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Coplanar transient photoconductivity and post-transit time-of-flight spectroscopy techniques
are used to study carrier transport in microcrystal line silicon films prepared over arange of
crystallinities. Although reduced deep defect densities are indicated in more highly
crystalline films, this is thought to be an artefact of the shdlow Fermi level position.
Coplanar samples are susceptible to post-deposition oxidation and reversible adsorption of
amospheric gases, which ater the apparent density of states. A comparison of the results
obtained using both techniques suggests that transport is anisotropic, with reduced band
taling (grester structura order) aong the direction of film growth, a larger defect
concentration around column boundaries, and a higher defect density within the amorphous
tissue than in optimised single-component amorphous silicon films.
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1. Introduction

The prospect of further improvements in stable photovoltaic conversion efficiencies
provides a strong incentive for research on the optod ectronic properties of microcrystaline silicon
(uc-Si:H) films [1]. Such films are frequently mixed-phase in character, containing columns or
clusters of crystaline grains, disordered regions, voids, and hydrogen [2]. Measurements suggest the
presence of band tails and defects, as in hydrogenated amorphous silicon (a-Si:H), but additional
complexities are introduced by grain and column boundaries, band offsets and structural anisotropy.
However, although carrier transport in this material has been studied intensively for a number of
years, there is still no universally-accepted comprehensive eectronic moddl. It has been proposed
that dangling bonds are located in the disordered phase around crystalline columns, while boundaries
baween the smaller grains within columns or larger grains cause deviations in bond lengths and
angles, and thus giveriseto tail states[3].

For solar cells deposited either by plasma-enhanced chemica vapour deposition (PECVD)
[4] or hot-wire (HW) CVD [5], optimal photovoltaic conversion efficiencies are achieved close to
the transition to amorphous growth, i.e. where the crystalline fraction in the absorber layer is
typicaly 50% [6]. It is beieved that in films grown under these conditions loss of minority carriers
through recombination at grain boundaries is minimised. However, it has been shown that such films
[7], and solar cells [8], may suffer from instabilities due to adsorption of atmospheric components
and/or oxidation, and aso to some light-induced degradation [5,9].

Transport in disordered materials such as pc-Si:H is strongly influenced by localised states
which may act as recombination centres and reduce effective carrier mobilities. A wide range of

" Corresponding author: s.reynolds@abertay.ac.uk



92 S. Reynalds, V. Smirnov, F. Finger, C. Main, R. Carius

techniques, such as dectron spin resonance, the constant photocurrent method and modulated
photoconductivity, has been used to probe the defect structure of pc-Si:H. In this work, we report
transient photoconductivity (TPC) measurements on coplanar films [10], and post-transit time-of-
flight (PT-TOF) measurements on solar cdls [11], to study the spatial and energetic distribution of
defects (density of states, or DOS) as a function of film crystallinity. As TPC and PT-TOF measure
currents in orthogona directions, a comparison of the DOS from each technique might be expected
to reveal any isotropic properties [12]. The influence of short- and long-term exposure of coplanar
films to room air is also investigated [13], in order to shed light on whether changes in film
conductivity are ectrostatic in origin or involve a genuine changein the DOS.

2. Experimental details

Samples were prepared at |PV Jilich. Coplanar films were deposited on borosilicate glassin
a UHV VHF PECVD system operating at 95 MHz: substrate temperature 185 °C, chamber pressure
0.3 Torr, RF power 5 W [4]. The gas ratio r = [silang]/[silane + hydrogen] was varied between 3.0
and 6.3% to produce a series of films of varying crystallinity. Electrical contacts of length 1 cm and
separation 0.05 cm were deposited to form gap cells. Solar cdl (p-i-n) structures were deposited in
the sequence: glass substrate TCO/pi/TCO/L mm? Ag dot contact. The p- and n-layers were
prepared using VHF PECVD and the i-layer by HWCVD, with a filament temperature of 1650 °C
and a substrate temperature maintai ned below 220 °C to minimise defect content [5]. For the i-layer,
r was varied between 4 and 7%. The ratio of the intensity of the Raman peaks at 480 and 520 cm'™,
associated with the amorphous and microcrystalline phases respectively, was used as an indication
of film crystalinity; Icgs = 1500 /(140 + I520) -

The transient photocurrent experimenta system has been described in detail dsewhere [14].
An dectrically-screened Laser Science VSL-337 N, laser plus dye attachment was used to generate
4 nspulses at 640 nm (TPC) and 500 nm (PT-TOF), attenuated as required by neutral density filters.
In the TPC work, carrier excitation was typically 10" cm™, and the bias voltage was 300 V. In the
PT-TOF work the total photogenerated charge was less than the CV-product, areverse bias of 2 V
being used. A specidly-designed preamplifier with current offset control was used to nullify the
dark current contribution, which could be up to three orders of magnitude greater than the
photocurrent at long times. Transients were recorded and averaged on a Tektronix TDS3052 storage
osdilloscope, and transferred to a PC for andysis.

Inversion of the current-time data to obtain the DOS was carried out using the Fourier-
transform method [15]. In the case of post-transit current anaysis, the simple approximate
relationship dueto Seynhaeve et al. [16], DOS /71 xt, was found to give similar results.

3. Results and discussion

3.1 Coplanar TPC measurements
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Fig. 1. Current-time decays for pc-Si:-H and a-Si:H films.
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TPC decays for the coplanar film series are shown in Fig. 1. A trend in the shape of the
transients can be identified. For more highly-crystalline films (Icrs = 0.7), there is a shalow
decrease in the photocurrent between 107 s and 10 s followed by a more rapid fall extending to the
limits of our measurements (1 s). In films approaching the transitional region (Icrs = 0.5), the initid
current is somewhat lower, and tends to follow a feature ess power law.

Also shown in Fig. 1 for comparison are TPC decays for light-soaked and annealed intrinsic
aSi:H obtained from an industrial PECVD reactor and for n-type a-Si:H. The n-type sample and the
annealed state have conductivity activation energies similar to that of the most crystdline uc-Si:H
sample (0.37 eV) and the transitiond pc-Si:H sample (0.63 eV), respectively. These curves are
presented here to enable a comparison between the TPC behaviour of the transitional materia and
anneadled aSi:H, and the more crystalline material and n-type aSi:H. This has been explored in
more detail in earlier work by the present authors [10] through the intensity-and temperature-
dependence of TPC, and dso by Briiggemann [17] who used the closdy-rdaed modulated
photoconductivity technique.

Notwithstanding bona fide differences in the DOS between samples, the position of the
Fermi level exerts a strong influence on the shape of the TPC decay. The rdativey non-dispersive
plateau in both n-type amorphous silicon and more crystaline pc-Si:H is thought to reflect the role
of minority carrier kinetics in controlling recombination, through charge neutradity considerations
[18]. Consequently, the DOS obtained from highly-crystaline samples using ‘ spectroscopic’ TPC
should be treated with caution, because the linear multiple-trapping mode (constant carrier lifetime)
on which these methods are predicated is an incompl ete description. Furthermore, states deeper than
Er are largely occupied, resulting in an underestimate of the true DOS. The result of applying the
spectroscopic analysis to the series of filmsis shownin Fig. 2(a). The deep defect density appears to
decrease with increasing crystallinity, contrary to ESR findings [19].

pe-Si:H films of composition in the transitiona régime behave more consistently when the
pulseintensity and experimental temperature are varied, enabling a plausible DOS to be extracted, as
shown in Fig. 2(b). This material has a very similar DOS to the commercid aSi:H film in the
annealed state. Other experiments have shown that the transitional material is not as susceptible to
light-induced degradation. However, as is also shown in Fig. 3(b), ‘research-grade’ a-Si:H [14] may
have aband tail slope of only 20-25 meV, and a substantially lower defect density.

3.2 Effects of exposure to atmosphere
Fig. 3 shows two sets of TPC decays taken on the same sample which was compensated

with boron, yidding alow conductivity despite its high crystalinity (Icrs = 0.8). One set shows the
behaviour some two weeks after deposition (‘as-received’), and the other was taken after six
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Fig. 2. DOS plotsfor pc-Si:H films: (8) vs. crystallinity; (b) in comparison with aSi:H.
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Fig. 3. Effect on TPC decays of exposure to the atmosphere over aperiod of 6 months.

months' exposure to room air. The procedure followed in each case was that the sample was
annealed under vacuum a 160 °C for ten minutes, returned to room temperature, the photocurrent
decay recorded without breaking vacuum, and then aged in room air over ten days. Several TPC
decays were taken over this period, to track any changes. The generd trend observed is similar for
both sets of measurements - there is an initial fall in current, steeper than t™, which reduces in
gradient after gpproximatdy 1 us. The effect of ageing is primarily to reduce the extent of theinitial
fall, although changes in slope also occur. The rapid fal is associated with deep trapping, and thus
the deep defect density is gpparently relatively higher in the as-received samples.

Figs. 4(a) and (b) show the corresponding DOS distributions. From TPC measurements at
200 K (not shown here), we were able to determine an ageing-independent conduction band tall
slope of approximatdy 23 meV. Fig. 4(a) reveals a pronounced peak in the DOS for the as-received
sample, of the order of 10" cm® centred at about 0.5 eV. As short-term ageing proceeds, the peak
moves to shallower energies. A dark-current activation energy of 0.55 eV in the anneded state
indicates that the Fermi levd lies close to the centre of the apparent peak in the DOS. Based on the
relative changes in the dark current, it moves some 0.15 eV towards the band-edge over the ageing
period. This suggests that the reversible effects may be accounted for soldy by changes in the space-
charge density. A very similar result is seen in a modulated photocurrent experiment, if the dectron
guasi-Fermi level is moved to shallower energies by increasing the photon flux [14]. Fig. 4(b) shows
that after six months, an irreversible reduction of the density of deeper (> 0.45 €V) defects, roughly

matched by an increase in the density of shallower defects, has occurred.
10" - 10" —— —
028299 a 02b299 b
(@) . (b)
E % 10*° A .
5 = B, -

. S %Qﬂﬂﬁﬂ N
.(EG 10" % 10 + Y AAEEEE‘DDDDUQJ-
~ \ o (u
8 ! I 0 O annealed™ ‘a0
a O annealed A 8 10F ©o +3days NGRS

o +lday 2 A +10days ‘a0,
A +10days - - - as-received a0
1016 \ \ 1015 1 1 1 1 2 9
0.3 0.4 0.5 0.6 01 02 03 04 05 06
energy (eV) energy (eV)

Fig. 4. Effect on DOS of exposure to atmaosphere: (a) as-received; (b) six months | ater.
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reflects atrue change in the DOS, the eectron distribution would re-equilibrate, giving a shift in the
Fermi level towards the conduction band edge. This interpretation is supported by a decrease in the
dark current activation energy (in the annealed state) from 0.55 eV t0 0.48 €V, and anincreasein the
room temperature dark conductivity by a approximately an order of magnitude over the six-month
period. Since it iswidely believed that defects in microcrystalline silicon arise at grain boundaries,
the long-term change in the DOS may indicate a permanent reconfiguration of dangling bonds, or
barrier parameters, due to oxidation. The effects of the ten day ageing cyde are still reversible after
six months, and as before may be accounted for by € ectrostatic effects.

The influence of ageing on the gpparent DOS is at least as significant as the spread in
crystalinities reported in section 3.1 above. It is therefore no easy task to ascribe portions of the
TPC DOS to intrinsic structural features of the film, such as the amorphous tissue or column or grain
boundaries, when its properties are so sensitive to post-deposition history. If Figs. 2 and 4 are
compared, it can be seen that the effects of varying crystallinity on the DOS are qualitatively similar
to those accompanying the ageing process. However, they are not identical. We conclude that the
interpretation of structure- or composition-dependent changes in the DOS is made more difficult by
uncontrolled atmospheric effects, and accurate comparisons would require measurements to be
carried out on films maintai ned under inert conditions following deposition.

3.3 Post-transit TOF measurements

PT-TOF decays from the sample with Icrs =0.32 are shown in Fig. 5(a), and the resulting
DOS in Fig. 5(b). The data have been processed assuming 1, = 10™ s, and it is evident there is a
good degree of overlap between the DOS sections calculated at different temperatures. This
indi cates that an appropriate choice has been made for vy, at least for the defect distribution centred
at 0.55 eV. At sufficiently low temperatures (< 200 K) it is possible to observe a section of the
conduction band tail. Based on this evidence, the tail dopeis quite steep, having a slope of some 18
meV. A crude estimate of the absolute DOS may be made by extrapolating this section to an
assumed band edge density of 4 x 10 cm® eV,

Also shown in Fig. 5(b), for comparison, is the DOS obtained for a (slightly thicker)
aSi:H p-i-n device. It can be seen that the DOS is quite similar in shape, though the defect density is
lower and the band tail slope dlightly larger than for the pc-Si:H device. This suggests that at low
crystdlinity, the transport process prevailing in both devices is similar, and is consistent with
multiple-trapping in tail and defect states.

The effect of temperature on the I(t) decays with increasing i-layer crystallinity isillustrated
in Fig. 6(a). There is a tendency for the curves to become temperature-independent for Icgrs > 0.5,
athough an increase in gradient is apparent at times longer than 10” s. However, in
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Fig. 5. (8) Current-time; (b) DOS plot for alow-crystalinity film (Icrs = 0.32).
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more highly crystalline samples the reverse leakage current is severa orders of magnitude higher
than the photocurrent in this region. Even though the leakage component is nulled out, data below
10" A should be viewed with caution.

In the context of multiple-trapping theory, it is not possible to construct aredistic DOS that
results in a temperature-independent I(t) decay, and so we are obliged to consider what other factors
may be influencing transport. On the basis of thermopower measurements, the position of the Fermi
leved in pc-Si:H is believed to move toward the transport level by as much as 0.2 eV between 400 K
and 200 K [20]. This could account for the temperature-independent break-point at 10° s in Fig.
6(a), because athough the thermaisation energy sinks more slowly at lower temperatures it may
reach the (raised) Fermi level at much the same time. The increased gradient at longer times might
aso be anticipated, reflecting a sharper thermal distribution of carriers. There is adso evidence to
suggest that transport be ow room temperature in highly crystaline filmsis by hopping [21,22], and
the presence of a distribution of states at potentia barriers between crystalline clusters or columns
and the surrounding amorphous tissue has adso been inferred from ESR [23]. If transport does
proceed via these pathways, then the shape of the TPC decay is a matter for speculation.

Although the results below room temperature cannot be interpreted consistently in terms of
MT theory, this transport mechanism may still prevail at room temperature (and above). If so,
comparing the DOS obtained from |-t data at room temperature as the crystdlinity is increased, as
shown in Fig. 6(b), may give insight into how the defect distributions evolve. As I cgs increases, the
peak in the defect distribution moves to shallower energies, suggesting that defects associated with
transport in the amorphous material occur in the region of 0.6 €V, and those associated with the
presence of the dgnificant microcrystalline component a perhaps 0.4 eV. We pursue this
interpretation in the following section.

3.4 Comparison of TPC and PT-TOF results

Fig. 7 is a compilation of severd DOS plots presented in previous sections. Data for high-
quality amorphous silicon are also included. Each curve is composed of the overlap of DOS
segments from measurements made over arange of temperatures, revealing both defect and tail state
distributions. The distributions are normalised by extrapolating an assumed exponential band tail to
avalue of 4x10%* cm® eV at the conduction band edge. A comparison suggests that:

) The CB tail slope for pc-Si:H deduced for p-i-n structures (albeit rather less crystalineg) is
considerably steeper than that deduced for coplanar sampl es.

(i) The CB tail dopes for aSi:H are similar in both coplanar and p-i-n structures - dightly
shalower than for pc-Si:H p-i-n samples, but somewhat stegper than for coplanar puc-Si:H.
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Fig. 7. Comparison of DOS plots obtained from coplanar and p-i-n samples.

(iii)  The deep (>0.6 eV) defect density for coplanar pc-Si:H is lower than that for p-i-n
structures.
(iv)  Thedeep defect density for aSi:H islower than for pc-Si:H.
(v)  Thedefect density in coplanar puc-Si:H samples appears to peak in theregion of 0.4 €V.

These observations support the view that pc-Si:H films are dectricaly as wdl as
structura ly anisotropic [3,24]. The sharper CB tail sampled by carriers travelling along the direction
of growth (PT-TOF on p-i-n samples), rather than in the plane of the film (in TPC on coplanar
samples), is consistent with a greater degree of order, as might be found within the crystalline
columns. However the higher deep defect density suggests that deep trapping is more prevaent at
col umn boundaries than within the amorphous tissue.

High-quality aSi:H appears to have a somewhat lower deep defect density than pc-Si:H,
whichever of the two techniques is used to measure it. This suggests that the amorphous tissue in
mixed-phase pc-Si:H is of poorer quaity than in single-component a-Si:H. This may be because
passivating hydrogen is locked into grain boundaries, and is therefore less readily available to
terminate dangling bonds. ESR evidence supports this view: For PECVD material, spin densities as
high as 10" cm® have been reported [19] in highly crystalline samples, falling below 10" cm® for
fully amorphous material. However, in the trandtional region between amorphous and
microcrystalline growth there is evidence for a minimum in the spin density. At present, we do not
possess sufficient photocurrent data on a range of samples (in which atmospheric effects have been
excluded) to corroborate this.

4. Conclusions

Coplanar transient photoconductivity and post-transit time-of-flight spectroscopy techniques
may be used to probe carrier transport and the density of states in microcrystalline silicon, over a
range of crystallinities. Care must be exercised in theinterpretation of results from coplanar samples,
which are susceptible to post-deposition oxidation and reversible adsorption of atmaospheric gases,
both of which can ater the apparent density of states. Lower defect densities are suggested for more
highly-crystaline films, when measured using coplanar TPC. However, this is, at least in part, an
artefact of the up-shifting of the Fermi-leve and the consequent increased occupancy of deep states.
A more consistent interpretation requires the contribution of minority carrier kinetics to be taken into
account. A comparison of results obtai ned using both techniques on microcrystalline silicon films of
similar quality suggests that eectronic transport is anisotropic. Measurements are consistent with
greater structural order aong the direction of film growth, a larger defect concentration around the
column boundaries, and a higher defect density within the amorphous tissue than is usual in good-
quality ‘homogeneous amorphous silicon films.
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