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Transient Extraction of Holes and Electrons Separately
Unveils the Transport Dynamics in Organic Photovoltaics

Jiajun Peng, Xiaoging Chen, Yani Chen, Oskar J. Sandberg, Ronald Osterbacka,*

and Zigi Liang*

We have utilized the metal-insulator-semiconductor charge extraction by
linearly increasing voltage (MIS-CELIV) technique to clarify the hole- and
electron-transport properties in benchmark poly(3-hexylthiophene) (P3HT)
and its blend with phenyl-C61-butyric acid methyl ester (PCBM) by using a
thick lithium fluoride (LiF) as the charge-blocking layer. Both dark and light
MIS-CELIV are employed to comparatively investigate the differences in the
recombination process and charge mobilities in neat P3HT and P3HT:PCBM
blends. Our studies quantitatively show that balanced hole and electron
transport can be achieved in the P3HT:PCBM blend under light illumination,
leading to a high efficiency in the photovoltaic cell. Furthermore, light MIS-
CELIV can be employed as a novel method to directly evaluate the capability
of photoelectric conversion of organic photovoltaic materials.

1. Introduction

In recent years, a steady increase has been reported in the
power-conversion efficiency (PCE) of solution-processed
organic photovoltaic (OPV) cells with double-layer or bulk
heterojunction (BHJ) architectures.!=3l The PCE of OPV cells
is mainly determined by three factors: the open-circuit voltage
(Vio), short-circuit current density (J), and fill factor (FF).[
By choosing designed photovoltaic materials with varying elec-
tronic band structures, the V,, which is determined by the
energy level difference between the donor and acceptor mate-
rials, and J,, which is characteristic of light absorption, can
both be greatly increased to enhance the cell performance.’-1%
By contrast, the FF generally reflects the dynamics of the
charge transport and recombination.'] For instance, the large
contact barriers and imbalance between the electron and hole
mobilities, which are often found in OPV cells, largely reduce
the FF.'2 It is thus necessary to probe and reveal the dynamics
of the charge-transport process in OPVs.[13-17]
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There are various methods of studying
the transport dynamics while measuring
the charge-carrier mobility in organic
semiconductors,’# including space-
charge limited current (SCLC),2%22
charge extraction by linearly increasing
voltage ~ (CELIV),22%  time-of-flight
(TOF),”-l and field-effect transistor
(FET) studies.’®3U Each of these four
methods has its own merits and limita-
tions for its applied range. 1) The most
widely used method is SCLC, which can
measure the hole and electron mobility
in hole-only and electron-only devices,
respectively. Because a charge injection
contact is critical in SCLC measurements,
the SCLC technique cannot be used to
measure the hole mobility in organic semiconductors with a
deep highest occupied molecular orbital (HOMO) energy level,
nor measure the electron mobility with a high lowest unoccu-
pied molecular orbital (LUMO) energy level.-22l More reliable
methods of studying the charge transport in OPVs are CELIV
and TOF, which are compatible with most p-conjugated poly-
mers.1*32 2) CELIV can determine the charge mobility in the
original device structure of a working solar cell; moreover, the
thickness of the active layer is flexible in the range of 100 nm
to 1 um. CELIV measurement mainly includes three methods:
a) dark-CELIV with intrinsic impurities-induced charge car-
riers, b) photo-CELIV3334 with photo-generated charge carriers,
and ¢) i-CELIV (injection-CELIV)B>3% with electrically-injected
charge carriers by applied voltage offsets. Note that dark-CELIV
only measures the mobility of equilibrium charge carriers,
whereas photo-CELIV only measures the mobility of photo-
generated charge carriers.l'¥l However, all these CELIV meas-
urements cannot distinguish between the type of present hole
or electron carriers. 3) By contrast, TOF can selectively measure
the hole or electron mobility.l”-3¥] However, a thick film on the
order of several micrometers is often required in order to allow
for the photogenerated charge carriers to reach quasi-equilib-
rium and obtain accurate values of the charge mobility. 4) The
FET method, on the other hand, is widely used to simultane-
ously measure in-plane hole and electron mobilities of organic
semiconductors.

Recently, a novel technique based on CELIV yet in a metal-
insulator—semiconductor (MIS) diode structure (namely MIS-
CELIV), was invented by Juska and Sandén independently and
later applied by Armin et al. using a blocking layer of MgF, to
study the charge transport in organic solar cells in the dark.[3%#2
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The unique advantage of MIS-CELIV is that it can measure the
hole and electron mobilities independently by using different
device configurations. Moreover, MIS-CELIV allows for the
measurement of electrically-injected charge carriers in the dark,
whereas both photo-CELIV and TOF rely upon light excitation
to generate free charge carriers. In the latter techniques, owing
to the presence of non-equilibrium transport in thin films, it is
difficult to obtain accurate values of the charge mobility.

In our work, as opposed to Armin's work, the MIS-CELIV
technique was modified by using a thick lithium fluoride (LiF)
layer of around 140 nm as the blocking layer in an OPV cell to
measure the hole and electron mobility both in the dark and
under light illumination. An ultrathin LiF layer (ca. 1-2 nm)
is known to act as a stable and transparent buffer layer for
the metal cathode in normal OPV cells to improve the device
performance, which has been believed to originate from elec-
tron tunneling or dipole formation.*3] The thick LiF layer
introduced in our work can effectively block a certain type of
charge carriers (either hole or electron). As a result, the elec-
tron or hole mobility can be measured from electron-only
or hole-only MIS-diodes, respectively. Our proof-of-concept
demonstrations based on benchmark poly(3-hexylthiophene)
(P3HT) and its blend with phenyl-C61-butyric acid methyl
ester (PCBM) (P3HT:PCBM) unravel the transport dynamics
in OPVs. Furthermore, we applied MIS-CELIV under laser
light illumination, in which photo-generated carriers can be
clearly distinguished from electrically injected carriers by
comparing the areas of the extracted current density versus
time curves (namely, j-t profiles) between the dark and light
MIS-CELIV.

2. Results and Discussion

2.1. MIS-CELIV Experiments

As illustrated in Figure 1, hole-only and electron-only MIS
diodes were made with device configurations of ITO/active
layer (120 nm)/LiF (140 nm)/Al (100 nm) (Figure la) and
ITO/LiF (140 nm)/active layer (120 nm)/LiF (1 nm)/Al
(100 nm) (Figure 1b), respectively. Note that the 140 nm-LiF
interlayer plays a very important role in charge blocking in the
MIS-CELIV.

(a) Hole-only

i i R R e S S R T e S T e
@ P3HT or P3HT:PCBM @

ITO ITO

Figure 1. a,b) Schematic of MIS-CELIV for hole-only (a) and electron-only (b) configurations.
The hole or electron mobility could be measured from the hole-only or electron-only MIS-diode.
The electrically-injected or photo-generated charge carriers were mainly distributed near the

interface of the insulator/semiconductor.
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The reason why MIS-CELIV can individually measure hole
or electron mobilities with different structures is schemati-
cally illustrated in Figure 1. The holes drift towards the ITO
(negative) electrode whereas the electrons drift towards the Al
(positive) electrode under the applied electric field. The role of
the thick LiF layer (ca. 140 nm thick) lies in the fact that it can
effectively block electrons or holes when the charge carriers
drift towards the LiF layer; consequently, certain charge carriers
will not be able to traverse the neighboring Al or ITO electrode
and therefore do not contribute to the measured transient cur-
rents. Hence, when LiF is placed below the Al electrode, all the
electrons are blocked and only holes can be measured in the
hole-only device, as shown in Figure 1a. Likewise, when a thick
LiF interlayer is placed above the ITO electrode, all the holes
are blocked and only electrons can be measured in the electron-
only device, as shown in Figure 1b.

To help understand the working mechanism, the
experimental setup of MIS-CELIV for selective hole- or
electron-mobility measurements is schematically depicted in
Figure 2. Figure 2a illustrates the triangle voltage pulse with var-
ying voltage offsets in reverse bias, including low, moderate, and
large offsets. Figure 2b shows the corresponding MIS-CELIV
transients at different levels of voltage offsets. In Figure 2a, lin-
early increasing voltages with various bias offsets are applied
to the MIS-CELIV devices, thereby electrically injecting various
quantities of charge carriers to regulate the charge-carrier den-
sity in the device. The triangle voltage pulse was used to extract
the internal charge carriers, both the electrically-injected and
photo-generated charge carriers. As illustrated in Figure 2b, the
current transient begins at the displacement level as determined
by the total capacitance of the device and the slope of the applied
voltage. If the transient current saturates to the value of the dis-
placement current at the end of the voltage ramp, this indicates
that the LiF layer is able to block the charge injection at higher
applied voltages. It is also important to evaluate whether the
current density before the voltage ramp is zero, thus ensuring
the accuracy of the measured mobilities. At low voltage offsets,
the current peaks at the transit time (t,), and then drops to the
displacement current when the entire device becomes depleted.
By applying a moderate or large voltage offset, the time at which
the peak current is achieved is larger than t,, and the overall
amount of extracted carriers increases due to additional electri-
cally injected charge carriers.3%

2.2. Advantages of MIS-CELIV

Conventional CELIV can only measure the
average of both carrier mobilities, but the
individual contribution from the holes and
electrons remains unclear. If the lifetime of
the charge carriers is significantly shorter
than the applied delay time, the maximum
current density, shown as the bump in the
photo-CELIV curve, triggered by the laser
light is greatly reduced due to charge recom-
bination and hence t,, is hard to verify. An
alternatively better approach to measuring
t, is to increase the offset voltage and thus
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Figure 2. Experimental setup of MIS-CELIV for selective hole or electron mobility measurement. a) Applied CELIV triangle pulses with varying voltage
offsets in reverse bias. b) MIS-CELIV transients at different levels of voltage offsets in reverse bias.

the current increases to the maximum current density (j..).
Then there are enough extracted charge carriers in the semi-
conductor to be screened by the electric field.?” As is shown in
Figure 2b, both dark and light MIS-CELIV can be used to apply
the moderate voltage offsets to readily obtain t, from t,j, by the

following equation under the condition of = 1,
Jo

4
by =;'t2jo (1)

where ty, is the time at which the current density reaches
J = 2jo, and jj is the displacement current corresponding to the
capacitance of the entire diode including both the semicon-
ductor and insulator layers.

Equation (2)1*% can be used to calculate the charge mobility

from MIS-CELIV measurements if J—‘”>>1 when the semicon-
Jo

ductor layer is a few times thicker than the insulator layer, or
when the dielectric constant of the insulator is higher than the
semiconductor.®”! In this work, the dielectric constant of the
insulator layer LiF is 9,3] whereas that of the semiconductor
layer is 3.4,1' so the conditions of Equation (2) are fulfilled and
it can be written as:

2d;
2\ 1, € 9 (2)
(Att,)(1+e i )

where d is the thickness of the semiconductor layer, d; is the
thickness of the insulator layer, € is the dielectric constant
of the semiconductor layer, €; is the dielectric constant of the
insulator layer, u is the charge carrier mobility, and A is the

voltage ramp (A = dU/dt). Note that

to be 1.44 in our measurements of both hole and electron
mobilities according to the above dielectric constants and the
film thickness. The j, could be retrieved from the initial step
at t = 0, which remained steady in the same device structure
under different voltage offsets. According to our light MIS-
CELIV results, j, also did not change when light was applied.

‘u=

s

e, d;
+-, ) was calculated
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As a result, Equation (2) can be used for both dark and light
MIS-CELIV to calculate the charge mobility.

Compared to conventional CELIV techniques, the dark and
light MIS-CELIV methods allow for the selective measure-
ment of either the electron or hole mobility by using different
diode structures. Note that in light MIS-CELIV, although both
holes and electrons are photogenerated in the active layer by
light illumination, one type of charge carrier can be success-
fully blocked by the thick LiF layer at one surface in the charge-
extraction process. Therefore, with only one specified type of
charge carriers being injected or extracted from the sample, the
interpretation of MIS-CELIV from such device configuration
is simplified as there is no interference from the other charge-
carrier type.

2.3. Dark and Light MIS-CELIV

A combination of dark and light MIS-CELIV is applied to
reveal the influence of light illumination on charge mobility
of investigated organic semiconductors. We applied dark
MIS-CELIV to P3HT and a P3HT:PCBM blend devices in
our studies, as shown in Figure 3 and Figure 4, respectively.
The dark MIS-CELIV transients of hole-only and electron-
only P3HT devices at various offsets are shown in Figure 3a
and b, respectively. The mobility value was calculated from
the results with moderate offsets according to Equation (1)
and Equation (2). The maximum current density and the cor-
responding time value increased significantly when the offset
was increased. Moreover, for the P3HT:PCBM blend, the
dark MIS-CELIV transients at various offsets in hole-only and
electron-only devices are shown in Figure 4a and 4b, respec-
tively. All the above mobility results of hole and electron
in the dark MIS-CELIV are summarized in Table 1. Also, as
seen from Figure 4a, some unintentional doping exists in the
hole-only P3HT:PCBM device. The back-ground hole doping
concentration is estimated to be ~6 X 10® cm™, according to
Equation (3), which is low enough to ensure the accuracy of
hole mobility measurements.®!
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Figure 3. Dark MIS-CELIV transients of P3HT. Transients at various voltage offsets in a) hole-only and b) electron-only devices.

O = une (3)

where o is the conductivity of the semiconductor, u is the
mobility of the dominant charge carriers, n is the charge-carrier
density, and e is the elementary charge.

This MIS-CELIV method was further combined with pulsed
laser light MIS-CELIV,* and found to be effective in exam-
ining the proportion of photo-generated carriers compared to
the electrically injected carriers. The light MIS-CELIV method
was applied to the P3HT device, as shown in Figure 5. The
light MIS-CELIV transients of hole-only and electron-only
P3HT devices with various delay times without voltage offset
are shown in Figure 5a and c, respectively. The black curve
represents the dark MIS-CELIV measurement results. The
colored curves are the light MIS-CELIV measurement results
at various delay time from 50 us to 50 ms without voltage
offset. The light MIS-CELIV transients at different voltage off-
sets and with the same delay time of 50 us in hole-only and
electron-only devices of P3HT are shown in Figure 5b and d,
respectively.

Furthermore, light MIS-CELIV was also applied to the
P3HT:PCBM blend device as shown in Figure 6. The depend-
ence of the light MIS-CELIV in hole-only devices on the delay
time (voltage offset = 0 V) and on the voltage offsets (delay
time = 50 ps) are presented in Figure 6a and b, respectively,
whereas the results of the electron-only device are presented
in Figure 6¢ and d, respectively. The results of the hole and

(a)

1.0V
08V

N

-

P3HT:PCBM
Hole
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Time (us)

Current Density (mA/cmZ)
o

electron mobilities using light MIS-CELIV in both the P3HT
and P3HT:PCBM devices are summarized in Table 2.

2.4. Implications of MIS-CELIV

It can clearly be seen that the current densities of the
P3HT:PCBM blend film in both the hole-only (Figure 5a and 6a)
and electron-only (Figure 5¢ and 6¢) devices are more than dou-
bled compared to those of the neat P3HT film. The reason for
this is that the photo-generated charge transfer from P3HT to
PCBM in the blend greatly enhanced the charge-separation effi-
ciency, leading to significantly increased current densities of the
free charge carriers.

As shown in Figure 6a and c, the j-t profiles of the PSHT:PCBM
blend show a strong dependence on the delay time without
voltage offset,*! that is, the current density decreased gradually
as the delay time increased. By contrast, the maximum current
density decreased slightly in the case of the P3HT hole-only
device, as seen from Figure 5a. These two phenomena indicate
that the charge-recombination process is faster in P3HT:PCBM
than in P3HT; in other words, the lifetime of the charge carriers
in P3HT:PCBM is shorter.

As can be seen in Tables 1 and 2, the hole and electron
mobilities of P3HT and P3HT:PCBM were both consistent
with our conventional CELIV results and also in good agree-
ment with literature results on both TOF and CELIV.1*->2 More

P3HT:PCBM
Electron

0 50 100 150 200
Time (us)

Current Density (mA/cm2) —_

Figure 4. Dark MIS-CELIV transients of a PZHT:PCBM blend. Transients at various voltage offsets in a) hole-only and b) electron-only devices.
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Materials Condition Carrier Film Thickness Voltage Ramp Jo taj0 by, Mobility
[nm] Vs] [mA cm?) [us] [us] fem? V5]

P3HT Dark Hole ~120 3.2x10* 0.5 7.9 10.1 1.3x107*

Electron 0.4 12.6 16.1 5.0x107°

P3HT: PCBM Hole 0.5 3.7 4.7 5.9x107*

Electron 0.4 2.0 2.5 2.1%x1073

importantly, we noticed an interesting phenomenon when
comparing Table 1 and Table 2. That is, both hole and electron
mobilities of P3HT increased by more than an order of magni-
tude when laser light was applied whereas in the P3HT:PCBM
blend only the value of the hole mobility increased by an order
of magnitude and the value of the electron mobility almost
remained the same. This verifies the fact that P3HT is much
more sensitive to visible light than the UV-absorbing PCBM
and hence serves as a light-absorbing layer. Compared to the
neat P3HT film, we found that the P3HT:PCBM blend not
only had an increased electron mobility and enhanced charge
density, but also suppressed the increase of hole mobility in
P3HT caused by the light excitation.’3¢l On the other hand,
under light illumination the drift of holes and electrons is
more balanced in the P3HT:PCBM blend than in P3HT alone,
leading to a higher power-conversion efficiency in BHJ photo-
voltaic cells. This is supported by Table 2, showing that under
light illumination, the hole mobility is much larger than the

= &
(S —

e 50 US
w100 us
w150 us
1ms
10 Ms
w50 Ms
e Dark

-
o

o
o

Current Density (mA/cmz) —

o
o

P3HT:Hole |pMetiutiey
0 50 100 150 200
(C) Time (us)
w50 us
1.0 —
1ms

w10 MS
e 50 MS
e Daark

Current Density (mA/cm?)
o

00 P3HT:Electron M
0 50 100 150 200
Time (us)

electron mobility in the neat film of P3HT whereas the hole
and electron mobilities become almost the same in the blend
film of P3HT:PCBM.

2.5. Light MIS-CELIV

To further uncover the dynamics of the charge carriers, we
combined the above j-t profiles both in the dark and under
light with the same voltage offset. For simplicity, Figure 7 dis-
plays the profiles of an electron-only P3HT:PCBM device with
a —1 V voltage offset in both dark and light MIS-CELIV meas-
urements with a delay time of 50 us. When applying different
voltage offsets, similar profiles were obtained, regardless of
the material used (either P3HT or P3HT:PCBM blend) or the
device configuration (either hole-only or electron-only device).
It can be seen from Figure 7 that when the same voltage offset
of -1 V was applied, the red curve measured under light
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Figure 5. Light MIS-CELIV transients of P3HT. a,b) In hole-only devices: a) transients with various delay times and without voltage offset and b) tran-
sients at different voltage offsets with a delay time of 50 us. ¢,d) In electron-only devices: c) transients with various delay times and without voltage
offset and d) transients at different voltage offsets with a delay time of 50 us.
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Figure 6. Light MIS-CELIV transients of a P3HT:PCBM blend. a,b) In hole-only devices: a) transients with various delay times and without voltage
offset and b) transients at different voltage offsets with a delay time of 50 us. c,d) In electron-only devices: c) transients with various delay times and
without voltage offset and d) transients at different voltage offsets with a delay time of 50 ps.

covered a larger area than that of the blue curve, which was
measured in the dark. This is because of the fact that when
light was applied, an appreciable amount of photo-generated
charge carriers were created, accounting for the extra area,
and as a result the amount of total extracted charge carriers
thus also increased. Moreover, most of the bias-injected charge
carriers (hole or electron) in the dark were localized near the
blocking layer, whereas the photo-generated charge carriers
(hole and electron) remained in the active layer; as a result,
the majority of charge recombination occurred among the
photo-generated charge carriers, whereas the recombination
between bias-injected and photo-generated charge carriers can
be neglected in this work.

In order to clearly be able to distinguish the type of extracted
charge carriers, Figure 7 is divided into three areas: a yellow
area (i.e., extra area) corresponding to the photo-generated
charge carriers, a blue area related to the electrically-injected
charge carriers either under light or in the dark, and a white

Table 2. Summary of Light MIS-CELIV Results.

area related to the displacement current, which is the same
for the light and dark measurements, and only related to the
total capacitance of the device. Thus, this method can be used
to compare the photosensitivity of different photovoltaic mate-
rials, if they are measured at the same voltage offset regardless
of the other conditions of charge-carrier injection. If the yellow
area is larger than the blue area at the same voltage offset, for
instance, as is the case in this work, it means that more photo-
generated charge carriers are created inside and the organic
material is more photosensitive. Thus, the light MIS-CELIV is
a powerful method of evaluating the efficiency of photoelectric
conversion of OPV materials. However, it should be noted that
the extraction of photo-generated charge carriers in thin organic
films does not necessarily reach the quasi-steady state transport
regime where photo-CELIV or any other technique can accu-
rately determine the correct material-dependent mobility value.
However, the device-dependent properties can be obtained by
this method.

Materials Condition Carrier Film Thickness Voltage Ramp Jo tajo by Mobility
[nm] VsT] [mA cm™] [us] [bs] [em? Vs

P3HT Light Hole ~120 3.2x10* 0.5 1.3 1.7 47x107

Electron 0.5 22 2.8 1.7x1073

P3HT: PCBM Hole 0.5 1.9 2.4 2.3%x107

Electron 0.4 1.7 2.1 2.8x1073
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Figure 7. Comparison of light and dark MIS-CELIV transients, exempli-
fied by electron-only P3HT:PCBM devices with a voltage offset of -1 V
and a delay time of 50 s.

3. Conclusions

We have demonstrated that both dark and light MIS-CELIV
are effective methods for the characterization of the charge
mobility, in which both the hole and electron mobilities can be
independently measured in different device configurations. By
comparing these dark and light MIS-CELIV results, we were
able to reveal the remarkably different influence of light illu-
mination on the charge mobility and recombination process in
a neat P3HT film and a P3HT:PCBM blend film. The role of
PCBM was suggested not only to increase the electron mobility,
but also to suppress the increase of the hole mobility in P3HT
caused by light excitation. This further reveals that a balanced
hole and electron transport is needed for achieving high effi-
ciencies in benchmark P3HT:PCBM solar cells. Moreover, this
newly developed light MIS-CELIV method offers a straightfor-
ward means to evaluate the light sensitivity, simply by deter-
mining the ratio of the number of photo-generated carriers to
that of electrically injected carriers, as these two types of car-
riers can be clearly distinguished from the extracted j-t profiles
of the dark and light MIS-CELIV results.

4. Experimental Section

Materials: P3HT and PCBM were obtained from Rieke Metals, Inc.
(Item 4002-E, regioregularity 91-94%) and Nano-C, Inc., respectively.
Both of them were used as received and stored in the dark in a N,
atmosphere glovebox. Aluminum pellets (99.9%) and LiF (99.98%) were
purchased from R. D. Mathis Co. and Sigma Aldrich, respectively, and
used as received. All reagents were purchased from J&K Scientific, Ltd.
(China) and used as received.

Device Fabrication: Patterned indium tin oxide (ITO) substrates
(12 Q/J, Thin Film Devices, Inc.) were cleaned sequentially in an
ultrasonic bath with deionized water, acetone, and isopropyl alcohol.
After drying under nitrogen, the substrates were oxidized in UV-ozone.
The substrates were transferred to a Ny-filled glovebox for making the
active layer. A solution of P3HT or P3HT:PCBM blend (1:1 by weight) in
anhydrous (di)chlorobenzene with a total concentration of 20 mg mL™!
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was spin-coated onto ITO glass slides at 600 rpm for 60 s, yielding an
active layer of around 120 nm thick. The thickness of the active layer was
measured on a profilometer. After drying, the active layer was annealed
at 120 °C for 20 min. The samples were then loaded into a glovebox-
integrated deposition chamber and pumped down to a pressure of <107
Pa. A sequence of LiF (140 nm) and Al (100 nm) layers were sequentially
deposited by thermal evaporation through a shadow mask at a rate of
0.1 A's™" and 2 A s7, respectively. The above procedure was used for
the fabrication of hole-only MIS devices. For the fabrication of electron-
only MIS devices, a thick LiF (140 nm) layer was first deposited on the
ITO at a rate of 0.1 A s™' and finally a sequence of LiF (1 nm) and Al
(100 nm) layers were sequentially deposited at a rate of 0.1 A s™' and
2As respectlvely The active area as defined by the shadow mask was
around 0.11 cm?

Measwements: For the MIS-CELIV measurements, the device sample
was first mounted inside a nitrogen-filled sample holder with a quartz
optical window. A linearly increasing voltage pulse in reverse bias (the
positive probe was connected to the Al electrode and the negative
probe connected to the ITO electrode) was then applied using an
arbitrary function generator (Tektronix AFG3021C, 25 MHz bandwidth).
The voltage amplitude and ramp were set to 4 V and 3.2 x 10* V s7,
respectively. The current transients were monitored through a 50 Q load
on a Tektronix oscilloscope (DPO4104B, 1 GHz). The RC constants were
observed to be significantly smaller than the time scales of interest. Note
that the RC constant values of all hole-only and electron-only devices
were estimated to be around 1.7 x 1077 s. This calculation was based
on an oscilloscope resistance of 50 Q and the measured capacitance of
the entire diode of ca. 3.4 nF. The t, was on the order of 107 s, which
was significantly larger than the RC constant, suggesting the calculated
mobility values in both Table 1 and 2 are reliable. The transient currents
were determined by averaging over 128 frames. To measure the light
MIS-CELIV, the sample was excited using a 532-nm Nd:YAG laser
(Continuum Minilite I1) with a pulse width of 3-5 ns through the ITO
side of the device. The laser light intensity was 0.1 m) cm™. The delay
time was defined. The photo-transients were recorded by varying either
the voltage pulse or delay time between laser excitations.
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