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Evaporated ZnS:Mn alternating-current thin-film electroluminesc@CTFEL) devices are
assessed via frequency- and temperature-dependent transferred charge analysis. The
frequency-dependent trends involve the threshold voltage and the slope of the transferred charge
immediately above threshold, both of which increase with increasing frequency18+20 V

above threshold, the slope of the transferred charge curve is relatively independent of frequency and
is approximately equal to the physical insulator capacitance. The temperature-dependent trends
indicate that the phosphor capacitance increases and the slope of the transferred charge immediately
above threshold decreases with increasing temperature. These frequency- and temperature-
dependent trends are interpreted as arising from metastable hole trapping in which holes created in
the phosphor by band-to-band impact ionization remain trapped in metastable traps at the cathode
interface instead of being annihilated by electrons trapped at interface statek997American
Institute of Physicg.S0021-897@07)08001-§

I. INTRODUCTION The electrical analysis is accomplished using a conven-
o ] ~ tional electrical test circultconsisting of an arbitrary wave

In 1990, Bringuiet applied transferred charge analysis form generatoWavetek Model 395in conjunction with a
to the problem of electron multiplication in ZnSIMn pigp yoltage amplifier to generate the bipolar pulse wave
alternating-current thin-film electroluminesce(ACTFEL) form that drives a series resistdRy), the ACTFEL device,
devices. In this study, Bringuier deduced that a metastablg,q 5 sense capacitoE(). For these experiment®,=500
hole trap must existhe referred to this as slow hole trap- ¢ angc.=110.8 nF. The instantaneous voltage across the
ping) and that_electron multiplication must be operative in pocTEEL device [vg (t)] and the instantaneous external
order_ tq explain anomalously steep transferred cha_rge Cha&harge[qext(t) = Cuweenslt)] are obtained using a digitizing
acteristics. Subsequently, we concluti&éom several differ- oscilloscope(Tekironix Model TDS 420A The wave form
ent experimental studies and from various observations thfi‘etmployed is comprised of symmetric bipolar voltage pulses
electron multiplication by band-to-band impact ionization iy 5 us rise and fall times and a 3@s pulse width; the
occurs in evapor_ated ZnS:Mn_ACTFEL devices. Further-avimum applied voltagéV,,,,) and the frequency of the
more, in order to interpret and simulate measured transferregaye form are varied for the work described herein. Note
charge trends we also needed to invoke the existence of Brig 5t 54 change in the wave form frequency changes only the
guier's metastable hole trap. , o separation between voltage pulses.

The purpose of the work described herein is to presenta -~ ror temperature-dependent studies, the ACTFEL device
study in which the frequency a.nd_ temperature dependence @f placed in an environment chamb&@un System Model
transferred charge charactgrlstlcs of evaporated Z”S:MEC1A), which provides a dry nitrogen atmosphere, as well as
ACTFEL devices are monitored. These frequency- andemperature control. Device temperatures are measured by a
temperature-dependent characteristics are then '”terpretedtﬁbrmocouple in contact with the ACTFEL glass substrate.
terms of metastable hole trapping. It should be noted that two  pyior to electrical analysis the ACTFEL device is aged
unconventional procedures for accomplishing transferregy,, 1 1 at atemperature of 73 °C, a frequency of 3 kHz, and
charge analysis are employed in this study; the primary reds,, gyervoltage of 30 V. The electrical characteristics do not

son that these procedures are unconventional relates to “&%pear to change noticeably with time after the ACTFEL
fact that two kinds of offset adjustment procedures argyeyice is subjected to this aging procedure.

implemented, as described in the following.

B. Maximum charge—maximum applied voltage

analysis
Il. EXPERIMENTAL PROCEDURE

The two transferred charge analysis techniques em-
ployed in this study are denoted maximum charge—
The ACTFEL devices used in this study are fabricated amaximum applied voltageQmax—Vma and external maxi-

Planar America. They consist of an evaporated ZnS:Mn acmum charge—maximum applied voltageQ{,—Vmay

tive phosphor layer sandwiched between two sputtered silimeasurements. Th®,..—Vmax Measurement has been de-
con oxynitride layers. Contacts are made of aluminum andcribed previously.However, note that th€,,,—Vimayx Mea-
indium—tin oxide(ITO). surement procedure employed in the present study differs

A. ACTFEL samples and general procedures
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from that described previously in that an offset adjustment 2.0
procedure is used, as described in the following. The 18k
Qrax—Vimax technique is identical to a conventional trans- &

ferred charge measuremefin the literature this measure- § :'2
. . S— B -

ment is sometimes referred to a\&®—-V measuremeftp) Q
except for the fact that an offset adjustment procedure isg 12r
used. € 10p

Offset adjustment is a procedure in which eayghy(t) ‘; 08
and vg (t) transient curve is individually offset adjusted g o6}
prior to being further processed in order to accomplish a® g4l -~
Qumax—Vimax OF QF,z—Vimax Measurement. o2l Qpax ./

The idea underlying offset adjustment of thg,(t) ool ooy 00009 o_og%es
curvé is that this curve may be asymmetrically displaced 7130 140 150 160 170 180 190
from the origin of the voltage axis. Such an asymmetric dis- V oy (VOItS)

placement of the.,(t) curve from the voltage axis origin is
referred to agye,(t) offset. A qex_t(t) offset yie‘_lds charge—  FiG. 1. Comparison of & maVimax aNd AQE~Vinax CUIVE for an evapo-
voltage Q-V) curves that are displaced vertically above orrated ZnS:Mn ACTFEL device measured at room temperature and at a
below the voltage axis and internal charge—phosphor fieldrequency of 1000 Hz.

(Q—Fp) curves that are displaced laterally above or below

the phosphor field axi¥Our procedure for,(t) offset ad-
justment is to simply displace thg.(t) curve until it is
symmetrically positioned above the voltage axis origia.,
the .plomts of aqext(t) curve corresponding to t_he onset of the IIl. EXPERIMENTAL RESULTS AND DISCUSSION
positive and negative voltage pulséhese points are often _ _
labeled A and F in the literatuté) are symmetrically posi- A. A comparison of = Quax—Vinax @nd Qfax—Vinax analysis
tlone_d abogt the voltage or!g]mThe_ amount of voltage Shlft Figure 1 shows a comparison oD Vi and
that is required to symmetrically displace thg(t) curve is Qe vV

. max— Vmax CUrves obtained at room temperat(d€0 K) and
recorded and is regarded as a measure of the extent of thg 5, applied frequency of 1000 Hz. From either of these
Jexi(t) Offset. Simulation indicat@sthat ge,(t) offset may

) ' - curves it is easy to determine that the threshold volt&ge
arise from an asymmetry in the interface state depths at thg approximately 164 V. Furthermore, the slope of the

two phos_phor/insulator interfaces or .frorr_1 an asymmetry irbﬁqax_vmax curve prior to threshold is equal to 7.8 nFfm
the location of space charge generation in the phosphor.

¢ "+ which corresponds to the total capacitandg,)( of the
The second kind of offset procedure that we employ is toAcTEEL device.

monitorv g (t) and to reset the base line of (t) to ensure
that the base line occurs at zero volts. We find that(t)
curves typically require an offset adjustment-ef%—3% of

Vmax due to small and random offset inaccuracies in the OSanalysis of Eq(1); q(t) noise (and, henceQ ., NOIsO is

cilloscope.uEL(t) offset is manifest in &@)—V curve as a comprised of noise arising from both,(t) andvg, (1) data
displacement of the leakage charge off of the charge axis. gatg. Moreover, since tH,. and theV, .. noise both de-

e )
A QpaxVmax CUrve is generate_d as follows. S_ets of pend upon thevg,(t) noise, theQ, ., noise and theV, .,
Jex{t) and vg (t) curves are obtained as a function of hqices are correlated in @max—Vmax CUIVE. Since, in a

Vimax and are individually offset adjusted. Subsequently, 8Q° ., —Vimax CUIVe there is less noise, the noise is uncorre-

sorting routine is invoked to Setermme the maximumiaieq, and sinc€, may be evaluated directly, we will exclu-
Jex(t) value, corresponding t®ma, and the maximum  gjyely useQ® Vi, curves in the remainder of this paper
ve (t) value, corresponding t\z!ma?(. Finally, theseQy,,, and and will no longer conside® .,V analysis.
Vimax Sets are plotted to obtain &pa—Vmax CUrve. A Figure 2 is a plot of severdD®,_,—Vmay curves obtained
Qmax—Vimax CUrve is obtained in an identical manner exceptior an evaporated ZnS:Mn ACTFEL device measured at a
that afterge,(t) offset adjustment is accomplished, the i”ter'temperature of 100 K and at frequencies of 100, 300, 1000,
nal charge _transientq.[(t); is evaluated using the following 5000, and 3000 Hz. Additionally, a dotted curve indicating
transformation equatioh’ the insulator capacitance is shown above threshold in Fig. 2.
Several trends are evident from Fig. 2. First, the threshold
_(Gi+Cyp) voltage decreases as a function of increasing frequency. Sec-
At =" Ged) = Cpar(V), @ ond, the initial slope of eacE,— i
i , pe of eack;, ., —Vmax CUrve just beyond
threshold is greater for increasing frequency. Third, the
and thenq(t) is used instead ofjc(t). slopes of eacl®f,.,—Vmax CUrve at overvoltages in excess of
Note that the evaporated ZnS:Mn ACTFEL devices in-~15-20 V above threshold become relatively constant and
vestigated in this study do not exhibit a large amount ofare approximately equal to the insulator capacitance.
Jex(t) Offset. This is not surprising since the electrical char-  In order to examine the trends of Fig. 2 in more detail,

acteristics of these devices are known to be symniétdad differentiatedQ . —Vmax curves(i.e., d Qma/dVinay) are plot-

there is no evidence for dynamic space charge generation in
these device$.

A comparison of the two curves shown in Fig. 1 indi-
cates that there is distinctly more noise in 0Q&,.,—Vmax
curve. The source of this increased noise is apparent from an
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21¢ posed previously? The idea of metastable hole trapping is
20F envisaged as follows. When an evaporated ZnS:Mn
19L —*— 100Hz ACTFEL device is subject to an applied voltage pulse of
18} :::1388 Eﬁ sufficient magnitude to result in the flow of conduction
LT e 2000 Hz charge, the phosphor field is sufficiently larGe least near
18F e 3000Hz the cathode interfagehat holes are created via band-to-band

1.4
1.3
1.2
1.1

terface in a very short time~ps). Once these holes reach the
cathode interface, they are trapped in metastable hole traps.
These hole traps are metastable because, given sufficient
time, these trapped holes will be annihilated via recombina-

impact ionization. These holes then drift to the cathode in-
/ C, = 18.0 nF/cm?

Q.,° (microClem?)
o

10| . ) L
ool iy e L L tion with electrons trapped in interface states. However, the
130 140 150 160 170 180 190 time it takes to annihilate these metastable holes via interface
Vinax (volts) state electron trapping is very lofig has been estimated to

be ~1.2 ms(Ref. 2] compared to the microsecond time
FIG. 2. Qf,a—Vmax curves for an evaporated ZnS:Mn ACTFEL device mea- scale of the applied voltage wave form pulses.
sured at a temperature of 100 K and at frequencies of 100, 300, 1000, 2000, The three trends indicated in Figs. 2 and 3 may be ex-
gzgn:zsoo Hz. The arrow indicates the trend in terms of increasing fre'plained by invoking the metastable hole trapping model.
' When metastable hole trapping occurs, the slope in a
Qfax—Vimax CUrve just above threshold is greater tI&n(Fig.

ted as a function o¥/ . in Fig. 3. Note that differentiation 2)e or; equwantly,' over;hoot exists in a d|fferen't|ated
Vinax curve (Fig. 3) since more electrons occupy inter-

amplifies the detailed features of the trends shown in Fig. arggx_states i & nonsteadv-state manner than if steady state
so that they are more readily apparent. Additionally, the dif- y y

ferentiatedQ,, .V, curves may be readily interpreted as were to occur; steady state would be established if all of the

capacitances; recognizing this, the total and insulator phys{-10Ies trapped at the cathode interface were annlh!lated by
%terface state electrons. If more electrons occupy interface

cal capacitances are also indicated in Fig. 3. The same thrét tes | teadv-stat h lect tribut
trends as discussed with respect to Fig. 2 also apply to Fig. States in a nonsteady-state manner, these electrons contrioute

First, the threshold voltage decreases with increasing fred" increased amount of conduction charge compared to that

quency. Second, the amount of overshoot in the diﬁerenti_expected if steady state were to prevail; an increased amount

atedQE V. cUrves shown in Fig. &orresponding to the of conduct!on charge for the seame amqunt of applied voltage
slope of theQf,.—Vmax CUrVes just beyond threshold, as translates_mto_ an mcrease_erma)[ dVinax I excess oC; , as :
shown in Fig. 2 is greater for increasing frequency. Third, observed in Fig. 3. According to the metastable hole trapping
note that above-15-20 V beyond threshold the differenti- M0d€l. the frequency dependence of the threshold voltage
ated QF,,,—Viax CUrves all approach the physical insulator (Fégs. 2and B the_ frequency depender)ce of the slope of the
capacitance. Qmax—Vmax CUrve just above threshol@Fig. 2). and .the fre.-
The frequency-dependent trends evident in Figs. 2 and gliency dependence of the overshoot of the differentiated

are interpreted in terms of metastable hole trapping, as prd2maxVmax curve (Fig. 3) are simply attributed to the fact
that more metastable holes are available at the onset of a

voltage pulse at higher frequencies because there is less time
between voltage pulses for the metastable holes to be anni-
hilated. The fact that the slope of@f,,,—Vmax curve (Fig. 3)

70
]—+— to0Hz } or, equivantly, the overshoot in a differentiat€f,,,—Vmax
g0 v 300Hz curve (Fig. 3) becomes relatively constant above.5—20 V

- —a— 1000 Hz : : : ;

< —e— 2000 Hz in excess of threshold is attributed to the fact that the major-

8 50’. —a— 3000 Hz ity of the conduction electrons at these overvoltages are be-

£ ] ing sourced from interface states that are normally occupie

S 40 df terf tates that Il d
8§ | in steady statéi.e., at overvoltages in excess ofLl5-20 V,

;3 30+ a negligible fraction of the conduction electrons are sourced
8 rom interface states that are occupied in a nonsteady-state
§ f terf tates that pied teady-stat

<] 20'_ ----------------------- b #fofd manney.

104 Further insight into the nature of these metastable hole
""" traps is provided by Fig. 4, which is a plot @}, ,—Vmax
0

curves measured at a frequency of 1000 Hz and temperatures
of 100, 200, 300, and 400 K. The trends evident from Fig. 4
are thatC, increases, the threshold increases slightly, and the
_ _ slope in theQ},.,—Vmax CUrve just above threshold decreases
FIG. 3. Differentiated Qfa—Vmay Curves for an evaporated ZnS:Mn gith increasing temperature. The temperature dependence of

T vy L L T 1
130 140 150 160 170 180 190
Vnax (VoIts)

ACTFEL device measured at a temperature of 100 K and at frequencies g . . L
100, 300, 1000, 2000, and 3000 Hz. The arrow indicates the trend in termd'€ threshold voltage is unexpected and so its origin is fur-
of increasing frequency. ther investigated in Table | where the threshold volt@gg),
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20 interface state electrons since tunneling is known to be tem-

19F  —a—100K perature independent. Perhaps metastable hole annihilation

&~ 18  —o—200K occurs via phonon-assisted tunneling since this process
g 17F  —A—300K would be more effective at higher temperatures. More work
O 16l TV 400K is required to unequivocally identify the mechanism of meta-

g 150 stable hole trap annihilation.

€ 14l The physical nature of this metastable hole trap is cur-
;’ 13l rently unknown. The most likely physical mechanism that

s 12l would be consistent with the metastable nature of such a trap
OE b %;ag = is physical separation of the hole trap from the interface

10k E(g: Z where the interface states are located so that the annihilation

, of the metastable hole by the interface electron is impeded

Og J 1 1 PR | bt PR Y n )
130 140 150 160 170 180 190 because of the small amount of wave-function overlap occur-

(volts) ring between these physically separated trapped charges.
Again, more work is required before atomic identification of

FIG. 4. Qy,a—Vmax curves for an evaporated ZnS:Mn ACTFEL device mea- this metastable hole trap can be accomplished.

sured at a temperature of 100 K and at frequency of 1000 Hz and at tem-
peratures of 100, 200, 300, and 400 K. The arrows indicate the trend in
terms of increasing temperature. IV. CONCLUSIONS

Vmax

Maximum charge—maximum applied voltage

the total capacitanceCt), the phosphor capacitanc€),  (QmaxVma) and external maximum charge—maximum ap-
and the phosphor threshold fiel&r{) are all tabulated as a Plied voltage Qmax—VmaY Measurements as a function of
function of temperature for the curves shown in Fig\V4, frequency and temperature are used for the characterization
and C, are measured quantitie§,, and F" are calculated Of evaporated ZnS:Mn ACTFEL devices. TH@}—Vmax
assuming tha€; is temperature independefi€apacitance— Method is preferred to th@max—Vmax method because of
voltage(C—V) measurements indicate th@g changes much noise considerations and because of the extra information
more with temperature thabl : thus, the temperature depen- that is prOVidEd from the prethreShOId displacement Chal’ge
dence ofC, is attributed exclusively ta,.] With the as- flow. Essentially, theQy,,,~Vimax technique described in this
sumption thatC; is temperature independent, Table | indi- Paper is identical to standard transferred charge measure-
cates that, to within experimental err@ is constant and is Ments except that thee,(t) and v (t) curves are offset
not temperature dependent. This temperature independenggrrected when accomplishir@y,,—Vinax analysis.
of Fp' is consistent with tunnel emission as the dominant ~ The focus of the present study is with respect to the
mechanism of electron injection from interface states, sinc&ature of the frequency and temperature dependencies of the
tunneling is temperature independent. This is consistent witRmax—Vmax Characteristics of evaporated ZnS:Mn ACTFEL
current thinking about the device physics operation of evapodevices. The frequency-dependent trends involve a decrease
rated ZnS:Mn ACTFEL devices.Therefore, we conclude in the threshold voltage, increase in the slope of the
from Table | that the temperature dependence of the threskmaxVmax CUrve just above threshold, and a saturation in the
old voltage arises exclusively from the temperature depenslope of theQp ,—Vmax curve at voltages-15-20 V above
dence of the phosphor capacitance. threshold with increasing frequency. The temperature-
The last Fig. 4 trend that needs to be discussed is the@ependent trends involve an increase in the phosphor capaci-
temperature dependence of the slopeQif,—Vmay CUrves. tance and a decrease in the slope of@jg,—Vmax Curve just
In terms of the metastable hole trap model, we interpret thigbove threshold with increasing temperature.
trend as evidence that the annihilation of metastable hole These frequency- and temperature-depend@f.,
traps is temperature dependent and that these metastabte Vimax trends are attributed to metastable hole trapping at
holes are more readily annihilated by interface state electrori§e cathode interface and to the rather sluggish kinetics of
at higher temperatures. This suggests that the annihilation ¢he annihilation of these metastable hole traps by interface
metastable hole traps does not involve pure tunneling fronstate electrons. The physical nature of these metastable hole
traps and of the mechanism of metastable hole trap annihila-

tion are obscure at this time.
TABLE |. Temperature dependence of the threshold voltagg (the total
capacitance €;), the phosphor capacitanc€(), and the phosphor thresh-
old field (Fg‘). C, and Ftph are calculated assuming th@t is temperature
independent.

ACKNOWLEDGMENTS

Temperature v c c i The authors wish to thank Paul Keir and Robert Thuem-
(ﬁ)() (\;h) (nlt:) (ng) (MV,"Cm) ler for useful discussions during the course of this work and
to Sey-Shing Sun for providing samples. This work was sup-

;88 123 ;-gg gg ig? ported by the U.S. Army Research Office under Contract No.
300 166 2'80 13.8 157 DAAHO04-94-G-0324 and by the Defense Advanced Re-

400 166 8.00 14.4 1.54 search Projects Agency under the Phosphor Technology
Center of Excellence, Grant No. MDA 972-93-1-0030.

J. Appl. Phys., Vol. 81, No. 1, 1 January 1997 R. Myers and J. F. Wager 509



LE. Bringuier, J. Appl. Phys67, 7040(1990. 1995.
2W. M. Ang, S. S. Pennathur, L. Pham, J. F. Wager, S. M. Goodnick, and®S. Shih, P. D. Keir, J. Hitt, and J. F. Wager, Appl. Phys. L&&, 1921

A. A. Douglas, J. Appl. Phys77, 2719(1995. (1996.

3A. Abu-Dayah, S. Kobayashi, and J. F. Wager, J. Appl. Plegs.744 E. Bringuier, J. Appl. Phys66, 1314(1989.

(1993. 8J. D. Davidson, S. Kobayashi, and J. F. Wager, J. Appl. Phys4040
4Y. A. Ono, H. Kawakami, M. Fuyama, and K. Onisawa, Jpn. J. Appl. (1992.

Phys. 126, 1482(1987). 9 J. D. Davidson, J. F. Wager, R. I. Khormaei, C. N. King, and D. Will-
5Y. A. Ono, Electroluminescent Display§World Scientific, Singapore, iams, |IEEE Trans. Electron Devic&D-39, 1122(1992.

510 J. Appl. Phys., Vol. 81, No. 1, 1 January 1997 R. Myers and J. F. Wager



