those
length spectra of the incident light with maxima at 650 nmused for simulation of constant photocurrent measurements
(450 nm and widths of 50 nm were achieved. The responsdCPM9 and photothermal deflection spectroscof3DS
time of the entire setup was less than 26. All measure-  spectra®? They were successfully applied for the simula-

ments were performed at room temperature. tion of solar cells based oa-Si:H (Ref. 21 and a-SiGe:H
(Ref. 22 as well as for simulations of the transient photo-
T H 3
Il NUMERICAL MODEL current response d@-Si:H p-i-n structureg® The structure

we used in our simulations is similar to the measured

In the numerical simulations the complete set of timen-i-p-i-i-n sequence with band gap profiling and two dif-
dependent semiconductor equations for electrons and holefgrenti-layer materials in the bottom diode.
together with the rate equations which describe the inter- Figure 2 displays the self-consistently calculated defect
change of charge carriers between extended and localizadistribution of the charged defect states in equilibrium
states in the band gap, are solved numerically. This is pertDP, D") caused by the spatially different position of the
formed by an implicit method within a finite-difference equilibrium Fermi level in the band gap. The defect density
scheme. The transport is assumed to take place via the eis dominated by negatively charged defect states inrthe
tended states only. The high defect density of states poslayers and by positively charged states in the cemtialer.
tioned at mid-band gapdangling bondstypical for amor-  Sincea-SiGe:H with a band gap of 1.5 eV shows a higher
phous semiconductors, requires an accurate model for thdefect density in comparison to high qualigySiC:H, an
density of states to describe carrier trapping and recombinanhanced negatively charged defect density is calculated in
tion as well as space charge effects. Therefore, a defect dethe rear part of the bottom diode.
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FIG. 3. Measured spectral response of a three-color detector with applie, . L i
bias voltages oft 0.6, -1, and—1.5 V. EIG. 4. Measured transient photocurrent response ofiap-i-i-n three

color detector to switching on of illuminatioh=450 nm) with different
applied bias voltages.

IV. EXPERIMENTAL RESULTS

nm) and red(A=650 nm) illumination, respectively, with a
rE)receding dark time of 10 s. Three different bias voltages
. Vpias= +0.6, —1, and —1.5 V, typical for reading out the
(green, and 480 nmiblue) (Fig. 3. To read out the RGB blue, green, and red signal, were applied. For all three volt-

signal the three voltages1.5, —1, and+0.6 V with respect ages the curves exhibit considerable delay times up to sev-

to the_grounded rear contact are switched sequentially. _In thSral milliseconds before steady state is reached. These delay
following, the n-i-p sequence is denoted as the top diode

h h-i-i i th f the device | times are comparable with those found after voltage switch-
whereas th@-i-1-n sequence in the rear part of the device IS;, - nger  constant illumination with  similar light
the bottom diode. The high band gap of thlayer material intensity 1516

in the top diode leads to a I.OW absorpt|.on of “ght.w'th longer Figure 4 shows the photocurrent response after switch-
wavelengths. Due to the high absorption coefficienshort

penetration dephfor light with shorter wavelengths, most

ing on blue illumination. In the darkdot 1) the current is
; ) low due to the low rate of thermally excited carriers. After
carriers are generated in the front part of the structure
namely in the top diode under blue light illumination. By

about 104 s (dot 2 the photocurrent rises to a quasistation-
applying a positive voltage the top diode is reverse biase

ry value, which is nearly independent of the bias voltages.
. ' CEinally, after a delay of some milliseconds, the current ex-
collecting the photogenerated carriers and thus becomes b"l‘f?oits a stepwise rise to the steady state value for positive
sensitive. In this case a positive current is detected. In ordelgias voltages, whereas a sign reversal of the signal is found
to detect green and red light negative voltages are applie]q)r negative \’/oltages o1 and —1.5 V (dot 3. The red

resulting in negative currents. To distinguish between thef’esponse, shown in Fig. 5, exhibits features similar to the

green and red Iigh't, which are bth d.etect'ed in the bOtt.onﬂ)lue response, but with different voltage dependence. Again,
diode, the absorption region of this diode is separated int sign reversal is found for the current with the lowest sta-

two i layers with different band gaps and material propertiestionary value, namely for a bias voltage 0.6 V. Never-

As a result of the light absorption behavior the preferentlaltheless, the current responses for the three bias voltages are

carrier generation region shifts to the rear part with increasp, ¢ steep and in general more complex compared with the
ing wavelength. Application of low negative voltages resultsresponse after blue light switching

in a collection of electron—hole pairs generated in the front
part of the bottom diode, whereas the generated carriers in
the region with the low band gap in the rear part of the diode

The developed device design of the detector results i
maxima of the spectral response at 620 (red), 550 nm

recombine. Therefore, green sensitivity of the detector is 1 +0.6V
achieved. Only for higher negative voltages can nearly all <o
photogenerated carriers in the bottom diode be extracted, re- %_1
sulting in red sensitivity. = -1.0V
Besides the above-described stationary behavior the % 2
transient response is an important criterion to characterize §'3
the detector performance. For amorphous silicon based de- g-4
vices after light or voltage switching delay times between a S5
. . o -1.5V
few hundred microseconds and some seconds depending on "
the photon flux, the dark time between the switching inci- 10% e ppes o

dents as well as on the wavelength and the bias voltage have _
been observetf. This behavior is also confirmed in Figs. 4 time (s)

an_d 5_’ _ShOWiﬂg the transient ph(_)toc_urrent response of g 5. Measured transient photocurrent response to switching on of illu-
n-i-p-i-i-n color detector after switching on blua =450  mination(A=650 nm with different bias voltages.
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FIG. 6. Simulated transient photocurrent response to switching on of illu-
mination (\=450 nm) with different bias voltages. FIG. 7. Simplified band scheme in the ddsdolid line) and under illumina-
tion (dashed lingwith a bias voltage of-1.5 V.

Previous investigations have shown that the delay time
of the transient photocurrent scales with illumination inten-the 1 -V behavior of the top and bottom diode after light
sity, e.g., an increase of the photon flux by 1 order of magexposure is regarded. The voltage drops across the individual
nitude leads to a current onset that is faster by nearly 1 ordeliodes Vo, Vpoom) are determined by the deviation of the
of magnitudet® This behavior leads to the assumption thatelectrical potential in the three doped layers from the equi-
the charge, transferred through the device during light expolibrium state. These potential drops depend on the difference
sure, must be the same before steady state is reached. Thigtween the potential at the front contawtlayen and the
carrier trapping into band gap states appears to be respogentralp layer (Vi,,), on the one hand, and between the
sible for the delayed current onset. This behavior will belayer and the rear contacVfuy,,) on the other. Further-
discussed later on. more, the space charge distribution within the diodes plays
an important role. This space charge is caused by the fixed
dopands in thep and then layers as well as by charged
defect states in the band gap. Their charge state depends on
In order to study the experimentally found transientthe energetical position of the quasi-Fermi levels. Therefore,
characteristics including the long delay times, thethe charge determines the so-called “built-in potential” in
switching-on behavior of the-i-p-i-i-n device was simu- the two diodes and, moreover, the potential in fhiayer.
lated numerically. Besides the photocurrent response of thé&/hile the potential difference between the front and the rear
device the spatial distribution of the electron and hole currengontact is given by the externally applied voltagg,s and
as well as the free carriers was investigated. In order to exthus is constant in time, simulations reveal that the potential
plain characteristic features in the transient behavior of thén thep layer shifts during current onset WW=0.15 V. The
detector, it is useful to regard it as two separated, antiseriallpias voltageVyas= Vigpt Vioriom IS CONstant, while the indi-
connected diodes, as already mentioned above. vidual voltagesV,, andVpom are time dependent. Figure 7
Figure 6 shows the simulated photocurrent response ashows this voltage shift schematically in a simplified band
ter switching on blue light at various bias voltages. The ex-gap diagramneglecting the specific band gap profile of the
perimentally found tendencies and characteristic features im-i-p-i-i-n detecto). In the central part of the detector the
cluding the long delay times are well reproduced. In theheight of the potential barrier for electrons is reduced due to
following, the two cases of-1.5 and+0.6 V are discussed recharging of defect states. The influence of the space charge
in more detail. Thereby, two aspects of the current onset areffects on the carrier transport will be explained later on. The
discussed separately: first the current—voltageV) behav-  potential change is found to take place in the time interval
ior of the top and bottom diodes, demonstrated by the bludetween 1 and 10 ms using a photon flux of*ldn 2s™%. It
response at a bias 6f1.5 V, where a sign reversal of the coincides with the sign reversal in the photocurrent onset as
photocurrent is observe@Fig. 4), and second at+0.6 V. In  shown in Figs. 4 and 7.
the latter case a delayed but monotonous rise of the photo- In order to demonstrate the consequence of this potential
current is detected. In addition, the red response at a biaghift, Figs. 8 and 9 schematically show theV behavior of
voltage of —1.5 V is briefly discussed later on. the top and bottom diodes, namely-I(—V, and
| (Vpotom) - IN the case of the top diod&ig. 8 the negative
values of current and voltage are regarded. This is done to
In the case of blue light exposure at a bias voltage oimake a direct comparison of the characteristics of both anti-
—1.5 V the photocurrent response exhibits a change fronserially connected diodes easier. The three marking dots cor-
positive to negative values, with a delay of several millisec-respond to the dots in the experimental res(ifig. 4) and
onds before steady state is reached. In order to explain thislescribe the transient behavior of the operation points of the

V. DISCUSSION

A. Blue response at —1.5V
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FIG. 10. Electron and hole current densities after4,0L0" 3, 2x 103, and
10"2 with a bias voltage of-1.5 V.

individual diodes. Since the applied bias voltage at the de-

tector is kept constart-1.5 V) the sum of the voltages at

the top and bottom diode must also be constant. Dot 1 "Hottom diode determines the dark current in the top diode. In

Figs. 8 and 9 indicates the-V values of the diodes in the the time regime after light exposure and before the voltage

dark (t=0). It correlates with the experimental results shift is observed, thé—V value of the top diode lies in the

shown in Fig. 4. Dot 2 marks the delayed photocurrent rise_ .. : . :
(t=10-% 5. Dot 3 denotes the steady state for10-2 s. active quadrantdot 2. As in a photodiode, the photogener

) : . T . ated carriers are collected, which results in a positive photo-
First the behavior of the bottom diode is discussed in . . :
- o ) current. Due to the spatially inhomogeneous generation pro-

more detail(Fig. 9). Before switching on the light, the cur- P y 9 g P

. . . . file, caused by the strong absorption of blue light, this
rent in the reverse biased bottom diode is a thermally acti- ... . . -
vated generation currefdot 1). Under light exposure addi- positive photocurrent in the top diode reaches a high value

. . .2 d is, thus, overcompensating the negative photocurrent in
tional carriers are generated resulting in a phgtogeneratet e bottom diode. Consequently, in this time interval a posi-
current (dot 2. In the time interval between 10 s and .. ; C .

S . tive total current is detectedrig. 4). Later on, the operation
steady statddot 2—dot 3 the potential in thep layer is edig. 4 b

point of the top diode moves from dot 2 to dot 3 and the top
reduced byAV. In steady state the-V value of the bottom diode does not generate a photocurrent, due to the voltage

diode reaches dot 3. However, the photocurrent of the bot-, .
tom diode is not affected significantly, because the diod Shift by AV. Consequently, the total current changes from

. . ) ositive to negative valued-ig. 4). In steady state the cur-
;ﬁ?igf’eggrse biased and, thalé,photogenerated carriers rent is again determined by the low rate of photogenerated
) : . . o carriers in the bottom diod@lot 3.
In contrast to this, the top diode is forward biag€&d. elot 3

. . e More insight into this transient behavior is attained from
8). This means that the dark current is a diffusion CurrenEhe spatial distribution of the electron and hole current re-

before light exposurddot 1). Electrons and holes are in- garded as 10%, 103, 2x10°3, and 102 s after switching

jected from the fronn layer and the centrg layer into the . A . . N
. . L n illumination, which results from simulati ig. 10. In
top diode, respectively. Thus, the total current is limited by:g umination, ch results from simulatiori&ig. 10

! . ) . the case of a positive hole current, holes move inxfu-
holes, which are generated in the bottom diode and injecte P

4 . : ction, while a positive electron current means that electrons
through thep layer into the top diode. The dark current in the move in reverse direction and vice versa. Figure 10 shows

that for early times in both diodes electrons move toward the
two n layers and holes toward the centgallayer. Thus,
carrier collection by the electric field occurs lth diodes
and the current is drift controlled. Since under blue light
illumination most carriers are generated in the top diode, the
positive current in the top diode overcompensates the nega-
tive current in the bottom diode and, therefore, the total cur-
rent is positive. For later times both diodes behave differ-
AV J ently. While in the bottom diode the current distribution
remains unchanged, namely negative and drift controlled, in
4i——f——— illum. the top diode it varies remarkably. Due to the potential shift
2 —> 3 in the centralp layer more and more electrons diffuse from
the front contact back toward thelayer. Thus, the sign of
the electron current changes from positive to negative. In
FIG. 9. Schematicdl—V behavior of the bottom diode after switching on of CONtrast, the hole current is affected less drastically and
illumination (\=450 nm): in the dark(1) after 10°* s(2), in steady staté3). changes its sign only in the vicinity of thelayer. However,

1A

bottom diode
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before steady state is reached the hole current iptlager
is positive. This indicates that photogenerated holes move
from the front and middle part of the top diodyer toward
thep layer because blue light is preferentially absorbed there.
The few holes which are collected in the bottom diode drift
toward thep/i interface region of this diode. The transient
transport behavior of holes describes the collection of posi-
tive charge(holeg in the p layer and can be attributed to a
refilling of neutralized defect state®P) there. This causes a
potential shift in thep layer and leads to a reduction of the
electric field and, therefore, to a reduced drift of holes in the
p/i interface region of the top diode. Finally, in steady state, . ' _ .
the current in the top diode is a recombination current with a 0 100 200 300 400 500
maximal recombination rate in the vicinity of tipdayer at a position (nm)
position of 120 nm. Electrons which are injected at the front
contact, therefore, recombine with holes which are photogeHGé 11. _Electrqn and hole current densities after100 2, 2x 1072, and
nerated and collected in the bottom diode and injected® - S With abias voltage of-0.6 V.
through thep layer. The majority of carriers which are gen-
erated in the bottom diode are collected by the electric field, ) ) ) o )
The investigations have shown that the high number 0pottom diode. As glreaQy .mentloned this coincides with a
defect stategdangling bonds significantly influences the rémarkable potential shift in the centrllayer. However,
transient response of thiei-p-i-n structure in the region of € question remains by which mechanism this potential
the centralp layer. Under this condition the—V character- Shift, and thus the switching behavior, is controlled.
istics of then-i-p-i-n structure behave like two antiserially Further insight into this mechanism can be obtained
connected diodes. A decrease of the conductivity in the cer!oM the spatial distribution of free electrons and holes,
tral p layer due to reduced doping concentration or a deShown in Fig. 12.In the dark as well as under light exposure
crease of the layer thickness leads to a reduction DF the electron density |s_h|_gh (ﬁ)_cm )_|n the n Ié}ée_rs,
statesFig. 2) as a consequence of the Fermi level dependen/Nere electrons are majority carriers. It is low fxon) in
defect state distributiol’. However, in this case a more e P layer where they are the minorities. Moreover, one
ohmic 1-V characteristic of then-i-p-i-n structure is finds no significant time dependent variation of the electron
observed? since for higher bias thp layer is flooded with concentration within the device. The high gradients in the

electron&? and the dynamic range as well as the color Sepagalectron concentration in the rear part of the device result
ration decrease significantly. from the band gap grading. Since only conduction-band edge

shifting was assumed in the simulations, the density of free
electrons is distinctly affected by the grading. For the hole
B. Blue response at +0.6 V concentration a different behavior is found. Although holes

are the majorities in the layer, their density is very low in

In the following the second aspect of the photocurrente gark (16 cm~3). The reason for this is a depletion of the
onset, namely the delayed but monotonous rise of the photQ; javer after applying a bias voltage. In this case not only the
current, is investigated. Therefore, we applied a bias voltagRoje concentration is drastically reduced, but also the posi-

of +0.6 V. In_ this_case the top diode is reverse biased an"avely charged defect states in thdayer are partly neutral-
the bottom diode is forward biased and a monotonous pho-

tocurrent rise after light exposure is obseryEdy. 6). Figure

11 shows the simulated electron and hole current densities.
As in the case o¥/,j,s= — 1.5 V the current is drift controlled

in both diodes for early times € 10~ 4 s). Afterwards, in the 10
time interval from 10* to 10 ? s, the bottom diode switches ~__ 10
from blocking to permeable, which means that more and
more holes are injected from the top diode through phe
layer into the bottom diode and electrons from the back con-
tact into the bottom diode, and the current becomes domi-
nated by diffusion. In steady state the current in the bottom

e T\

current density (uAcm'z)

electrons

m

carrier density (c
=)

diode is nearly a pure recombination current. Electrons and 10 \\\\
holes recombine via the enhanced defect density in the rear © 4qo¢ | |\[ T %4 " \‘\\\ ]
part of the bottom diode. The main recombination takes h )
place in the low band gap region between 370 and 460 nm 10° : : : o
where the defect density is significantly higher than in the 0 100 200._ 300 400 500
front part(Fig. 2). As in the case oW, —1.5 V the de- position (nm)

!ayed stepwise Curre_nt change can b_e ex_pla_\ined_ by a switClig. 12 Electron and hole densities in the dark and afte100°3, 2
ing of the forward biased diode, which is in this case thex1073, and 102 s with a bias voltage 0f-0.6 V.



3910 J. Appl. Phys., Vol. 85, No. 7, 1 April 1999 Stannowski et al.

ized compared with equilibriunfFig. 2 DP peak. Thus, the 2 - y
positive charge which partly compensates the space charge A =650 nm 0.6V
of the negatively charged acceptor states, originated from .~ © ov

doping, is reduced. This results in a temporary enhanced
built-in potential in the top and bottom diodes.

Under illumination thep layer is gradually refilled with
photogenerated holes drifting predominantly from the top di-
ode toward thep layer. After about 102 s this recharging
process is completed and the hole density reaches a high
value of 13° cm 3. As a consequence of this increase in the
hole density over several orders of magnitude, the quasi-
Fermi level of holes moves toward the valence-band edge. -10
This results in a significant recharging of defect states in and 1
near thep layer from neutral to positive by hole trapping,
because these defect states are located in the lower half pfs. 13. simulated transient photocurrent response to switching on of red
the band gap. The increase of positive space charge finalijumination (\=650 nm.
explains the above discussed shift of the electrical potential
in the p layer by AV (Fig. 7). Thus, the explanation for the
delayed current onset can be given as follows: holes ar
trapped into defect states in and near phayer, recharging
them from neutral to positive. Afterwards they diffuse

2|
-0.25V

4 F

-6

g

-8

current density (LAcm

107° 107 107
time (s)

gavior corresponding to that under blue light exposure. For
Vpias—= — 1.5 V most carriers are generated and collected in
the reverse biased bottom diode. The current in this diode

through thep layer into the forward biased diode. The re- leads to the recharging of defect states in and near the central

charging process reduces the potential barrier for electrons Player with holes. Thergfore, the p_oten'ual IS shifted in ghe
the p layer; more electrons diffuse from the contact toward, Y €’ and the forward_ b"f"sed top d|od.e switches from block-
the p layer and, thus, becomes available for recombinatior"'9 to. permeable. This finally re_sults in the same process as
with holes. The simulations reveal that this behavior, includ-de":’crlbed for the case of blue light.
ing the sign reversal after light exposure for certain bias volt-
ages, is a device structure inherent phenomenon originatin I. CONCLUSIONS
from the depleteg layer in the dark. The transient behavior of three-color detectors was in-

From another point of view the recharging process in thevestigated by experimental and theoretical studies of the
reverse biased top diode during current onset is equivalent tpansient photocurrent response after switching on mono-
the recharging of a capacitor. While the electron and holehromatic illumination. Good agreement between experi-
current is nearly time independent in this did@fg. 10, the  mental results and numerical simulations could be achieved.
recharging of defect states in and nearpHayer results ina Phenomena like a delayed current onset and a sign reversal
potential shift and, therefore, in a high displacement currentin the transient photocurrent response are explained by de-
This displacement current is typical for the charging of afect recharging by trapped holes in the vicinity of the central
capacitor. The charging process is expected to be faster wiffilayer. As a result, a remarkable potential shift in ghayer
a higher optical generation rate, because more holes are geig-observed in the simulation causing a switching of the for-
erated and the recharging rate is higher. Indeed, a scaling @fard biased diode from blocking to permeable. The sign
the current-onset time with the generation rate could beeversal of the photocurrent after light exposure is attributed
shown previously® The transient behavior of the color de- to a compensation or overcompensation of the photocurrent
tector is limited by the refilling rate of defect states. To of the reverse biased diode by the presumably forward biased
achieve shorter delay times in the transient behavior of theéliodes, due to the depletion of tipdayer in the dark. How-
detector this capacitance has to be reduced. Therefore, tler, the strong illumination dependence of the transient re-
influence of the doping concentration and the thickness ofponse after light switching complicates the application of
the individual layers on the transient response will be adn-i-p-i-n structures for color detectors.
dressed in the future to speed up the detector.
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