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We report on a detailed investigation of the spatial distribution of dangling b(DB%) in light-soaked
hydrogenated amorphous silicéa-Si:H) films. The results for light soaking at different light intensiti@s
W/cn? and 300 mW/crf) show that the inverse power-law DB distributiaw, (x) =C,x™ ¢, holds regardless
of the light soaking intensity. Her&,(x) is the volume density of DB’s at depthmeasured from the surface,
and C, and a(=~0.6) are constants. The nonuniform spatial distribution of DB’s in light-soakesi:H is
thought to originate from a nonuniform distribution of photocarriers during light soaking rather than from an
inhomogeneity of the material. The same annealing behavior of light-induced DB'’s was observed regardless of
the thickness of the sample and regardless of whether the sample was light soaked from one side or from both
sides. This result, together with the observation of identical spin characteristics, indicates that the light-induced
DB'’s at various depths of a givemSi:H sample are identical in nature. The surface DB density is found to be
much less sensitive to light soaking than the bulk DB density and can be assumed unchanged if the light-
soaking intensity is not much higher than 300 m\W/and the light-soaking time is shorter thari0 h. We
show that the conventional method of estimating the surface DB density is no longer appropriate for light-
soakeda-Si:H, due to the highly nonuniform distribution of DB’s in the material. The nonuniform distribution
of DB’s can lead to significant disagreements between different techniques in quantifying the Staebler-Wronski
effect and should therefore be taken into account in studies of the SW effect.

[. INTRODUCTION The number of DB’s in the samples were measured by
electron-spin resonan¢&SR). The experimental details can
In a recent publicatioh,we reported that the spatial dis- be found in Ref. 1 and will not be described in this paper.
tribution of dangling bond$DB’s) in light-soaked hydroge- What we would like to add here is that the dangling-bond
nated amorphous silicofa-Si:H) is highly nonuniform and ESR signal of our samples has the usual asymmetric line
has an inverse power-law form, shape, with a peak-peak width 6f7.5 G and ag value of
~2.0055, regardless of the light-soaking time and intensity.
N,(X)=C,x"*, (N
. . Il. ON THE SPATIAL DISTRIBUTION
whereN,(x) is the volume density of DB’s at dep#) mea- OF DANGLING BONDS
sured from theilluminated surface, andC, and « are con-
stants.a is found to be essentially independent of light soak- The conclusions drawn in Ref. 1 were based on the results
ing and is about 0.6. Another key conclusion reached in Reffor light soaking at an intensity of 3 W/dmHowever, in
1 is that the surface DB density is much less sensitive to lighstudies of the Staebler-Wronski effe@WE) (Ref. 2), the
soaking than the bulk DB density. most commonly used light-soaking intensities are between
Following the previous studywe have carried out a de- 100 and 500 mW/cf Therefore, it is important to check
tailed investigation of the distribution of DB’s in light- whether the light-soaking intensity affects the distribution of
soakeda-Si:H. In the present paper, we report the experi-DB’s in light-soakeda-Si:H. To this end, we have carried out
mental results, which include the results for different light-a similar experiment, using a light intensity of 300 mwWfcm
soaking intensities, the data for light soaking from both theFigure 1 shows, on a logarithmic scale, the areal density of
surface and substrate sides, and a comparison between tB8'’s, N,, as a function of sample thickness after light soak-
annealing behaviors of light-induced DB’s in samples ofing at 300 mW/crh for various light-soaking times. One can
various thicknesses. We discuss in detail the origin of thesee that, after light soaking, increases with sample thick-
inverse power-law distribution of DB’s and the implications ness according to a power law, very similar to the result for
of the DB distribution for the estimation of the surface DB light soaking at 3 Wi/cr (Ref. 1). This indicates that the
density in light-soakea-Si:H and for the photoconductivity spatial distribution of DB’s is also of an inverse power-law
measurements. form for light soaking at 300 mW/cfBy fitting the data for
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FIG. 2. Sample-thickness dependence of the areal density of
FIG. 1. Sample-thickness dependence of the areal density gfangling bonds ira-Si:H light soaked at 3 Wi/cfn Triangles: light
dangling bonds ira-Si:H light soaked at 300 mW/chfor various soaked for 1200 min. Circles: light soaked from the surface side for
light-soaking times(A) annealed(1) 2 h, (2) 24 h, (B) light soaked 120Q min and then from the substrate side for 300 min. The lines
from the film side for 24 h and then from the substrate side for 2 hare fits to the data.
The solid lines are fits to the data assuming an inverse power-law
DB distribution in the bulk and a depth-independent DB density infrom the above discussion that the conclusion drawn here on
the surface layer. the sensitivity of the surface DB density to light soaking is
valid, regardless of the thickness of the surface layer and the
light soaking from the surface side or(igata 1 and 2 of Fig. distribution of DB’s in the near-surface region.
1), we found the exponent of the inverse power-law DB The data shown by the circles in Fig. (#lataB) were
distribution to be 0.6, which is identical to that for light obtained after subjecting the samples to an additional light
soaking at 3 W/crh Thus, we conclude that the distribution soaking from the substrate sider 2 h following the 24-h
of DB’s in light-soakeda-Si:H has the inverse power-law light soaking from the surface side. The immediate impres-
form described by Eq.1) and does not depend on the light- sion is that for samples thicker thanl um, the areal DB
soaking intensity. density is somewhat increased, whereas for thinner samples,
Another important result of Fig. 1 is that the areal DB no change of the areal DB density can be detected within the
density at 0.0lum is hardly changed even after 24-h light experimental error. In fact, the effect of additional light soak-
soaking at 300 mW/cfindicating that the surface DB den- ing from the substrate side can be better discussed if we look
sity is little changed by light soaking at 300 mW/&nThis  at the case of light soaking at 3 W/énbecause a systematic
result should be compared with that for light soaking at 3study was carried out for this case. We subjected half of the
W/cn?, where the surface DB density is increased by about samples to an additional 300-m{B-h) light soaking from
factor of 4 for a comparable light-soaking tir@0 h.: How-  the substrate side after 1200-nm(i@0-h) light soaking from
ever, the conclusion holds for both light-soaking intensitieshe surface side. We find, as shown in Fig. 2, that the areal
that the surface DB density is much less sensitive to lighDB density is increased at all thicknesses, and the increase is
soaking than the bulk DB density. As already stated in Ref. 1much larger than it would be for the same additional light
the distribution of DB’s in the near-surface regitmetween soaking from the surface side.
0.01 and 0.05um) cannot be determined unambiguously in  The thickness dependence of the areal DB density for
this work. To obtain the surface DB density, we assumed iight soaking from both the surface and substrate sides can
fitting the experimental data that the DB distribution in thealso be well represented by a power law, as shown by the
near-surface region is of the same inverse power-law form adashed line in Fig. 2. However, the corresponding distribu-
that deep in the bulk. One might then wonder how much thdion of DB’s is no longer of an inverse power-law form. The
calculated surface DB density may depend on the distribupower-law behavior of dat8 can be explained, in a hand-
tion of DB’s in the near-surface region. We show in the Ap-waving manner, as follows. Light soaking of a sample from
pendix that, in fact, a rational choice of the DB distribution both the surface and substrate sides produces a DB distribu-
in the near-surface region has little effect on the calculatedion that has an inverse power-law form from both the sur-
surface DB density. Specifically, the calculated surface DBace and interface of the sample. This, naturally, gives rise to
density varies by only about 30%, when the DB density inan apparent power-law thickness dependence of the areal DB
the near-surface region is changed from the same inverggensity. It is interesting to see that the increastl jncaused
power-law distribution as that deep in the bulk to depth in-by the additional light soaking from the substrate side ap-
dependent. Another factor that affects the calculation of thepears to increase with increasing sample thickness. This re-
surface DB density is the thickness of the surface layersult is consistent with an inverse power-law DB distribution
which is taken to be 0.0Lm in this work®4We would like ~ for single-side light soaking. During the surface-side light
to point out, however, that the choice of the thickness of thesoaking, defect generation on the second half of the film is
surface layer affects only the absolute magnitude and not theore substantial in thin than in thick samples, thus further
relative change of the surface DB density. It is, thus, clealight soaking from the substrate side will have a larger effect
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on thick than on thin samples.

The impact of a nonuniform spatial distribution of defects 00— ]
is especially strong upon measurements where the motion of ; Ny
nonequilibrium carriers is along the thickness of the sample. - : ]
Measurements employing diode or sandwich structures are 8 1°§ 3
typical examples. In fact, the effect of a nonuniform spatial g i
distribution of defects on the measurement&i:H p-i-n c F 3
devices has already been observed and pointed out by other % F
researchers.Moreover, since the spectrum of the Xe lamp g 0.1 4
resembles closely the spectrum of the sun light, the defect & i
distribution obtained in this work should have direct impli- 0.01k Lt J
cations fora-Si:H solar cells. E hv V) E

The results of this work also have some bearings on the X T X R E—T
value of the so-called saturated density of metastable defects Depth (Lm)

in a-Si:H.%" Although it is still highly controversial as to

whether the saturation is due to t'he exhaustion of the sites FIG. 3. Spatial distributions of photocarrier generation rate, cal-
(_precursor)sthat can be converted into metastable defgcts b3(:ulated using the energy distributions of the number density of in-
light soaking or to a balance between defect generation anggent photons shown in the inset. Solid line: for the spectrum of
annealing, some researchers have come to the conclusigie soaking light used in this work. Dashed line: for a uniform
that a density of~1x10"" cm™° represents the upper limit energy distribution of the number density of incident photons.

for metastable-defect generation aaSi:H.58-1° This view

has been strongly critici_zed ina recent paper of Stutz_manq,erse power-law depth dependence above @03 with the
Rossi, and Brandt who find th"j‘t’ with pulsed light soaking, power being about 1.4. Obviously, the calculation is crude in
the density of metastable DB's ia-Si:H can be increased natre. However, we find that the distribution of photocarrier
above &10'° cm™* and argue that the saturation is a resultgeneration rate is a weak function of the spectrum of soaking
of a palaznce between metastable-defect generation arjlh; as long as the light is white. For example, the genera-
annealing® Although the present study cannot discriminate jon rate calculated for a uniform energy distribution of the
between the two saturation mechanisms, our results demoRy,mper density of incident photortdashed line in Fig. Gis
strate(see Fig. 2 of Ref. JLthat the density of light-induced ot fundamentally different. Although a quantitative com-
DB's in a-Si:H can be as large as<L0* cm ~, In agree-  narison between the distribution of photocarrier generation
ment with the finding of Stutzmann, Rossi, and Brafdt.  (ate and that of DB's is difficult, the calculation appears to
support the claim that a nonuniform distribution of photocar-
riers is responsible for the nonuniform distribution of DB’s
in light-soakeda-Si:H samples. The implication of the above
discussion is clear: The spatial distribution of DB’s in light-
soakeda-Si:H depends on the spectrum of the soaking light.

Regardless of the model, the presence of photoexcitethdirect evidence for this has been obtained recently from
carriers is essential for the generation of light-induced DB’sphotoconductivity measuremertfs.
in a-Si:H. The fact that the generation efficiency of light-  Although a nonuniform spatial distribution of photocarri-
induced DB’s increases with light-soaking intensity suggest®rs seems to be responsible for the inverse power-law spatial
that the nonuniform spatial distribution of DB’s observed in distribution of DB’s observed in our light-soakeatSi:H
our light-soakeda-Si:H samples originated from a nonuni- samples, other possibilities, such as an inhomogeneity of the
form distribution of photocarriers during light soaking, rather films,*® cannot be completely ruled out. To clarify this point,
than from an inhomogeneity of the filmM$Unfortunately, to it is necessary that a similar investigation be carried out with
determine the distribution of photocarriers is difficult. It re- light soaking, using uniformly absorbed band-gap light. Un-
quires the knowledge of not only the carrier generation, bufortunately, such a light source is not readily available, ow-
the carrier recombination and diffusion as well, both recoming mostly to the difficulty in obtaining a light intensity that
bination and diffusion depending strongly on the light-is high enough to be useful.
soaking time. As a rough guide, we calculated the spatial
distriputio_n of photpcar(ier(pair) generation rat_e for thg IV. ESTIMATION OF THE SURFACE DANGLING-BOND
soaking Ilg_ht used_ in this work. In the calculatlpn, we ig- DENSITY IN LIGHT-SOAKED a-Si-H
nored the fine details in the spectrum of the soaking light and
approximated the energy distribution of the number density Considerable disagreements exist as to how the defect
of incident photons to the distribution shown by the soliddensity in the surface layer is affected by light soaking. Most
line in the inset to Fig. 3. The optical absorption constantgesearchers have found little or small increase in the surface
were taken from the literaturé.We also ignored the photons defect density(compared to the change of the bulk defect
below 1.65 e\t° and assumed that the quantum efficiency isdensity after light soaking>®*’Our study also shows that
energy independent. The calculated distribution of photocarthe surface layer is much less sensitive to light soaking than
rier generation rate is shown by the solid line in Fig. 3. Onethe bulk. However, recently Ganguly and Matstfdhave
can see that the photocarrier generation rate is only weaklgeported that both the surface and bulk DB densities in their
dependent on depth below 0.@dm and has roughly an in- a-Si:H samples are increased by about 10 times after

Ill. ORIGIN OF THE INVERSE POWER-LAW SPATIAL
DISTRIBUTION OF DANGLING BONDS
IN LIGHT-SOAKED a-Si:H
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nonlinear. Taking data ébtained after 1200-min light soak-
ing at 3 W/cn?) in Fig. 4 as an example, a forced linear fit to
the data ford>1 um would easily lead one to claim that
both the surface and bulk DB densities are increased by some
20 times, whereas the surface DB density is actually in-
creased by about a factor of 4 and the bulk DB density by
one to three orders of magnitude, depending on the depth
(see Fig. 2 of Ref. I Examination of the data for other
light-soaking timegexcept for the shortesteads to qualita-
tively the same result. It is, therefore, clear that the zero-
thickness intercept of a linear thickness dependence forcibly
taken for samples thicker thangm has little to do with the
true surface DB density of light-soakedSi:H; the surface
DB density so determined contains a large contribution from
and even can be dominated by the DB’s in the near-surface
Thickness (1 m) bulk region(<1 um), where the DB density largely exceeds
the value set by the slope of the forced linear fit to the data
r thick samples. We think that this may be the reason why
anguly and Matsud@reached the conclusion that the sur-
face and bulk DB densities are increased by the same factor
in their light-soakeda-Si:H samples, although the light-

Areal density of DBs (10'3cm™2)

FIG. 4. Sample-thickness dependence of the areal density OE
neutral dangling bonds ia-Si:H, light soaked at 3 Wi/cffor vari-
ous light-soaking times{A) annealed(1) 2 min; (2) 20 min, (3)
180 min, (4) 1200 min,(B) light soaked from the surface side for . . . . S .
1200 min and then from the substrate side for 300 min. The Iineéoaklng conditiongboth intensity and timein their study

are fits to the data and are discussed in detail in Ref. 1 and in thi&/€re quite different from that in the present work. _
paper. It should be pointed out, however, that the above discus-

sion on the conventional method applies primarily to the
~3000-h light soaking with AM1 illumination (100 cases where sufficient light soakifige., high light intensity

mWi/cn?). In the following, we show that the controversy and/or long Iight-soaking timehas been 'carried out. For
over the surface defect density probably resulted from thé(\’eak or short light soaking, the conventional method does

method used to estimate the surface defect density of “gh{jot necessarily give rise to a significant overestimation of the
soakeda-Si:H, and highlight the impact of a highly nonuni- surface defect density. Because in such a case, the number of

form defect distribution on the estimation of the surface de—dEfGCtS created in the near-surfa_ce bulk region may be too
fect density. small to outnumber the defects in the surface layer. As a

: . esult, the estimated surface defect density is still dominated
To determine the surface defect density, one usually plo;éy the defects in the surface layer, the density of which is

on a linear scale the areal defect density as a function . :

sample thickness for a convenient range of sample thick- ardly changgd by the I'gh.t soaklng. . .
nesses and fits the data with a linear function. The surface. The most Important point he.re. IS perhaps that, in prin-
defect density is then deduced from the zero-thickness inteF—'ple' the conventional method is mappr.o'pnate for the esti-
cept of the linear fit618 ¢ is important to note, however, that mation of the bulk and surface DB densities of light-soaked

the underlying assumption in this conventional method 01a-Sl:H. This method overestimates the surface DB density of

estimating the surface defect density is that the distributiorjéijght'if)ake‘j‘?.'Si:t'_tj IQ at?]dition, thet_buIIT anc:hSLcjjrfgce DS
of defects is substantially uniform throughout the bulk of the ensities estimated by the conventional method depend on

samples. Thus, the conventional method is defective by na{[he thickness range used for the estimation. For example,

ture when applied to light-soakedSi:H, where the DB's are cor_npar_ed Wit.h using the thickness range of 148, an
highly nonuniformly distributed. estimation using the thickness range of 1% leads to a

To demonstrate how misleading the conventional methofrger tt).mktin? ?maltler surfag/e DlB dt-l'l["lsrl]iy- It E’ Wo?r]hwg'lﬁ(
can be when used to estimate the surface defect density i mention that, for strong and/or long ight soaking, the bu

e Qi P, ; and surface DB densities are always found to be increased by
o o . 5o s A e o AToS 1 s or when h e ange of
Fig. 4, if one collects data only from samples thicker than 1's used.
um (which is usually the case, as a good signal-to-noise ratio
is difficult to achieve with thinner samplesnd uses only
three or four sample thicknesses as in some previous
studies'®*8the relationship between the areal DB density

and sample thicknes$ can easily be mistaken as being lin-  The annealing characteristics of light-induced DB'’s in
ear for light-soaked samples. The nearly linear thickness dea-Si:H have been studied extensively. However, to our
pendence ofN, at large sample thicknesses is expected, aknowledge, no attempt has been made to compare the an-
the inverse power-law DB distributiofEq. (1)] predicts a nealing of light-induced DB'’s in samples of various thick-
weak thickness dependence Nf, at large sample thick- nesses. Such a comparison is desirable, because a thickness-
nesses. However, if one takes the entire thickness range inttependent annealing behavior would imply that the
consideration, the thickness dependenceNgf for light- properties of light-induced DB’s depend on their positions in
soaked samples is actually a power law and is thus highlyhe film, despite the fact that the light-induced DB’s have

V. ANNEALING BEHAVIOR OF LIGHT-INDUCED
DANGLING BONDS
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light-induced DB'’s in the surface layer account for some
50% of the total number of light-induced DB's in the
samples. The identical nature of light-induced defects at vari-
ous depths also supports the view that the nonuniform spatial
distribution of DB’s observed in light-soakeatSi:H is an
extrinsic feature.

VI. EFFECT OF THE DISTRIBUTION OF DANGLING
BONDS ON THE PHOTOCONDUCTIVITY

Although carrier recombination ia-Si:H is far from be-
ing fully understood, it remains unchallenged that the DB is
the dominant recombination center in the material. Most of
the studies so far on carrier recombinatiorai®i:H assume
that the recombination centers are spatially uniformly distrib-
uted, regardless of whether the sample is in the annealed or
light-soaked state. However, the fact that the density of DB'’s
in light-soakeda-Si:H has an inverse power-law depth de-
pendence implies that the carrier lifetime in light-soaked
samples depends strongly on the position of the carriers and
increases with increasing depth.

The photoconductivity is probably the most convenient
tool for studying carrier recombinatidiand thus defect den-
sity) in a-Si:H. Indeed, in most cases, the SWE is studied by

FIG. 5. Average density of light-induced dangling bonds as ameasuring the photoconductivity as a function of light soak-

function of annealing time at 125 °Ca) Results for samples light-

ing (light-soaking time, intensity, temperature, &tddow-

soaked at 3 W/cffor 1200 min from the surface side only. The ever, the photoconductivity itself is only a relative measure

sample thicknesses are, from top to bottom, 0.13, 0.39, 1.15, 2.3f the recombination, as it depends critically on external fac-
4.6, and 8.7um. (b) Results for samples light soaked at 3 Wfcm tors, such as the probe light intensity, probe photon energy,
for 1200 min from the surface side and for another 300 min fromgnd sample thickness. One quantity that provides an absolute
the substrate side. The sample thicknesses are, from top to bottofhegsure of the recombination is the photorespgassum-
0.05, 0.2, 0.63, 1.63, 3.2, and Gu.n. ing that the quantum efficiency is photon-energy indepen-
den). The photoresponse is defined as the
identical spin characteristi¢ge., ESR line shape, width, and photoconductivity® o, divided by the photon absorption
g value. rate® G. Figure Ga) shows the photoresponse of the @t
Figure 5 shows the annealing behavior of light-inducedsample at room temperature as a function of light-soaking
DB’s at 125 °C for all 12 samples studied in the work. Thetime for two probe photon energiehrv=1.77 eV (A
average density of light-induced DB’s was obtained by sub=7000+55 A) andhr=2.36 eV(\=5260+40 A). Using the
tracting the average density of DB’s in the annealed stateptical-absorption data in the literatufe the absorption
(200 °C, 2 h from that measured for a given annealing time depths for the two photon energies are estimated to be about
at 125 °C. In order to minimize the effect of the large experi-6 and 0.11um, respectively. The sample had a coplanar elec-
mental error in the measured density of DB’s in the annealettode configuration, with the aluminum electrodes evapo-
state, we used the average DB density calculated from theated on the top of the film. The photoconductivity was mea-
annealed-state distribution of DB(glistribution A in Fig. 2  sured with the probe light incident upon the surface. The
of Ref. 1) to obtain the average density of light-induced DB'’s intensity was 2 mW/ctfor both probe lights. Light soaking
for a given thickness. Figure(® shows the results for the of the sample was done in the same manner as for the ESR
six samples that were light soaked for 1200 min at 3 W/cm sample$ and the light-soaking intensity was 3 W/énThe
from the surface side only, and Figh} shows the results for clearest feature in Fig.(8) is perhaps that the photoresponse
the other six samples, which were subjected to a further 30(for hv=1.77 eV is always larger than that fon=2.36 eV.
min light soaking from the substrate side. For comparisonHowever, we would like to draw the reader’s attention to the
the same log scale is used in Fig&)sand §b). One can see fact that the difference between the two photoresponses is
from Fig. 5 that, within the uncertainties of the measure-increased after light soaking. In Fig(t, we plot the ratio of
ments, the same annealing behavior is observed regardlesstbe photoresponse fdrv=1.77 eV to that fohr»=2.36 eV,
the thickness of the sample and whether the sample was liglats a function of light-soaking time. One can see that the ratio
soaked from one side or from both sides. This result, togetheéncreases sharply after the initial 2-min light soaking, fol-
with the spin characteristics, is a clear indication that thdowed by a slow decrease with increasing light soaking.
light-induced DB’'s at various depths of a givemSi:H The increase of the ratio of the two photoresponses after
sample are identical in nature. In particular, there seems nlight soaking is consistent with the nonuniform spatial distri-
difference between light-induced DB’s generated in the surbution of DB’s in light-soakeda-Si:H samples described in
face layer and those in the bulk, because such a differendfis paper and in Ref. 1. After the initial 2-min light soaking,
would have been seen in the thinnest samples where thee density of DB’s in the bulk region of<1 um is in-
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large difference between the absorption depths for the two

& P A B B AL B photon energies implies that recombination through defects
g ;o\\ 'p=2mW/°m: @ ] in the surface layer is more significant in the casehof
L t0Bre O s = 8 Wjem . =2.36 eV than in the case d¢fr=1.77 eV. This leads, of
o 2 T\\ ] course, to a smaller photoresponse tier=2.36 eV.
&l AN 1.77eV B Similar results were obtained with thinner samples. How-
o 107 43 \ l‘ ever, the effect of the nonuniform distribution of DB’s de-
g i ] creases with decreasing sample thickness, as one might have
§ 10_27:_ 2.368V ] expected. In fact, for samples thinner than aboutrg the
s ratio of the two photoresponses is independent of light-
j f o d=87um ] soaking time within the experimental error. Given the ab-
- I sorption depth fohv=2.36 eV (which is about 0.13um),
(b) this result suggests that carrier diffusion needs to be consid-
% 10F ///\‘\\‘X_‘ ered for a.n.accurate account of the recombination and pho-
i 5 l// T ] toconductivity.
| ¥ B
L TV I/ R T Tv i} VII. SUMMARY AND CONCLUSIONS

Light-soaking time (min) We have carried out further investigation of the spatial

distribution of dangling bondéDB’s) in light-soakeda-Si:H
FIG. 6. (8 Photoresponses for the probe lightshef=1.77 and  films. The results for light soaking at different light intensi-
2.36 eV.(b) Ratio of the two photoresponses as a function of light-tjes (3 W/cn? and 300 mW/crf) show that the inverse
§oakir!g time. The sample thickngss was Bia. The light-soaking  power-law DB distributionN, (x) = C,x %, holds regardless
intensity was 3 W/crhand probe light intensities were 2 mW/ém of the light-soaking intensity. Her&\, (x) is the volume den-
(A) Data in the annealed stai®) data obtained after light soaking sity of DB’s at depthx measured from the surface, afy
for 1200 min from the surface side and for another 300 min fromg 4, (~0.6) are constants. The nonuniform Spatiai distribu-
the substrate side. tion of DB’s in light-soaked samples is thought to originate

creased much more than the density of DB's in the region offom & nonuniform distribution of photocarriers during light
x>1 um. Given the absorption depths for the two photonS0aking rather than from an inhomogeneity of the films. The
energies, the photoresponse for=1.77 eV will be de- surfa_ce DB density is found to bfa much Ies_s sensitive to light
creased much less than the photoresponséfer2.36 eV,  Soaking than the bulk DB density. In particular, the surface
thus resulting in a large increase in the ratio of the photorePB density can be assumed unchanged if the light-soaking
sponses after light soaking. With increasing light-soakingntensity is not much higher than 300 mw/gand the light-
time, the DB density is dominated by light-induced DB's S0aking time is shorter than-10 h. The same annealing
throughout the sample and the functional form of the DBbehavior of light-induced DB's was observed regardless of
distribution remains basically unchanged. As a result, théhe thickness of the sample and regardless of whether the
two photoresponses are expected to decrease at about $@mple was light-soaked from one side or from both sides.
same rate, causing little change in the ratio of the photorelhis result, together with the observation of identical spin
sponses. The slow, yet steady, decrease of the photoresporfdtaracteristics, indicates that the light-induced DB's at vari-
ratio with light soaking is somewhat unexpected, and the?us depths of a givea-Si:H sample are identical in nature.
reason for this is not clear. It seems that a more accurate An important implication of the nonuniform distribution

description of the recombination is necessary to account fopf DB’s is that the conventional method of estimating the
this slow decrease. surface DB density is no longer appropriate for light-soaked

Another important result of Fig.(6) is that, after lignt ~a-Si:H. We have shown that this method overestimates the
soaking for 1200 min from the surface side, an additionafurface DB density in light-soaked-Si:H. Moreover, the
300-min light soaking from the substrate side causes a fuiSurface DB density so estimated for light-soale8i:H de-
ther decrease in the photoresponsetfor=1.77 eV, but little ~ Pends on the thickness range used for the estimation. The
change in the photoresponse for=2.36 eV. This is respon- nonuniform distribution of DB’s can lead to significant dis-
sible for the deep drop in the ratio of the photoresponseddreements between different techniques in quantifying the
(labeledB) in Fig. 6b). According to the discussion in Sec. Staebler-Wronski effect and should, therefore, be taken into
II, additional light soaking from the substrate side increasegccount in studies of the SWE. In particular, since the spec-
mainly the density of DB’s in the second half of the sample.trum of the Xe lamp resembles closely the spectrum of the
Since very few photons fdrr=2.36 eV can penetrate to this SUn light, the DB distribution obtained in this work should
half of the sample, little change will be seen in the corre-have direct implications foa-Si:H solar cells.
sponding photoresponse. In contrast, far=1.77 eV, the
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sample, and thus the photoresponse for this photon energy
will be further decreased. The authors would like to thank Dr. A. Morimoto for dis-

The difference between the two photoresponses in the arcussions. This work was partly supported by the New Sun-
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APPENDIX: EFFECT OF THE DISTRIBUTION OF
DEFECTS IN THE REGION BETWEEN 0.01 AND 0.05 um

ON THE SURFACE DEFECT DENSITY

The continuity of the DB density at=x, requires

C,eX, °=C,x, *. (A5)

/ X1 (AB)

Given the distribution of the photocarrier generation rate
(Fig. 3), it seems unlikely that the DB density in the near-
N .—C x? (A1) surface region has a stronger depth dependence than the DB
vsT Fost density deep in the bulk a¥>a. On the other hand, a stron-
whereN, is the density of DB's in this region, ar@,; and  ger depth dependence of the DB density in the near-surface
S are constants. An inverse power-law functional form isregion will lead to even a smaller relative increase in the
chosen for the distribution of DB’s in the near-surface re-surface DB density, in greater favor of our claim that the
gion, because the degree of dependence of the DB density suirface DB density is much less sensitive to light soaking
depth can be conveniently varied by varying the power exthan the bulk DB density. Therefore, we will consider only
ponentd. For instance, a depth-independent DB density ighe case ofé<a. To demonstrate how the distribution of

Let us divide the sample into three regions along th
thickness: the surface layer of<x; (x;=0.01 um), the
near-surface region between and x, (x,=0.05 um), and
the deep bulk region at=x,, which is covered by the ex-
perimental data. Assume that the density of DB’s in the sur-
face layer,Ng, is depth independent. For the near-surface
region, we assume an inverse power-law distribution of
DB'’s,

eFrom Egs.(A4) and(A5), one obtains

Xl) 1-6

X2

Ng=

1-«a

Cx;
1-5

=

obtained by setting to zero.

For a given sample of thicknesks=x,, the areal density
of DB's can be directly calculated usidy and Eqs(1) and
(Al):

vS

1-6

P Co 1= e
Na=Ngx; + (x3 °—x3 5)+m(d1 X379,

(A2)
Experimentally, we find
C
Na=Cadf=1——d'" (A3)
From Egs.(A2) and (A3), we have
G, G, - _
Noxy=7—— e 1—56()(% —x179.  (A4)

DB’s in the near-surface region affects the surface DB den-
sity, we choose data 3 in Fig. 1 of Ref.(fhbtained after
180-min light soaking at 3 W/cf for our calculation. For
this set of datap=0.6 andC,=3.74x10" cm %* Taking
X;=0.01 um andx,=0.05 um, we obtain, for6=0.6, 0.4,

0.2, 0, the surface DB density;=3.72x10'® 4.16x10%,
4.52x<10', 4.82x10'® cm 3, respectively. Note thaf=0.6
corresponds to the case of the same inverse power-law DB
distribution throughout the bulk ané=0 to the case of a
constant DB density in the near-surface region. However, the
surface DB densities in the two cases differ by only about
30%. It is thus clear that the calculated surface DB density is
essentially independent on the distribution of DB’s in the
near-surface region between 0.01 and Qu08, so long as
the DB density in the near-surface region does not, with
increasing depth, increase significantly or decrease much
faster than the DB density deep in the bulk.
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