Lawrence Berkeley National Laboratory
Recent Work

Title

LUMINESCENCE OF ZINC OXIDE CRYSTALS CONTROLLED BY"" ELECTRODE POTENTIAL AND
ELECTROCHEMICAL REACTIONS

Permalink

https://escholarship.org/uc/item/08x7b7wg

Author
Petermann, Gunter.

Publication Date
1972-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/08x7b7wq
https://escholarship.org
http://www.cdlib.org/

Submitted to the Journal LBL-761
_ Preprint ¢

of Chemical Physics

LUMINESCENCE OF ZINC OXIDE CRYSTALS CONTROLLED BY
ELECTRODE POTENTIAL AND ELECTROCHEMICAL REACTIONS

Ginter Petermann, Helmut Tributsch, and Roberto Bogomolni

March 14, 1972

AEC Contract No. W-7405-eng-48

\

For Reference

Not to be taken from this room J

A

\»

F9L-T1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Luminescencé of Zinc OxideTCrystals Controlled by

'-E]ectFode Potential and Electrochemical Reactions

Ginter Petermann,* Helmut Tributsch, énd Roberto Bogomolni
| ~ Laboratory of Chemical Biodynamic§;
Lawrence Berkeley Laboratory,
University of California,

Berkeley, Ca. 94720

*Cn leave of absencé from Universitaet Duesseldorf, Germany.



| ABSTRACT

The'vqltage dependence of the green Tuminescence of Zn0 crystals
used as electrodes‘in an electrochemical cell was investigated and com-
pared'with the voltage dependehcé 6f the_photocurreht;. When the excitiﬁg
1i§ht iS df'shdrter_wavelength thén the bahd'edge of Zn0, this lumines-
cence can be varied from its maximal value to complete extinction by
app]y{ng sma11 positive vd]tages. 'The'1uminéscénce'résu1ting from.
- excitation within the long Wave1ength tail of absorption, however, can-
rot be influencad. |

The potential dependence of the lumineécehce has béeh fnvestigated
with ‘differently doped crystals under various conditions. The addition
of formic acid to the electrolyte causes an increase of Tuminescence;.
this is found to be a consequence of rhotoelectrochemically induced
radica]'reaétion’by which electrons a}e 1hje¢ted'into‘the conduction
band of the electrode. |

The potential depéndence of the green ]umfnescence is eXp]ained by
a mechanism in which the trapping of the holes ih'recombination centers
competes’with their'extraction, which Teads to the generation of the
photocqrrent. The average concentration of photogenératéd holes in the
crystal is.therefore rate~1imiting for the intensity of 1uminescence,
provided‘that an excess'éf.elettrdns,is avaiiéb]e for recombinaﬁfoh. At
sufficfentTy large positive potentials, hbwevéf, when electrons are
being depleted in the space charge layer, their toncéntration-also
becomas 1imiting; and electron injection can stimu]até luminescence.

The experimentally cbserved potential dependence of luminescence
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and photocurrent, as well as their interrelation, is shown to beicbn—

sistent with results wiich were dériyed from a theoretical treatment

of these'effeéts. , S | - | '{
-It fs suggested that this green luminescence may'be used as a

nrobe fdr:the study of the gpace chargellayer and of efectroﬁhemical

reactions.
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INTRODUCTIOHN N
There is a series of réports in the literature!~> on the influence
of electric fields on the ]uminescénce of solid state materials. The
observed effects appeér to be rather-comp]éx: some phosphors show emis-
sion of a short light pulse duringkirradfation when an é]ectric‘field
is applied (Gudden-Pohl effeét]); in other phosphors Tuminescence is
‘quenched by an applied electric field (Deghene'effectz). Stimulation
“of luminescence by an alternating field has also been observed (Destriau
effect3). A review of these observationéAhaS‘been_given‘by Ivey.6

Va;fdus exp]anationé have beeﬁ sﬁggestéd for field induced changesv
in lumiﬁescehce; Interpfetations have been,Comp]iﬁated by the use of
po]ycnystai]ine and sometimes even heterogeneous matéria] with scafce]y_'
known impurity concentrations.” In single“chygfals‘ovadS fﬁe]d induced
cnanges of luminescence have also been observed.7 DanﬁeT and cowofkers5
found quenching of luminescence at aﬁ il]uminated zinc sulfide éhysta]
Surface,'which,was nlaced in contact with a suitable electrode and elec-
trically polarized. The quenching was e*p]ained'fn terms of a décraase
in the excess electron dens{ty due to the extraction of holes by the
field from the illuminated surface. |

Thé aiﬁ of our investigations was to ascertain whetherlfield induced
u}uminescgnceiéﬁanges could be_uséd as proﬁes fof the.study of the snzce
scharge ]ayer_and'of e}ectrochemica1‘reactions at single cryéta] semi-
concuctor electrodes. e chose'zjnc oxide crystals for our.measurements.

~

To our knowledage, electric field induced changes of zinc oxide lumines-

cernice have only been cbserved by I. Filinski and T. Skettrup,B vho have
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used this.efféct to distinguish between various types_of exciton com-
'plexes at low temperatures. Those investjgations_werévconfined to a
nar;gw spect}a].rangé, between 3600 and 3800,3,_néar the absorpﬁfon
edge of zinc oxide. | |
The Tuminescencé_épectrum of zinc oxide is ;harécterized by a com-
plex and relatively nérrow'blue emission near the absorption edge and

by a broad green emission band. The relative intehsity_of both bands

is strohg}y dependéni on the doping of the materia].g

. EXPERINENTAL

Thréé‘different types of crystals* were used in these investigations:
Zn0 without any 1ntentiona] dopant,'ZnO doped~WTth Cu, and Zn0 doped with
In. While the latter were strongly b]ué'cé]ored,”the Cu—dopeA crysta1s
cou]d‘bare]y;be_distinguiéhedvby-their faint ye1lowvcblor.froh the undoped,
noncoiqréd“and trénsparent}ZnO. _ |

.For the measurements,_the’cryéta] need]es of.about 2 mm dizmeter
were cut into smaller,piecesiof 5-8 mm Tengfh. Indium was diffused into
one end of tﬁe undoped ahd‘the Cu-dooed crysté1s'%n'6rder to.prVide an
ohmic contact; g metal wire was then attached:to this end of the crystal
with silVer'paint and mechani¢a1]y'stabi1ized with glue.. The prepared
crystaislwere mouhied iﬁ a.Téfldn\hplder, which fitfedvinto alcm
fiuorescénce ceij. fhis cell aiso Ebnfained_a blatinum é]ectrode, and

was connected via a salt bridge to a calomel e1ectrode in T MKCl. It

*.'2 are indebted to Prof. Dr. G. Heiland, Technische Universitaet

fachen, Germany, for his generous gift of these Zn0 crystals.
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was poésib]e‘to'add solutions to this arFangement w{th_a hypodermic
syringe'with00t§disturbing the systeh; Oxygeh'was’displecedlin all
electrolytes used by flushing them, as we11_as fhe Sample compartment

of the spectrophotometer, ‘with nitrogen.

The associated e]cctr1ca] c1rcu1t c0ﬂs1sted of a potent1ostat anp11ed
between the ZnO and Pt electrode, a voltmeter with an 1nput impadance of
1014 ohnis (to measure the vo]tage between the Zn0 and the ca]omel elec-
| trode), and a nanoammeter. The potentiaT differencerbetween Zn0 and Pt
electrodesjwas:changed by ‘applying a variable bias voltage and a function
generater fn series to the appropriate input of the potentiostat. All
voltage—dependentvinvestigations were performed dynamically, scanning
the rahge from anproximately -0.5 Vvto about +3.5 V in 500 sec with a
triangu]arrfunction. This'scanning‘ratevproved to be slow enough to
avoid hysteresis.v The experimental a:“engement is shown schematically
’jneFigure 1 |

The 1umineseence of the surface‘pare11e1 to the c-axis of the
crystals was nmeasured; this surface was carefu]]y-polished and etched
vith di]uie HCT.as often as'necessary.' The temperature in the cell com-
partment was kept constant at 20°C by means of a thermostat. All measure-
ments_ﬁere‘made in an electrolyte of 1 M KC] adjusted to a pd of 1.5 by
adding HCi; In oroer to’ avo1 d1sturbances bv adsorbed bu r”mo]ecu]es;”

1,

no eetenp: was made to buffer Lbe SO]UuTOn

Spactra
The Tumirescence excitation and the luminescence emission snectra

were measured with a Perkin-Elmer Fluorescence Spectrophotometer-MPF-2e,
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which consists of two grating monochromators'identically blazed at
300 nm. The presentation of spectra from both monochromators is linear
in wavé1$ngth: To eTiminate second Order'an¢ scattered 1ight, use was | .
made of the filters supplied ih'the emiséion monochromator. In the
excitation monbchrbmator-two bandfilters were introducéd: Uv-D25 with SRR
fransmiésion below 400 nm to measure 1uminescen¢e excitatioh sbectra,
and UG-11 (Schott & Cen., Germany) wjth”tranémfssion Be]bw 380 nm to
measure 1uminescence emission spectra. vExcftatioh and emission slits
wefe(képt’éonstant.at 10° nm width for all'spectral‘measuremehts and for
ca]ibkafioh procedures. | |
he enefgy distribution of thé‘Xe-]amp/excitation monochromator

system was calibfated against arthermopi1e'(Reeder, Type RSL-2¢c), which
was introduéed in'the place of the samplé.-’In o%der to calibrate the
photomultiplier, tﬁe spectrqm of the_Xe—]émp waslfirsﬁ measuréd with
the afOreﬁentipned-thermopi]e and agéin'after inserting an MgO‘COvered
plate ihto the sample ho1der With the emission mbﬁdchromator open to
the phofomu]tip]ier.  ~_ _ f-:’ - e ’

Since the thermopile reading g€Vés the_relative intensities in
energy unfts,fea&h unit.muSt'be hu]tip]ied by the wavelength to cive

\

relativébfntensities in terms_df quanta per unit waveiength interval.

'In’brdef to obtain quanta per unit»frequéncy'or wavenu%ber intérvaiu

they must be mu]f&plied again'by‘kz. Further details mey be seen inbl -

the pubTiCatfon'of‘Pérker and Rees. 9 S _ i v ' .._ !
The éé}éu]atidn of ihe s#ebtrai'data:to~quanta pér unit viavenunber.

interval and the correction for the spectral energy distribution of the.
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1amp/monochromator system and the spectré1'sensitivfty of the photo-'
multiplier was performed byAan XDS Sigma_Z computer.  The outout 6f'
the photokultiplier, after sQitab1e amplification, was digitized and
fed into a digital memory unit. The channel advancé of this memory
unit was synchronizéd to the scanning sopeed and-differeht Wavelength
rangas of _the spectrometer. The»contenfs bf}the 512 éhanneTs'were then
transferred to naper tapc.and therice to the computer.

The computer program generateq a vavenurber frbm the given startfng
waveiength for each of these channels and perfqrmed the correction of
the spectra_ﬂjth the use of the calibration data, also entéred by paver
tape.’ The corrected déta of relative 1uminescence intensfty in quantal
units per unit wavenumber»@erg then plotted versus wavenumber on a Ca]comp'
plotteri | | |

The meésurements of the photdconQUptfvity spectra were performed in
the,same-Qay as ihe luminescence excitation_spectra, except thét'the out-

put of the nanoammeter was fed into the memory input.

RESULTS
Upon if]umination of a zinc oxide electrode witH UV 1ight,'photo--

currenté éke genefated across the semiconductor-electrolyte iuterface.11’]2
The photocurreht reacheé a Timiting value ag'positive electrode potential
uhich'dépénds on the ligﬁt intensity; 1t is caused by holes and leads to
phdto—corrdsion of the semiconductor surfaée, to oxyagen evolution and
dissolution of zihc jons. 2 The dependencé of the photocurrent, IPH’ on
The electroce petential is dEpicféd in Figure 2 (waveTenéih of excitation

is 353 nm). When the green Tuminescence of zinc oxide (500 nm) is measured



o ~8-
as a function of potential, a compTemehtary behavior'is:found (Fig. 2).
dith zero-phbtocurrent luminescence has‘a maXima]'vélue; and when the
photocurrent reaches its méXimaT, 1imitihg Value; Iumineséence is com-
pletely'ektihguished.f»The steepness of the SIOpes_Setween the two states
depends on the size of the crystals, i.e., on the resistance between site
of illumination and contact; the slopes are flatter wi{h higher resistance.
The course o7 1uminéscence, however, doeé not eXéct1y follow a mirror sym-
retric path to that df the photocurrent (depicted as fhe dashed line in
ng. 2) but drops faster with increasihg potent{a] than the pﬁotocurrent
incréas?s; The potential induced modulation of the gfeen luminescePCe'
can be observed visua11y.' o -

When the green (500 nm).luminescence'is monitOréd and the wavelength
of the exciting light is sCénned,Afhe 1uminescénce éxcitation spectrum is
obtéined,  In Figures 3-and 4, Tuﬁinescence’extit&tionVspéCtra are shown
for undoéed and Cu-dopéd single crystals of zinc QXide for differént |
electrode poténtials. It can be seen from‘these'cufves that the potential
dependence of green Tuminescence is’stfong]y dependent on the wavelength
of the excifing.]ight. .If is especially intereﬁfﬁng that'thefé is 2 rela-
tively narrow band at apprpximafe1y 390 nm which absorbs light to yield
green,iuminescence‘but is 1nsénsfti§e~to’tﬁe:appTied notentidal. A com-
parisdh with Figuké S,an which the_spectra]rdepehéence of photocurrents
is depicted, shows that tﬁe photocufrent is ﬁégligib]y»small in this
reéfon, and that the’pbtentia}‘independeﬁf band is 1oéa]ized at wavé—
lengths s]ightly;ionger'thah the absorotion edge of zinc oxide. Figure &
SAOWS that there is no shift of the f]uofescence-&avelength, but a gracual

ciminishing of the green luminescence band with increasing potential.



~ The penetrationv&epth of monochromatic'light.depequ:bn the
chsorption cocfficient; this penetration depth also %nf]uences the potential
dependénqe of both phﬁtocurrent and'luminescence; as can be clearly récog-
nized 1n'Figure'7.ﬁ Here, the'ﬁhdtocurrent—voltageA as well as the lumines-
tence—vo]tage characteristics were measured for three wavelengths of | .
excﬁting ]ight\which correspond to three different values of aSsorptidn
coefficients of the semiconductor electrode. The potential area in which
luninescance and photocurrent are var1ed between the1r max1ma] and their
m1n1ma] values appears to be the rarrower the higher tho absorption con-
stant. %he_sahe_benav1or of photocurrent and luminescence is evident.
Two reagents added to the electro]yteZWere'found to inTluence the
poténtia] dependence of f]uorescencg. 'Formic acid was found to double
the photocurrenf (usua]]ybincreaSed“by 60%) by first cgpturing a hole
frdm the valence band and then, as alformy]oXy»radica], injecting»an
electron into.the conductioh band of the zinc oxide electrode.13 As
shown 1n'Figure-8, this agent (added as 1 M solution) not only increases
the photocurrent;-but also‘influencés “hé pdténtia] dependenée of lumines-
cence in such a way that it better approaches a strictly mirror—symmetric
course with respect to. that of the photoéurkenu. Addition of hydrogen
peroxide (abbut 1 M), which is thought to cgmbete as an acceptor for an
electron transfer from the formyloxy radical,]3 decreases(formate—induced

photocurrent .and Tuminescence changes. The influence of a pH change on

.

the emission of green luminescence was 1nvesL1qated but changes in

intensity wers not observed. The midpoint potent1a] of the decay. of the

ninascence shifts compietely in parallel to .the shift of the choto-

current as the result of a pH dependent double Tayer on the electrode surfacs.
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Undoped and Cu-doped crystals showed slight differences in the effect
of electrode potential on luminescence due probably to different electren

he

ct

concentrations in these crysta]s. This conclusion is supportéd by
observation that fhe ]Uminescence stimulation effect df formate is smaller
the smaller the dev1at10n of 1um1nescerce from a mirror-symuetric benavicr
with respect to that of the photocurrent. With indium doped crystals the
green luminescence was so smal thaf potential dependencies could not be
studied.

DISCUSSION
and green'Tuminescence at zinc oxide e]ectrodes in contactfwith an agueous
electrolyte. - This resu]t'suggestéd the possibility bf_ﬁsing ]umfnescence as
a probe for'thé investigation of fhe space charge Tayer in thjs electrode |
This would be of considerable advantage, especfa]]y for fast kinetic measuras-
‘mznts where e]éctrode currents become fate limited by the circuit resistances
~end capacitances.

In order to use fluorescence as a tool, it is necessary to understand
its corre]ation‘with the e]ECtrdde curreht: The pnotocurrent across the
interface of a positively po]arized n-type semiconductor electrode can be
Calcuiatéd'alqng lines simi]ér to the photocurrent. through a reverse biased

14

p-n junction of a photodiode. The photocurrent (I H) can be thought of as

consisting f o) contr1but1ons, one due to the minority carriers (ho]es)
gznerated 1ns1c“ the space charge layer (dLD]QL]Oﬂ layer), and anctiner due

to carriers generated in the adjacent bulk material and diffusing intc the

szace charge erse biased

(1)

ayer. The total current density through the rev

-
i

cctrode surtace would then be given by:

ﬂ‘

Our experiments have shown a strict correlation between UV photocurrents
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where ISC is the drift CUfrént density due to carriers generated inside the

space éharge layer, aqd IDIFF i; the diffusion currént density of minority

carriers generated outside the.space charge ]aygr and diffusing into it.
The penetration depth (d) of the Space charge Taye} into the semicon-

ductor electrode is potential-dependent and described by the relation

coh w2 ‘
d = ,ho,(U"Uo)~ _ o (2)
where U is the electrode potential, Ug is the flatband potentia],]s_and ng s
a constant which is debendent on the charge carrier concentration in the
material. |
The generation rate (g{(x)) for electron-hole pairs at an incident photon

flux of ¢ isbgiVen by ré]ation
g(x) = gala)exp (-a(x)x} ®)

a(1) is the monochrematic absorption constant.

The drift current density can therefore be written
4

e = o [ oldec = e Moo el w021 ()
where e = elementary charge,’

In order to determine the diffusion current for holes from outside the
space charge layer, a differential equatjcn has to be solved:

2

Dy *=5 - {p-pg)/r *alx) = 0 - S (8)
aXx ‘

NYyO

Y

0. 1is the diffusion constant for holes, p iS the hole density, pojis the

equilibrium hole density, T, is their lifetine; D and T, are related to the

p
SRR 5 1 Ny = ]/2
¢iffusion }ongth Lp by Lp (Dp Tp) .
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' Appropriate boundary conditions, . p =Py = 0 for x = =, and p.= 0

for x = d, yie]d the following relation for IDIFF

Iype (x=d) = e D - L<e¢a_<x>Lp>/<1+a<x>Lp>J exp(-a(i)d)  (6)

The total photocurrent is therefore

+ 1

DIFF = e¢t1—exp'{-a(x)hb(UfU )]/2}/(1 a(A)L )] (7)

* To derive the relation for the potential dependence of the green lumines-
cence, it is reasonable t0'§Ssume that utilizationvand_extraction of the
minority‘carriérs (holes) as photoéurrent competes with their participation
in the generation of green 1uminescénce.‘ |

Evidence nhas been #resented that the green Tuminescence of zinc oxide'
is generated by the recombination of electrons from the conduction band with
trapped ho]es.9 The rate at which ho]es‘are'trapped shéu]d therefore deter-
mine the intensity of ]uminescence émission, providea that there are suffi-
cient recomb1nat1on centers and an excess of e]octrons in the conductwon band.
This cond1t10n shou]d be fu]f1]]eJ for our crysta]s which show a-high n- Lype
conduction @ue to an excess of zinc ‘atoms at 1nterst1t1a] sites in the
crystal lattice.

Thé_raté.constant_for trappiaglholes at suitabTe recombination'ceﬁters
will be proportionaT to the average concentrétion of holes in the valence

-

: A A : -
band of the crystal. This concentration is determined by production, ex-

desm

- . L4 v . L L.
traction (photocurrent), and recombination of holes according to the relaticn:

oo
N

eé - IPH - p/Tp = O . . N | | (;

-~

The intensity of green luminescence (I, ) will correspond to the hales

L

trapped in suiteble centers (TT-: trapping time):
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IL = -p/e'TT =. Tp(ed) ‘Jph)/TT . o (9)
With (7), the following re]atidn can be derived for the potential

{
dependence of the green luminescence: .

I rpexp (-aluly (U-U) Pyer (1raOL)) (10)

Lmax

This relation for the potentia]_dependénce of green luminescence des-
cribes an ideélized sifuation in which every hole trépped at a suitabie
recombination center will find an e]ectroh f&r recombination and 1ight
emission. Thfs_situation should be'thevcaée in Eur.crystals_at']ow values
'of overpotential U-UO,.sihte there is an excess of electrons present in their
conduction bands. At higher values of overpotential U-UO, however, a deviation
from relation (10) is to be expected, resulting frdm.the'dep1etion of electrons
“in the electrode surface."Becaﬁse.of the bending of the energy bands as a
result of the electrode-potentia],-there will be a decrease of electrons

according -to the Boltzmann relation

ng. = n.exp {-e(U-U_)/KT} ' (11)

where ng = electron concentration on the surface and N, = electron concen-

1

tration in the bulk. Especially on the surface ‘there should be a loss of holes
.which a}e trapped at potentially f]uorescinézrgaction centers, bﬁt, cue to the‘
Tow concentration;bf electrons, are again detrappcd'and Tost in an eaectrd—
chemical réécticn..

The true curve of the potential dependence of ]umineécence should there-
fcre‘fa?i somewhat below that descrited by ré?ation (10), and'iﬁc relative

cevieticn should increase with increasing overpotential U-U,.  This was

actually confirmed experimentally (Fig. 2).
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The correct course of the potential dependence of luminescence can

therefore be described by

I - Il max = IL Toss (U-Up) . | | (12)

is a correcticn
L loss 'S ¢

factor which describes the loss of luminescence due to a potential dependent ¥

in which I| max is described by relation (10) and 1

decrease of the electron cohcentration invthe surface. A calculation of
this correction'function has not been étteﬁpted, sinte it would oresuppose
a knowledge of the distributidn of-trapped holes in the space charge layer
and at the surface. However, ajquaTitative'experimental,confirmation
of tnese considerations was sought.

+One way to provide additional electrons for recombination in the
conduétion band at the electrode'surface would be to inject them “rom
the e]ectfolyte. The fOrmy1oxy radica] reaction, investigated by Morrisén
end Freund;13 provides an.efficieht meahs to such injectioh. According
to these.investigators, formate is Qxidized at the 1i1um1nated zinc oxide
electrode by capturing a hole from the valence band of the crystal. The
resulting formy10xy radicé] is a strong feductant and injects“an addi-
tional electron into the ;onduction band of the electrode. The addi-
tion of forméte theféfore doubles fhe nhotocurrent (doubling is usually
not reached). Figure 8 shows ihaﬁléh addition of formate to the electro-
lyte the photocurrent incredses and, ét the same timé, the'potential
decay of 1ﬁmjnescence incféases éonsiderabTy with the electrode potential.
The luminescence course in the sresence df formate closely approaches e
the mirror symsetric relation to the photocurrent (in_the absence of
formate), as described 5y'(7) and (10}. Since the cépture of holes

~Trom the valence band of zinc oxide by Tormate could not stimulate
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1umihescence, it must result from tﬁe transfer of the e]ectron from
the formyloxy radical into the conduction band of.thé electrode. This
conclusion has beén-vefified by the addition of hydrogen perokide tb
20N X b

the electrolyte. This agent is believed to prevent electron injection
from the formyloxy radical Ey providing faster electron capture.]3
It can be seenvfrom‘Figure 8 that addition of Hy0p also abolishes the
forméte~iﬁduced increase in 1uminescehce. In some cases it also
decreased'soméwhat the Timiting value of fluorescence at.lower poten-
tié]s; indicatihg that it édditional]y extracts;e]ettrons from.thé
electrode surface. The Hgoz-induced blocking of electron injection
from the formyloxy radical is also reflected in a clear decrease of formate-
induced current amplification. The formyloxy’radica1 therefore decreases
the luminescence loss (IL loss in re]at1on (12)) by prov1d1ng add1t1ona1
e]echons 1n the electrode surface for recorb1nau1on wwth traoped holes.
The tude of the devwat1on of *]uorescence from relat1on (10) and
the formate-induced f]uorescence EfIECb yas dependenu on the cryStals

Relations (7), (10) and (12) Hescribe very WeTT-the‘potential
dependznce of photocurrent and fluorescence. and their symmetrit behavior
a% well as deviatiens'therefrom. Relat1ons (7) and (10) predwct a
paral 1 1 dependence on a change in the ubSOYDL10ﬂ coe.f1c1ent on the
course of both photocurrent and luminescence. The lower the absorpmoﬁ
constant, the SMOOLer shouia be the potential deoendence. This VEs .
verified by il]uxinaL1nq the crvsLal eWebt*odL at three different wave-
iengins chresponoing [¥e) Lnree d1fferent aosorpt1on_cqef;1cients 01

o

crustal (Fig. 6); since the intensity of luminescence and the magnitude
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of the photocurrent are also wavelength depandent (Fig§. 3-5), a nor-
malization of these dependencies for identical limiting values has been
made. Thése‘resu]ts make it eésy to understand thé‘potentiaT dependence
of the 1Jhinescence excitation spectra (Figs. 3,4):_on1y'in the spectrai
region whéfe»photoCUkrents.are EXcited there is a potential depéndence ¢f
Tuminescence excitatioh. .The.va%iation of the potential debendence with
the wavelenath of the excitihg 1ighfvcan also be understood.easily with
help of ré]ations (7)'and (10). Of special jntéreSt 1$.the narrow
- luminescence excita£ion band at 390 nm, s]ighfly,to'Tongef wave]engthsv
from the absorption edge of the semiconcuctor, which evidently does ﬁét
contribute to the photocurrent (Fig. 5). In this spectral region a
broad—bana paonon assisted'edge emission and a éeries of bound exciton
complexes have been determined by several 1nVestigafors:9’]6‘20 The
potential independence of green luminescence, excited in this 390 nm
barnd, may te related to the properties of these'special transitfons.
Alternativély, however, would be an eXp]anation of the,potentia] incde-
pendence of thjs band'in terms of a/hjgh penetra@ion depth of the |
exciting iight according to re]ation (10). This'penetration should be
approximately 200 times deeper than for light ihéide of.the absorption

9 and there would not be enough holes in the space

edge of zinc oxide,
charge layer existing at the small electrocde potentials applied to

generate a significant photocurrent which could influence the emission.

SUMMARY AXD OUTLOOK -

Qur exnerimental and theoretical investications have deronstrated a

strict correlation between electrode.photocurrents and green luminescance

[ B



)

~of fast reactions which are not accessible for electrochemical

(o]

_-17- ..
at zinc oxide s1nqle crysta1 e]ectrodgs} This result suggests the use
1um1rescence as a probe for the study of the space charge layer and
of e1ectrocnem1ca1 reactwons. Lum1nescence measurements would be of
considerable ﬁnterest, espeéia]ly for the inVeétigation of the kinetics

tudies

1]

because of the long time constants in the electrochemical circuitry.
The convenient control of charge carriers; which is possible whean a
crystail Té used_as an e]ectrode in'contact with an e]ectrolyte, further
suggests this arrangement for studies of the mecnanism of 1uu1nescance
1tsglf.. The possibility of controll1ng hmmescencn from its maximal

value to total extinction by applyinc only a few volts might also be

of practical interest for image display devices.
. . S )
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FIGURE LEGENDS

1. Scheme of experimental arrangement.

2. Voltage dependence of Tuminescence intensity;ahd photocurrent

density. Exciting wavelength, 350 nm.  The dashed curve shows the

E.mirror:image ofAthe’photocurrent density. Undoped crystal.

Fig.

3. Luminescence excitation spectra of undoped Zn0 at different

voltages. Luminescence aneleng;h; 500 nm.

4. Luminescence excitation spectra of Cu-doped ZnOfat different

voltages. Luminescence wavelength, 500 nm.

(82}
.

Spectral dependencerf the photocurrent ot undoped and Gu-doped ZnQ.

6. Luminescence emission spectra of undoped ZnQ at different voltages.

‘Excitation wavelength, 350 .nm.

7. Voltage dependence of luminescence intensity and photocurrent
density at different exciting wavelengths {adjusted for equal limiting

va]ues).’ Undoped Zn0. .

8. Voltage dependence of luminescence intensity and photocurrent
density. (1) Initial cuyrves; (2) after addition of formate; (3} after
addition of formate and Hply; (4) mirror image of the initial photo-

current curve. Cu-doped crystal.
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