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a  b  s  t  r  a  c  t

Transient  photocurrent  spectroscopy  (TPC)  yields  the  energetic  distribution  of  localised  states  in disor-
dered  semiconductors  from  an analysis  of  the  decay  of  photocurrent  with  time  following  a short  laser
pulse.  By  comparing  results  at  different  laser  excitation  wavelengths,  and  hence  absorption  depths,  infor-
mation on  spatial  non-uniformities  may  also  be  inferred.  Here  we  investigate  the  use  of  TPC  as  a spatial
probe  with  reference  to  two  thin-film  silicon  systems;  amorphous  silicon  subjected  to  various  light-
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induced  degradation  regimes,  and  microcrystalline  silicon  grown  on  a  range  of  ‘seed’  layers.  Computer
simulation  is  used  to support  experimental  findings,  and  to  identify  sensitivity  and  resolution  limitations.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Transient photocurrent spectroscopy (TPC) is a sensitive probe
f the energetic distribution of band-tail and defect states in dis-
rdered semiconductors, which control key material parameters
ncluding carrier mobility and lifetime. The technique is based on
nversion of the decay in photocurrent I(t) following a nanosecond
ash of laser light incident on a gap-cell under voltage bias, to yield
he density of localised states (DOS) in terms of a multiple-trapping
ransport model [1,2].

We  have previously shown that a degree of spatial sensitiv-
ty may  also be obtained using TPC [3–5]. This variant, which we
efer to here as S-TPC, utilises the differing absorption depths of
he light flash with wavelength to generate carriers either uni-
ormly, or preferentially at one or other surface. For example, in
n amorphous (a-Si:H) or microcrystalline (�c-Si:H) silicon film

 �m thick, carrier generation by red light is fairly uniform, but
reen light generates a much higher carrier concentration close to
he incident surface. It was thus proposed that the resulting I(t)
ill be linked to the DOS in this region. Similar claims have been

ade when using other photoconductivity techniques including

teady state [6],  constant-photocurrent method [7] and modulated
hotocurrent spectroscopy [8].

∗ Corresponding author. Tel.: +44 1382 384559; fax: +44 1382 384389.
E-mail address: s.z.reynolds@dundee.ac.uk (S. Reynolds).

921-5107/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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To investigate S-TPC experimentally, a film with a known,
controllable, spatial distribution of defects is required. Working
towards this goal, we have compared TPC decays obtained from
an amorphous silicon film in a thermally annealed state, and after
prolonged exposure to white light, and white light band-pass fil-
tered with a peak transmittance at 520 nm (green). As light-soaking
increases the density of dangling bonds in proportion to the car-
rier generation rate [9],  it is anticipated that a variable (but at best
semi-quantitative) spatial defect profile may  be realised in this way.

Microcrystalline silicon films are substantially more stable to
light-induced degradation, but given their inhomogeneous struc-
ture evolution during growth [10] electronic transport properties
are also likely to be spatially non-uniform. Here we apply S-TPC to a
series of microcrystalline films with thin ‘seed’ layers deposited on
the glass substrate prior to the main film growth. Such layers influ-
ence the structure evolution, leading to a compact film with more
uniform crystalline content and improved solar cell performance
[11]. Investigation of electronic transport and defect distributions
in such state-of-the-art material is thus both timely and of high rel-
evance. The crystalline volume fraction was measured using Raman
spectroscopy, using both red and blue exciting lines to enable vari-
ations in crystallinity between bulk and surface to be estimated
[12].
Although photo-carriers will initially interact with localised
states in the immediate vicinity, concentration gradients will
inevitably lead to diffusion into the bulk of the film and, given
the asymmetry of electron and hole transport, the subsequent

dx.doi.org/10.1016/j.mseb.2012.10.040
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:s.z.reynolds@dundee.ac.uk
dx.doi.org/10.1016/j.mseb.2012.10.040
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patial evolution with time is likely to be complex. The degree
f success of the S-TPC method will depend upon these detailed
nteractions. To identify the key features we have carried out com-
uter simulations in two-layer composite films with amorphous
ilicon-like DOS profiles, in which the defect density of a thin ‘sur-
ace’ layer is varied. By integration of the current components in
ach layer parallel to the film we obtain the measured I(t) which
s then processed to yield a DOS for comparison with the model
nput.

. Experimental

Amorphous silicon films were prepared in a commercial
3.56 MHz  PECVD reactor (InterSolar Ltd.) with a silane:hydrogen
rocess gas concentration (SC) of 95%, chamber pressure 0.7 mbar
nd substrate temperature 200 ◦C. The film thickness was  1.7 �m.
hromium contacts 5 mm  in length separated by 1 mm defined the
ap cell. White light-soaking of amorphous films (referred to as
LS) was carried out using an ELH lamp providing 1000 W/m2 at

he sample. For green light-soaking (GLS) the same arrangement
as used, but with a Spiers-Robertson BG18 band-pass filter placed

n front of the sample. Each light-soaking session was 15 h in dura-
ion. Thermal annealing (TA) was carried out as required, in air at
80 ◦C for 2 h.

Microcrystalline silicon samples were prepared at IEK-5,
orschungszentrum Jülich by PECVD at 94.7 MHz  with a power of
0 watts, gas pressure of 0.4 mbar and substrate temperature of
80 ◦C [13]. A layer approximately 50 nm thick was  firstly deposited
n to a Corning 7059 glass substrate, roughened to improve film
dhesion. The crystallinity of this ‘seed’ layer was adjusted by set-
ing the silane concentration SCSeed between 2% and 5.3% in a series
f five depositions. Each sample was completed by deposition at a
as ratio of 5.3% to give a total film thickness of 1 �m.  The degree
f crystallinity was estimated using Raman spectroscopy [12] in
erms of the ratio of the integrated intensity of the crystalline bands
o the total intensity (amorphous plus crystalline), referred to as
CRS. The blue (488 nm)  exciting line has an absorption depth of
round 200 nm and gives an indication of the crystallinity towards
he free surface of the film, whereas the red (647 nm)  exciting line
as an absorption depth of some 3 �m and hence will return a value
veraged over the entire film thickness. 5 mm × 5 mm silver contact
ads 0.5 mm apart were deposited on the top of the film to form a
ap-cell.

In the TPC experiment [14], nanosecond light pulses were gen-
rated by a Laser Science VSL337N2 laser plus dye attachment.
avelengths of 510 nm and 640 nm were selected by insertion

f the appropriate dye cuvette. These are referred to hereafter as
L (green laser) and RL (red laser), respectively. The pulses were
ttenuated to give a total flux of 1011 photons cm−2 at the sample,
orresponding to a photocarrier density of order 1015 cm−3.

When light-soaking, and also when performing the TPC experi-
ent, either side of the sample could be illuminated by rotating the

ample holder. The sides of the sample illuminated in a given exper-
ment are referred to hereafter as contact side (CS) (the film/air
nterface) and substrate side (SS) (the film/glass interface).

All TPC measurements were made at room temperature with an
pplied voltage bias of 100–300 volts. Following appropriate pre-
mplification, current transients from 1 ns to 10 s were recorded
n a Tektronix TDS3052 digital storage oscilloscope. Averaging of
uccessive transients reduced noise to an acceptable level. Data
ere transferred to a PC and processed into a single logarithmically
paced file.
The DOS was extracted by firstly applying a discrete Fourier

ransform to the I(t) data, to obtain the ac current I(ω) where ω is
he angular frequency. Within a multiple-trapping formalism, I(ω)
ngineering B 178 (2013) 568– 573 569

may  then be mapped directly to the DOS via the simple approximate
relationship [15]:

DOS(ω) ∝ sin(�(ω))
∣
∣I(ω)

∣
∣

(1)

where �(ω) is the phase angle of the photocurrent relative to the
excitation. More usefully, the DOS may  be plotted against energy
(relative to the conduction band mobility edge) by noting that

E = kT ln (�/ω)  (2)

where k is Boltzmann’s constant, T the absolute temperature and
� the attempt-to-escape frequency. This approach enables an arbi-
trary DOS to be extracted from TPC data with a resolution of order
kT.

Computer simulation of film parameters was carried out using
the SC-Simul program developed at the University of Oldenburg
[16]. This is a one-dimensional numerical simulation which solves
the Poisson equation, the continuity equations for electrons and
holes, and the current transport equations including drift, diffusion,
and thermionic emission over barriers, if present, in the valence and
conduction bands. Further details are given in Ref. [16].

The model structure consisted of three parallel layers in con-
tact: (i) a 100 nm layer of a-Si:H representing the surface region,
(ii) a 900 nm layer of a-Si:H representing the bulk film, (iii) a 1 mm
insulator restricting current flow normal to the film. Spatially uni-
form sets of localised states (exponential band tails and amphoteric
dangling bonds) were specified in layers (i) and (ii). In this study
only defect densities were varied. Conduction and valence band
tail slopes of 30 and 50 meV, respectively, and a Gaussian defect
distribution of width 0.15 eV centred at 0.9 eV below the valence
band edge with a correlation energy of 0.25 eV were used through-
out, all other parameters being maintained at default values. The
SC-Simul program is designed primarily to simulate currents nor-
mal  to the plane of the film, in structures such as solar cells, and a
post-simulation numerical integration of the carrier density in each
slice of the film parallel to the substrate (typically 10 nm thick)
was  performed to calculate the co-planar current. The DOS  was
extracted from the simulated I(t) curve in an identical manner to
the experiment.

3. Results and discussion

3.1. S-TPC of amorphous silicon films

Fig. 1(a) and (b) shows the I(t) decays and resulting DOS for the
a-Si:H sample following light soaking with white light from the
contact side of the film. The annealed state curves are shown for
comparison.

In the case of materials with band tails and deep defects, such
as silicon thin films, the I(t) decay in the ns to s range generally
consists of [1]:  (i) a region of constant slope at the beginning of
the observable range (10−9–10−8 s) due to carrier thermalisation
in the band-tail; (ii) a steeper fall in current due to carrier trapp-
ing into deep defects; (iii) a complex combination of trapping and
emission involving deeper tail states and defects; (iv) a sharp fall at
the onset of free carrier loss (recombination). It is seen in Fig. 1(a)
that the main difference in the I(t) curves is associated with the
onset of region (ii) (carrier trapping into deep defects). This occurs
at progressively shorter times with increasing deep defect density.

Thus in common with previous studies of disordered silicon
films and devices using TPC, including polysilicon thin-film tran-

sistors [17] and amorphous silicon sensors [18], we find the
photocurrent to be dispersive, and the DOS to be comprised of
band-tails and defects. The band-tails appear to be unaffected by
light-soaking, but the defect density is significantly modified. The
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Fig. 1. (a) Experimental TPC decay plotted on log–log scale, (b) TPC DOS plotted on
log–linear scale, for a-Si:H film white light-soaked from contact side, obtained using
red  and green laser pulses incident from substrate and contact sides as indicated.
Curves for annealed film, obtained using red laser incident from substrate side, are
shown for comparison. An attempt-to-escape frequency of 1012 s−1 was  used to
scale the energy axis. DOS scales are normalised at 0.3 eV. (For interpretation of the
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Fig. 2. Suggested spatial defect distribution in amorphous silicon film: (i) after

Fig. 3 shows the DOS for the a-Si:H sample following light-
soaking with green light, this time from the substrate side. The
defect distribution is envisaged to follow the profile illustrated in
Fig. 2. As with white light soaking, the apparent DOS measured

Fig. 3. Experimental TPC DOS plots on log–linear scale for a-Si:H film green light-
soaked from substrate side, obtained using red and green laser pulses incident from
substrate and contact sides as indicated. Curves for annealed film, obtained using red
eferences to color in this figure legend, the reader is referred to the web version of
he  article.)

efects are manifested as a plateau in the DOS curve, and exhibit
o sharp features.

During light soaking, the shorter wavelength fraction of white
ight results in an increased generation rate at the contact side, with
he longer wavelength fraction penetrating further into the bulk. If
he defect profile is assumed to follow the generation rate profile
hen we anticipate a higher density of defects at the contact side,
et against a more uniform background, as illustrated in Fig. 2. On
omparison with the result from the annealed sample, S-TPC clearly
hows that light-soaking increases the DOS at energies deeper than
.4 eV below the conduction band edge, which is where dangling
ond defects are expected to occur. The highest DOS is registered
sing a green laser pulse incident from the contact side, as antici-
ated since the green pulse is fully absorbed in the region of higher
efect density following light-soaking (Fig. 2). The DOS obtained
sing a red laser pulse, which is more uniformly absorbed and thus,
e propose, samples the average defect density, is a factor of 2–3

maller than this. The above-bandgap fraction of the white light
pectrum is almost completely absorbed by the 1.7 �m film. Thus
ew light-induced defects are expected to be generated at the sub-
trate side – the average generation rate in a 100 nm layer in this
egion is estimated to be around 1% of that in an equivalent layer at

he contact side. However, the DOS registered using a green light
ulse from the substrate side indicates a defect density only a factor
f 4 less than at the contact side, which is a factor of 5–10 higher
annealing, (ii) after white light-soaking, (iii) after green light-soaking. Arrows indi-
cate direction of incident light. (For interpretation of the references to color in this
figure legend, the reader is referred to the web  version of the article.)

than the intrinsic defect density following annealing. Previously we
showed that a contribution arises from intrinsic surface defects [4],
as included in Fig. 2, but this does not account for more than a small
fraction. It seems more likely that this larger than anticipated DOS
value highlights a limitation of S-TPC, namely the migration of pho-
tocarriers generated by the pulse into the film as time proceeds. The
extent to which this affects the apparent DOS will depend on how
far a typical carrier migrates before it is trapped at a defect. Capture
time is inversely proportional to defect density [1],  and so carriers
generated in a region of low defect density are more likely to have
migrated into a region of higher defect density before being trapped
at a defect. The trapping time into defects is manifested clearly in
the I(t) curves in Fig. 1(a) as a fall in current between 10 and 100 ns.
Carrier migration will be more rapid if band tails are steep, leading
to higher values of effective mobility and diffusion constant.

It should be noted that a similar, although reversed, set of results
are obtained when light-soaking from the substrate side (not pre-
sented here). As the electrostatic environments of the film surfaces
(air and glass) are quite different, this observation suggests that
surface band-bending has at most a minor effect.
laser incident from contact side, are shown for comparison. An attempt-to-escape
frequency of 1012 s−1 was used to scale the energy axis. DOS scales are normalised at
0.3  eV. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web  version of the article.)
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Fig. 4. Raman intensity ratio ICRS vs. seed layer silane concentration SCSeed for series
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Fig. 6. Experimental TPC DOS plots on log–linear scale for �c-Si:H film prepared
with a seed layer silane concentration of 2%, obtained using red and green laser
pulses incident from substrate and contact sides as indicated. An attempt-to-escape

12 −1
f  microcrystalline silicon films prepared on roughened substrates. Laser excitation
s incident from the contact side of the film in each case. (For interpretation of the
eferences to color in the text, the reader is referred to the web  version of the article.)

sing TPC with a green pulse from the side where the light-soaking
ource is applied is around a factor of 3 larger than from the oppo-
ite side. However, the DOS measured using a red pulse is only a
actor of 2 larger than the native defect density. This indicates a low
verage light-induced defect density in the bulk when compared
ith white light-soaking, consistent with the reduced fraction of

ess strongly absorbed light.
Finally, we  note that no strong difference in TPC decays was

bserved by increasing the thermal annealing time above 1 h. It
ppears that following annealing the sample is returned more or
ess to its initial defect distribution, of native surface and bulk
efects, irrespective of previous light-soakings.

.2. S-TPC of microcrystalline silicon films

The Raman data shown in Fig. 4 indicates that the crystalline vol-
me  fraction of the top surface of the film (blue excitation) remains
pproximately constant at 55–60%, independent of SCseed over the
ange under consideration. The average value (red excitation) is
imilar to that of the top surface for SCseed values of 2% and 3%, but
an be seen to fall when SCseed is increased above 4%. This is indica-
ive of more compact crystalline bulk film growth initiated by the
re-deposition of a highly crystalline seed layer [11]. A cartoon of
he growth profiles envisaged is shown in Fig. 5.
The TPC results shown in Fig. 6 are taken on a film with a 2%
Cseed pre-deposition. There are clear differences in the DOS curves
epending on the laser wavelength and the side from which the
ulse is incident. The results suggest the highest density of deep

ig. 5. Influence of seed layer on film growth (schematic), inferred from Raman
easurements in Fig. 4 and electron micrographs (not presented here). (For inter-

retation of the references to color in the text, the reader is referred to the web
ersion of the article.)
frequency of 10 s was  used to scale the energy axis. DOS scales are normalised at
0.3  eV. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)

states occurs in the vicinity of the seed layer (green laser, applied
to substrate side). This is in keeping with the ESR work of Astakhov
et al. [19] who  showed an increase of around 1 order of magni-
tude in the spin density for highly crystalline films, when compared
with the optimum phase mixture. The next highest defect density
is recorded at the top surface of the film (green laser, contact side),
where more uniform crystalline growth is fully established. Bear-
ing in mind our earlier work on amorphous silicon films [5],  there
may  be an additional contribution from surface states. The results
obtained using a red laser pulse lie substantially below those for the
green laser, which suggests that for this sample the average defect
density, representative of the bulk of the film, is lower than at either
surface. The red pulse incident from the substrate side indicates a
higher DOS than from the contact side, which might be anticipated
since in this case the red light intensity is higher in the region of
the seed layer compared with the top surface, and so more initial
photo-current will be generated there. However on examining in
detail the data obtained with the red laser across the seed series
(not presented here), no clear pattern emerges.

Fig. 7(a)–(e) shows the variation in TPC DOS measured with the
green laser pulse from either side of the film, as SCseed is varied. At
values below 4%, the DOS at the substrate side of the film lies above
that at the contact side, at 4% the DOS is similar in both cases, and
above 4% the situation is reversed. This supports the trend identified
in the previous section.

However, caution should be exercised when interpreting TPC
signals in microcrystalline silicon films. Earlier TPC work suggests
that the photocurrent decay for films prepared over a range of SC
exhibits complex behaviour that is difficult to interpret consistently
solely in terms of the DOS [20]. Shifts in Fermi level position due
to inadvertent doping and/or the presence of adsorbates [21] may
result in changes in occupancy of the DOS, rather than changes in the
DOS itself. At present therefore we cannot be certain whether defect
densities associated with higher- or lower crystallinity material
solely control the S-TPC decay.

3.3. Computer simulations

Simulations based on a model in which the 100 nm surface
15 −3
layer defect density ND1 is varied between 3 × 10 cm and

1 × 1017 cm−3, with the 900 nm bulk layer defect density ND2 fixed
at 3 × 1015 cm−3, are shown in Fig. 8(a) and (b).  As with the experi-
mental data, the simulated TPC curve exhibits behaviour associated
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Fig. 7. Experimental TPC DOS plots on log–linear scale for �c-Si:H films prepared
over the indicated range of SCseed (a)–(e), obtained using green laser pulses incident
from substrate (solid line) and contact (dashed line) sides. An attempt-to-escape
frequency of 1012 s−1 was  used to scale the energy axis. DOS scales are normalised
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Fig. 8. (a) Simulated TPC decay plotted on log–log scale for a-Si:H composite film
model, vs. surface layer defect density ND1. 500 nm laser pulse incident on surface
layer. Bulk layer defect density ND2 is held constant at 3 × 1015 cm−3. Two addi-

allel, and the influence of one may  only be separated successfully
from the other if its contribution to the photocurrent is dominant
over the experimental timescale, which in practice seems unlikely.
t  0.3 eV. (For interpretation of the references to color in this figure legend, the
eader is referred to the web  version of the article.)

ith the physics outlined at the beginning of Section 3.1.  The laser
ulse wavelength is constant throughout at 500 nm.  A plot of the
OS obtained from a uniform layer (ND1, ND2 = 1 × 1017 cm−3) is

hown for comparison. It can be seen that while the band tail
nd general profile of the defect distribution is reproduced, the
ecovered density is somewhat below the model input value, by

 factor of 4 at ND1 = 1 × 1017 cm−3. In Fig. 9, the effect of varying
he wavelength of the laser pulse with constant ND1 = 1 × 1017 cm−3

s shown. Where the absorption depth is less than the layer 1
hickness, so that carrier generation occurs primarily in this layer,
he recovered DOS profile converges to the limit described above.

hen the absorption depth is greater than the entire film thick-
ess, carrier generation is quite uniform and the DOS converges to

 lower value, close to the weighted mean. Overall then, the simu-
ation results support the view that a degree of spatial resolution is
ossible, but they also convey a more pessimistic message concern-

ng the ability to recover the absolute DOS in such cases. A closer
ook at the simulated spatial distribution of free carrier density with

ime confirms that carrier migration between the surface layer and
he bulk is a significant effect, and will be reported on in detail in a
ater publication. There are a number of factors that influence the
tional simulations, for homogeneous films at the ends of the range with uniformly
absorbed laser pulses, are shown for comparison. (b) DOS curves recovered from
data in (a). The model DOS input for ND1 = 1 × 1017 cm−3 is shown as a guide.

extent to which the I(t) curve under strongly absorbed light bears
the imprint of the surface region of the film. Viewed in terms of our
simplified structural model there are two films electrically in par-
Fig. 9. Simulated TPC DOS plots on log–linear scale for a-Si:H composite film model,
vs. laser pulse wavelength. Laser incident on surface layer. Bulk and surface layer
defect densities held constant at the values indicated. The model DOS input for
ND1 = 1 × 1017 cm−3 is shown for comparison.
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Fig. 10. Simulated TPC DOS plots on log–linear scale for a-Si:H homogeneous film
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odel, vs. initial free carrier density (uniform throughout film). Progressive satura-
ion of defects with increasing free carrier density is clearly visible once it exceeds
he  defect density.

t was also noted that since in S-TPC carrier generation is confined
o a thin layer, the local free carrier density prior to deep trapping

ay  be sufficiently large to cause trap filling and saturation, leading
o a reduction and distortion of the apparent DOS, as illustrated in
ig. 10.  If the generation rate is reduced to compensate, the photo-
urrent will be reduced in proportion and the signal to noise ratio
n the TPC experiment will be degraded.

. Conclusions

The apparent density of defect states in silicon thin films
easured by transient photocurrent spectroscopy is dependent

pon the wavelength of the light pulse used to generate pho-
ocarriers, and on the side from which the pulse is incident. In
he case of light-soaked amorphous silicon films, these effects
re consistent with an asymmetric spatial distribution of light-
nduced defects, whereas in microcrystalline silicon the asymmetry
esults from differing structure compositions, mediated by a con-
rollable ‘seed’ layer pre-deposition step. Spatially resolved TPC
as been investigated by computer simulation, which predicts a
egree of spatial sensitivity. Although the defect energy is cor-
ectly returned the apparent DOS magnitude may  significantly
nderestimate the model value. This shortfall is associated with

igration of carriers out of the surface layer prior to the occur-

ence of deep trapping. The model enables a more detailed study to
e made of the limitations, and potential range of application, of the
echnique.

[

[

ngineering B 178 (2013) 568– 573 573

Future work might usefully include simulating the rather sim-
pler steady-state system (photocurrent vs. wavelength) studied by
Ghosh and Ganguly [6].  While this approach may not yield energy-
resolved information on defects, provided recombination occurs via
defects located within the generation envelope the photocurrent
magnitude should correlate with the defect density, enabling spa-
tial resolution to be obtained.
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