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amorphous silicon
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By degradinga-Si:H samples with pulsed illumination, we establish an upper bound to the rise and decay
times of possible light-induced slow precursors to photodegradation of photoconductivity in hydrogenated
amorphous silicon. Our 200-mW/rexposure pulses have a far lower peak intensity than previous pulsed
studies and degradation results can therefore be compared directly with continuous illumination of the same
intensity. We study pulse times from 45 to 30 ms separated by dark times from 3@ to 300 ms. The
observed degradation dependence on pulse and dark times can be traced to room-temperature annealing during
the dark time between pulses and is not attributable to slow precursors. The experiments show that any
degradation precursor rise time that is slower than the electron-hole recombination time must still be shorter
than 40us and that any precursor fall time must be shorter than 260
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The metastable light-induced degradation carrier life-  cursors to degradation. For example, Fritzsche suggested that
times and electronic quality in hydrogenated amorphous siliwidespread structural changes might lead to creation of DB’s
con (a-Si:H) remains a difficult scientific problefiUnder-  that relieve light-induced strain-field§ Thus, the slow, sec-
standing and solving the problem of degradation is critical toPndary, precursor to light-induced defects might be the local
more widespread application of this inexpensive semiconstrain field. _ _
ductor. Metastable photoconductivity degradation exhibits at !N this paper we describe an experimental search for a

least three distinct time scales. The shortest of these tim@Urth degradation time scale by a comparative study of pho-

scales is the electron-hole recombination time, which detef:0conductivity () under low-intensity pulsed and continu-

mines the rise and fall times of the photocarrier concentra93ﬁseqteig]r:%zt'(;?]‘ dc(e)nL::re %;eégn'Paﬁgtigaufﬁgfszzgq;g\;g‘zlsd Zst
tion. Photocarriers are the primary precursor to degradatioR P 9 99

) 3 ; : : a precursor rise time of about 1Q@s! In this paper, we

n a-_S|.H. The longest time scgle IS the degrada'qon Satl.”a' how that the observed degradation dependence on pulse and

t_|on t_|me, set by a balance of Ilgh_t-lnduced_ creation agalnsiark times can be traced to room-temperature annealing dur-

light-induced and thermal anneahﬁgSaturatmn_of the de- ing the dark time between pulses and is not attributable to

fect density requires hours or days of degradation, dependingqay precursors. The experiments establish upper bounds to

on the light intensity. The easiest-to-observe time depenprecursor rise and fall times and constrain metastability mod-

dence controls the threefold-coordinated Si dangling-bongs

(DB) density through many orders of magnitude in time, \ve report detailed results for a device-quabysi:H film

from seconds to hours of degradation; it is a rougt!§  grown by plasma-enhancd®E) chemical vapor deposition

increase caused by a gradual fall of the defect-precursor degevD) at the Electrotechnical Laboratornow renamed

sity due to DB creationt® In the Stutzmann recombination AIST) in Japan. The sample has coplanar thermally evapo-

model® the precursor is electrons and holes. In the Branzated chromium top electrodes 3.6 mm long and separated by

hydrogen collision modél,the controlling precursor is mo- 0.5 mm. We confirmed our main findings on PECVD

bile hydrogen. samples obtained from the University of Chicago and the
The Branz model predicted a fourth time scale, slowemMational Renewable Energy LaboratdiyREL).

than the electron-hole recombination time, associated with For good reproducibility of the data, we anneal, degrade,

the rise and fall time of the light-induced mobile H precursorand measure sampl@s situ; i.e., once mounted, the sample

density. Early indications of a fourth time scale in degrada-is not moved between experiments. The samples are illumi-

tion came from laser-pulsed illumination experiments. Lasernated with the focused light of a red laser diode (663

pulsed degradation of undopeatSi:H has a higher effi- +2 nm) that produces 200 mW/éron the sample. The laser

ciency per absorbed photon than during cw illuminatin. diode is driven by a power supply which can be externally

Stutzmanret al. explained this observation by assuming thatmodulated with a function generator to produce light pulses

the degradation of tha-Si:H sample continues between la- of rectangular shape with a rise and fall time ofu%. We

ser pulses, because the electron population has a slower deeasured the corresponding rise and decay timasypfo

cay time than the light puls&However, fasto,, measure- be 1.5us. For the experiments reported in this paper, we use

ments show thatr,, decays as fast as the light pufsBran?  pulses {,) of from 40 us to 30 ms separated by dark inter-

proposed that a slow-decaying secondary precursor could exals (ty) of from 360 us to 300 ms. Thus, the photocarrier

plain these results and attributed the effect to residual lightpulses are close to rectangular in time. The light intensity is

induced mobile H persisting after each pulse of illuminationkept the same for continuotisw) and pulsed exposurésee

(in the dark. Of course, there are other possible slow pre-Fig. 1, insef
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We definep=t,/(t,+1t4) as the duty cycle of the pulsed 1] T T T I
illumination. The illumination time;, is t, times the number
of pulses. We call the accumulated dark time during the ex-
posuret?. The sum oft, , t¥*, and any additional measure-
ment time is the total experimental tinig;.

A cartridge heater mounted in the sample holder is used
for in situ annealing. The sample temperatirés measured
with a thermocouple pressed on a piece of Corning 7059
substrate within 1 cm of the sample. The samples are prean-
nealed at 200 °C for 8—20 h and again at 190 °C for 20 min
before each exposure. A,Ngas flow through the sample
compartment provides cooling and slows oxidation. The light
of 650-nm red light emitting diode@_ED’s) at an intensity 107
of about 3 mW/crf is used foro,, measurements. Each ex- 0 001 ot 1 10 100
periment is operated by a computer in an automated mode f (i)
for maximum consistency in annealing, exposure, and con- F|G. 1. Photoconductivity decays during degradation with
ductivity measurements. As data were taken at different in200 mwi/cn? of red light used either continuous(®) or in 40-us
tervals in different experiments, we have sometimes interpopulses separated by=10 ms (O). The t=0 points outside the
lated to estimaterph at common analysis times. main figure indicate the annealed photoconductivities before illumi-

All degradation is made near room temperature. We usefation. Inset is a schematic comparison of the pulsadid line)
three different techniques to measure the temperature rise gpd cw illuminationgdashed ling emphasizing the identical inten-
test films during cw illumination: First, we replace the Sity levels used.
sample with a solar cell and monitor the change in open
circuit voltage Vo). Second, a sample with a predepositedmore time for thermal annealing of light-induced defects be-
nickel meander was mounted in the sample holder, and thazveen illumination pulses. This room-temperature annealing
change in Ni resistance was calibrated againsThird, we is particularly important when photoconductivity, rather than
monitored the temperature-dependent change in transmidefect density, is measurétiTo make the annealing effect
tance of a probe He-Ne laser beam in the film. We consisplainer, Fig. 4 compares the room-temperature “anneal” re-
tently find negligible heating. The rise This certainly below  covery of o, in the dark(A) after 84 min of cw exposure
5 °C and probably less than 2 °C during our light soaks. Thi®) to o, at the end ofty; =84 min of t,=40 us degrada-
is consistent with th@ rise, AT~1 °C, obtained by a ther- tion experiments with differerty (solid symbol$. Here, the
mal conductivity calculation that assumes a perfect heat sinkottom horizontal axis, labeletf", shows the total time the
behind the glass substrate. Our determinatiod®ffor cw  sample spends at room temperature in the dark, whether dur-
light exposure is sufficient to set this upper boudd; for  ing the period of pulsed degradation or after cw exposure.
pulsed exposure must always be smaller. For further details,
see Ref. 12.

Figure 1 compares the photoconductivity decay during
degradation with 200 mW/cfrof continuous red light to the
decay under the same intensitytgf=40 us pulses separated
by t4=10 ms. Clearly, pulsed illumination degrades photo-
conductivity less rapidly than cw when plotted against illu-
mination timet;, .13 Figure 2 shows a variety of degradation
experiments with differertt,, ty, and duty cycles;. In each
of these experiments, the light is turned on tigrof 70—110
min, but results are plotted against a horizontal axis showing
total experimental time,,, rather than the more conven-
tional ty, (as in Fig. 2. The duty cycleyn of the exposure
light is the main factor determining the,, decays, so we
have labeled the experiments hyThere is little dependence
ont, or ty. Figure 3 shows explicitly the dependence on
pulse time of the photoconductivity measured aftgr 10
=10 min of illumination for the experiments of Fig. 2. The
dashed line shows the value of;, after cw illumination for
ty =10 min. Itis again clear that there is little dependence of FiG. 2. The results of typical cw and pulse degradation experi-
degradation upon pulse time when the duty cyeled there-  ments, plotted against total experimental time. The duty cycles are
fore teyp) is held fixed. as indicated in the figure, with,=0.04, 0.4, and 3 ms for

Room-temperature annealiig*'® causes the weak de- =0.01;t,=0.04 and 4 ms for=0.04; andt,=0.04 and 30 ms for
pendence om seen in Fig. 3. A smaller duty cycle permits 7=0.1. Duty cycle, not,, determines the degradation rate.
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FIG. 3. o after 10 min of illumination vs,, for the data of Fig. g1 4, oph for various experiments, after illumination fog
2. Here cw and three other duty cycles are shown, as indicated i g4 min. The cw experiment is indicated by the solid cirt®);
the legend. subsequent room-temperature dark “anneals” are shown with the

. ) . . symbol A. The other symbols indicate pulsed degradation experi-
The time fora,, measurements is considered dark time andnents with fixedt,=40 us and variousy (labeled. The bottom

: ot tot - - = Ve ; .
therefore included irig"; thusty" for the cw experiment is  axis is the accumulated dark time in the experiments, evidently the

not zero. Note that after 84 min light soaking plus an annealgrucial experimental variable.
opn is nearly independent of whether the illumination is cw
before the anneal or is made up of pulses interspersed wit% decay time in the range of from 645 ns to 46 after a
the annealing. We cIearIy see the continued progression Oéjlse is extinguished. This precursor time scale would be too
room-temperature annealing as the duty cycle is decreasx%St to be observed in our experiments
(befﬁgssent::rltm:ﬂ cé?frrzrgrr?felsng:&seeesn cw and pulsed deg- In conclusion, there is no precursor to metastable degra-
Y y all ! P Yation of photoconductivity ina-Si:H observable in our
radation at these time scales are well understood as roonj- htinduced degradation with about 200 mW/chnillumi-
temperature gnnealing e_ffects during the dark timg betWeenation. Our experiment comparing degradation with pulsed
gg:zsoeusht;/ge fgpdbnoth?svg)flrjescteﬁ\ig ggn%ﬁutgetﬁzggsfgrmouriIIumination to continuous(cw) illumination excludes any
oy o : putative degradation precursors with rise times in the range
200-mW/cn? light intensities, the degradation must oceur ¢ b d al ludes d :
mainly while the light pulse is on. This means that any pu- rom 40 us to about 30 ms and also excludes decay times
. » . X -~ slower than 36Qus. This intermediate time scale might have
tative slow precursor to degradation must rise with a t'mebeen expected to describe the rise time of some secondary
constant of less than 4fls, our.shortestp_. quther, any precursor to degradation produced by the electron-hole re-
precursor must decagafter the light is extinguishedwith combination. We note that Stradiret al’® may have ob-

tlm,isslizs tgansﬁggisn ’Sgt”;??‘;rttesﬂg éter time scales. usin served an intermediate time scale in the range from 645 ns to
y by : ’ 9 10 us for degradation with intense pulses.

pairs of much more intense laser and flashlamp pulses, re-
vealed that the degradation increases when pulse pairs are The authors thank Richard Crandall, Pauls Stradins, Qi
close together. An excess degradation, not accounted for Bang, Hellmut Fritzsche, and Martin Stutzmann for helpful

photocarrier distribution overlap dar rise, was observed for discussions. Samples were graciously supplied by A. Mat-
separations as long as 645 ns. No effect was seen fauda, H. Fritzsche, and B. Nelson. This work was supported
flashlamp pulses separated by 46. Stradinset all® con- by the U.S. Department of Energy under Contract No. DE-
clude that if a slow precursor causes the effect, it must havAC36-98G010337.
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