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ABSTRACT: We demonstrate current-based, deep level transient spec-
troscopy (DLTS) on semiconductor nanocrystal solids to obtain
quantitative information on deep-lying trap states, which play an important
role in the electronic transport properties of these novel solids and impact
optoelectronic device performance. Here, we apply this purely electrical
measurement to an ethanedithiol-treated, PbS nanocrystal solid and find a
deep trap with an activation energy of 0.40 eV and a density of Ny = 1.7 X
10" cm™. We use these findings to draw and interpret band structure
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models to gain insight into charge transport in PbS nanocrystal solids and

the operation of PbS nanocrystal-based solar cells.

KEYWORDS: semiconductor nanocrystals, PbS, nanocrystal solid, DLTS, charge trapping, solar cells, Schottky interface

Bl INTRODUCTION

New semiconductor materials, manufactured using low-cost,
solution-based processes, have rapidly gained interest for next
generation electronic and optoelectronic devices. For example,
solids of colloidally synthesized semiconductor nanocrystals
(NCs) are explored for field-effect transistors (FETs),"”
LEDs,” and photovoltaics (PVs),*™® although performance
must be improved prior to commercialization. For conventional
solar cells, it is known that the presence of trap states acting as
recombination centers strongly limits their performance and it
is believed that such trap states currently limit the performance
of NC-based devices. First demonstrations of chemical
treatments on PbS NC solids have shown improved PV
performance, which is believed to result from the passivation of
trap states.””'® To confirm this hypothesis and further improve
chemical treatment strategies, it is necessary to be able to
reliably quantify the density and properties of trap states in NC
solids. This has led to a growing interest in techniques to
characterize trap states and their impact on charge trans-
port.” ™"

In this work, we demonstrate for the first time that deep level
transient spectroscopy (DLTS) can be used to quantify the
density of traps (Np), the trap energy (Er), and the capture
cross-section (o) of traps in NC solids. All DLTS methods are
based on measurement of a transient signal (voltage,
capacitance, current, or charge) over a range of temperatures
to extract the properties of charge traps (Ny, AEr, or). In the
initial demonstrations of DLTS on conventional semiconduc-
tors, capacitance transients were measured,'* where the space
charge region (SCR) acts as a transducer between the charge in
the traps and the measured SCR-capacitance. This requires a
detailed understanding of the SCR and large trap densities are
known to invalidate the underlying assumptions of capacitance-
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based DLTS."® This may be the reason why earlier attempts at
DLTS on CdSe NCs on a TiO, electrode did not yield
conclusive results."® We instead utilize a current-based DLTS
method'” (often referred to as Q-DLTS), which employs the
measurement of current transients and was particularly
successful for organic materials.'®"?

As an initial system to study, we select a solid of PbS NCs
with an ethanedithiol (EDT) surface treatment since it is
commonly used as the active material in a variety of NC solar
cells, and the performance limitations are believed to be linked
to the presence of trap states.*”>'® We apply our findings on
PbS NC solids to elucidate the picture of band structure and
charge transport in this novel semiconductor.

B EXPERIMENT AND RESULTS

A solid formed from a PbS NC-solution is incorporated into a
Schottky diode-type solar cell as described in the Supporting
Information (Figure la, b). Figure lc, d shows the current
density versus voltage characteristics of the device in the dark
(black) and under AM1.5G illumination (red). We observe a
typical diode with a rectification of >100 and a small hysteresis.
We determine an open-circuit voltage (V,.) of 0.47 V, a short-
circuit current (J.) of 9.7 mA/cm? a fill-factor of 51%, and a
power conversion efficiency of 2.3%, comparable to literature
values.”*°

We perform the current-based DLTS measurements using
the experimental setup depicted in Figure 2a. We apply a
reverse bias (Vp = —0.7 V) to the device and a 1 ms voltage
pulse every 10 ms (see Figure 2c), while simultaneously
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Figure 1. (a) Schematic of the Schottky junction solar cell. (b)
Photograph of device in cryostat. (c, d) Current—density versus
voltage for the solar cell examined in the dark (black line) and under
AML1.5G illumination (red line). The device shows a clear diode
behavior with a rectification >100 and a small hysteresis and a power
conversion efficiency of 2.3%, typical of literature values.

measuring the current density through the device (Jp(t)).
During the forward section of the pulse (V}, = 0 V), traps in the
SCR can be populated (Figure 2b, top). At time ¢ = 0, when the
reverse bias is again applied, the populated traps can emit the
captured charge carriers so as to thermalize to the new bias
condition. This carrier emission process is observed as a current
transient in the device current signal (Figure 2d). For sample
temperatures of 131-299 K, we obtain the trap emission
current J5(t) (Figure 2e) by removing the influence of the
capacitive displacement current (jcap) and the reverse leakage
current (Ji) as described in the Supporting Information. In
the raw transient data in Figure 2e, we observe that at least two
temperature-dependent time constants govern the decay
process. We will explain in the following how these transient
can be used to extract information on trap states.

Based on the Shockley—Read—Hall (SRH) model, the
current originating from emitting traps is given by
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where W is the width of the SCR, Ny, is the volume density,
and 7g; is the emission time constant for a trap of type i.
Assuming that charge carrier emission is a thermally activated
process, the emission time constant for each trap type i is given

by
AE)
kT ()

where o7, is the cross-section of the trap, AEy; is the activation
energy of the trap to a transporting band, k the Boltzmann
constant, and T the temperature of the system. The material-

dependent factor I, is given by

—1y—-1 -2
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Ty =2 X 322a/K) 2 im
3)

where h is the Planck constant and mj(,,) = 0.1m, the effective
mass of the free holes (and electrons) in bulk PbS.*' Equation 2
shows that emission time constants become long at low
temperatures, such that traps are not (de)populated in the time
window of observation (i.e., they freeze out). On the basis of eq

=3256 X 10K 2 cm %57}
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Figure 2. (a) Schematic of the DLTS measurement setup. Voltage
pulses (V) are applied to the diode while the current density (Jp) is
measured. (b) Schematic of the band diagrams before (¢ < 0) and after
(t = 0") the voltage step. After the step, previously occupied traps
adjust to the new bias condition by emitting carriers that can be
measured as a current transient. (c) Time trace of the voltage applied
to the device (V). (d) Measurement of the current through the device
(Jp) for temperatures between 131 K (blue) to 300 K (red). The
current value at t = 8 ms is used to estimate the leakage current (Jioq)-
The leakage current is always smaller than 2.5 mA/ cm?, demonstrating
that no device breakdown occurs during the measurements. (e)
Transients of the trap emission current (J;) show two time constants.
With decreasing temperature, the long time constant transient first
becomes slower (red to orange) and then disappears (orange to blue).
This is the expected behavior for a trap emission current. The inset
shows the total density of emitted carriers (Ng) calculated from Jg.
Close to room temperature, we find a constant number of emitted
carriers, Ny, = 1.7 X 10" em™.

1, the total density of emitted carriers (INg) can be determined
by integrating the measured Jg

1
= — [l = Z Ny,

9

NE
4)

where g is the electron charge. In Figure (2e inset) we plot Ng
versus temperature and can clearly distinguish two regions. At
300 K, a trap density of Ny, = 1.7 X 10"7 cm™ is measured,
which start to freeze out at 250 K. Below 200 K, only a residual
charge density of 3 X 10" cm™ is observed.
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We can now use the same current transient data to extract
the trap activation energy (AEr) and the cross-section (oy) by
calculating the DLTS spectrum (AQ)

t2
AQ= Q1) - Q) = [0
t (%)
where ¢; and ¢, are two times that can be freely chosen to define
a detector time constant given by 74 = (,—t;)/(loghy/t;). In
Figure 3a, we plot AQ vs temperature for a fixed ratio t,/t, = §
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Figure 3. (a) DLTS spectrum (AQ) vs temperature (T) for different
detector time constants (7g). The Arrhenius plot in the inset relates
the temperature at which the peak in AQ occurs and the
corresponding 7. The linear fit reveals an activation energy of
AEr, = 040 eV and a cross-section o7, = 1.6 X 107" cm? (b) The
same spectrum (AQ) as in (a) plotted vs 7, for temperatures between
131 K (blue) and 300 K (red). The thermally activated emission time
constant (7p;) is clearly visible. Additionally a weakly temperature
dependent time constant 7x & 20 s is present. This time constant is
attributed to transport within the trap band.

and 7y between 10 and 1 ms. A peak appears at the
temperatures where the trap emission time 7 equals 75. On
the basis of eq 2, we plot the peak temperatures in an
Arrhenius-type plot in Figure 3a, inset, and find a linear
dependence that allows to extract an activation energy of AEr,
= 0.40 eV from the slope and a capture cross-section o1, = 1.6
X 107'* cm? from the y-intercept.

Plotting the same data along the 7 axis in Figure 3b, we can
see the emission time constant 7g; of the trap reducing with
increasing temperatures. Furthermore we observe a second
peak with a time constant 7y & 20 us with a weak temperature
dependence. Because of this weak temperature dependence, we
do not interpret this time constant as an emission time of a
second deep trap state; instead, we attribute 7x to a transport
process with a low mobility, which can be estimated to be d*/
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(274Vp) = 1.6 X 107° cm?/(V s). The total charge density in
this process is 3 X 10" cm™ as determined from Figure 2f .

B DISCUSSION

Our DLTS measurements show the presence of (1) an
abundant trap state (hereafter, T1 trap) with an activation
energy of 0.40 eV and density of 1.7 X 10" cm™ and (2) a
weakly temperature dependent, low-mobility (1.6 X 107° cm?/
(V s)) transport process (hereafter, process X) with a carrier
density of of 3 X 10'® cm™. DLTS does not determine whether
carriers in the T1 traps are thermally activated to the valence
band (VB) or to the conduction band (CB) and whether the
T1 trap is of acceptor or donor type. DLTS does also not
indicate in which band transport process X occurs. Therefore,
DLTS measurements must be interpreted in the context of a
specific band structure picture. In the discussion below, we
consider two models: the model of a PbS NC solid as a
conventional p-type semiconductor and the model of a PbS NC
solid with a metallic midgap band, proposed recently by Nagpal
and Klimov."" To calculate the band alignment at the PbS/Al
interface consistently for both models (Figure 42, b), we adopt
the strong but often used assumption®*>** that the CB and VB
in a NC solid stem directly from the lowest quantum confined
states that are the source of the photoluminescence (PL) of the
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Figure 4. (a) Band diagram for the PbS/Al Schottky junction under
the assumptions that the PbS NC solid is a conventional p-type SC
(i.e., the Fermi energy (Eg) is close to the VB (red) due to an intrinsic
acceptor dopant (green)). In this picture the T1 trap (yellow) has to
be of acceptor type and close to the VB. Within the space charge
region (SCR), the Ep crosses the T1 energy, which should be
detectable by capacitance voltage measurements. (b) Band diagram
within the model of Nagpal,"" where the T1 trap (yellow) forms a
metallic midgap band close to the CB (blue). The width and built-in
voltage of the SCR are identical to the model considered in (a). (c)
Schematic of the two transport processes in PbS NC solid for the
model in (b). The VB (red) and the CB (blue) are separated by the
optical bandgap of the NCs (1.3 eV). The trap T1 (yellow) is located
0.4 eV below the CB and forms a band. DLTS measurements show
emission of carriers from traps by thermal activation into the CB and
direct hopping within the T1 band with a low mobility of yr; = 1.6 X
1075 cm?/(Vs). (d) The density of states of the T1 band is determined
by DLTS to be on the order of 1.7 X 10" cm™ with a small amount of
free holes (3 X 10'® cm™) in the T1 band. Energies are annotated by
the technique by which they are determined.

dx.doi.org/10.1021/am400326t | ACS Appl. Mater. Interfaces 2013, 5, 2915—-2919



ACS Applied Materials & Interfaces

individual NCs. For our PbS NC material, we find Eyg—Ecp =
1.3 eV from the optical bandgap. Because there is no consensus
on the distance of either band to the vacuum level E,, ., we
further assume a Fermi energy Ep = E,.—4.7 €V (see the
Supporting Information).

The most popular model for PbS NC solids has been that of
a conventional p-type semiconductor where conduction is
mediated by holes in the VB.****?*> A carrier density on the
order of 3 X 10'® cm™ has been previously extracted from
capacitance voltage measurements and, in the context of the
model of PbS as a p-type semiconductor, interpreted as
intrinsic f—type dopants stemming from oxygen or water related
defects.>* We therefore assume that our observed transport
process X is a measurement of hole transport in the valence
band and that our T1 traps are of acceptor type and located 0.4
eV above the VB. Using the quantitative values from DLTS for
T1 and X, we calculate the resulting PbS/Al junction band
diagram by solving Poissons equation (Figure 4a).

We also consider a new model, recently put forward by
Nagpal and Klimov based on photocurrent (PC) measurements
in PbS NC FET structures,'’ which postulates the existence of
a nearly full, metallic midgap band, 0.4 eV below the CB in NCs
with a 1.3 eV bandgap, in agreement with earlier reports on
photodetectors.”® Conduction in the dark is related to low-
mobility carriers in the midgap band, while photoconduction is
mediated by high mobility carriers in the VB or CB. Figure 4c
illustrates how we can explain our DLTS measurements in the
context of this model by identifying the T1 trap as the midgap
band and transport process X as carrier motion within this
midgap band. The model of a metallic midgap band implies
that carriers can move slowly within the midgap band without
thermal activation (Figure (4c)) consistent with the weak
temperature dependence of the transport process X. If
temperatures are high enough, electrons can be thermally
activated from the midgap band into the high mobility CB and
are swept out quickly. This process is consistent with the
observation of the thermally activated T1 trap in our DLTS
measurements. Furthermore, the thermal activation energy (0.4
eV) determined with DLTS is in quantitative agreement with
the midgap energy measured optically in ref'' We again
calculate the expected band alignment at the PbS/Al interface
(Figure 4b). The resulting SCR appears nearly identical (width
of 125 nm and built-in voltage of 0.5 V) to the SCR predicted
using the model of a p-type semiconductor (Figure 4a), even
though the band diagram and conduction mechanism are
different in the two models. This highlights why simple
characterization methods like capacitance voltage or current
voltage measurements alone are unlikely to discriminate
between models.

However, current-based DLTS provides information on the
trap state energies and densities and time scales associated with
trapping and transport. The quantitative values obtained with
DLTS show us that, in the model of PbS as a p-type
semiconductor, the T1 level would cross the Fermi energy
within the SCR (Figure 4a). This crossing splits the SCR in two
regions, which is a known phenomenon in other materials in
the presence of large trap densities and should be detectable by
frequency dependent capacitance—voltage measurements.'>>’
In conclusion, although DLTS does not rule out the model of a
PbS NCs solid as a p-type semiconductor, the agreement in
energy and transport time scales strongly supports the model of
a midgap band formed by charge carrier traps. Furthermore,
our DLTS measurements suggest a clear experiment to test the
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model of a p-type semiconductor. Looking forward, the
quantitative information that can be obtained from DLTS
underscores its potential to aid in the understanding of charge
transport in NC solids and the rational selection of chemical
treatments and interface preparation to enhance the perform-
ance of NC-based devices.

B ASSOCIATED CONTENT

© Supporting Information

A detailed description of nano crystal synthesis, device
fabrication, the DLTS measurement setup, investigations on
the applicability of capacitance-based DLTS and the calculation
of the band diagrams. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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