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PREFACE

This report covers the first year of a continuing research study to understand how
recombination, trapping and band-mobility modification affecting the electronic properties
of amorphous semiconductors can be measured, characterized and described by an
appropriate spectrum of defect states and how light-induced defects in a-Si:H and native
defects in a-SiGe:H affect transport properties in these materials.

It is well known that light-induced effects (SWE) increase the density of states near
the dark Fermi-level. There is a concomitant increase in the spin density probably due to an
increase in the dangling bond density. The question that arises is can one relate the decrease
in carrier lifetime directly to the measured increase in the density of deep states? To answer
this we study experimentally and theoretically electroluminescence, recombination,
electronic transport and photocarrier generation in a-Si:H and a-SiGe:H alloys. The
information gleaned will certainly be relevant to the Staebler-Wronski effect.

The work at Chapel Hill is performed by:

Professor Marvin Silver

Daxing Han - Research Associate

Keda Wang - Research Associate

Mathieu Kemp - graduate student
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SUMMARY

Our objectives were to determine how the Staebler-Wronski defects affect the
electronic processes in a-Si:H and a-SiGe:H films. In order to attain these objectives, we
studied both experimentally and theoretically electroluminescence and forward bias currents
in p-i-n devices ( i-layer thickness > 2um) before and after light soaking. We developed a
simple picture to compare forward bias current to the EL signal. Contrary to previous
misconceptions, the EL efficiency is high (as high as PL). Because the EL efficiency is N =
EL/jr, where jr is the recombination part of the current and not EL/jr where jE is the total
current. The substantial difference between EL/jr and EL/jF is that under forward bias there
is gain factor G = jg/jr, consequently N = (EL/jp) x G.

With the gracious hospitality of Reinhard Carius at Julich, we were able to show
that the total emission of EL collected by a IR-photomultiplyer is consistent with the main
band emission, the later data taken with a Ge detector at Julich.

Transient forward bias measurements of p-i-n junctions before and after light
soaking occupied the majority of our experimental energy. We obtained the unexpected
results that the product of the final current times the rise time was not constant before and
after light soaking as expected from the concept of gain band width but changed radically.
The rise time tr increased by more than one order of magnitude while the final current I did
not change significantly with light soaking. On the other hand, the Ift; product did hold
close to a constant when only the applied voltage changed.

Theoretically, we made significant progress on a microscopic model for radiative
recombination. Including the coulomb interaction, there are two major contributions to the
time dependence of the luminescence: 1) nearest neighbor tunneling between the hole and
electron and 2) a transport controlled process where the rate limiting step is a long distance
hop between electrons in tail states. These calculations are able to reproduce the frequency

spectra of low temperature luminescence and also the dependence upon excitation intensity.



Our research last year has resulted in 11 papers being submitted for publication.
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I. Introduction

Prolonged illumination of silicon-hydrogen based solar cells clearly lowers the
efficiency. It is well known that the prolonged illumination increases the density of
dangling bonds and possibly other defects which decreases the recombination lifetime of
photogenerated carriers. There are two major problems: 1) what is the mechanism and
kinetics of the formation of these photogenerated recombination centers and 2) what are the
factors governing the recombination itself.

In our research, we have chosen to attempt to understand the recombination.
Through this understanding, remedial procedures may be suggested. The radiative- and
non-radiative- recombination can determine the electroluminescence and the forward bias

current in p-i-n devices. The results reported below came from our first year's activity

under this sub-contract.



II. Results
A) Experimental Results

1) Forward Bias Current
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Fig. 1 Applied voltage dependence of Forward current
in a 2um p-i-n diode at state A.

Fig. 1 shows the applied voltage dependence of forward bias current in a 2pm p-i-n
- diode. The response-time t; is approximated by the extrapolated time to reach the final value
for the current I and the product of Iity is given on each curve along with the magnitude of
the applied voltage. We found that the product of Iftr is approximately constant for transient
forward biased currents vs voltage in a-Si:H diodes ( the same rule was found in
compensated material previously! ). The product of Ijt is somewhat equivalent to a gain-
bandwidth product?. It will be discussed in part B.
Although the current vs time is depicted only to 2 x 10—4s, our data shows the

current to be constant (after the rise) up to 5 x 10-2s, the limit of our pulse generator.
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Further, an examination of T, shows that it is not related to the transit time of holes because
if it were T, o< 1/¥ and the data shows that it is more nearly o 1/V2.

We have also studied how Igt; product varies with photodegradation. These results
are shown in figures 2a and 2b for a 2tm and 10pm p-i-n diodes, respectively. Notice,
there was a negative bias instead of zero bias between the positive pulses. State A is
annealed state and state B1-BS is step by step light-soaked states for the same dot. As one
can see, for the same voltage t; increases significantly after photodegradation. What is
curious is that the magnitude of the forward bias current If does not change much but only

the response time t;increases significantly. We will continue to study this phenomena

during the next year.
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Fig. 2a The forward current as a function of light-soaking for a 2um p-i-n diode.
The forward bias pulse repetition rate was 0.1 Hz and the amplitude of the positive 'pulse is

2V with a negative bias - 2V between positive pulses.
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Fig. 2b The forward current as a function of light-soaking for a 10um p-i-n diode.

2) Electroluminescence

Last year we showed3 that, in the temperature range of 80 < T < 300 under constant
voltage condition, the EL/jr vs. T gives a straight line with a slope about 30K which shows
a constant radiative-lifetime 7y . This means that any change in EL or forward bias current
with temperature is attributable to the change of the non-radiative-lifetime 1. This year, EL
was studied in both our lab and KFA, Julich for our p-i-n devices. In our lab the EL data
were collected by a IR-photomultiplyer with an cut-off energy 1.1eV; in KFA the data were
collected by a Ge-detector with an cut-off energy 0.75¢V. In particular, we studied the
comparison of the total emission with the emission spectra. Concerning the main band
emission, the EL/jr vs. T measured in KFA gives a straight line with a slope of 34K which
is consistent with the previous results3. We found that as temperature decreases from 250K
to 60K the main band peak energy shifts only by about O.lev (1.1ev to 1.2ev). These
results are shown solid lines in figure 3 for a 2um p-i-n at 250K and 60K. We were not

able to make measurements below 60K for "thick" samples. However, Dr. Carius* did



measure EL on 0.5um samples at 30K and below. These results are also shown in figure 3
as doted lines. Interestingly, the peak energy for EL at 30K is shifted only 0.05Sev from
those found in our thick samples at 60K. However, the 250K results are quite different.
For the thin samples, the peak energy is 0.95ev while in thick samples it is 1.1ev. Itis clear

that the shift in the peak energy at high temperatures is much greater in the thin samples

than in thick one. This effect must be studied further.
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Fig. 3 EL spectra temperature dependence. The solid and doted lines are corresponding to
2pm and 0.5pm p-i-n diodes, respectively.

We have obtained the transient response of EL in our thick samples. The response
is due to the "turn-off" of the forward bias pulse in the p-i-n structures. This data is shown
in figure 4 where we plot In(EL x t) vs In t. Plotting the data this way is equivalent to
obtaining the radiative lifetime spectra’ Notice that there are two peaks; one at
approximately 10-6 sec and the other at 10 sec. This structure is similar to that reported
for photoluminescence by Ambros et al.5 The similarity between EL. and PL. indicates



that the generation mechanism is not important but that the lifetimes are governed primarily

by the recombination process itself.

B ] 1 | ]
T et -
GRS i
Hoap -
=
1— —
| 1l 1 1
108 1076 10# 1072

t (sec)

Fig. 4 The recombination lifetime distribution obtained from EL decay.

3) Model
During the past year we established a phenomenological model for double injection.
Since EL represents some fraction of the recombination current, this simple model can be
" applied to it as well. Figure 5 schematically represents the current flow. To evaluate the

recombination current the current flow in the circuit can be written as
(1) Vij=g-V-j;

where j; is the recombination current and g is the effective generation rate. Integrating over

the entire volume of the diode one has

) Iom-1h=%—1r



where CV/to is the injected current from the contacts in which C is the geometric
capacitance of the diode and to, is the mutual average transit time of the carriers. Mark and
Lampert® approximate the mutual average transit time using the ambipolar mobility of the
two carriers. In the case of a-Si:H with the complicated density of localized states, the
ambipolar concept may be a little naive and so rather than define to we leave it in general
terms. for this qualitative picture, lumping them together should give an adequate physical
picture. Now from Eq. (2), since both Iin and Iy, must equal to the circuit current I, +
Ifp, one has Ir = CV/to in steady state. The meaning of this is that the recombination

current adjusts itself through the population of recombination centers so that CV/tom = Iy at

steady state.

]

Fig. Sa Schematic plot of the electrons and holes flow through a p-i-n diode.

Fig. 5a is a schematic plot of the current flow through a p-i-n diode. Computer simulations
are needed for solving a complete set of kinetic equations for the holes and electrons;
however, to give a semi-quantitative picture we use the equivalent diagram shown in figure

Sb. Both the hole and electron injection currents are contained in the term CV /tom-
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Flg 5b Simplified plot of the current flow through a p-i-n diode
by using a mutual average transit ime t__
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We have arguéd 3 that one should not use n* = EL/If as the EL efficiency, butn = EL/I; =
n*(1/to). It should also be remarked, that the radiative-lifetime Ty is larger than the non-
radiative-lifetime 1, the EL efficiency,therefore is = n*(t 1), which is comparable with
that of PL.

B. Theory

Our theoretical research has focused on two problems: 1) an explanation for the
shape of the forward bias current in a p-i-n structure as a function of photodegradation and
2) the time dependence of recombination as evidenced by the frequency dependence of the

luminescence. We have only just started on the former problem and have made significant

progress on the latter.



In figure 2, we see that photodegradation does not affect the final current as much
as it prolongs the rise of the forward bias current. At present we can only speculate that
this strange result comes about because the recombination in steady state is controlled by
different states (perhaps band tails) than the transient which surely is controlled by the
density and capture rate of deep defect centers since these must be filled in order for the
quasi fermi level to rise. We have noticed that the data in Fig.2 were taken with a negative
bias, because there was accumulated charges near the junction without negative bias.

We plan to try to calculate these results more carefully but at present we only have a
naive phenomenological model. What figure 2 shows is that the product Ity increases with
photodegradation. The quantity Igt; can be estimated from the following phenomenological
argument. From Eq. (3) and the relation of tr=1 (1 + ny/n) = T (ny/n) (where n; and n are
the density of trapped and free carries, respectively), one has
Now since t = (Nb)-1, by assuming the density of the recombination centers N is

approximately the same as the injected charge concentration, one can write

5 ‘t=_1__
®) pCVY 1
el t

and 12=——°Lt°

so finally by inserting Eq(5) into Eq. (4) one has

=L Dt
© It bt 0 _
The gain-bandwidth product is GAB = (Tfto)(1/1) = 1/t5, and when VC 2 enL, ty is equal to
the dielectric relaxation time, Tret = (K/47G)10-12, So that the Ifty product in Eq.(6) is

somewhat like the gain-bandwidth product? in photoconductors. If Ity is to increase upon
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photodegradation either b or t, must decrease, or nyn increase. It is not likely that to
decreases because this would imply an increase in band mobility contrary to recent
experiments’. Consequently, either ny/n increases or the recombination rate constant, b, for
photogenerated defects is smaller than those for thermal defects. This also requires further
study.

Now, the above phenomenological model requires substantiation before it can be
accepted. We plan to take more data for different samples at varying temperatures and
attempt microscopic modelling for these processes during the coming year. Nevertheless, it
seems plausible to suppose that photogenerated defects are formed in regions of high strain
or local potential energy and therefore might have a small recombination rate constant
because of the barriers still present after formation of the defect.

We have now succeeded in putting forth a microscopic model for low temperature
luminescence and therefore recombination (see our SERI annual report 1990-91). What we
have done is to include the effects of the coulomb interaction and the magnitude of the
localization radius on the low temperature luminescence. For small energetic disorder, the
coulomb interaction produces anisotropic recombination dynamics while for large disorder,
the recombination remains isotropic A small (< 10-7 cm) localization radius leads to a
transport controlled recombination where the lifetime is governed by the longest jump
between il states rather than the final radiative jump between the electron and hole. Using
these ideas we calculate the frequency dependence of the luminescence, show that there are
two peaks, as a function of excitation density. As a consequence, we show how the
fraction of geminate pair recombination varies with excitation density.

For the moment, we use monte-carlo methods for our calculations. Rather than
repeat the details of the calculations, we attach a preprint of a letter’ to the editor to Phil.
Mag. B. For the future, we will extend our calculations to higher temperanmre and also seek
analytic solutions to the problem including the coulomb interaction.
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Figure captions

Fig. 1  Applied voltage dependence of forward current in a 2jtm p-i-n diode at state A.

Fig. 2  a) The transient forward current as a function of light-soaking for a 2um p-i-n;

b) The transient forward current as a function of light-soaking for a 10ym p-i-n.

Fig. 3  EL spectra temperature dependence. The solid and the doted lines are
corresponding to 2um and 0.5pum p-i-n diodes, respectively.

Fig. 4  The recombination lifetime distribution obtained from EL decay.
Fig. 5  a) Schematic plot of the electrons and holes flow through a p-i-n diode.

b) Simplified plot of the current flow through a p-i-n diode by using a mutual

average transit time tom for both electrons and holes.
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