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Heterojunction solar cells based on colloidal nanocrystals (NCs) have shown remarkable improvements
in performance in the last decade, but this progress is limited to merely two materials, PbS and PbSe.
However, solar cells based on other material systems such as copper-based compounds show lower

power conversion efficiencies and much less effort has been made to develop a better understanding of
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factors limiting their performance. Here, we study charge carrier loss mechanisms in solution-processed
CulnS,/ZnO NC solar cells by combining steady-state measurements with transient photocurrent and
photovoltage measurements. We demonstrate the presence of an extraction barrier at the CulnS,/ZnO

interface, which can be reduced upon illumination with UV light. However, trap-assisted recombination

www.rsc.org/pccp

1 Introduction

Colloidal nanocrystal (NC) solar cells have made remarkable
progress within the last decade, with power conversion efficien-
cies approaching 10%."~ This development was encouraged by a
deeper understanding of the underlying physical processes in
NC solids and devices, in particular, regarding the role of charge
transport,®® defect states,” " doping,">** surface passivation,"?
and interface recombination.'®'” However, the vast majority of
these studies is focused on merely two materials, PbS and
PbSe.’®' In contrast, there is still a lack of such detailed
knowledge in the case of other NC materials, such as copper-
based compounds. For several reasons, including ecological
aspects, these materials are considered to be a relevant alter-
native to lead chalcogenides for photovoltaic applications.?®**
However, without extensive post-processing, the device perfor-
mance remains comparatively low to date.**”’

Recently, we studied NC solar cells based on a CulnS,/ZnO
heterojunction.”®** We could show that charges are only
collected from a narrow region within the CulnS, layer (collection
zone), located in the proximity of the heterojunction.>® This
limitation may be a consequence of a low mobility-lifetime (u)
product,®® as well as insufficient doping of the metal oxide.**
Both effects would impede charge transport within the absorber.
Moreover, even within the collection zone, the collection prob-
ability was found to be restricted to only ~50%,>® indicating a
serious loss of excess carriers in the devices. Basically, two
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in the CulnS; layer is shown to be the dominant decay process in these devices.

possible mechanisms might play a role here: first, charge recombi-
nation in the volume of the absorber layer (bulk recombination),
which is known to occur in NC layers via three possible processes of
different reaction orders J: (i) Shockley-Read-Hall (SRH) recombi-
nation via deep trap states (6 = 1),”** (ii) direct band-band decay
(6 = 2),**" and (iii) Auger recombination (6 = 3);**" second,
energetic barriers for the extraction/injection of charges at one
of the electrodes or recombination at the absorber/metal oxide
interface (interface recombination).

Regarding the latter, however, studies on the metal oxide film
in NC solar cells are rare and mostly focused on the introduction
of external dopants'®*®?” or surface passivation,*® both of which
have an impact on the interfacial recombination processes. In our
previous work on CuInS,/ZnO solar cells,”®** we observed that
light soaking under UV containing light leads to a significant
improvement of the device characteristics. Similar effects have
been observed in organic solar cells employing an interfacial layer
of ZnO NCs.>*™*! In this context, it was shown that UV illumina-
tion results in an increase of the carrier density in the ZnO due to
the release of chemisorbed oxygen species, a process which is
often referred to as photodoping.*'™**

In this article, we present a detailed study on the photo-
current loss mechanisms in CulnS,/ZnO heterojunction solar
cells. Therefore, steady-state characterization methods using
different illumination conditions were employed to clarify the
effect of UV light in our devices. Moreover, we used transient
photocurrent (TPC) and transient photovoltage (TPV) studies, in
order to elucidate the dynamics of the present recombination
mechanisms. Using this approach, it will be shown that two
different loss mechanisms can be distinguished: an extraction
barrier at the CulnS,/ZnO interface, which can be reduced upon
illumination with UV light, as well as significant bulk

This journal is © the Owner Societies 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6cp01015f&domain=pdf&date_stamp=2016-06-02
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6cp01015f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP018024

Open Access Article. Published on 20 May 2016. Downloaded on 7/21/2025 2:40:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

recombination in the CulnS, layer, which is identified as trap-
assisted SRH recombination.

2 Results

2.1 Photovoltaic performance as a function of light intensity

We fabricated CuInS,/ZnO heterojunction solar cells with indium tin
oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/CulnS, NCs/ZnO NCs/Al, according to previous
reports.”®*® As demonstrated in Fig. S1 (ESI{), the current density-
voltage ( J-V) curves of the as-prepared devices exhibit a pronounced
S-shape behavior, resulting in a low short-circuit current density
(Jso) and a fill factor (FF), whereas the S-shape is gradually reduced
upon illumination with simulated sunlight (light soaking).
Previously, such a behavior was assigned to photodoping of
the ZnO layer, caused by the UV part of the solar spectrum.>®?°
To test this hypothesis and clarify the role of UV light, we used
two independent light sources in the following: a white-light
(WL) LED with a spectral bandwidth of ~400-700 nm and a UV
LED with a dominant wavelength of 4 = 365 nm. In the former
case, the ZnO is transparent, ensuring that photogeneration is
solely taking place in the CulnS, layer, whereas, in the latter
case, photodoping of the ZnO is facilitated.

Fig. 1a shows the intensity-dependent -V response under WL
illumination (no UV content). These illumination conditions
result in a deformation of the -V curves in the fourth quadrant,
in particular, a pronounced S-shape with an inflection point
located below the voltage axis intercept (J < 0), which becomes
even more prominent with increasing WL intensity. Consequently,
we observed a reduction of the FF in the absence of UV light.
In contrast, Fig. 1b shows that the S-shape disappears once an
UV component is added to the WL illumination. Additionally,
Jsc exhibits a 2-fold increase compared to the case of only WL
illumination, which cannot be explained solely by additional
photogeneration due to illumination with UV light (as can be
seen from the upper curve in Fig. 1b, only 0.18 mA cm™> are
generated by the UV component).

The light intensity dependence of J,. is shown in Fig. 2a. It
can be seen that the scaling of J, with the WL intensity (1), and
thus the dominant recombination mechanism at short circuit,
is independent of the presence of UV light. The experimental
data were fitted to Ji oc I”, resulting in a linear scaling (« = 1)
in both cases, which indicates that recombination losses occur
mainly through a first-order process, such as SRH recombina-
tion. Additionally, significant losses in Js. due to space charge
effects can be excluded, as o = 0.75 would be expected in that
case.”® Apart from that, Fig. 2b shows a slight decrease of the
FF with increasing illumination intensity in the presence of
UV light. However, compared to the benefit of the UV light
itself, this effect is of minor importance. The strong drop in the
FF upon switching off the UV light marks the transition from
normal to S-shaped J-V behavior.

In addition, we studied the conductivity of the ZnO thin film
depending on the illumination conditions and the surrounding
ambient gas (see Fig. S2 and Table S1, ESIt). Under an inert
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Fig. 1 Intensity dependent J-V characteristics of CulnS,/ZnO solar
cells under different spectral illumination conditions. (a) White-light (WL)
illumination with a spectral bandwidth of ~400-700 nm at intensities of
0, 0.01, 0.02, 0.08, 0.15, 0.29, 0.47, and 0.70 Suns. (b) The same illumina-
tion conditions with an additional UV component (2 = 365 nm).
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Fig. 2 Dependence of the (a) short-circuit current density Js. and (b) fill
factor FF on the incident WL illumination intensity (/). The experimental
data (symbols) in (a) are fitted to Jsc oc /* (solid lines). Measurements were
performed without (squares) and with (triangles) additional UV illumination.
Note that in the latter case Jsc was corrected for the additional photo-
current generated by the UV LED.

atmosphere, the conductivity increased from 1.4 x 10 ° S m™"

in the dark to 3.3 x 10°* S m™* upon illumination with UV
light. The same trend was observed under ambient conditions;
however, absolute values were found to be three to four orders
of magnitude smaller (5.6 x 10°°Sm " and 4.4 x 10> Sm™"
without and with UV illumination, respectively). These results
are in line with a previous publication,*’ where the increased
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photoconductivity as compared to the dark conductivity is
associated with the desorption of chemisorbed oxygen species,
as will be discussed in more detail below (see Section 3).

2.2 Effect of light-soaking on the spectral dependence of the
photocurrent

In order to investigate the effect of UV light soaking on the spectral
dependence of the photocurrent, we measured the external
quantum efficiency (EQE) under continuous UV background
illumination. Therefore, the same UV light source as for the J-V
measurements was used. Fig. 3 shows the evolution of the EQE
spectrum (symbols) as a function of the UV exposure time. With
increasing exposure, the EQE is strongly increased at all wave-
lengths, which coincides with the trends observed in the -V
measurements (see inset). Moreover, there is also a slight effect
on the spectral shape of the EQE, as can be seen more clearly
from normalized EQE data (see Fig. S3, ESIT). Similar effects have
been reported on PbS/ZnO NC solar cells by Willis et al.*" The
authors assigned the improved EQE to a transition of the devices
from excitonic to p-n behavior, related to variations of the space-
charge region width due to photodoping of the ZnO layer.*!

Here, we use a reconstruction approach to quantify the effect
of the UV bias on charge collection, as described previously.?
In general, the EQE is given by

d

EQE() = | Al n(x)dx. W)

0

where d is the thickness of the CulnS, absorber layer, A(x,4)
the spectrally and spatially resolved photon absorption profile,
which we calculated via transfer-matrix simulations, and 7.(x)
the spatially dependent collection probability. According to
ref. 29, we modeled 7..(x) as a step function:

P, x<xp
ncc(x) = . (2)
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Fig. 3 Comparison of the measured (symbols) and reconstructed

(straight lines) EQE spectra for a representative device as a function of
exposure time to an additional UV bias illumination (1 = 365 nm). The inset
shows the evolution of the EQE signal at 520 nm depending on the time
the sample was illuminated with UV light.
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Fig. 4 Evolution of the extracted parameters (a) P and (b) xo (normalized
to the absorber thickness d) from the reconstruction of the EQE spectra
with UV bias illumination time (see eqn (2) for definition of the parameters).

Herein, x, denotes the width of the region from which charges are
collected with 0 < x, < d, while P describes the constant
collection probability within this zone (0 < P < 1). We assume
that charges are only collected in the proximity of the ZnO
interface, located at x = 0. Despite the simplicity of this model,
reasonable agreement between the reconstructed and measured
EQE spectra is obtained, as demonstrated in Fig. 3 (straight lines).

Fig. 4 shows the variation of the parameters x, and P as a
function of UV exposure time. It is clearly seen that the
improvement of the EQE is mainly related to an increase of P
(Fig. 4a), which increased significantly from 0.3 to 0.7 after
45 min of UV illumination. In contrast, the UV light had only a
slight effect on the width of the collection zone (Fig. 4b), which,
in terms of the total layer thickness, increased from x,/d = 0.19
to 0.26. This finding is consistent with the fact that there is only
little change of the spectral shape of the EQE (see Fig. 3).
Hence, in contrast to the work of Willis et al.,*' a significant
growth of the depletion region upon photodoping appears
unlikely from our data. Instead, it can be suggested that the
presence of UV light leads to a higher transfer rate of photo-
generated carriers across the CulnS,/ZnO interface. This may
be a consequence of a reduced extraction barrier, as will be
discussed in Section 3. We note that similar trends regarding
the charge collection are observed when the EQE is measured
under a reverse bias voltage.*”

2.3 Illumination and voltage dependent TPC studies

Next, we studied the dynamics of charge collection using TPC
measurements. Fig. 5 shows the photocurrent decay after
500 ps square-pulse excitation (4 = 520 nm) with respect to
the following background illumination conditions: (i) no back-
ground illumination (dark), (ii) only UV illumination, (iii) only
WL illumination (~ 0.7 Suns), and (iv) simultaneous UV and WL
illumination (WL + UV). From these data, two main processes
can be distinguished (see arrows in Fig. 5). First, the presence
of UV light results in an increase of the initial signal height
by a factor of 2, which is consistent with the 2-fold increase
of Js. described in Section 2.1. However, the decay dynamics
itself remains relatively unchanged. Both under dark and
UV-only conditions, a long photocurrent tail is observed with
charges being collected over hundreds of ps. Such behavior is
commonly assigned to the release of carriers from trap states.*®

This journal is © the Owner Societies 2016
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Fig. 5 Transient photocurrent decay at zero voltage bias with respect to
different background illumination conditions: no background illumination
(black line), only UV light (blue line), only WL (red line), WL + UV (green line).

Second, the presence of WL illumination leads to a significant
acceleration of the decay and the disappearance of the long-
lived tail. This effect is independent of the presence of UV light
and, therefore, most likely a consequence of trap-filling within
the CulnsS, layer.

To study the latter effect in more detail, we conducted TPC
measurements under WL-only background illumination condi-
tions as a function of the WL intensity. From the raw data
depicted in Fig. S4 (ESIt), it can be seen that both the rise and
decay dynamics of the photocurrent become significantly faster
with increasing intensity. For a quantitative analysis, we calcu-
lated the total amount of extracted charge,

l
i(r)de, (3)

Iy

AQ:J

where i(t) is the transient current, ¢, the switch-off time of the
pulse, and ¢; a time at which the transient signal is no longer
detectable (here, t; — t, = 1 x 107> s). Fig. 6a shows a
logarithmic decrease of AQ with increasing WL intensity. As
can be seen in Fig. 6b, this decline is directly correlated with a
reduction of the extraction lifetime 7. (here defined as the time
it takes for the current to decay by a factor of e %) and, thus, the
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Fig. 6 (a) Total amount of extracted charge AQ and (b) effective extrac-

tion lifetime 7, obtained from TPC measurements as a function of the
intensity of the continuous WL background illumination. Arrows and
dashed lines indicate the values obtained under dark conditions and the
presence of an additional UV component (at a fixed WL intensity of
0.7 Suns), respectively.
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Fig. 7 Dependence of (a) AQ and (b) tex on the applied bias voltage under
different background illumination conditions: no background illumination
(black circles), solely WL illumination (red squares), and WL + UV illumina-
tion (green triangles).

gradual disappearance of the long-lived current tail. Similar
effects have recently been reported for CulnS,/CdS devices by
Halper et al.>” and attributed to the filling of shallow bulk traps
in the CulnS, layer.

Furthermore, we conducted voltage dependent TPC mea-
surements by applying an external bias voltage to the devices.
Fig. 7 shows a strong decrease of AQ (Fig. 7a) and 7., (Fig. 7b)
with increasing forward bias under dark conditions (the applied
voltage was corrected for the voltage drop over the sum of the
series and load resistance). This is the same trend as observed
for increasing WL background illumination intensity (¢f. Fig. 6);
hence, it is suggested that trap-filling can also be mediated by
carrier injection. Accordingly, the voltage dependence of AQ and
Tex Nearly disappeared under the presence of WL illumination,
again being independent of the presence of an additional UV
component. As discussed earlier,”® CulnS, is probably not fully
depleted under short circuit conditions, so that a significant
portion of the absorber can be considered as the quasi-neutral
region, where the transport is limited by diffusion. Therefore,
we expect the voltage-independent diffusion component of the
extraction time to be much larger than the drift component in
the range of voltage investigated. This leads to an extraction
time independent of voltage under WL illumination, as seen in
Fig. 7b. A voltage-independent extraction time for small applied
voltage bias was also observed by other authors in the case of
partially depleted layers.*”*®

In addition, under WL-only conditions, so-called overshoots
were observed when the applied voltage reaches the inflection
point noticed in steady-state J-V measurements (V ~ 0.45 V, see
Fig. S5, ESIT). Previously, such a behavior has been attributed to
an energetic barrier for charge extraction.* In the presence of UV
illumination, however, the overshoots were significantly reduced,
in accordance with an effective reduction of the extraction barrier,
as suggested in Section 2.1.

2.4 Ideality factor and TPV measurements

While TPC studies provide information on the dynamics of charge
collection, investigations on the photovoltage decay using TPV
measurements can be used to study charge recombination. For
this purpose, the device is held at open circuit under continuous
WL illumination, while the photovoltage decay induced by a light
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pulse is recorded. The measured voltage signal can be described
by V() = Vo + AV(2), where V. is the constant open-circuit voltage
due to WL illumination and AW{) the transient decay. Light
intensities are chosen such that the pulse can be considered as
small perturbation, AV(t) < V..

In general, the relationship between V,. and the light
intensity I is given by the ideality factor 7;4,>°

9 dVoe
4= T d (1) (4)

where g means the elementary charge, k the Boltzmann con-
stant, and 7T the temperature. The ideality factor is known to be
indicative of the dominant recombination mechanism. For
direct band-to-band recombination, n;q = 1 can be expected,
as is the case in the ideal Shockley model. In contrast, nijqg # 1
indicates that other mechanisms are present, e.g., SRH (niq = 2)
and Auger (n;q = 3/2) recombination processes. Fig. 8a shows
the dependence of V,. on the WL intensity, as obtained from
the constant part of the TPV signal. Fitting the data to eqn (4)
yields an ideality factor of njq = 2, which is consistent with
trap-assisted SRH recombination.®

The transient decay AV(t) is commonly described by a sum of
one or more exponentials. As demonstrated in Fig. S6 (ESIT),
a reasonable fit to our data can be obtained by using a
biexponential decay function, according to

AV(t) = Ay exp(—t/ty) + Ay exp(—t/t,), (5)

where 7, and 7, are the corresponding carrier lifetimes and 4;
and A, are constants. Fig. 8b shows the fitted lifetimes as a
function of V,.. At a WL intensity of ~0.7 Suns, 7, = 20 ps and
7, = 100 us were extracted. In a recent study,*® the two decay
channels are attributed to bulk and interfacial recombination,
respectively. To clarify the role of the CulnS,/ZnO interface, we
measured the TPV decay with a UV component added to the
background illumination, but observed no significant change
in the decay behavior (for details on this aspect, see Fig. S7 and
Table S2, ESIT). These findings are in contrast to reports on
PbS/Zn0*® and PbSe/ZnO'® systems, where the carrier lifetime
significantly increased upon surface passivation or doping of the
ZnO layer, highlighting the importance of interfacial recombination.
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Fig. 8 (a) Incident light intensity dependence of V... The dashed line

represents a fit of the experimental data (symbols) to egn (4), resulting in an
ideality factor of niq = 2. (b) Decay time constants 7, and 7, as a function of
Vo Obtained from TPV measurements. Different steady-state values of V.
were obtained by varying the background WL intensity.
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Hence, in our case, it appears more likely that 7; and 7, are
related to two trap populations with different activation energies
within the bulk of the CulnS, layer. Similar suggestions have
been made from TPV studies on polymer/NC hybrid solar cells.’*
However, we note that more extensive experimental work will be
necessary for a unique assignment of 7, and 7,.

3 Discussion and conclusions

To summarize our work up to this point, two different loss
mechanisms could be identified, related to (i) charge extraction
at the CulnS,/ZnO interface and (ii) recombination in the
bulk of the CulnS, layer. Regarding the first point, we showed
that the extraction of charge carriers could be significantly
improved by selective excitation of the ZnO layer with UV light,
resulting in a 2-fold increase of J;. and the EQE (see Sections 2.1
and 2.2). In principle, this enhancement may be a consequence
of an increase of the space-charge region width, as photodoping
will significantly increase the charge carrier density in the ZnO.
Such an effect with respect to UV exposure has been demon-
strated in the case of PbS/ZnO NC solar cells by Willis et al.*'
By reconstructing experimental EQE data (see Section 2.2),
we showed that UV illumination increases the collection prob-
ability within a certain collection zone in the absorber, but,
however, does not lead to a significant enlargement of the zone
itself, in contrast to ref. 31.

Moreover, exposure to UV light had clear impact on the
shape of the j-V curves, in particular, the pronounced S-shape
present under only WL illumination disappeared, once an UV
component is added. Recently, Sandberg et al.>® presented an
extensive numerical study to clarify the effect of imperfect
contacts leading to S-shaped J-V characteristics. In detail, they
used numerical drift-diffusion modeling to study the case of
organic solar cells, but their outcomes should be generally
applicable to other systems, such as NC solar cells. According
to that analysis, the occurrence of the S-shape, as well as the
position of the inflection point atJ < 0, can be rationalized by a
reduced carrier mobility near the electrode interface.>® This is
consistent with the reduced conductivity of the ZnO layer in the
absence of UV light (see Fig. S2, ESIt), which we previously
attributed to electron depletion at the ZnO surface caused by
chemisorption of oxygen,*!

0O,(g) +e~ — 0, (ad), (6)

where O,(g) and O, (ad) denote gaseous and surface adsorbed
oxygen species, respectively. Vice versa, the desorption process
is facilitated by photogenerated holes,

h' + 0, (ad) — Os(g), )

which results in an increase of the conductivity and flattening
of the energy bands at the ZnO surface under UV illumination.
In effect, this leads to a decrease of the extraction barrier, thus,
increasing the transfer rate of excess carriers across the CulnS,/
ZnO interface. Similar effects related to the photodoping of the
CdS layer in CulnSe,/CdS/i-ZnO structures are a known issue
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5455 as well as solution-

from conventional thin-film solar cells,
processed NC devices.”® The low transfer rate across the interface
comes along with an increased recombination rate in the CulnS,
layer, since the time charge carriers spend in the absorber is
increased. However, the recombination channel itself remains
unaffected. This is in line with the results obtained from TPC
measurements (see Section 2.3), which show that UV light only
has impact on the absolute height of the signal, but not on the
time dependent charge carrier response.

The second, probably more important loss mechanism, is
bulk recombination in the CulnS, layer. Steady-state -V mea-
surements revealed a linear scaling of the photocurrent with
light intensity (see Section 2.1), indicating that the dominant
recombination process occurs via a first order process, such as
trap-assisted SRH recombination, independent of the presence
of UV light. In addition, TPC measurements show a quickening
of the decay dynamics with increasing WL intensity, accompa-
nied by the disappearance of the long-lived photocurrent tail (see
Section 2.3). Such a light intensity dependence may be related to
an increase of the effective carrier mobility due to trap-filling
caused by background illumination.®*” We observed similar
effects with increasing external bias voltage, suggesting that
trap-filling can also be induced by injected charge carriers.

The significance of trap-assisted recombination, limiting the
carrier diffusion and the drift length and, thus, carrier collection
and device efficiency, is supported by an ideality factor of njq = 2,
as determined from the light intensity dependence of V. (see
Section 2.4). Moreover, two decay channels were observed in TPV
measurements, which were not affected by the presence of UV
light. Hence, it is assumed that the two decay channels can be
assigned to different trap populations in the bulk of the CulnS,
layer, rather than to a combination of bulk and interface
recombination. This assumption is in line with the results of
other authors.'**®

Trapping phenomena are a well known issue in NC solar
cells.”*>1%% In particular, Nagpal et al® proposed that the
mechanism of charge transport in NC films changes under
illumination compared to dark conditions: under illumination,
charge transport is dominated by a conductive network of
quantized band-edge states, while charge transport in the dark
is proposed to occur via a weakly conductive mid-gap band.
Other authors discussed this increase in conductivity as well, but
assigned the role of states with low conductivity to the strongly
localized ground states of NCs, while photoexcited states show a
much higher mobility.® Recently, Bozyigit et al.” demonstrated
that the dark current is mediated by trap-assisted recombina-
tion, whereas the recombination mechanism is controlled by the
diffusion of mobile carriers towards trapped carriers of opposite
polarity. However, such detailed studies are to date limited to
binary semiconductors such as PbS and PbSe. In principle, a
more complicated defect chemistry can be expected in the case
of a ternary compound such as CulnS,. In this context, it has
been shown that the ratio of Cu/In plays a crucial role in defining
the defect levels in the band gap in the case of CulnS,,°”°" while
the amount of surface defect states can be influenced by the
choice of appropriate ligands or using core shell NCs.**%
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In summary, we were able to identify two different loss
mechanisms in our devices, namely a barrier to charge extrac-
tion at the CulnS,/ZnO interface and trap-assisted recombina-
tion in the bulk of the CulnS, layer. While the barrier for charge
extraction can be reduced by illuminating the device with
UV light, recombination of charge carriers via trap states is
probably the main reason for the limited charge collection
probability and efficiency. This underlines the importance of
investigations on trap states in NC solar cells, which is strongly
entangled with the question of an appropriate ligand-exchange
strategy. However, in the case of CulnS,, this is still under
investigation. In consequence, reducing the amount of sub-
band gap states is substantial to improve the performance of
CulnS,/ZnO solar cells.

4 Experimental details

4.1 Sample preparation

Waurtzite-type CulnS, NCs (edge length 12 to 18 nm) were
synthesized using a hot-injection technique and subjected to a
ligand exchange with 1-hexanethiol, as described previously.**%*
Spherical ZnO NCs with an average diameter of 5 nm were
synthesized according to ref. 41. Solar cells were fabricated with
the device structure of glass/ITO/PEDOT:PSS (40 nm)/CulnS,
NCs (90 nm)/ZnO NCs (60 nm)/Al (120 nm), where the numbers
in parenthesis denote the film thickness, as determined by a
stylus profiler (Veeco Dektak). The NC films were spin-cast in a
nitrogen-filled glove box from chlorobenzene and chloroform/
methanol solution, respectively. After deposition of both CulnS,
and the ZnO layer, the samples were annealed at 180 °C. Finally,
the Al electrode was thermally evaporated under high vacuum
(107° mbar). The active area (~14 mm?®) was delimited by the
geometric overlap of the ITO and the metal electrode.

4.2 Steady-state characterization

J-V characteristics under AM1.5G illumination were recorded
using a semiconductor characterization system (Keithley 4200)
under ambient conditions. The samples were illuminated using
a class AAA simulator (Photo Emission Tech.), providing a
simulated AM1.5G spectrum. The light intensity was adjusted
to 100 mW cm > using a calibrated silicon solar cell. Light
intensity dependent measurements were performed using a
4 W white LED (Seoul P4; 2 ~ 400-700 nm), connected to a
DC constant-current supply, and variable neutral density filters.
A UV LED (Nitride NS365L-5RLO, A = 365 nm) served as an
additional light source (and kept at a constant intensity). EQE
measurements were performed using a custom-built setup
(Bentham PVE300), equipped with a dual xenon/quartz halogen
lamp and a Czerny-Turner monochromator (Bentham TMc300).
The monochromatic probe light was modulated by a mechanical
chopper at a frequency of 230 Hz. The photocurrent was
recorded under short-circuit conditions using a lock-in amplifier
(Stanford Research SR 830). The same UV LED mentioned above
was used to provide an additional light bias. The reconstruction
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of the EQE spectra, based on one-dimensional transfer-matrix
method simulations, was carried out as described in ref. 29.

4.3 Transient techniques

TPC and TPV measurements were carried out using a 4 W green
LED (Seoul P4, / = 525 nm, 250 ns rise/fall time), driven by a
two-channel pulse generator (Agilent 81150A). Continuous WL
and UV background illumination was provided from the same
LED light sources as described above. Transient signals were
recorded using a 1 GHz digital storage oscilloscope (Tektronix
DPO7104), with an input impedance of 50 Q (TPC) or 1 MQ
(TPV). The second output channel of the pulse generator
(operating in DC mode) was used to apply an external bias for
voltage-dependent TPC measurements. A biased Si photodetector
(Thorlabs DET36A) was included to the setup to monitor the
switching dynamics of the pulse LED, as well as the relative
intensity of the background illumination. The intensity in frac-
tions of suns was estimated by comparing the photocurrent
generated from the WL LED with that obtained under simulated
AM1.5G illumination.
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