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Dependence of the light-induced degradation kinetics of photoconductivity
and ambipolar diffusion length as a function of doping level in a-Si:H
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Varlation of both photoconductivity o, and ambipolar diffusion length L., have been

measured during exposure to light on a series of lightly p- and m-doped a-5i:H samples. The
observed decay of the photoconduetivity with time of exposure has been fitted by a power-law

function. The power-law exponent observed strongly depends on doping. On the other hand,
ambipolar diffusion length generally remains constant during the observed part of the
degradation process, except for a slightly boron-doped sample with the Fermi-level near midgap.
In the latter, L, decreases in accordance with ¢, . The experimental observations can be
qualitatively explained taking into account dangling bonds with their three charge states

[D"‘,ﬂﬂ,ﬂ'_] as main recombination centers.
I. INTRODUCTION

Onc of the main goals toward which onc pursucs the
investigation of the light-induced degradation process in
a-%i:H iz the achievement of a high stahle efficiency in p-i-n
solar cells. In these devices operating under steady-state
conditions, the relative position of the Fermi level with
respect to the band, the densities of free carriers as well as
the average charge condition of the dangling bonds
(D", 0% D ) will all vary in space. Dangling bonds play a
major role in recombination and the preponderant free car-
rier onto dangling bond transition associated with recom-
bination also varies in space within the device.” It has fur-
thermore been shown that recombination is a key
mechanism in the degradation process. For thess reasons
the degradation process in p-i-n devices is extremely com-
plex and one needs to study first the behavior of uniform
layers in a more complete manner,

In fact, by lightly doping a-Si:H samples with gas
phase doping levels in the ppm range, one can obtain ho-
mogensons material with an adjustable Fermi-level posi-
tion. This method has recently been experimentally shown
to lead to variations of the steady-state transport propertics
of both types of free photogenerated carriers over orders of
magnitude.™ The effect of slight doping on the steady-state
photogenerated free carrier densities can be understood by
modeling the recombination in g-51:H, assuming monomo-
lecular recombination of the free carriers on the dangling
bonds.! Doping dramatically affects the average charge
eondition of the dangling bonde.* Ac the latter act as the
main recombination centers in g-Si:H under illumination,
any modification of their average charge condition, to
which is related an important change of the capture cross-
section involved in the process of monomolecular recom-
bination, will thus attect the steady-state transport proper-
ties of the films.” In the framework of this model, the study
of slightly doped @-8i:H samplcs should allow onc to un-
derstand better any possible relationship between the aver-
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age charge condition of the dangling bonds and the degra-
dation kinetics; such a relationship would then be an
important further step toward the understanding of light-
induced degradation in a-Si:H p-i-n solar cells.

In a-Si:H, the steady-siate photocarrier grating
(88PG) experiment” is currently the best method available
to evaluate the ambipolar diffusion length L__,, and it has
been used by the anthors in this study. One of its advan-
tages is that it can be performed on the same experimental
configuration as the one used for the measurement of the
photoconductivity o, (coplanar contacts on the surface of
the sample). From the measurement of oy, one can eval-
unate the value of the product of the majority free carrier
density times the corresponding band mobility, whereas
from the measurement of L., one can evaluate the prod-
uct of the minority free carrier density times their band
mobility.” Therefore, assuming both band mobilities to re-
main constant during the process of interest, the variations
of the ratio of free carriers densities can be monitored by
measuring simultaneously the variations of oy, and Ly, .

In this article, we will present experimental observa-
tions on the variation of both oy, and L, during expo-
sure to an intensive light. This is done for a series of lightly
doped a-5i:H samples.

Il. EXPERIMENT

The samples have been deposited on a glass substrate
at 220 *C with the VHF deposition techniq&u-: (plasma fre-
quency =70 MHz), described clacwherc.” All films stud-
ied have thicknesses ranging between 1.7 and 2.5 ym. The
doping of a-8i:H was achieved by mixing dopant gases
[diborane (B,H:) or phosphine (FH,)] in hydrogen, this
mixture being then used with pure silane for the film dep-
osition. The gas phase doping level of the p-type films was
varied between (0.2 and 10 ppm,; of B;H; in silane; for the
n-Lype films, it was varied from 0.1 w 1 ppm,, of PH; in
silane. The effect of ppm doping on the activation energy
(E,.) 18 shown in Fig. 1. E,, was evaloated from
the measurement of the dark conductivity at room temp-
erature and by using the conductivity prefactor
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FIG. 1. Effact of ppm gas phase doping levels on the activation energy
(E,.). Note the difference in scales for PH, doping and B;H, doping.
Above 0.5 ppm,,; of diborane doping, the material is p type; below it, it is
R type. Lhe undoped material 1s sightly » type.

150 ' em™ !, For n-type samples (the samples doped
with PH; and the undoped sample), the value of E,; gives
the position of the Fermi level relative to the conduction
band (E_— Eg). For the samples doped with more than 0.5
ppm, BsHg, (p-type samples), E, . gives the position of
the Fermi level relative to the valence band (Ex—E,). The
value of E,—Ep for the series of samples was obtained
from the valua for E,, using E,.=E —FE =18 ¢V evalu-
ated from measurement of the ahﬂmpu-:m spectra.’ . —Ep
varied from around 1.2 eV (for the 10 ppm,, B;Hg dﬂped
sample) Lo aboul 0.5 eV ([ur the 1 ppm,, FH; doped
sample).

Photothermal deflection spectroscopy (PIDS) as well
as constant photocurrent method (CPM) measurements
have been performed on the annealed films (initial state).
The effect of doping on the CPM measurement is such that
the deep defect density (Npgp) cannot be properly
evaluated.” T'he value tor Npy derived from the measure-
ment of the absorption coefficient at a |iahutuﬂ energy of 1.2
e¥ (zj3) measured by PD5 is 23x 10 % ¢m™—2, This value
showed no significant variation with the doping level.® Un-
der the sxperimental conditions nged to perform the PTIS
measurement (thickness of the samples around 2 um) on
the different samples, variation of bulk deep defect density
within a factor of 2 are difficult to detect. In the worst case,
our experimental observation of an almost constant value
of ¢y ; with doping level could correspond to a variation of
Npg within an order of magnitude. But as the ratio of free
photogenerated carrier densities n /p  has been nhservecl
to vary within seven orders of magnitude in this series,” we
have to attribute the latter to an effect other than that of
the variation of Npg. In fact, it can be attributed to the
variation of the average charge condition of the dangling
bonds,>® the latter being clearly dependent on the dopant
concentration.

Degradation of the films has been performed with cw
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Kr lascr light (1==647 nm), at an incident power density
of 150-170 mW/cm?, The samples were air cooled during
the degradation, and degradation was interrupted in order
to measure o, at an incident power light intensity of 4
mW/cm?, L, was evaluated using the SSPG technique
under a bias light of 4 mW/em?, the same light intensity as

the one used to measure ;. All our measurements have
been done at the same light imtensity, 1.€., approximately at

the same generation rate (this approximation being due to
samples having different thicknesses ). For the steady-state
conditions prevailing in both oy, and SSPG measurements,
this meant that our measurements have heen performed
under roughly constant recombination rate.

According to Refs. 2 and 10, a parameter b can be
introduced; this parameter is defined in an electrically neu-
tral material by the relationship:
Hﬂ .l'ljr
Hp Py’
where p® » are the band mobilities and n; and p, are the
free photogenerated carrier densities due to the bias light
(corresponding here to the 4 mW,/cm” light). By combin-
ing the values of oy and L, we are able to evaluate b
according to the formula given in Bef, 10. The parameter b
has proven to be a key parameter for the interpretation of
Ty and Lo, "0 It is 2 good indicator of the offset of the
two quasi-Fermi levels with respect to midgap at a given

generation rate. It is more meaningful for the experimental

conditions used here (and should be used for quantitative
analysis) than the value of E.—Ej, the latter being the

relevant monitor for the variation of the [ree carrier den-
sities in the dark, i.e., under thermal equilibrinm.

b= (1)

fll. DISCUSSION

We have plotted in Fig. 2 the ohserved variations of
both L2, and o during exposure to the degradation
beam for different doped samples. In all lightly doped sam-
ples with the exception of the 0.5 ppm, B,H; doped sam-
ple, LI, can be observed (at least during the degradation
time periods and illumination conditions as used in our
experiments) to remain almost constant during this pro-
CCaa.

It is indeed possible to understand why the ambipolar
diffusion length [__. does not decrease at all during the
initial phase of degradation (the phase observed here) in
all sufficiently doped samples by using the approach given
in Ref. 10. Briefly, we shall relate o, and L, with the
material transport parameters. Assuming the standard
transport model,’' where conduction takes place by trans-
port of frec carriers above a mobility edge, oy, and Ly
can be written as:'®

Tn=e(Taptn+ 7o) Gy, (2)
kT b 1t

L? C forn 3

amb ™ ;HF‘N‘F'TR-PF (3)

where e is the unit charge, kT the thermal energy, -r'" are
defined as vr‘ =n p'Gp and f" =p ' Gy, Gy I8 the generatlnn
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FIG. L. Varlation of oy, and L}, during exposition time to & cw Kr laser light beam (1=647 nm}, Fiey= 170 mW em ™% (a) undoped sumple, (b) 0.5

ppm, 4 BsH, doped sample (“intrinsic” sample), (c) 10 ppm, ., B;H; doped sample, (d) 0.5 ppm,,, PH; doped sample. A power law has been fitted to
the variation of oy, . The value of its exponent allows one to characterize the “degradation rate” of oy, (1),

rate, and f, , are the band mobilities. The constant C ap-
pearing In the expression for L, 15 a correction factor
experimentally evaluated'® as being between 1 and 2. Now,
in order to identify rf and 1:‘; ome has to introduce a model
for the recombination process. We will consider that re-
combination occurs by the successive capture of free car-
riers on the dangling bonds (monomolecular recombina-
tion). Using the results of the detailed treatment of
recombination as given in Ref. 1 which was derived for the
case of a single discrete level of recombination centers in
the gap, which, however, have three different charge states
[.DD,B"',.D_}, one obtains for the recombination times: !

Pl
(m5) '=;E+E. (4)
Erﬁl“=€u+f—t, (5)

where 7, £%, and £~ are the recombination center occu-
pation functions, i.e., the probability that a recombination
center is occupied by one electron (D), zero electrons
(DY), or two electrons (D™). We will assume that
afl the dangling bonds act as recombination centers. Then
75 Ty Ty and 7,0 are defined as 75 = (vl Y N pg)
and TE'_ - (H._h-rrg' “Npg)~ I where 1y, 18 the thermal veloe-
ity, Npg the total density of dangling bonds, and o the
capture cross section for free carriers.

Take, now, an n-type, i.c., phosphorus-doped sample.
Here, we assume that p_n lia ‘u.g Pr Then, according to Eqg.
(3), Liyy=(kT/e)Criul. Thus, the observation that L
does not decrease with exposure to the intense laser beam
means that 15 and thus the density of free minority carriers
does not vary with degradation. At the onset of the degra-
dation, there are mainly negative ionized dangling bonds
(D7), whose density N - is approximately equal to that
of the ionized dopants (P ): free holes are mainly cap-
tured by D~ (which not only form the majority of recom-
bination centers here, but also have a much larger capture
cross section for holes than the neutral dangling
bonds™'*'), so that we have f "<~ and 75%7,". Thus,
»j'f = 1/(vgo, Np-), where Np- is the density of nega-
tively charged dangling bonds. As degradation proceeds,
N p- con be considercd to romain constant (to assurc
charge neutrality) and the newly created dangling bonds
will therefore have to be preponderantly nentral !:_Du}.
(This means we are deliberately excluding here a simulta-
neous creation of two c:ha:'ia dangling bonds of opposite
sign, D7 and D™.} Thus, ) will stay constant and L, .
too. In this model, only if the density of neutral dangling
bonds (WVpo) increases so much that we have 0N 5o
< Oy N p-, will the situation change and will neutral dan-
gling bonds become important for the capture of holes. But
this would require a large increase in dangling bond den-
sity, because o }ﬂ’;. Such a transition point is not ob-
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FIG. 3. Variation of the exponent of the observed power-law decrease in
um{f} {so-callod “d.l:ElulJ.ulil.m rals™); {a) s & (uoclon of the ipilial
value of E,—Epg, (b) as a function of the initial value of 5 The Agure
indicates the ppm,,.; doping level of cach particular sample. Filled circles
ars for n-doped samples, open circles for p-doped samples, and Glled
squares for the undoped sample.

served in our present data on doped samples. It is, how-
ever, vbserved for the undoped sample (Fig. 2). Similar
reasoning is applicable for the p-type case, i.e, for suffi-
ciently boron-doped samples. The case of the undoped
sample has already been extensively treated by the authors
(albeit in a more complicated way) in previous papers' ™"
am:l the case of the 0.5 ppm,, B,H; doped sample where
L}, and o, both decrease with approximately the same
power-law éh pendence with time will be discussed later.
As for the photoconductivity o, we have observed
that (under the experimental conditions used for the mea-
surements) it decreases with exposure time (). The decay
of oy, can be fitted either by a power law" or by a
El:retc:hﬁd exponential.'® In the limited range of exposure
times used here, both fits give similarly good resulis. so
that we have decided arbitrarily to fit power laws to the
observed variations of o, (Fig. 2). The “rate of degrada-
tion” of oy, has been characterized by the value of the
exponent of the power law. The absolute value of the ex-
ponents thus obtained (they ars always negative) are plot-
ted in Fig. 3 as a function of the initial value of E.— E and
as a function of & measured in the initial state (annealed
state). Figures 3{a) and 3(b) show that the “degradation
rate” of o,y (i.e., the exponent of the power law)} depends
on the gas phase doping level.
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We can qualitatively understand this behavior if we
keep in mind that o, is proportional to the ur product of
majority carriers [Eq. (2}]. These carrers have (in the
doped case) the same polarity as the ionized dangling
bonds {(e.g., o3 D™ in the phosphorus-doped cose). Such
carriers therefore cannot be captured by the ionized dan-
gling bonds, but only by the nentral dangling hands n of
density Npe. Taking as an example, again, the n-type
( phosphorus-doped)  case, :;rr,;,=erf,uﬂﬁn with %
= 1/(vgo N po). Now, as already explained above, during
the degradation process, the newly created dangling bonds
will have to be neutral for charge neutrality to be main-
tained. Thus, the relative increase in N po will be larger, if
their proportion is smaller at the onset of degradation, i.e.,
it will be larger if the parameter b is very different from
unity and the sample is stronger doped. This can (at least
partly) explain the variation in'the exponent of o, (f) with
the parameter b, as shown in Fig. 3(b). Although the pro-
posed explanation is only qualitative, the models for trans-
port and recombination used here have yielded quantita-
tive information for the same series of samples.™'® Until
now, the influence of the dangling bond occupation func-
tion on the value of L,y and o, had been omitted. The
experimental observations presented here are another illus-
iration of the imporiance of clearly distinguishing between
the densities of neutral and charged dangling bonds when
evaluating steady-state transport properties.

In undoped, so-called “device-quality” ¢-8i:H, the deg-
radation rate of o, i8 commonly found to be around ﬂ 3
This particular value had in the past been considered"
an experimental quantity allowing to discriminate h:twr.nn
different models proposed for the microscopic mechanism
of the Steabler—Wronski effect; such a point of view has
been subsequently contested.!® Nevertheless, the pro-
nounced variation of the value of this exponent observed
here is cxperimental evidence proving that effects of the
degradation process on the steady-state transport proper-
ties differ considerably depending on the doping level of the
sample, i.e., on the Fermi-level position. Let us remark also
here that in *undoped™ g-58i:H prepared under nonconven-
tional conditions, values for the degradation rate different
from 0.3 have already been reported elsewhere."’

The lowest degradation rate of o, was observed on the
sample doped with 0.5 ppm,, B,Hg. This sample shows a
“lrue intrinsic” behavior chauracteristic of a sample wilth
the Fermi-level at (or near) midgap: E,, is the largest one
reached in our series of samples, and the values of Lynyy,
and o, measured on this particular sample attamf:d their
maximum and minimum values, respmtmel}r In this case,
one may assume that there are so few lonized dangling
bonds (D or D7) that neutral dangling bonds act here as
the main capture centers for both carriers. Thus, L, and
o, will both have to decrease in roughly the same manner
with (he rcase of the Lotal dangling boond dewsily Npg
(and thus of N ).

The observation of a very slow decrease of both o,
and L, , in this particular sample can be compared with
earlier observations made on compensated a-Si:H
samples:” it had been found that in compensated samples



(samples doped with approximately the same amount of
both doping species), the density of metastable dangling
bonds that can be created by a fised illumination procedure
decreases with increasing doping level. With this observa-
tion in mind and according to the predictions of our
model,” the observation of a very slow decrease of both a
and L2_, . in this particular film, can be attributed to a very
slow increase of Npg. This assumption clearly requires an
independent (and more direct) measurement of the varia-
tion of Npg(t) on this particular sample before concluding
anything definitively.

IV. CONCLUSIONS

It has been observed on a series of lightly doped a-Si:H
samplcs (gas phase doping levels of the order of the
ppm,y) that light-induced degradation causes the photo-
generated majority free carrier density to decrease (ie., oy,
decreases) with exposure to light in a fashion that depends
on the initial ratio of free photogenerated carrier densities,
i.e., on the initial Fermi-level position. On the other hand,
the density of photogenerated minority free carriers is in
general not affected by light-induced degradation (iLe.,
LI, keeps constant except for certain particular cases).
The latter set of observations can be explained by postu-
lating that all newly created dangling bonds are neutral
(D).

At this moment, we are unable to decide whether the
variation in the degradation kinetics of oy, (r) with the
parameter b is fully or only partly related to the charge
condition of the dangling bonds as explained in detail
above. However, we may already now conclude that one
has to be very cautious when taking photoconductivity as a
monitor for the degradation process; the variation of pho-
toconductivity is not a monitor for the variation of the
total density of dangling bonds, but, under usual condi-
tions, only for the density of neutral dangling bonds. One
may safely compare the decay rates of photoconductivity
only for samples having the same proportion of neutral
( D) and ionized (D~ or D) dangling bonds. It is there-
[ure prudent o always look, al the same Liane, also al the
ambipolar diffusion length when studying degradation and
to evaluate the parameter b from Cpy @nd Ly,

Further degradation experiments, over longer time pe-
riods (extending into saturation, if the latter is really ob-
served ) and where the total density of dangling bonds, oy,
and L, , are evaluated simultaneounsly on a multitude of
lightly doped samples are now called for. This work is
extremely time consuming, but it is needed as a basis for a
proper evaluation of the light-induced degradation process.
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