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Light-induced creation of metastable defects in hydrogenated amorphous silicon
studied by computer simulations of constant photocurrent measurements
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The light-induced degradation of an intrinsic hydrogenated amorphous silicon sample has been studied from
the evolution of the sub-band-gap absorption coefficient. The experimental results have been modeled using
detailed numerical analysis, obtaining the defect distribution within the gap for each illumination time. These
results have been compared with those previously obtained from a direct deconvolution of the absorption
coefficient spectrdJ. A. Schmidt, R. Arce, R. H. Buitrago, and R. R. Koropecki, Phys. Ret65B89621
(1997]. We have found, in agreement with our previous work, tilathe defect density shows the presence
of more charged than neutral defects, as predicted by the defect pool modsilj)aihé concentration of
charged and neutral defects evolve with the same time dependence, thus contradicting Schumm'’s generalized
model of defect equilibratior{.S0163-18209)08907-9

The understanding of the defect structure in hydrogenatetiveen localized and extended states, considering the midgap
amorphous silicong-Si:H) is of paramount importance for States as amphoteric. We have developed a computer simu-
the improvement of solar cells and other devices based ol@tion code that, starting from a given functional form for the
this material. Comprehensive models have been developddOS, allows us to obtain the true absorption coefficient of
for the defect formation and its evolution as a function ofthe material. Based on this convolution approach, we have
ilumination time!~® However, more experimental data are Shown that the standard procedure used in the CPM tech-
still necessary in order to test the predictions of these mod?idue leads to errors in the determination of the absorption

els. As the density of state®0S) determines the optical coefficient. Moreover, new experimental evidedtdased

properties of the material, the sub-band-gap absorption coef the photon energy dependence of the Rose factgives

- S . support to this ascertainment. Since in Ref. 12 we have used
ficient spectrurma(hv)] can b(.a used to gain mform_atlon the standard CPM procedure to obtain thgw) spectrum, it
about the defect structure. The integrated defect densigy ( would be important to analvze those results by using the
and the Urbach energye()) can be easily obtained from a b y y g

h s al ol b complete photoconductivity model of Ref. 16.
measurement ofi(hv). Moreover, it is also possible t0 0b- e fynctional form of the midgap DOS is a subject pres-

tain the energetic distribution of the defect den$iy(E).  ently under debate. The standard defect model implies that
To this purpose, two approaches can be made. One is {Qost of the dangling bond states are occupied by one elec-
apply an appropriate deconvolution technique to dif@»)  tron, meaning that almost all defects are neutral. On the other
data, as discussed in previous wofk&The other approach hand, the defect pool model suggests a defect equilibration
(convolution approachis to model the defect distribution process that leads to the existence of more charged than neu-
with a function having some free parameters, which are detral defects even in undoped samples. Our computer simula-
termined from a fitting of the measured specfr&. tion code allows to fit thex(hv) spectra with either defect

In a previous articl® we have used the first approach, model, thus giving the possibility to test the accuracy of each
studying the light-induced degradation of arSi:H sample  model in reproducing the absorption spectra. As a result of
by means of the deconvolution procedure proposed byhe fitting we obtain the defect distribution within the mate-
Jenserf. The a(hv) spectra used for the deconvolution were ria| gap, thus implementing the second approach mentioned
obtained by the constant photocurrent metiG&M) using  above.
the standard hypothesis of this technidtiethe occupied In the present work we use computer simulations of CPM
DOS showed the presence of two peaks between the valenggectra, based on the model of Ref. 16, in order to study the
band and the Fermi energy, which were assigned to the neugtefect structure o&-Si:H. We compare the results obtained
tral (D% and negatively chargedX(") dangling bonds. We when the defect distribution is described with the standard
have found more charged than neutral defects, in accordang®OS (Ref. 18 and the defect pool models. We study the
with the prediction of the defect pool modelWe have also  charge state of the defects in the annealed state and as a
found that both defect densities evolvet#@, wherety, is  function of the light-induced degradation. In this way we are
the illumination time. This is in agreement with ESR mea-able to test the predictions of those models that extend the
surements, which show a spin density growing with the sameefect chemical equilibrium concept to the photodegradation
time dependenc¢&™®and verifies that the spin density is pro- process. Finally, we compare the defect density obtained
portional to the total density of defects. from the direct deconvolution of the(hv) spectrum with

On the other hand, in a recently published pdfieme  the one obtained from our computer simulation.
have presented a steady-state photoconductivity model for Sample preparation and characterization has already been
a-Si:H. The model includes the full set of transitions be-described in Ref. 12. The dc constant photocurrent measure-
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FIG. 1. Evolution of the absorption coefficient as a function of ~ FIG. 2. Evolution of the defect density as a function of the
the illumination time. We show the absorption coefficient measuredllumination time. The defect states are shown divided according to
by the CPM (yeas, solid line and the fitting based on the steady- their occupancy in equilibrium: unoccupied {), occupied by one
state photoconductivity model of Ref. 1Gxpy, Symbolg. The  €lectron 09, and occupied by two electron® (). The band tails
fitting has been performed with a defect distribution dictated by the<®ep constant, while the densities of charged and neutral defects
defect pool model. We also shoi@otted ling the a(hv) spectrum ~ 9row uniformly.

that is obtained when the defect distribution is given by the standar? R . .
DOS model(for the final state, f=23580 s). ect statesD~,D”,D™), exponential band tails, and para-

bolic bands. Sinceyyeas increases only in the midgap re-

ments were performed using a double monochromator sysgion, the bands and the band tails have not been changed as
tem. The photocurrent was kept constant by controlling thea function oft;, . Moreover, it is not expected that the light
intensity of the incident light with a computer program. Fol- soaking may lead to any changes in the position or width of
lowing the standard procedure, the “absolute” valuesaof the defect peaks. Thus, in accordance with Sakas. "* we
(named hereafter,gas) Were obtained by matching the have kept these parameters constant when fitting the evolu-
CPM data to the results of conventional optical measuretion of the defect density. The resulting DOS is shown in
ments at 1.7 eV. We took CPM spectra after the followingFig. 2. The parameters used for the fitting are typical for
illumination times: 0, 180, 780, 1980, 9180, and 23 580 secgood-quality a-Si:H. The mobility gap was taken a§,
Measurements of the CPM spectra were performed at roor 1.8 eV. According to Streét, the density of states at the
temperature, under vacuutibetter than 10° Torr), and band edges was chosen to be>3I0%* cm 3 eV L. The
without changing the position of the sample within the cry-best fit was obtained with an inverse logarithmic slope equal
ostat. The suppression of the interference pattern from thto 52 meV for the valence-band tail and 30 meV for the
CPM spectra was done by using the transmittance sp¥ctraconduction-band tail. The correlation energy was taken as
followed by a final smoothing using FFT filtering. All spec- 0.2 eV, as usually assumed in the literattiféhe (+/0) tran-
tra were treated in the same way, taking into account theition of the defect peaks lay at 0.61 e (), 0.92 eV
comparative nature of this study. (D%, and 1.23 eV DP*). The capture cross sections for

The steady state photoconductivity model has been deelectrons and holes were taken the same, with values
scribed in detail in Ref. 16. For each photon energy our3 X 10 '® and 3x10 ¢ cn? for the charged and neutral
computer code determines the photon flbfhv) required to  defects, respectively. The Fermi level position was taken
keep the photocurrent constant. Following the standard CPNtom dark conductivity activation energy measurements. In
procedure, we get the simulated absorption coefficient fronthe CPM experiment, as well as in the simulation, the pho-
acpm(hv) =constip(hv). We will call this simulated ab- tocurrent was chosen to be eight times larger than the dark
sorption coefficientrcpy, to distinguish it from the one ob- current.

tained from the experimental CPM dataygas. A fitting of Figure 3 shows the evolution of the density of charged
acpy 10 ayeas allows us to obtain the defect distribution and neutral defects as a function of the illumination time.
within the gap. The defect densities have been obtained from the simulation

Figure 1 shows the evolution of the measured and simuof the CPM experimen(this work and from the direct de-
lated absorption coefficients as a function of the illuminationconvolution of thex(hv) spectra following Jensen’s method
time. As can be seen, they are in good agreement for theRef. 8. From this figure, two important results can be ob-
whole range of illumination times. If we assume a defecttained. First, the density of charged defects surpasses the
distribution dominated by the neutral defects, as suggestedensity of neutral ones, in accordance with the predictions of
by the standard DOS model, we find an increased absorptioie defect pool model. Second, both defect densities evolve
coefficient in the low photon energy region, followed by awith the same time dependence, which is very close to the
flat zone(see Fig. L This result is in agreement with those tﬁ,’3 dependence measured for the spin density by ESR.
published by Stiebig and Siebk&Since this behavior is not The density of charged defects in intrinsi€Si:H is still a
observed in our measurements, we have performed the fittingpntroversial topic. While some authors agree with the tradi-
with a defect distribution the functional form of which is tional point of view that the density of neutral defects largely
dictated by the defect pool model. The DOS consists of deexceeds the density of charged defééts other authors
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charged than neutral defects and the evolution of both defect
densities with the same time dependence. However, it can
also be noticed that the defect density obtained from the
deconvolution procedure is systematically lower than that
obtained from the model approach. This disagreement can be
understood by taking into account that the deconvolution
procedure is based on the absorption coefficient measured by
CPM, which according to the results of Ref. 16 underesti-
mates the true absorption coefficient of the material. This
important result, namely that dc CPM does not give an ac-
curate estimation of the true absorption coefficient in the
low-energy region (h<<1.3 eV), has also been confirmed
from CPM measurements performed under different photo-
current levels’ Consequently, the deconvolution procedure
also underestimates the defect density. On the other hand, the

FIG. 3. Integrated defect density as a function of the illumina-Simulation of the CPM experiment allows to correct the

tion time, as given by Jensen’s deconvolution proced®ef. 8,
open symbolsand by our convolution procedutsolid symbol$.

support the opposite opinidn® However, an increasing
amount of recent observatidrfé~2tends to confirm that the

density of charged defects is not negligible in intrinsic
a-Si:H. Our results agree with these later measurement

since the ratio of the areas of tle /D° peaks(as obtained
from Fig. 2 is 2.8. From the direct deconvolution of the
a(hv) spectrum(Ref. 12 we had already obtained a similar
result,[D~]/[D°]=2.6.

The light-induced degradation af-Si:H samples is usu-
ally assumed to proceed through the creation of mainly ne

tral defects. However, in accordance with Stiebig and
Siebke?® we have not found a decrease in the charged t
neutral defect ratio upon light soaking. This behavior is in
agreement with results of ESR-PDS comparisons, where
linear correlation between the spin density and the integrate

subgap absorption was fouRtiOn the other hand, this be-

havior contradicts the predictions of Schumm’s generalize

model of chemical equilibrium,where a strong increase in

the D density is anticipated. This means that more work is

u_

(0]

problems of the method, since the fitting @fjzas gives as a
result the true absorption coefficient and the defect density
(see Ref. 18 Thus, we believe that the model approach of-
fers a closer estimate to the actual DOSae®i:H.

In summary, we have studied the light-induced degrada-
tion of an intrinsic a-Si:H sample from the evolution of the

$ubgap absorption coefficient. We followed the approach of
i

tting the a(hv) spectra, obtaining as a result the defect
distribution within the gap for each illumination time. We
have reached two important conclusiofib: the defect den-
sity responds to the predictions of the defect pool model,
with more charged than neutral defects, #8dthe concen-
tration of charged and neutral defects evolve with the same
time dependence, meaning that light soaking does not pref-
erably createD? states. The first point gives support to the
defect pool model, while the second casts doubt over
Schumm’s generalized model of defect equilibration. These
fivo conclusions agree with our previous findings, obtained
rom the direct deconvolution of the(hv) spectral? There

és, however, a disagreement in the magnitude of the defect

density, which we believe is caused by a failure of the CPM
in reproducing the actual absorption coefficient of the mate-
rial.

needed in order to apply thermal equilibrium concepts to the

light-induced creation of defects.
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