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Abstract. Comparative pt-product measurements performed on a series of slightly doped (i.e. so
called “micro-doped”) a-Si:H films by steady-state photocarrier grating (SSPG), steady-state photo-
conductivity (SSPC) and time of flight (TOF) are presented. The observed discrepancy between
transient and steady-state majority carriers pLT-products (also called the “pt problem™) is discussed,
within the framework of a dangling bond recombination model. Using the same model, a material
quality related parameter u°1° is defined, which allows one to compare and evaluate the quality of
layers with different Fermi level positions. Furthermore, correlation between this p°t’-product, as
evaluated for a series of films, grown at different temperatures and the efficiency of solar cells
incorporating the corresponding material as an intrinsic layer is demonstrated. Finally, the electron
muobility for two series of samples deposited at different temperatures is evaluated by additionnal
use of transient photoconductivity decay (TPC) in the small-signal regime.

Introduction

Mobility-lifetime products pLt play a central role in the description of transport properties of
devices. However, Jt values deduced experimentally are strongly dependent on the experimental
conditions, on the time regime of the experiment (steady-state or transient experiment) and on the
Fermi level position in the measured film. In order to compare different experiments or different
samples, one has to understand in detail how the measured pt products depend on all these factors.

In order to compare films deposited under different conditions, it is necessary to rely on a
parameter which expresses the “actual” quality of the material and is independent on characteristics
like the Fermi level position. Experimental ut values deduced from SSPC or SSPG are dependent
on the occupation of the dangling bonds and, on the other hand, the measured defect density alone
does not fully reflect actual transport quality. Consequently, all these parameters are not suitable as
a quality monitor, e.g. for solar cells. The major aim of this paper is, thus, to introduce a parameter
which satisfies all the above conditions.

As far as modelisation of transport in films or solar cells is concerned, it is often necessary not
only to evaluate the [Lt-product, but also to separate mobilities and lifetimes. A procedure is there-
fore also needed to measure independently p or T. By combining both SSPC results and lifetime
measurements by TPC, one can successfully evaluate .

Theory: ut products

Transport properties of a material such as a-Si:H is generally described in terms of mobility-life-
time products (LT products), for both electrons and holes. However, the ut values obtained experi-
mentally reflect the situation in the material (given by all the trapping, reemission and
recombination events) under the prevailing experimental conditions. They, thus, generally depend
strongly on the occupation of the dangling bonds. Let us first briefly discuss ut values obtained
from different measurement techniques within the framework of a standard recombination model
via dangling bond states (see Fig. 1).

Time of Flight (TOF). In the (transient) TOF experiment, the observed mechanism is multiple
trapping for the considered carrier (and reemission by tail states) and its final capture on a dangling
bond state [1, 2]. Only one type of carrier is involved, and thermal emission from the dangling bond
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states can be excluded, by an appropriate choice of the time window for the experiment. The LLT-
product is here a drift mobility x deep trapping time uD‘cD product whlch can be easily identified
with a band mobility x free carrier deep-trapping time product pu°t [3]. The free carrier deep
trapping time for electrons 7, and for holes 7, can be written as:
1 1
Ty = , Ty = , 1
" vaNgoofy + vaNgonfy 7 vinNgspfo + VinNapOpfe @

where £, fy, f; are the occupation functions of the dangling bonds at thermal equilibrium (TOF
experiments are performed in the dark), vy, is the thermal velocity (vy, is assumed, for the sake of
simplicity, to be the same for both electrons and holes; nevertheless, a different assumptlon would
not modified significantly the following development), Ny, is the deep defect density and oY, o,
Cp» are the capture cross-sections of the dangling bonds. As a consequence, T, and T, depend
strongl%l on the occupation functions which are given by the dark Fermi level E}, and on the
correlation energy U [5] (one should note that this dependency is espemally pronounced when Ef
shifts around midgap and provided one assumes & / G, =0 / O»l).

Photoconductivity (SSPC) and Steady-State Photocarrier &ratmg (SSPG). In these steady-
state measurement methods, an equilibrium is achieved between generation and recombination. The
transport mechanism is described in terms of band mobility x free carrier recombination time W’z
where the characteristic times ‘CR and TR are given by:

n
G=R=-£=IC, @)
T Tp

where G is the generation rate, R is the recombination rate and ns, ps are the free electron and the
free hole density, respectively. The photoconductivity Gy, as obtained from SSPC is then given by:

Oph = e(uﬁnf + ngf) = CG(HgTE + HgTE) , (3)
where e is the elementary charge. The ambipolar diffusion length L, deduced from SSPG can be
written as:

[2 =2 "9 nTPP o )

where kT is the thermal energy and C a correction factor evaluated to be between 1 and 2 [6]. One
should note that, when the material has a clear n- or p-type character, equations (3) and (4) can be
greatly simplified by neglecting the minority carrier contribution in o, and the majority carrier
contribution in L,,. The position of the Fermi level Er can be expressed by the parameter b which
is defined [7], as:

— u(r):nf — ugrlr? (5)

— 0. ~ o.R "’
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The parameter b can be experimentally evaluated from the following expression (which can be
deduced from equations (3) and (4)):

b 1%.e°G
(b+1)*  kTo,,C
The recombmatlon times 'c and 'cp (involved in equations (2-5)) take into account all recombi-
nation processes via all available recombination centres. In the dangling bond recombination model

given in Fig. 1, under sufficiently high illumination (corresponding to the usual conditions for
SSPC and SSPG measurement), quasi Fermi levels for trapped electrons and for trapped holes are

(6)
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pushed outside of the dangling bond distribution and, thus, the latter can be identified with the
recombination centre distribution (as long as the quasi Fermi levels are not pushed too far into the
band tails). All reemission from the dangling bond states can then be neglected (dotted arrows in
Fig. 1) and the recombination times can be written as:

R 1 R 1
<R = , Ty = — M
" vthNdbG?lfo + VthNdbG;fo+ P VthNdngfo + VthNdprf
where f°, f*, f are the dangling bond occupation functions in steady-state equilibrium (under

illumination). These occupation functions can be expressed analytically in terms of the free electron
and free hole densities and their capture times on the specific dangling bond states [4, 5]:

(4]
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f°, f*, f~ are independent of the energy distribution (as long as the capture cross-sections are not
a function of energy) and of the correlation energy of the recombination centres. Note that, in this
particular situation, characteristic times T, Tp for TOF and tf, T for SSPC and SSPG become
formally identical.

Definition of |1°1° products. As all Wt products presented above are function of the dangling
bond occupation, we now define transport parameters °t° which are “true” material parameter and
do not depend on the dangling bond charge:

1 1
HatTh =Wp—— > KpTp =Hp—— . (11
veNgos PP vaNgop
In general, these parameters cannot be directly measured since they are linked to the situation
where all dangling bonds are in the D° state. However, they are indeed material characteristics
which describe the quality of the material in terms of band mobilities and defect density. At this
point, we can introduce the following simplification:

HRTh = HpTp = HOT0 (12)
this equality is based on previous TOF measurements performed by our group on slightly doped
and compensated sample in various degradation states [8, 9]. These measurements show (see

Fx§ 2), for strongly degraded sam, 0ples where almost all dangling bonds are neutral, that uyty and

are, in fact, almost equal (1,T, /},L 'cp =1.2).
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other, but exhibit an anticorrelated behaviour as a function of the Fermi level position, or,
alternatively expressed, as a function of the parameter b [8, 10, 11], since majority and minority
carriers properties are coupled via the same recombination centers (the dangling bonds). We can,
thus, take advantage of this fact and determine p’t’-product that is independent of a dangling bond
charge. By introducing the functions (8-10) into the expressions (7), and taking into account the
hypothesis (12), we obtain the following results:

b 1
uoth = HOTOE—IZ , uﬁt}} = HoTob—+l'Z , (13)
with
1 °q oy
z=—=|20_ 41+ Ry . (14)
f o, b O,

The expressions (13) show that the values for pgr‘,f and ugT‘; , as deduced experimentally from

SSPC and SSPG, need to be corrected by a factor which is a function of the parameter b (i.e. a

function of Fermi level position, and, thus a function of both intentional and non-intentional

doping). Nevertheless, for “truly intrinsic” (compensated or “midgap”) material, both majority and
. 3 . . [ 0.R

minority carriers contribute to Opy and Lamp, and the value of uot; and u3T, cannot be evaluated.

Because of this, it is convenient to replace the expressions (13) in the expression of the

photoconductivity (3) and we obtain:

c
u01;°=_9h._1_ . (15)
eG z
This compact formula is now valid for all types of a-Si:H; the character of the material, monitored
by the parameter b, which influences our correction factor z. Note that measurements of Lyp only
appear through the parameter b. The magnitude of the correction factor z, as a function of b (for
given o} /o9 and G;/og ) is shown in Fig. 3.

1000
“ T Ho0m00 | S Fig. 3: Calculated value o)f the correction
R 50/50 S factor for experimental [I'T -products, as
deduced from photoconductivity (see
below), for different of the parameter b. The
correction factor z is needed in order to
obtain quality-related y’v’-products. The
5 inboxd indicates the dijfferent ratios of
capture cross-sections o, /0,° and G, /0,
used in the calculation. Along the horizontal
S AE i) axis some typical values for the parameter
b 106 104 102 10° 10® 10, 10¢ b, as observed on undoped (annealed and

‘L ----5/5

100 | \ N

PP IFLNN 4 ? degraded) and slightly doped (only
$~ = - - £ T annealed) a-Si:H layers, are indicated.

£ £ 28 gs E g

Q =3 E-1=) Sc a g

g 9 5§ 58 2-

Lets us now consider some particular cases:

For truly intrinsic material (where the Fermi level is near midgap), b=1 and the correction
factor is close to 1. Thus, p2tr (deduced from O4) and p°1° become identical; Gy is here the
proper parameter to describe material quality.

For n-type material (or even for undoped slightly n-type films), as soon as b>o, / cg , and for
p-type material, as soon as b < 65/} , the material quality parameter p°t° is given by Loy, and:

+

2 1 e o~
~=2 17)
2 C KT o° (
As mentioned above, the constant C has an app{roximate value of 1.5. Unfortunately, values of the

uo,co ~

capture cross-section ratios ol /0% and o /c} are very controversial, values found in the
literature vary between 1.5 [12] and 100 [ 9, 13]. However, as will be shown below (see Fig. 6), the
dependence 11°7° which was measured by us as a function of the doping, suggests a value of
o6=/c° =50, which is consistent with the value obtained from previous TOF studies {8, 9].
Therefore, this latter value will be used for the present study.
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Experimental

All samples used in this study were deposited by the VHF glow discharge deposition technique
(at f=70 MHz) [14]. Deposition temperature was 220 °C, unless otherwise indicated. For steady-
state experiments, the a-Si:H layers were deposited on glass substrates (Corning 7059), whereas for
the TOF samples, the glass substrate was Cr-coated before deposition. TOF and steady-state
samples were produced in the same deposition run. The thicknesses of the films varied between
2.2 wm and 5 pm for the study on the put problem, between 2.2 and 3.8 um for the study on the
correlation between layers and cells and, finally, between 1.8 and 2.6 um for the mobility study.
For micro-doped samples, the volumic gas concentration varied between 0.2 ppm and 1 ppm of
PHj3 and 0.5 and 10 ppm of BoHg in pure silane gas. For the steady-state and TPC experiments, two
coplanar aluminium contacts separated by a gap of 0.5 mm, were evaporated on the films. For TOF
samples, a semitransparent Cr front-contact was evaporated to form a double Schottky diode
sandwich structure (Cr(1500 A)/a-Si:H/Cr(150 A)).

All samples were annealed at 180 °C for 2 hours prior to their characterisation. To indicate the
doping level, we subsequently used the parameter b as introduced above. For SSPC and SSPG, a
Krypton laser (7»—647 nm, 3 to 90 mW/cm") was used, allowing generation of electron hole pairs
with a rate of 2-60x10"* cm™s™" in the film.

For TPC experiments, illumination was obtained from a HeNe laser at 633 nm (15 mW). The
bias light intensity was adjusted by using neutral density filters. The beam was then focused
through an acousto-optic modulator with a rise time of 60 ns, in order to provide for small steps in
the illumination (5-10 % of the bias light level). Transient photocurrent was detected using a probe
amplifier and recorded on a digitizing oscilloscope. Data was then transferred on a computer for
processing.

The pt-problem

The discrepancy between majority carrier pt-products measured by steady-state experiments
(SSPC or SSPG) and transient experiments (TOF) has in the past been called the “pt-problem” [3].
As shown in Fig. 4, majority carrier ut may differ by up to 2 orders of magnitude, whereas
minority carrier LT are comparable. Several attempts at explaining this discrepancy have been
made, but so far they are all quite unsuccessful. Isotropy of the transport properties (SSPC and
SSPG measurements are performed in coplanar configuration, whereas TOF measurement are
performed in sandwich configuration) has been confirmed for a-Si:H, at least for our “standard”
VHF-GD samples [3], and thus cannot account for this discrepancy.

Some authors have suggested that thermal emission is the key explanation [3, 15, 16].
Photogenerated carriers may undergo several trapping events on a deep trap and several thermal
reemission events, before they finally recombine. As a consequence, Ut-values measured in steady-
state, involving recombination lifetimes, should be larger than ut-values measured in TOF, since,
in the latter, only the first trapping event is recorded (reemission is forbidden by the choice of a
short experimental time window); in other words, the recombination time should be (according to
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Fig. 4: Steady-state and transient Ut-products as a function of the doping level, the latter being
monitored by the parameter b (see text).
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this reasoning) much longer than the trapping time.

This reasoning certainly holds in the dark, where thermal equilibrium requires the trapping rate
to be equal to the emission rate. The latter can thus be estimated from the dark conductivity and
[T measured by TOF. For n-type samples, where most of the dangling bonds are negatively
charged, |, TD will be (accordmg to (1) and Fig. 1):

[T

=1 ~ ollf _ o0f
un Tn =RpTy = . 0f0 =y ) =Hp—. a7
. VthNdbcn Ten en
Using the expressions (18) and (2) for n¢ in the dark, we obtain
_ Cy4
Ln="D.D_ » (18)
UpTpe
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which is an estimate of the thermal emission. After a similar calculation for p-type samples, we can
deduce the thermal emission data as given in Fig. 5. Thermal emission rates are to be calculated at
thermal equilibrium, in the dark, and are therefore not a function of illumination. The generation
rates of the steady-state measurements carried out by us (SSPC or SSPG), are above 10" cm™s ™,
and are cartainly much larger than the estimated thermal emission rates (Fig. 5). At these generation
levels, quasi Fermi levels for trapped carriers lay outside of the dangling bond distribution, and
thus, the latter do not play the role of traps. Consequently, thermal emission cannot be used as an
explanation for the pt-problem (at least for undoped or slightly doped samples).

Comparing the formal expressions (1) and (7) of the put product for TOF, and for SSPC/SSPG,
respectively, we observe that the only difference lies in the occupation functions (dark occupation
functions for TOF and occupation pertaining to steady-state illumination for SSPC and SSPG).
Indeed, simple calculations within the framework of the present recombination model lead to a
qualitative explanation for the discrepancy known as the “pt-problem” [9]. However, as the
occupation functions depend critically on the distribution of the defects, on their correlation energy
and on the generation rate, a precise quantitative “solution” of the |t-problem remains problematic.

Transport properties and micre-doping

Small changes in the Fermi level (e.g. by doping, even unintentional) have a dramatic effect on the
transport properties [8, 9, 17]. Due to the anticorrelated behaviour of wt-products for minority and
majority carriers, an individual measurement of SSPC or SSPG will be unable to give a direct
indication for the quality of the material; an evaluation of the product u°t° is required. In Fig. 6,
experimental results for u°t", and for the resulting product p’t°, evaluated according to the
procedure described above, are presented. We can observe that the u°t° values, which are
proportional to 1/Ng, follow the 1/ 1{[dopaﬂpt]/[SlH‘,] law (as indicated by a dotted line) [17]
provided a ratio of capture cross-section 6=/c° 0 is chosen (note that the square root law is
always observed, for n-type material, as long as 0% /6° <2000).
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Transport properties and solar cell performance

The quality-related product p°t° was mainly introduced by us with the aim to correlate material
transport properties and solar cell performances. In order to check the validity of the method, two
series of films and cells (the latter incorporating the same material as an i-layer) were deposited by
VHF-GD, at deposition temperatures between 120 and 320 °C. The degraded state (for the first
series only) was obtained, for the cells, after 3 weeks of illumination by an AML1.5 light source at
100 mWem™ (array of PL-L 24W/95/4P fluorescent tubes), and for the layers, after 4 weeks of
illumination by a 6 sun high pressure sodium lamp (with a spectral maximum at 590 nm).
Correlation between the u°t° value of the film and the cell efficiency, in the annealed and the
degraded state, is shown in Fig. 7. A very good correlation is obtained for both annealed and
degraded states. Material quality increases with temperature and this is indeed reflected in the
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PR NN annealed | 10 Fig. 7: u°7 products evaluated on two
W O s WA series of 2.5 um thick, undoped films
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Ve - cells incorporating the "same” films as
3 e 18 . ani-layer, in the annealed state and in
/ 3 » .
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- . - ° e 168 plotte. W}l ho%en mar s). Ty, is the
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increase of the cell efficiency. Above 220 °C, we observe a decrease of the cell efficiency, whereas
the p°z° values saturate. This discrepancy should (in our opinion) be related here to interdiffusion
or interface degradation of the cells at these relatively high temperatures (note that the V. of these
cells also is lower) and not to a failure of the method.

As far as the determination of p°t° is concerned, Fig. 8 shows that in the annealed state most of
the layers exhibit an extrinsic (n-type) character, and thus, the quality of the film is determined here
by Lam,. With light soaking, the Fermi level is pushed towards midgap and the films become more
intrinsic; oy is then the right parameter to evaluate the quality of the layers.

3

10 — T T T T T L I B S
[ @ annealed ] Fig. 8: Variation in the values of the
[ odegraded ] parameter b, with degradation, for a
I PY temperature-series of undoped layers;
I L while in the annealed state almost all
- ° layers have a slightly extrinsic character,
ol @ ° they all become intrinsic with light-
o 1072 ] soaking. The limit is given ? the ratio of
- x b=6%5°=50 * capture cross-sections o/ " which was
B ity assumed here to be 50.
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Lifetime measurement and microscopic mobilities

We have developed a theoretical model to describe transients of photoconductivity in the case of
small changes of the light excitation [18]. This model, based on the recombination model described
above (recombination through capture of free carriers on the dangling bonds, capture and
recombination events in band tails) neglects thermal emission from the dangling bonds (as already
justified above, during the discussion of the put-problem), as well as transition from one band to the
tail of the other.

From the multiple-trapping equations, analytical solutions for normalized transient photo-
conductivity are found for certain special cases of the localized state distribution: the bandtail is
considered exponential with a slope characteristic parameter a=T/T.=1 or a=0.5 (these values
correspond at 300 K to a characteristic energy of 25 meV, or to 50 meV, respectively), the dangling
bond distribution is considered a Dirac function (the shape of this distribution does not, in fact, play
a role in this model, as long as only one type of recombination centers is considered and reemission
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from the dangling bonds is neglected); furthermore, there is an additional constant localized state
distribution (constant with respect to energy, between the bandedge and the quasi Fermi level).
Three theoretical curves for specific cases are plotted in Fig. 9. Note that contribution of holes
could be neglected for all samples measured in the present study. By fitting of the experimental
curves, values for the recombination lifetime 7® could be evaluated. Fig. 10 shows experimental
curves obtained at different light generation rates. A good agreement between the theory and the
measured curves is obtained for a fairly large range of generation rates.

T T T T
Fig. 10: measured curves for four
different bias light intensities (l1-
20mWem™™) and the corresponding
theoretical curves for the same four
intensities (open circles).

increasing light intensity

0 10 20 30
time [us]

After a reasonable choice of some critical parameters of the model (band tail parameter for
electrons to be o=1 and for holes to be 0=0.5, and attempt-to-escape frequency v=5x10 s™) [19],
one can then combine ugtf obtained from SSPC and t,; on undoped (or slightly n-type) samples
to get a value of the electron band mobility. Using this procedure on a series of samples deposited
at substrate temperatures T, between 100 and 320 °C, we were able to demonstrate an increase of
the band mobility u® with an increase of T, up to 200 °C (see Fig. 11). With the exception of the
value for the sample deposited at 100 °C, mobilities pj obtained for this series agree quite well
with other published data found in the literature (1.5-6 by Juska et al. [20], around 7 by Devlen et
al. [21], 7-26 by Spear et al. [22]). The observe variation in 1o with T follows, furthermore, the
same trend as the microstructure parameter R for VHF-GD grown material [23, 24]. R is given here
as the hydrogen content in the film in SiH, or SiH; bonding configurations divided by the total
hydrogen content , both measured by IR spectroscopy [25]. A strong increase in R is generally
considered as an indicator for the material becoming more porous.
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. . Fig. 11: Variation in the electron band
. « °*° mobility for a series of films grown at
— ° various deposition temperatures, for the
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Conclusions

Several aspects of a-Si:H transport, involving mobilities, lifetimes and mobility-lifetime products,
have been presented and discussed within the framework of a simple recombination model via
dangling bond states.

A solution of the so-called pt-problem has been presented (at least a “qualitative” solution); in
contrast with previous studies, this solution explains the observed effects by taking into account the
difference in dangling bond occupation between dark (thermal equilibrium) conditions (as used for
TOF) and steady-state illumination (as in case for SSPC and SSPG).

Comparison between a-Si:H material grown under different conditions (and exhibiting a
variation in the position of their Fermi levels), as well as optimisation of corresponding solar cells
certainly calls for the definition of a “true” qualitg-related transport parameter for the material. For
this purpose, we have introduced a product p°t° which takes into account both the variation in
mobility and the variation in defect density in the material; the product p°t° is, further, not
dependent on the occupation of the dangling bonds. Using this quality parameter, we have been
able to show a clear correlation between film properties and corresponding solar cell performance.

Finally, we have been able, from transient photoconductivity experiments in the small signal
regime, to deduce values for the electron band mobility. The latter were shown to decrease strongly
for deposition temperature below 200 °C.
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