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ABSTRACT

Charge carrier mobility and recombination determine the performance of many opto-electronic devices such as solar cells, sensors, and
light-emitting diodes. Understanding how these parameters change as a function of material choice, charge carrier density, and device
geometry is essential for developing the next generation of devices. The time-delayed collection field (TDCF) technique is becoming a
widely used method to measure both recombination and carrier transport with values derived from this method being widely reported for
many material systems. However, most novel materials are highly disordered with a high density of trap states and standard TDCF theory
neglects the influence of these states. In this work, we examine how reliable TDCF can be as a measurement technique when the device con-
tains significant energetic disorder. We identify regimes where the results can be relied upon and where the results should be taken with
more caution. Finally, we provide simple and easy to use experimental tests to help the experimentalist decide whether the physical processes
are dominated by trap states.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0187323

I. INTRODUCTION

Recently, much effort has been dedicated to developing elec-
tronic devices based on conducting polymers and small molecules.
There are many classes of devices using these material systems that
have already been demonstrated including, organic photovoltaic
(OPV) devices,1 organic light-emitting diodes (OLEDs),2 and
optical sensors.3 The materials offer mechanical flexibility,4 and the
ability to absorb and emit light over a wide range of wavelengths.5,6

Two key material parameters that determine device performance
are charge carrier mobility and recombination rate. Charge carrier
mobility describes how conductive the device is while the recombi-
nation rate determines how long carriers can survive in a device.
For example, in a solar cell, one would ideally like to have a high
charge carrier mobility and a low recombination rate to enable
photogenerated carriers to exit the device before they recombine.
For OLEDs, one would like a high carrier mobility to minimize
joule heating and a low recombination rate in all parts of the device
except the emissive layer to maximize photon generation. Thus,
having an accurate measure of both charge carrier mobility and

recombination rate is essential if materials are to be compared and
evaluated in the search for more efficient devices.

However, in materials with a high number of trap states a
single value of mobility is hard to define.5,7,8 In general, one may
define an effective mobility as

μeff ¼
1
d

ðd
0

μfreenfree(x)
nfree(x)þ ntrap(x)

dx, (1)

where μfree is the charge carrier mobility of completely free carriers,
nfree is the density of completely free carriers, and ntrap is the density
of trapped carriers.9,10 Free carriers will reside above the mobility
edge and have more energy than trapped carriers, which will gener-
ally reside in mid-gap states. The expression can be better under-
stood if one looks at two extreme cases. If ntrap ¼ 0 and there are no
trapped carriers, the effective mobility will be equal to μfree. If, on the
other hand, nfree ¼ 0, then all carriers will be trapped and μeff will be
zero. Thus, one can see that the effective mobility of an organic
device depends on how the carriers are distributed in energy space.
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For a layer of organic semiconductor deposited on glass with no con-
tacts that is kept in the dark, the carrier density will be low and carri-
ers will mainly reside in deep states, resulting in a low mobility. If
metallic contacts are added charges will flood into the semiconductor
filling the trap states and through the Pauli-exclusion principle, there
will be more free carriers. If the sample is then illuminated, the
carrier density will further increase, and because many of the trap
states are already filled, the free states will become more populated
again increasing the average charge carrier mobility. Applying a posi-
tive voltage will cause carriers to flood into the device and through
the same reasoning increase the carrier density and, thus, mobility.
Inversely, applying a negative voltage will drag carriers out of the
device and lower the mobility. Consequently, it can be seen that
mobility is very much dependent upon the exact conditions under
which it is measured, and it cannot be assigned a single value in dis-
ordered materials. In much the same way, recombination is also
highly carrier density dependent.

The TDCF method11–13 is often used to determine charge
carrier mobility and recombination in disordered materials. The
method is depicted at the top of Fig. 1. The sample is held at a
constant (usually positive) pre-bias Vpre, a short laser pulse is then
applied, and after the delay time td, a large negative voltage Vcol is

applied to extract photogenerated charge carriers that have not
recombined. By studying how the total extracted charge changes as
a function of td one can obtain recombination rates and by examin-
ing the gradient of the current transient, one can measure the
charge carrier mobility.

However, if one considers the description of the TDCF
method in combination with the discussion above about effective
carrier mobility, it can immediately be seen that as soon as the
TDCF voltage pulse is applied, it will start extracting carriers and,
thus, change the mobility/energetic distribution of carriers within
the device. As charge trapping is not considered in TDCF theory
when attempting to recover mobility,14 it is not clear what value of
mobility will be extracted. Furthermore, this changing mobility
would be expected to influence the charge extraction efficiency of
TDCF and, therefore, change the measured recombination rate.
Therefore, in this work, we examine the validity of TDCF to
measure mobility and recombination.

II. METHODS

A. The model

The TDCF method can be used to investigate a wide range of
opto-electronic devices. However, in this work, we focus on organic
solar cells due to the prominence of the technique in the field. We
study a state-of-the-art glass/ITO/SnO2/PM6:Y6/MoO3/Ag device
structure15 with an active layer thickness of 100 nm. We chose a
PM6:Y6 device because with the emergence of small molecule
acceptors, PM6:Y6 is quickly becoming a key model material
system.16 Simulated device parameters are set close to previously
reported experimental values;15 however, they are made symmetric
where necessary to simplify understanding (see the supplementary
material).

The numerical model used for the simulations (OghmaNano)
is described in detail elsewhere.17–19 However, in summary, the
electric field profile within the device is calculated using Poisson’s
equation in one dimension. The movement of free charge carriers
is described by solving the bi-polar drift-diffusion equations.
Conservation of particles is forced using the carrier conservation
equations. As discussed in Sec. I, it is important to consider charge
carrier trapping in disordered devices. Indeed, it should be noted
that standard drift-diffusion models, which do not consider trap
states, are not valid for disordered systems as they will fail to repro-
duce the correct dependence of mobility and recombination rate as
a function of voltage/carrier density. We, therefore, describe the
trap states below the LUMO and above the HOMO mobility edges
as two exponential distributions of states,

ρe=h(E) ¼ Ne=h exp � E

Ee=h
U

 !
, (2)

where Ne=h are the electron/hole trap densities at the LUMO and
HOMO edge; Ee=h

U are the characteristic electron/hole tail slope
energies; and E is the energy relative to the LUMO/HOMO edge.
This distribution is then broken up into eight independent trap
states of 0.1 eV in height, and the full time domain Shockley–
Read–Hall20 (SRH) equations are solved for each energetic range.

FIG. 1. Top: schematic diagram of a TDCF experiment. The solid and dashed
lines labeled j(t) represent the current measured for a material system with sym-
metric and very asymmetric mobilities in the presence of trap states. Bottom:
the corresponding densities of free charge carriers nfree and trapped charge car-
riers ntrap for symmetric mobilities.
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FIG. 2. (a) Fitting the initial linear photo-current decay to determine the mobility of the fastest charge carrier. (b) Integrating the phototransient to a time when 90% of the
total charge carriers has been extracted as a way to determine the mobility of the slowest carrier. (c) and (e) The error matrices for asymmetric input mobilities when trying
to determine μmin, μmax using the fitting method. The fitting method can determine the mobility of the fastest charge carrier. (d) and (f ) The error matrices for asymmetric
input mobilities when trying to determine μmin, μmax using the integration method can determine the mobility of the slowest charge carrier. Electron and hole mobilities
were both randomly varied.
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The LUMO electron SRH trapping equation is written as

@nt
@t

¼ rec � ree � rhc þ rhe, (3)

where rec and ree are the electron capture/escape rates, while rhc
and rhe are the hole capture/escape rates into the electron trap,
which describes recombination. The rates are functions of carrier
depth and free/trapped carrier density.18 An analogous equation
can be written for holes. Thus, using this approach, the carrier
density can be described in both energy and position space across
the device.

B. Mobility

Often in OPV material systems, the electron and hole mobili-
ties are different by one or two orders of magnitude. Before looking
at the influence of trap states, we first investigate how sensitive
TDCF is to asymmetric carrier mobilities in a device with no traps.
In TDCF experiments, charge carrier mobility is obtained by first
fitting the linear photo-current decay with the equation,21

I(t) ¼ Q0

ttr
1� t

ttr
þ 2RC

ttr

� �
, (4)

to determine the extraction time ttr , where Q0 is the initial charge
in the device before the decay. In this work, the 2RC=ttr term is
neglected as we only examine cases where the contribution is negli-
gible, i.e., at least an order of magnitude less than the transit time.
The charge carrier mobility μ is then calculated using

ttr ¼ d2

μV0
, (5)

where d is the device thickness and V0 is the applied voltage rela-
tive to the built-in potential. The blue line in Fig. 2(a) represents a
TDCF transient where the device has symmetric electron/hole
mobilities, while the orange and green lines represent the TDCF
experiments with increasingly asymmetry in mobilities.
Theoretically, fitting Eq. (4) to the linear decay will extract the
mobility of the slower charge carrier species. However, in practice
even for symmetric mobilities, it can be difficult to correctly deter-
mine the linear decay region because charge carrier diffusion and
dispersion often broaden the transient. Furthermore, for asymmet-
ric mobilities, current from both charge carriers can be present in
the transient at the same time, making the fitting process more
ambiguous.

Figure 2(c) plots the results of a series of simulations where a
series of TDCF transients were simulated from devices with a range
of electron and hole mobilities. The x axis plots the maximum of
the electron/hole mobilities for the device max(μe, μh), while the y
axis plots the mobility extracted using TDCF. It can be seen that
TDCF can accurately extract the fastest mobility. Figure 2(e) plots
the minimum value of device mobility min(μe, μh) plotted against
the extracted TDCF mobility value. It can be seen that TDCF
always overestimates the mobility of the slowest charge carrier. This
is because the initial peak of current generated by the slower mobil-
ity carrier is always lower so in effect hidden by the larger current
from the higher mobility carrier.

In an attempt to recover the mobility of the slowest charge
carrier, we take inspiration from Lorrmann et al.22 and numerically
integrate the extraction current transient to the time when 90% of
the total charge Qtot is extracted to determine ttr. Although the
threshold is more or less arbitrary, by examining Fig. 2(d) and 2(f ),
one can see that the method can, indeed, extract the value of the
slower charge carrier. It should, however, be pointed out that the
effective and not free carrier mobility will be relevant for device
operation.

Until now, we have considered a device without trap states
where all carriers are free, ntrap ¼ 0. However, in a realistic disor-
dered device, ntrap will be typically be more than an order of mag-
nitude higher than n free. Furthermore, the values n free to ntrap will
change during a TDCF transient. This is depicted in the simulation
at the bottom of Fig. 1. It can be seen that after the voltage pulse is
applied, the number of free carriers rapidly drops as they are swept
out the device and then much more gradually as the trapped
carrier population decreases as thermal energy frees them, allowing
them also to be swept out. This slow detrapping process has been
previously described in Ref. 23.

Figure 3(a) depicts four TDCF transients with different densi-
ties of traps. A trap density of 5� 1025 m�3 is considered very

FIG. 3. (a) Comparison of current transients for different trap state densities
and voltages. High trap state densities show a long lasting, high extraction
current. (b) Effective mobility during the TDCF experiment. The vertical lines are
guides to the eye. The black dashed line indicates the time at which extraction
starts and the orange line represents the time at which the applied voltage has
finished ramping to Vcol .
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disordered, while a trap density of 5� 1016 m�3 is considered quite
trap free. It can be seen that for a device with many traps, the
TDCF transient slowly drops off due to the long time it takes for
trapped carriers to be extracted due to their slow release from the
trap states. In contrast, a TDCF transient from a device with few
trapped states rapidly drops off as there are no trap states prevent-
ing the extraction of carriers. Thus, a simple test to determine
whether a device contains a significant number of trap states is to
see if the TDCF transient decays rapidly or gradually.

The change in the effective mobility calculated using Eq. (1) is
plotted in Fig. 3(b). It can be seen that due to the changing ratio of
free to trapped carriers, the average mobility within the device
changes during the transient. An interesting question to ask is
which mobility do we extract with the TDCF method if the mobil-
ity is not constant? Do we measure the mobility at the start of the
transient or the midpoint?

Figures 4(a) and 4(b) show the symmetric free carrier mobility
and the effective mobility, respectively, used in the device model
against that determined from the transient using the TDCF fitting
method. As expected, TDCF does not extract accurate values of free
carrier mobility: for high enough mobility values, we observe an
underestimation of the effective carrier mobility by around half an
order. This is because multiple trapping and release governs the
charge transport. In general, it is worth noting that in an experi-
ment such as TDCF where carriers are not hot, one will never be

able to extract the value of free carrier mobility. In contrast, the
effective mobility—at least for values above 1� 10�7 m2 V�1 s�1—
can be reliably extracted from the TDCF data. Essentially, the effec-
tive mobility corresponds to the average mobility when considering
that only the mobile charge carriers contribute to the current, not
the trapped ones.

In summary, a high extraction current density at long times
should be seen as a sign for a significant number of trap states.
Nevertheless, for high enough effective charge carrier mobilities,
TDCF is able to determine the values reliably. For lower mobilities,
care should be taken when interpreting mobility values, and other
techniques such as space-charge-limited current, frequency domain
measurements, or simulations should be used to verify the results.
Finally, we should conclude by noting that because charge carrier
mobility is a strong function of carrier density; ideally, mobility
should be measured as close to the operating point of a device as
possible (i.e., Pmax at one Sun for a solar cell) for the measurements
to be most meaningful.

III. RECOMBINATION RATES

In general, there are two common pathways for recombination
in solar cells. They are free-to-free recombination, which will have
a recombination order of two, and free-to-trap recombination,
which has a recombination order of one or larger. In disordered

FIG. 4. (a) Comparison of free carrier mobility used to generate TDCF transients and the value of mobility extracted using the fitting method for a device with traps. (b)
Comparison of effective carrier mobility just before the start of a TDCF transient plotted against the value of mobility extracted using the fitting method for a device with
traps.
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systems, there are many more trapped carriers than mobile carriers
and, thus, the latter mechanism will usually dominate the bulk
recombination rate. However, surface recombination at the contacts
will push the recombination order toward one. Identifying the
dominate recombination process can give important information
on how to minimize losses in a device.24

Recombination can be probed with TDCF by varying the
delay time td . The integrated photo-current is equal to the charge
extracted from the device. By plotting the extracted charge carrier
density ntot with respect to the delay time, a recombination rate can
be extracted. If the recombination rate is plotted over the collected
charge carrier density ncol that survived recombination during the
delay time, it is possible to extract the recombination order. The
recombination order δ is extracted from the slope of the recombi-
nation rate,

δ ¼ d log (R)f g
d log (ncol)f g , (6)

in a log–log plot. For a given illumination intensity, recombination
rates at high charge carrier densities correspond to small delay
times.

To better understand the results produced by TDCF, we now
apply the method to three distinctly different solar cells. First, we
examine a well working PM6:Y6 solar cell based on previously pub-
lished parameters;25 then, we decrease the free-to-free recombina-
tion constant to investigate the case where recombination is

dominated by contact recombination; and finally, we examine the
case where recombination is dominated by trap assisted (SRH) pro-
cesses. The exact parameters used can be found in the
supplementary material.

Figure 5 plots simulated dntot=dt against ncol for a well
working PM6:Y6 device.25 Each color on the graph represents a dif-
ferent laser intensity, within each laser intensity, each point repre-
sents a single delay time. At low light intensities, surface
recombination dominates as indicated by the recombination order
of one (black solid line). For high illumination intensities,
bi-molecular recombination with a recombination order of two
dominates (red solid line).

By fitting the rate equation for bi-molecular, recombina-
tion26,27

dn
dt

¼ k2 � n2col þ ncolnbg
� �

, (7)

to the data in Fig. 5, we can extract the recombination constant k2
and the background charge carrier density nbg.

Figure 6(a) again plots dntot=dt against the collected charge,
but this time for a device with a low value of free-to-free recombi-
nation. It can be seen that each colored data set consists of two dis-
tinct regions, a gradually rising region followed by an inflection
point and then a very steep region. In our device without trap
states, the very steep region probably implies surface recombination
at the contacts.25,28

To verify that surface recombination was indeed the dominat-
ing process, we picked one illumination intensity from Fig. 6(a)
(I ¼ 0:1 μJ cm�2) and recorded the recombination rate R and the
charge density n as a function of time during the TDCF transient.
We repeated this for all the transients, which makes up the I ¼
0:1 μJ cm�2 data set. The result is plotted as multi-colored crosses
in Fig. 6(b). The colors represent the delay time td . Thus, darker
colors represent transients extracted at later times. Plotted on the
same figure are red squares, these represent recombination rates
directly extracted from the simulated TDCF transients, as one
would do if performing the experiment for real.

This enables a direct comparison between the measured
recombination rate through TDCF and the time resolved recombi-
nation rates inside the device. To be able to directly compare
surface recombination to bulk recombination rates, we normalized
the surface recombination as

Rsurf ¼ Jsurf
e � L (8)

by accounting for the device thickness L.
It can be seen that the recombination rate within the device at

the onset of the extraction exactly matches the surface recombina-
tion obtained from the TDCF transients.

Experimentally, surface recombination is detected by plotting
the recombination orders at equal delay times for all the intensities.
In practice, this is done by fitting a straight line to the points in
Fig. 6(a), which have the same delay time. This will result in one
point per light intensity being used for the fit each time. The
results from doing this can be seen in Fig. 6(c); as the

FIG. 5. Recombination rate from a nominally good reference PM6:Y6 device25

plotted against collected carrier density. Solid lines are guides to the eye with
the black line representing a slope of δ ¼ 1 and the red line representing a
slope of δ ¼ 2. The orange line is a fit of Eq. (7) to the experimental data.
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recombination is of the order δ(td) ¼ 1, we can see that surface
recombination is dominant in this device.

We now turn our attention to a device with energetic disorder.
Figure 7(a) plots the recombination rates extracted from virtual
TDCF transients from a device with a trap density of
Ntrap ¼ 1025 m�3. For low light intensities, the curves look like the
case where surface recombination dominates in that there is ini-
tially a gradual rise in the recombination rate followed by an inflec-
tion point.

Hofacker and Neher29 show that the steep parts of the curves,
which give high initial recombination orders in Fig. 7(a), are due to
fast initial thermalization, which leads to rapidly dropping recombi-
nation rates, while the charge carrier density changes only a little.
Once the initial thermalization is over, a quasi-equilibrium

establishes and an asymptotic value of the recombination order
establishes. As optical excitation intensities increase, recombination
rates become higher and dominate thermalization.

Figure 7(b) plots the recombination rates extracted from the
TDCF transients at low light intensity I ¼ 0:1 μJcm�2 as red
squares. The crosses represent the RSRH , which represents the loss
of free carriers through SRH recombination and trapping. RSRH was
plotted within the TDCF transients for different delay times td .
High values of carrier density represent early times, while low
values of carrier density represent late times. It can be seen that the
red squares sit to the very right-hand side of the graph. At this
light intensity, we found RSRH dominated by trapping rather than
recombination. Thus, we concur with the results of Hofacker and
Neher.29

FIG. 6. A device where surface recombination dominates the TDCF transients due to no trap states and low free-to-free recombination rates. (a) Recombination rates
extracted from simulated TDCF transients. (b) The recombination rate experienced by the device during charge carrier extraction for a range of delay times at a light inten-
sity of I ¼ 0:1 μJ cm�2. (c) Time dependent recombination order δ(td) for the device, this is calculated by taking the gradient of (a) points collected at the same delay
time.
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Figure 7(c) plots the extracted recombination order from
Fig. 7(a) as a function of delay time. A high initial recombination
order with a time dependent recombination order δ = 1:0 is an
indicator for carrier thermalization and, therefore, an indication of
trap states.

IV. CONCLUSION

The charge extraction technique TDCF is capable of extracting
charge carrier mobility by analyzing the extraction current after
applying a negative collection bias. The widely used method of fitting
the initial photo-current decay (fit-method) is able to correctly deter-
mine the mobility of the faster charge carrier specimen in the case of
negligible trap states and asymmetric charge carrier mobilities. To
complement the fit-method, a second approach to detect the slower

charge carriers is proposed. By integrating the current transient to the
time when 90% of charge carriers are extracted, td can be calculated
and the mobility of the slower carrier to be determined. When trap
states cannot be neglected, the TDCF method is able to determine
effective mobility values reliably, if they are not too small. The current
transient at early times is dominated by charge carrier relaxation into
trap states. During the course of the extraction, a high number of
charge carriers reside in trapped states.23 These trapped carriers get
freed step-by-step during the charge carrier extraction causing a long
lasting high extraction current. The presence of the latter is an indica-
tor of the presence of high trap state densities. The extracted mobili-
ties might overestimate the effective mobilities and should be
confirmed by other experimental methods or simulations.

By varying the delay time in TDCF, it is possible to probe the
recombination in a device and extract the recombination order

FIG. 7. A device where free-to-trap recombination dominates. (a) Recombination measured from virtual TDCF experiments for a device with traps Ntrap ¼ 1025 m�3. (b)
Comparison of recombination rates extracted from TDCF experiments at I ¼ 0:1 μJcm�2 plotted against the internal RSRH recombination rate, which includes carrier trap-
ping as well as recombination. (c) Extracted recombination order from (a).
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depending on charge carrier density. Recombination orders greater
than 1 for small delay times can occur and are often explained with
the presence of surface recombination. It is shown that this is true
for cases with no or negligible trap states, but the thermalization of
charge carriers in systems with high trap state densities can cause
high initial recombination orders as well. Analyzing the time
dependent recombination order can give information on the origin
of the high initial recombination orders and is, therefore, the
second indicator of non-negligible trap states in TDCF experi-
ments. We conclude that TDCF is a powerful method. However, it
should be applied with caution or the support of simulations.

SUPPLEMENTARY MATERIAL

Further example simulations can be found in the supplemen-
tary material.
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