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INFLUENCE OF TRANSPARENT ELECTRODES ON
IMAGE SENSOR PERFORMANCE

K. KEMPTER, . WizCLUREK AND M. HOHEISEL
Siemens Ag, ruzsearcn Laboratories, D-8000 Mdncnen 83, Fed. Rep. of Germany

ABSTRACT

The short response times required for image sensors cemand blocking contacts at the
sensor cell, it was found that the junclions between transparent electrodes (ITC or a thin
palladium film} ana the metallic back electrode with a-SiH form blocking contacis yieicding
photocurrent decay times of the order of some microseconds. The two different time
regimes observed for the decay are interpreted as being limited by the drift and the reiease
of holes respectively.

L INTRODUCTION

Image sensors having the size of an A-4 Cocument cepenc on the avaiabilily
large—area photoconductors. These materials nave been common for more than 2
as photoreceptors in the field cl eleclropnotograpny. However, image sensors require,
as an additional fealure, a response time shorter than 106 us, in contrast to the 1
required in electrophofography.

This speed requirement cannot be met by a simple pholoconducior; ratner, if demands
a photodicde wilh biocking conlacts. Furthermore the photoaciive material must show
a high carrier mobility and a minimum of dispersive transporl. Amorphnous nydregenated
silicon {a-Si;H) is considered a highly suitable material for such image sensors, 7o oblain
the diode behaviour with carrier depletion necessary for nigh speed response some of
the sensors discussed in the literature employ a p-i-n structure /1/ or adcitional dlockin
jayers {mostly Si_N,)/2/. Others relay on the blocking effect of the contacis /3, 4/.

This paper p%sénts some resulls which were oblained in an attemp! lo use sancdwich
cells consisting merely of a metaliic back elecirode, undoped a-5iH and a transparent
top electrode. Tne blocking effect of the contacts stems from ihe junclions belween
a-SitH and the eleciroces. These junclions acl as a Schnotiky barrier or &s a netergjunction,
The resuils were selecled in accordance with their relevance {c image sensor performance
with special emphasis on the time response of the sensor ceil. Measurements of the
photocurrent decay relevant to image sensor performance ciffer in inree aspecis irom
the usual decay investigations reported in the literature /5/. First: the starting point ¢f the
decay is the steady-siate photocurrent, because the time period belween illumination
changes of an image sensor is in tne range of milliseconds, Therefore, (ne current gecay
figures the transport processes during tne {ransition from one egquiiibrium distribulion of
the carriers to ancther. Second: considering the large dynamic range ¢f a sensor, the
current decay must be fraced cown to within a few percent of the inilial photocurrent
vaiue. This means that the slow tail of the decay is of essentiai importance, Thirc: the
sensor has a sandwich geomelry rather than the gap configuralion of tne eleclrodes usual
for carrier life-lime measurements.

. EXPERIMENTAL METHODS
The samples used were sandwiched between a metallic back ¢iectrode and & transparent
top electrode; see FiG. 1.
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The back eleclrocce consisted of a thin fim
of a low work-function metai, mostly
titanium. The T um thick undoped a-SitH
i - film was ceposited by RF decomposition of
VOUIASE e pure silane in a capacitively coupled plasma
YT reactor. The deposition parameters were
et optimized by minimizing the subgap oplical
 atcomogs | absorption, measured by the Conslant
§ TTTTTTT photocurrent Method (CPM) /&/. The
absorption vaiue & of a typical a-SizH samples
' ’T_ = 220° ¢) athv = 1 eV was in the range
6.1 em . A sampie parucu;ar.y m.h in
defects was depos.‘(e& atT = 150°
jelging an X (1ev) Bf 1 cm“, The
transparent top electrode was either &
semitransparent jayer of Pa (10 am thick) or
a 750 nm thick iTO film. All eleclrodes were
evaporated by an eleclron gun. The pattern-
ing of the lop eieclrode,was performed
either by photolithograpny in & iift-off process \ezec‘rode area 0.2 ¢m”) or by & shadew
mask curing evaporation {eleclroce area 1.1 ). Palterning oy ev&,,o ation through a

BACK ELECTRODE
5LAS SUBSTAATE -

or

FiG. 1 Experimental sysiem and
glecirode arrangement in tne sampie,

"'*< o

()

masx avoids contact seiween the a-SisH surface ana the develeper solution containing
sodium ions. Sodium pcr‘etratn.s intc the a-SitH may act as a donator. In order lo investi-
gale tne infiuence of the oxiCe layer, the surface of the a- SizH film was etcned wilh nydro-
fluoric acic to remove ine oxige, or the oxide tnickness was increased Dy an oxygen
piasma.

lecay was measured after 5, s lllumination period with the iignt of
4 nm) of usua%iy 7.16° pnoicns/ s. Tne iaser beam was
me was 50 ns. The agn‘—wwar« ratioc was
~impedance operational preqmp ifier, which was

I a
connecied to an riP 5180 waveform recorde.. The dynamic range of ine measuring clrcuil
was 200:1 down ic the ac level. Tne subsegquent analysis was performed with an AP 9836
computer. Trie shortest decay limes measured were a few microseconds. Tne varym
capacitance of the sampie under varying bias causec a small influence only to the fastest
part a;‘ tne measured cecay because of the low impedance of In e amplifier. The dark
culTent was measurec sefore anc afier every exgeriment and sublracted to yield the

. EXPERIMENTAL RESULTS

The current — voilage characierislics yield
eneral information on the nalure of the con-

cts. Typicai resuits Dc‘r for dark and pholo-
urrent are shown in FiG. 2. The veilage
oiarily given applies in eacn case to tne
iluminaied) top electroce. The observed
characteristics represent the Dehavicur of a
back-to-back dicde with current saturation
ior both polarities, in tne case of the nega-
tive-piased top eieciroge, carrier diocking
seems o be more effeciive, because the {re-
versed) dark— and pholocurrent displays a
betier saturaiion. This saturation is more pro~
nounced with a pallagium than with an iTO
icp electroge. The open-circuil voltage of the
iiluminated sandwich. was 0.2 Vand 0.1 V
: with Pc and ITC electroaes, respeciively. ine

eie troce smailer photocurrent of the Pd-coverec

5) ITO as top electrode. sample is due to the slronger lignt absorplion
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of the palladium in comparison with ITO.
Two {ypical examples of measured photocurrent decay curves are dispiayed in FiG. 3.
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FIG. 3 ‘Phaftpcurrent aecay vs. time for varicus negative voltages. The incicent prioto
fiux was 7-10  pnotons/cm s.

a) Semitransparent paiiadium &as 1op eiectroce

o) ITO as top electroce.

viost of the measured cufrent gecays show two paris: a steep crop in the beginning,
foliowed by a slow tail. Tne steep drop becomes more proncuncec as ine bias voitage
increases. For the following, the decay time will be definec as the time period from {ne
Hlumination cutoff to tne point wnere the current has cropped fo 3 percent of the Initial
steady-state vaiue.
The results for the 3-percent cecay lime oblained for aifferent samples are summarized
in FIG. 4 as a function of the bias voitage. Most of Ine sampies show & remendous
variation of tne cecay iime extending up ¢
six orders of magnrituce. On dotn sides of ne
— narrow peak near zero 2ias wo broad
minima extend in cotn voilage direclions.
The shoriest cecay limes were found at
moderate negative bias. The absolute value
of these cecay lime minima in the micro-
seconc region may De affeclea by the

e gxite removed, Pd
—— - — oxide nick Pd

= %; measuring circult. Tnus the faster response
s S of tne Pc contact {2 us) seems 1o resull
£ £ from the smaller resistivity of lnis eiectroce
£ £ in comparison to the {TC eieciroce.
e — e The increase of the decay lime at nigher
G620 e 4 232 eVE S negative bias occurred only wiln tnose
woiage T sampies which snowec a steep increase
FIG. 4 Decay time for a current drop of the cutrent at nign bias (breakdown
to 3 perceit of the inilial vaiue as a of blockingl.
function of the applied bias voitage Al positive bias, inhe cecay limes are
measured on sampies with different top generally much ionger tnan at negative bias.
ciectrodes ana deposition temperatures Eurtnermore a great cifference between 70
of the a-Sid. and Pc slecirodes was found in this voitage

regime.
The infiuence of ine interface can aisc
be seen from the vollage cepencence of {ne
sample with the thick oxice interiayer (produced by plasma treatment). A larger negative
voltage is necessary lo reacn ine minimum decay time witn this sample. The different
uriace treatments of tne interface affected predominantly the reprocucidiiity of the

biocking effect of tne contacls. Evaporation of the top eleclrode through a shacow masx
rencers possiole nigher negative voltages than pnotolitnograpnic patterning.
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FIG. 5 Decay time for a current drop to 3
percent of initial vaiue as a function of the
light intensily, measured with a Pd o
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eleciroce,
a) at a voltage of -2V,
b) at a voitage of =15 V {preakdown of
blockingl.

V. DISCUSSION

The sensor consisting of a-SizH deposited
at 180 C shows the strong intluence of the
bulk material, Tne minimum decay lime is
increased by four orders of magnitude,

The dependence of the decay time
on the preceding light intensily is displayed
in FIG. 5.

For a moderate negative bias, a small
decrease of decay time was oblained as
the light intensity increased. This dependence
on light intensity was found to be much
nigher at elevated bias voltages, & €. in
the range where the contacts are no longer
biocking.

Tnere is a great ceal of complexily ina compiete descriplion of the photocurrent
because many cifferent effects may coincide, for instance trapping, recombination,
nonuniform carrier distripution, carrier injection, space charge and field distortions /7/.
Tre following discussion atiempls lo give a very rough estimate of the prevailing physical
processes wnicn may be responsibie for the observed behaviour.

Tne -V cnaracteristics snown in FiG. 2 permit the conclusion that the photocurrent is
of the primary type atl least witn moaerate negative Dias, in accordance with the assumption
of otners /8/. in ihis case elecirons and noies are prevented from entering the photo-
concuctor at the electrodes. We assume that the limitation of the photocurrent decay
is primarily effectec by the holes, because their drift mobility is smaller by iwo orders
of magnitude than tnhe mobilityof the electrons /9/. The influence of the elecirons on
the cecay grows as the penetration deptn of the light below the negative-biased elecirode

decreases.

During buili

noles will be distributed to localized trap statesand a

iidup of tne steady-siate photocurrent, most of the excess photogenerated

few o extended states. After the

Liumination is terminated, the photocurrent decay refiects the drift of the excess holes
to the negative-biased eiectroge. This current may be limited by the field~dependent
crift time of the nolés or by the release time of the noies from the lraps. Right at the

<

beginning of the decay wnen (he shaliow traps {nearest {o the valence band) are emplied,

tne release time is very short and the current is limited by the drift. Tne
the noles is estimated at one microsecond, assuming & hole mobiiity of 10

driff tims of
cm /V.s

/9/, an internal fieid of 10 V/cm, and a drift lengin equivalent to the light penetration

cepth of 8.14 um. /10/.

During decay, the emplying of the traps proceeds to ever lower energetic states



(more distant from the valence band) so that a point will be reached where the release
time exceeds the drift time of the holes; from this point enwarg the decay will be rejease-
limited. The constant siope of the siow tail is ascribed to the release of noies from a
continuous distribution of trap states.

The transition from the initial steep current drop (drift~limited) to the siow tail occurs
after about 5 us. This yields a value of 0.45 eV for the energetic depth of, g'xe jr.gps at
which release limitation begins {(escape frequency was assumed tobe 16~ s ).

The pronounced increase of the decay lime near Zero bias is expilained as a conse-
quence of the field drop which increases the drift time of the holes.

The increase of the decay lime observed with some samples at high negative bias
must be correlated with the injection of electrons from the transparent ejectroge. Thus,
with an additional secondary photocurrent Hlowing, the long recombination lifetime of the
electrons determines the decay time.

For pesitive bias, the generally longer decay times are éxplained by the greater drift
length of the holes from the illuminated eleciroce to the back eleclrode. In inis case, the
pronounced field dependence supports the model of the transit time limilation. The ratner
iong time scale of this transit can be explained by the dispersive nalure of the nhole trans-
port /11/. No consistent explanation can be offered so far for the different cecay times
associated with paliadium and {TO electrodes,

To explain the observed decrease of the decay time with iight inteasily, we shall
first consider the release-limited case at moderate negative bias. Increasing light infensity
shifts the quasi-Fermi level of the holes closer {o the valence band edge. Therefore
an increasing part of the trapped holes profil by a shorter release time, Hence the photo-
current drops in a shorter time. Thie observed siope of the intensily dependence shoulc
be correlated with the siope of the relevant trap slate density vs, energy.

The much steeper intensity dependence of the gecay at nigh reverse bias (secondary
photocurrent) must be due {o a variation of the recombination lifetime of the electrons,

A decrease of electron lifelime wilh increasing Gensity of excess carriers nas already
been found by Snell, Spear and LeComber /12/.

Except for this last case, carrier recombination was not considered, the reason being
the generally primary nature of the pnolocurrent with both polarities of the bias as a
conseguence of the blocking contacts. The strongly absorbed light is an addilicnal factor
making for a marked nonuniformity of the electron and nole distribution across the a-SitH
/7/. As a consequence, recombination is suppressed in most paris of the sample. This
is supporied by the almost linear dependence between pnolocurrent and fight intensity
observed in these samples.

V. SUMMARY

it couid be shown that image sensor cells with a very fast response (2 us) may be
realized using suitabie electrodes as blocking contacts in conjunction with optimized
a-Si:it bulk material, )

interface and surface ireaiments are of importance o the biocking effect of the
elecirode (and its reproducibility), which is the basic requirement for ine short response
time.

The pronounced dependence of the observed pholocurrent decay on the bias voitage
can be qualitatively explained by & model which is based cn arift— or release~limited
hole motion.
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