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ABSTRACT

Far the characterisation of a-5i:H layers, steady-stale
photoconductivity (SSPG) and steady-siale photocarmer
grating (SSPG) are currenlly used. But the pt-products
deduced from these measuremeants are a function of the
prevailing dangling bond eccupation in the film and, thus,
are not a measure of material quality. In the present paper
the authors introduce the product p%®, which is
indepandent of dangling bond charge and which monitors
matenal quality In terms of band mebility u® and capture
tirne 1°%the latter being, in its lurn, inversely proportional to
dangling bond density. They presant a simple evalualion
procedure o deduce u®1° from simultaneously performed
S5PC and SSPG measurements. In undoped, but slightly
n=lype a-5i:H, the quality of the material will typically be
related to the ambipolar diffusion length rather than to
photoconductivity, The application of this method to a
series of undoped a-5SitH films and solar cells
incorparating these maternals exhibited a good correlation
between film propertles and cell perfommances.

INTRODUCTION

Extensive research on the characterisation of a-3i:H films
was carred out In the past with the aim 19 Increéase the
basic understanding of a-SiH material and, thus, improve
the padormance of a-5i-H basead solar calls.
Mevertheless, a lack of quantitative correlation batween
the measured characteristics of a-5I:H films and cell
performance persists [1], [2], [3]. In the present paper we
contend that this lack of comelation is partly related to the
type of motheds normally veed to charactorise the
transport properties of a-Si:H films. In fact, transport
properties like photoconductivity and ambipolar diffusion
length are measured, and these are strongly dependent
on the occupation of dangling bond states, The dangling
bond occupation in uniform a-Si:H films has litle bearing
1o the {strongly non-unitorm) distribution of dangling bond
charge throughout the i-layer of a solar ceil. Thus, simply
transfering the results obtained from such transport
measurements from films to solar cells must fail
Mevertheless, we will show In the present paper that the
simultaneous measurement of both pholoconductivity and
.Ian'nl:!imlar diffusian length, can indead he a salitinn to this
ISSUE.

In lact, both electron and hole tranport, and, thus, both
photoconductivity (g.p,) and the ambipolar diffusion length
(Lams) are relaled ﬂ the same recombination centers

{dangling bonde D% D¥ and D*)[4], This correlated

behaviour of gy, and Ly, enables one to determine the
influcnce of the dangling bond charge on tranaport.

"TRUE" TRANSPORT PARAMETERS: DEFINITIONS
AND BASE FOR THEIR EVALUATION

It i= well known and widely accepted that the pt products
obtained by photoconductivity (o,s) and by the ambipolar
diffusion length (L) measurements are band mobility x
recombination time products (u%R) of the form:
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where KT is the thermal energy, e the elementary charge,
G the generation rate and G a correction factor betweecn 1
and 2 [5]. Gombining both og, and Lgy, measurements,
allows one to etermine the parameter
b= oty fuoty = Hany /uopy; b reflects the position of the
two guasi Fermi-levels with respect to midgap [6]. b can
be evaluated by an expression deduced from equations

(1) and {2):
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(3)

Tha experimentally measured recombination times, as
used in (1) and (2), are determined not only by the
density of deep defects, but also by the dangling bond
charge state. As dangling bond occupation Is not a
material characteristic but maerely a function of
experimental conditions, device structure and doping, it i2
not correct to directly use these n%-products as a quality
parameter for the material. However by measuring both,
O and Lyng we can define a pr-product which is a "true”
quality parameter.

Thereby, we will take advantage of the facl thal he
transpon properties of majority carriers (monitored by opn)
and minarity carrars (monitared by | g ?) are coupled via
the dangling bonds, the latter being the common
recombination cenlers for both of them [4). Thus, electron
and hole Rt -products are not independent from each
other, but display an anticorrelated behaviour (see Fig.1}.
This behaviour makes it possible to evaluate and
eliminata the contribution of the danaling bond occupation
on %" measurements and, finally, to find an
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Fig.1. Anticorrelated change of majority and minarity

. carrier pot-products with lowieve! doping, as
measured by S5PC and S5PG.

p?e-product {band maobility = caplure time) that is
independent of dangling bond charge, and has the form:

1 oo .0 1
——  and UpTp=up,—— (4]
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Thus, the product 1%t® is a monitor for the deep delect
density as well as for the band mobility, but it is
independent of the dangling bond charge.

Consider now a dangling bond recombination model
{DBR), which takes into account the three possible charge
states of the dangling bonds: D°, O¢, * [7.8]. Assume
further a simplified description where recombination of
frae carriers enly cccurs through dangling bond states
and where thermal emission from deep defects as well as
recombination through bandtail states are neglected. The
recombination fimes in (1, 2) are then:
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Fons Fon™ Tep®s Tep” @re capture rales of free carriers on the
differant danglin% bond states, ny, pf densities of iree
electrons and holes, o,° o,7, g% O  capture
cross-sections of dangling bonds, Ny, lr'l::m darec:t densily,
v the thermal velocity and 2, -, ¥ the dangling bond
occupation functions.

. f and f in (5} and (6) are governed by the
recombination traffic of free carriers ny and py only and,
thus, can be expressed as a function of them [&].
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Let us now introduce an additional hypothesis (10}, which
is not at all mandatory, but which can help the reader gain
a better physical insight:

KOt = poe (10)

Hypolhesis {10) can be justified on the basis of Time-of-
Flight measurements performed by our group earlier
[9.10] on compensated and strongly degraded a-SicH
films, where almost all dangling bonds are neutral. The
measurements (Fig. 2) show ppt,® and p %% to be
amost equal (U, 1, 1" Tp=1.2). Note that the ratv yiven
in the text of our previous papers [9, 10] was p 1% 1"
=4 5 howaver, this value had nat baan correctly derived
from the experimental data.

Thanks to hypothesis (10) we may now define a single
quality parameter tor a-5i:H material; we will call it p®:

n” = pgen = pptg {11}
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Fig. 2. Muluval change of elecfron and hola p"t-products
{see text) oblained by TOF measurements during
degradation [9, 10]. The measurements show the
tendency of u, 1, and p°1, to approach each other
under light-scaking and then, when degrading
further, to degrade with eyual rales (ine with slope
1).

EVALUATION OF 1°:% FROM oph AND Lamb

Starting with the expressions for the experimentally
acessible recombination times (5), (6), and using the
dangling bond occupation functions (7), (g), (9} and
introducing the second hypothesis (10} in the calculation,
u®® can now be deduced. The following results are
cbtainad:
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The expressions {12) and (13) show that the measured
u"t-producta generally need to be corrected by a carain
factar, which is a function of the parameter b and, thus, is
influenced by doping (also by low-level, non-intentional
doping due e.g. to [O] contamination). Nevertheless, there
is a problem with these expressions: they cannol be
applied o “truly” inlinsic (Le. "compensated” or "midgap”)
a-5i:H, where both electrons and holes contribute to the

photaconductivity. Thus, it is more convenient rewrite the
expression for photoconductivity (1) and obtain:

G 0 a2
I _ 4.z with z=[“—21+1+—ﬂh]
e o g

(14)

This formula is now valid for all types of a-Si:H; the
character of the material is monitored by the correction
factor z. Futhermore, it is not necessary to know the
chifferent contributions of clectrone and holes to ¢, The
information gained by Lamp measurements appears here
only through the parameter b,

Let us now evaluate n2® for some particular situations:
When the material is “truly intrinsic® and the Fermi
energy level is near midgap {i.e. in compensated a-Si:H),
b becomes close to unl;y and the correction factor z
approaches 1. Thus, p%f (deduced from ogy) and p°c®
become identical. In this case, oy, is the proper parameter
to describe matenal quality.

On the other hand side, in n-type matsrial (even in
undoped slightly n-type films) b»1 and the corraction
factor takes on the value z=blo %a.7). In this situation,
according to equation {13), p® Ber:r:rmas proportional 1o
uCtR. This means, that for n-type a-SiH with b>og7ag°,
material quality is monitored by the ambipolar diflusiun
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Fig. 3. Calculated itude of the correction facter z for
experimental p°t"-products deduced from opy for
different values of b. The insert indicales the liree
cifferent ratios of capture cross sections o,"/o,” and
uptug® used. On the x axiz some lypical values of b
are indicated.

length and not by oy,. The same also applies to p-lype a-
Si:H. Therreby lhe caplure Gross section ratios o,*foy™ and
ap/a,, when compared to the experimental parameter b,
will mark the limits between intrinsic a-Si:H and n-type or
p-type material. Unfortunately, the values of a,*/a,® and
aglo,® are still a controversial topic, values given in
literature vary between 1.5 [11] and =100 [12]. Here, we
will use for the evaluation of p™®products, o,*/0, =0y
la P=50. This estimate is hazad an the behaviour of u':":‘g'
products with degradation and doping (to be presented
elsewhere).

Fig.3. shows the calculated magnitude of the correction
factor z for the parameter p®t™ deduced from oy, , plotted
ag o function of b. "Typlcal® values far b, as o ained hy
low-level PH; and B2H; doping are also indicated.

CORRELATION BETWEEN 1°t°-PRODUCTS OF a-Sl:H
FILMS AND SOLAR CELL PERFORMANCES

The quality-related parameter u%1° was mainly introduced
by us with the aim to correlate film properties and cell
performances. For that purpose, a serles of films and cells
was produced by the YHF-GD deposition technique at 70
MHz [13], whilea wvarying thereby the depnsition
tamperature for the undoped layer. For each film - cell
couple, first a ~2.5 pm thick, undoped a-Si:H film was
deposited on a glass substrale; subsequently, using the
same set of deposition paramelers, the "same” a-5itH
material was incorporated as an i-layer in a standard, ~0.6
um thick p-i-n solar cell. Belore measuring the
characteristics, both cells and films were annealed for 2
hours at 180°C. The a-Si:H films were then characterised
by SSPG, SSPC, Photothermal Deflection Spectroscopy
(PDS), Censtant Photoourrent Method (CPM) [14] and
dark conduclivity measurements. For the transport
measurements, a Krypton laser (A=647 nm at 3mW/cm?
to 90 mW/cm?) was used, in order to obtain, in the film, a
generation rate of electron hole pairs of 2.60.-10"® 1/fcm?s.
For the cells, the efficiency {n) were detemined, under
standard AM1.5 illumination at 100 mW/em?, using a two-
source salar simulator (Wacom WXS-1405-10).

The Annealed State

The p®t%-products evaluated for this series of films as well
as the corresponding solar cell efficiencies are plotted in
Fig. 4. The quality of the film material, monitored by po?,
is almost constant for temperatures above 220°C.
Lowering the deposition temperature leads to &
deterioration of material quality. Most films exhibited a
elaar axtringic behaviour in the annealad state.

Cell efficiencies slightly peak at 220°C and exhibit the
same strong decrease of quality with lower deposition
temperatures. As the reguction of optical absorption in e
device due to the increased bandgap (Eg=1.76eV from
Tauc's plot for T, ~150°C compared to 1.73eV for
Tse=270°C) can be estimated to be less than 5%., the
observed delerioration of the cells for low deposition
temperatures can mainly be attributed 1o the bad quality of
the materlal. On the other hand, the slight reduction of cell
efficiencice for higher deposition temparatures is not
consistent with the observed good film quality. As for
these cells tha value of V_ is also lower, chemical and
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Fig.4.p°t°-products evaluated on a series of 25um
thick, undoped films and efficiencies of solar cells
incorporating the "same” films as an Klayer, in the
anncaled state and the degradad state. Teg 5 the
satpoint of the deposition temperalure. (For
evaluation we assumed 0."/0.° =0, /g =50).

structural problems {e.g. interdiflusion or interface
deterioration) may be responsible for ecll deteroration.

The degraded state

The cells were degraded during 3 weeks by an AM1.5
light source of 100mW/fem? (array of Philips PL-L
24W/G5/4P lamps) at 47°C. The films were light-soaked
during 4 weeks by a 6-sun high pressure sodium lamp
(spectral maximum at 590nm with a FWHM of around
40nm) at 46°C. Though films and cells were light-soaked
by different lighl sources, they show a very good
correlation after light-soaking (see fig. 4): both exhibit the
same strang deteriaration of quality for lower deposition
temperatures, Thereby, the quality of a-SiH films was
reduced by a factor of = 10 and cell efficiencies by 20% -
50%. ARer degradation, all fims showed to be almost
intrinsic.

CONCLUSIONS

We have introduced and delined & mew p®c®-product,
which can be usaed as a quality parameter for a-Si:H
material nptimisation. 99 is determined by band mobility
and deep defect density. This quality-related p®t® product
does not depend - in contrast with direct experimental
data - on the dangiing bond occupation pravailing In the
material. Furthermore, we have shown that p®® can
easily be determined fram SSPC and S5PG
measuraments according to the following procadure: first,
and most important in order to get a comect information
about the material quality, one nhas 10 identity il the
material Is intrinsic (midgap) or if it has an extnnsic
charactar (n-type or p-type). Thereby, the following
criterion for the experimentally determined parameter b
applias:

o

o g
1} intringic {midgap): EE— <hb = —% (15}
i Op
%p On
2) extrinsic: b= — or be—~ {16)
Gp I,

It the material fits inlo category 1), the quality is simply
given by the pr product deduced from photoconductivity:
k1% = gy f(eG). On the other hand, if condition 2) is
fullfilled, tEba material quality is monitored by the ambipolar
diffusion length Lyms. In this case, Lyys can be related to
Ko2® by the following expression {a;/a,%=50):

) e 1o0° .
Tht =LE'”"EEF with C=1.5 and o,5c,=50 (17)

I limit cases, where the sample can neither clearly be
attributed to 1) nor 2), the general exprassion (14) must
be used in order to abtain p®°.

When applying u®* to correlate film gquality and cell
performances one finds: the proposed quality parameter
uoe? ecarrclates in gencral well with the measured cell
performances, above all in the degraded state. However,
this correlation may be “hidden” In cenain cases by more
severe problems in the solar cell structure, which are not
related to the quality of the intrinsic layer.
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