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This study reports on time-of-flight (TOF) hole mobility measurements in aged 2,3,6,7,10,11-

Hexakis(pentyloxy)triphenylene columnar liquid crystals. In contrast to the original samples

reported in 2006, homeotropically aligned samples yielded TOF transients with an extended non-

exponential rise. The experimental data were fit to a simple model that accurately reproduces the

TOF transients assuming delayed charge release from traps near the optically excited electrode.

While interfacial trapping appears only in the aged materials, the bulk mobility is similar to the

pristine material. The model addresses dispersive transport in quasi-one-dimensional materials,

determines the charge carrier mobility in systems with interfacial traps, and provides a method for

characterizing the traps. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929749]

I. INTRODUCTION

Charge transport properties of discotic liquid crystals in

the homeotropic Col ho phase have been an area of interest

over several years because of their potential as easily proc-

essed ordered materials.1–3 The Col ho phase is observed in

2,3,6,7,10,11-Hexakis(pentyloxy)triphenylene (HAT5) when

cooled through the phase transition at 122 �C from the iso-

tropic phase.4 The columnar alignment of molecules allows

for faster transport of charge carriers compared to disordered

systems due to the p-p stacking of the aromatic cores.5,6 The

photocurrent transients observed in the Col ho mesophase of

discogens typically have low dispersion due to the quasi-

one-dimensional transport, where the charges are confined to

travel along the columns.7

Several models have been proposed to describe the

physics of charge transport in semiconducting liquid crys-

tals.8,9 Work performed in the past suggests that HAT5’s

transport properties are band-like,7 which was described by

the small polaron model.10,11 Typical mobility measurements

for organic semiconductors use techniques such as micro-

wave conductivity12–15 for the intrinsic mobility, and space-

charge limited current16–19 and time-of-flight20–23 (TOF)

techniques to determine the extrinsic mobility. The TOF

technique ideally generates charge carrier sheets from a short

absorption depth that travel along the bulk of the sample

when applying a bias voltage across the counter electrodes.

A transient current is measured as the charge carriers move

towards the opposite electrode. Because TOF is an extrinsic

measurement of the mobility, the results are most relevant

for devices with large domains. The TOF technique also

probes traps caused by defects and impurities via the tran-

sient behavior that affects the observed temporal photocur-

rent.24,25 Our study focuses on TOF measurements of aged
HAT5 between aluminum electrodes. The results of these

recent experiments show a delayed increase of the

photocurrent, which is in contrast to the flat photocurrent

transients observed a decade ago from the same synthesized
batch of material. The photogenerated transients showing a

delayed release of charge in this paper are under the same

experimental conditions as previous experiments conducted

on pristine samples of HAT5.

Reports of a delayed release of positive charge carriers

into the bulk have previously been reported for triphenylene

derivatives.26 Electrode-enhanced hole generation was

observed in the smectic B phase of phenylnaphthalene

between platinum electrodes and indium-tin-oxide electro-

des; however, enhanced charge generation from aluminum

electrodes was found to be negligible.27 The experimental

observations and successful reproduction of the photocurrent

by the proposed model strongly suggest that there is an inter-

facial trapping region in the aged HAT5 near the electrode

interface that causes the delayed release of holes, which is

the experimental focus of the paper. We show how a phe-

nomenological three-state model of an interfacial trapping

region reproduces the phototransients and provides accurate

bulk mobilities. The model is used to compare the mobilities

of the aged HAT5 material with those previously reported,

where we show that the bulk material is relatively unchanged

with major differences only appearing at the interfacial

region. These differences are not due to mechanisms associ-

ated with space-charge-limited current.

II. EXPERIMENT

The original HAT5 material was first synthesized by

VOCl3 mediated trimerization of 1,2-bis pentyloxybenzene

followed by realkylation.7 The purification steps were origi-

nally documented by Duzhko et al.28 After synthesis 10

years ago, the HAT5 was stored in a closed bottle (under air)

and stored in ambient laboratory conditions out of direct

light. In order to determine the nature of impurities in the
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aged samples, the decade old HAT5 was dissolved in chloro-

form and drop-casted onto a target substrate. The sample

was then placed in a Bruker Autoflex III Matrix-Assisted

Laser Desorption/Ionization Time-of-Flight (MALDI-TOF)

mass spectrometer. This method was used to scan for trace

levels of impurities.

The charge carrier TOF cells consist of two glass slides

with a thin aluminum layer thermally deposited at CWRU’s

Materials for Opto/Electronics Research and Education

(MORE) Center. Mylar spacers were placed between the

electrodes with nominal thicknesses of 12:5 lm. We used a

thermal epoxy, OMEGABOND
VR

200, cured at 125 �C to seal

the electrodes and spacers and to create a sturdy TOF cell of

uniform thickness. The separation between the electrodes of

each empty cell was calculated from the interference pattern

measured with a UV-VIS spectrofluorometer. An encapsu-

lated hot stage heats the TOF cell into the isotropic phase,

where we fill the empty TOF cells with HAT5 via the capil-

lary effect. We cooled the HAT5 through the isotropic-Col

ho phase transition (122 �C) at a rate of 6 �C/h and observed

domain formation using polarized light microscopy. The do-

main structures of the Colho phase were over 100 lm in

width ensuring that a single domain spans the much shorter

distance between the electrodes. All final sample thicknesses

were in the range of 11–16 lm, and the semitransparent Al

cathodes had thicknesses between 10 and 15 nm.

A Keithley LRC meter measured each cell’s resistance

and capacitance (at 1 kHz and 10 kHz), which was used to

calculate the resistor-capacitor (RC) time constant. As seen

in Fig. 1, the TOF setup consists of a current divider circuit

where a bias is applied across the sample, pulsed laser light

illuminates the sample, and a 2 GHz Tektronix 784D oscillo-

scope captures the photocurrent transient. The voltage source

was a Keithley model 6517A electrometer. A 5 kX resistance

is used as the resistor in the current divider, which is the

same value of resistance used by Duzhko et al.7 Wavelength

dependent and pump-delay measurements used a transimpe-

dence amplifier instead of a current divider to record the

photocurrent transients with faster response times. The oscil-

loscope was terminated with a 50 X resistor in DC mode

when we used the transimpedence amplifier for short

response-time measurements.

Once the material cools below 122 �C to form the Col ho

phase, the TOF cell is illuminated by pulsed laser light. A

6 ns, frequency doubled, Nd:YAG laser pumps an H2 Raman

shifter. The third anti-Stokes line has a wavelength of

319 nm with a time-average output power of �10 lW.

Electron-hole pairs are generated in a thin absorption layer

near the interface due to the high absorbance of columnar

HAT5 at 319 nm.

III. RESULTS

The phototransients from TOF experiments performed

on aged HAT5 using the setup shown in Fig. 1 for this study

are shown in Fig. 2. The solid black lines are the photocur-

rents captured by the oscilloscope as a function of time. We

observed the delayed rise in the current after an impulse of

light for every sample of aged material. This observation is

in contrast to previous data taken for HAT5 samples, which

were studied shortly after synthesis.7 Typical TOF phototran-

sients from this previous study by Duzhko et al. are shown

in Fig. 3.

FIG. 1. A Nd:YAG laser pumps a Raman Shifter which excites the HAT5

sample with 6 ns pulse of 319 nm light. The electric field across the sample

is applied through the voltage source and the photocurrent collected by the

back electrode is terminated across the variable resistor, Rv, and imaged on a

Textronix oscilloscope.

FIG. 2. The photocurrent as a function of time for three different samples at

80 �C for various potential differences across the cells. The thick black line

is the experimental data and the thin white line is the nonlinear fitted tran-

sient from our simple model. Each sample has different trapping characteris-

tics at the interface.
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The aged transients never fully plateau; rather, the tran-

sients slowly increase in amplitude and continue to release

charge into the bulk after the majority of the positive carriers

reach the terminating electrode. This slow increase in the

induced photocurrent appears as a non-exponential growth

as shown in Fig. 8. The longer rise times and lack of a

plateau-like region in the transient lead to speculation that

the charge carriers are not transiting through the material as

a “sheet-of-charge,” which is in contrast to previous studies

under similar experimental constraints (Fig. 3) where trap-

ping was found to be negligible.

Despite the delayed injection of positive charge carriers

from the interfacial traps into the bulk, the mobilities of the

aged HAT5 samples were similar to those found in the previ-

ous study by Iino et al.29 and Duzhko et al.7 The results

shown in Fig. 3 are typical of the transients obtained by

Duzhko et al.; however, these results do not represent the

fastest mobilities quoted by Duzhko et al.7 The mobilities

are given in Table I, where lS�M is the mobility calculated

via Scher-Montroll method30 and lf is the mobility obtained

from fitting the model described in Section IV.

The measured ranges of the bulk mobility of the mate-

rial do not appear to significantly change with age as shown

in Table I. The trapping characteristics near the interface,

however, change as the material is aged, which is observed

by comparing the photocurrent transients in Figs. 2 and 3,

where we have shown the latter data from 10 years ago to

illustrate the importance of degradation in stock material and

the delay of charge entering into the bulk in TOF experi-

ments. The uncertainties in the mobility estimated using ei-

ther technique are small for each individual sample. The

range of mobilities between samples, however, has much

larger variations.

We found that the interfacial characteristics change in

both the original fabricated TOF cells and those newly cre-

ated from the bulk container of aged HAT5. Note that HAT5

is in the crystalline phase when stored inside a TOF cell at

room temperature, whereas every sample (an original cell or

newly created one) was heated into the isotropic phase and

slowly cooled into the Colho phase prior to each new

measurement.

The intensity dependence was measured by removing

glass attenuators (attn) between the Raman cell and the sam-

ple at 319 nm. The attenuators were 2 mm thick with a meas-

ured transmittance of 58% at 319 nm. The transients shown

in Fig. 4 (at 80 �C and 39.6 kV/cm) are not representative of

a sample illuminated to the extent that the presence of free

charges generated by a light source (or repeated illumination

at 10 Hz) causes significant changes to the local fields.

Furthermore, the peak photocurrent has a linear relationship

with respect to the pump intensity upon incrementally

attenuation and results in a 93% slope, which also affirms

that we are not observing space-charge-limited current.

Additional variations of the TOF experiment were per-

formed to elucidate how interfacial trapping caused the

delayed release of charge in aged HAT5. The plot in Fig.

5(a) shows transients for the same TOF cell excited by either

a 319 nm or a 355 nm source. The longer pump wavelength

causes the absorption length to increase, where the aged

HAT5 begins to resemble the shape of the photocurrent tran-

sients in the pristine samples. The inset of Fig. 5(a) shows a

segment of the UV absorption curve of a thin film of HAT5

spin coated from chloroform and heated to 100 �C for 20

min, where the source wavelengths of 319 nm and 355 nm

have been marked. The long-time peaks of the photocurrents

have been scaled in arbitrary units to provide a clear compar-

ison. We can relate the delayed release of charge carriers to

the penetration depth of the exciting field via the Beer-

Lambert law, which is applicable when far from saturable

absorption. The absorption coefficient at 319 nm is much

larger than at 355 nm. The initial sharp rise in photocurrent

after a sample pumped at a wavelength of 355 nm is large

relative to the peak value, which is in contrast to the photo-

current from the same sample pumped at 319 nm. Because

FIG. 3. Photocurrent transients of HAT5 from the year 2006 at applied

biases of 75, 100, and 250 V. The inset is a double logarithmic scale of the

same transients (after Duzhko et al.7)

TABLE I. Mobility at 85 �C and 100 V (�10�3 cm2 V�1 s�1).

Study Samples lS�M lf

2006 From Duzhko et al.7 0:7� 2:0 —

2014 I 2.17 6 0.01 1:936 < 0:01

II 1.48 6 0.01 1:446 < 0:01

III 1.86 6 0.01 1:756 < 0:01

FIG. 4. The transient of a typical sample at varying intensities.

085502-3 Dawson et al. J. Appl. Phys. 118, 085502 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

108.60.248.186 On: Wed, 02 Sep 2015 02:22:32



the sharp rise after the initial 319 nm pulse is much smaller

than the sharp rise in photocurrent after the pulse at 355 nm,

a much greater number of charges are delayed when pumped

at 319 nm. Thus, the degree to which the excitation at the

higher wavelength lowers the amount of initially trapped

charges is further evidence that there is significant charge

trapping that occurs near the HAT5/electrode interface.

The other TOF experiment performed for characteriza-

tion utilized a delayed photogeneration technique after the

work by Pokhrel et al.23,31 Here, any ions in the sample are

allowed to thermally diffuse in the absence of a voltage to

reach a net charge-neutral state. The TOF voltage is then

applied and the laser is triggered at a specified delay time af-

ter the ions begin drifting under the applied field. Therefore,

the concentration of ions at each electrode is a function of

delay time. Note that the mobility of ions in the discotic is

expected to be much smaller than that of the holes; therefore,

the ionic configuration is essentially constant as the holes tra-

verse the sample. Three transients are shown in Fig. 5(b),

where the data sets have a pulse delay time that is separated

by an order-of-magnitude. We did not observe any change in

the shape of the transient as the pulse delay is increased.

Thus, we suspect that mobile ion/carrier build-up at the inter-

face is not responsible for the observed interfacial traps.

As shown in Fig. 6, we observed a few contaminant

lines using the MALDI-TOF apparatus, which registered

around 1% of the peak signal from the HAT5 line at

744 m=Z. Either one or a combination of these impurities

shown in Fig. 6 might be the cause of the interfacial traps.

The line at 674 m=Z likely corresponds to a missing pentyl

chain from a degraded species of HAT5. The fragments

located above 800 mass ratio are unknown. Thus, the drastic

change in the transients from TOF experiments from a small

impurity emphasizes the TOF method as a sensitive mea-

surement for the purity of a discotic liquid crystal

semiconductor.32

IV. THEORY

In this section, we model the transient in order to explain

the slow rise and decay of the photocurrent. We begin with

the continuity equation of charge carriers derived from the

Boltzmann equation and make simplifying assumptions

about the nature of trapping in a columnar liquid crystal with

quasi-one-dimensional transport. There have been significant

contributions in describing the behavior of photocurrent tran-

sients from the trapping and release of charge carriers.25,33–37

In the present work, we make note of the lack of permanent

traps in the pristine HAT5 and the apparent lack of any sig-

nificant trapping of charge carriers in the bulk of the aged

material when increasing the penetration depth of the pump.

Thus, we formulate a simple one-dimensional transport

model with only interfacial trapping.

The continuity equation for both positive and negative

charge carriers may be written as

7r � J6 x; y; z; tð Þ þ
@q6 x; y; z; tð Þ

@t
¼ S6 q; x; y; z; tð Þ; (1)

where J is the current density, q is the charge carrier distri-

bution, and S is the net charge generation/recombination

term. The 6 subscripts denote either holes (þ) or electrons

(–). Charge transport in the plane perpendicular to the optical

axis is negligible because these TOF cells are much thinner

FIG. 5. (a) Two transients of the same TOF cell and at the same voltage,

where the pump wavelength is changed between 319 nm and 355 nm. The

inset shows a portion of the UV absorption spectrum for aged HAT5 dis-

solved in chloroform and spin coated on a glass substrate. The pump wave-

lengths are marked with black diamonds. (b) The photocurrent transient of

an aged HAT5 sample as a function of pump delay between the onset of a

voltage bias and the 319 nm light pulse.

FIG. 6. MALDI-TOF from a sample of aged HAT5. The insets show the

molecular weights for impurities that can be measurement above the noise.
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than the laser’s spot size and the carriers are mostly confined

to travel along the electric field lines (which also corresponds

to the orientation of the columns in the liquid crystal).

Therefore, Eq. (1) simplifies to the one-dimensional continu-

ity equation

7
@J6 x; tð Þ

@x
þ @q6 x; tð Þ

@t
¼ S6 x; tð Þ: (2)

The scalar current density is related to the drift mobility

and diffusivity by the equation

J6 x; tð Þ ¼ q6l6 q6ð ÞE x; tð Þ þ D6

@

@x
q6 x; tð Þ; (3)

where lðqÞ is the dispersive drift mobility, E is the electric

field, and D is the carrier diffusivity. For strong enough

applied fields over short time scales, the first term due to drift

on the right-hand-side of Eq. (3) dominates and, therefore,

J6ðx; tÞ � q6l6ðq6ÞEðx; tÞ: (4)

The electric field from the presence of free charges in

the material can be expressed by the Poisson equation

r � ½erVcðx; tÞ� ¼ qðx; tÞ; (5)

where Vc is the scalar electric potential due to free charges in

the material and e is the tensor component of the linear per-

mittivity along the direction of columnar stacking. The inci-

dent intensity was kept low to avoid space-charge limited

transport for the range of fields used in the hole transport

TOF experiments.31

We illuminate at the cathode interface, where the major-

ity of charge pair generation takes place due to the high ab-

sorbance of the material at 319 nm. Because the electron’s

transit time to the illuminated electrode is faster than the

RC-time constant, we no longer consider a time-resolved

electron transport equation. Henceforth, we remove all 6

subscripts and only consider hole transport.

We assume a narrow Gaussian Mobility Distribution

Function (MDF),38,39 where we solve the drift equation over

a discrete set of mobilities and normally distribute the calcu-

lated current amplitudes. Note that other methods that con-

sider the density-of-states function for charge transport have

been used to characterize dispersive, multi-dimensional

transport in disordered media,40–43 including the multi-

trapping model for smectic phenylnaphthalene derivatives

with trapping at the material boundary.44

Due to the slow (significantly longer than the circuit’s

response time), non-exponential, increase of the current in

response to an incident light pulse, we propose a mechanism

for the delayed release of charge. Previous work has

described delayed charge injection in phenylnaphthalene

with indium-tin-oxide and platinum electrodes.27 We

observed the same non-exponential current growth for our

samples with aluminum electrodes created in both nitrogen

atmosphere and oxygen rich environments, indicating that

aluminum oxide is not a factor. In addition, hole injection

directly from the aluminum electrodes is energetically unfav-

orable. Thus, the most probable scenario for the observed

delayed release of holes into the bulk is due to trapping in

the illuminated region near/at the cathode/HAT5 interface.

This is similar to past results for delayed charge carrier

release in polyethylene;45 however, the quasi-one-dimen-

sional nature of HAT5 makes it unlikely that there is a redis-

tribution of charges along an interfacial barrier.

Because the mobilities between the pristine and aged

samples are similar, there are no additional low-energy traps

in the bulk that increase the transit time from any additional

trapping and releasing of carriers. Also, because the shape of

the transients in the aged HAT5 approach those of the pris-

tine material when the penetration depth of light is increased,

then we assume that there is no additional deep/permanent

trapping of the charge carriers in the bulk. Thus, the only

trapping region we address is from low-energy traps near the

interface. A simple, many-charge-carrier model at the inter-

face may be derived from a set of rate equations for a three-

state model, which is similar to those introduced by Van de

Walle46 to describe hydrogen relaxation in amorphous sili-

con. This model produces a non-exponential growth in the

photocurrent response. The model also describes all photo-

current transients observed in aged HAT5, where it does not

make use of the multi-trapping model with a distribution

near the interface and two types of trapping near the

interface.36

The rate equation for a quantity of holes in a trap near

the cathode interface is given by

dNt

dt
¼ �vtNt þ rtNI Mt � Ntð Þ; (6)

where vt is the average rate at which holes are released from

the interfacial traps and rt is the average collection rate of

the interfacial traps. The second term in Eq. (6) depends

on the number of holes that are in the intermediate states, NI,

as well as the difference between the number of trapped

holes, Nt, and the number of total trapping states, Mt. A dia-

gram of the energies associated with the trapping states, in-

termediate states, and bulk reservoir is shown in Fig. 7.

The rate equation for the number of holes entering the

bulk reservoir is

dNr

dt
¼ �vrNr þ rrNI Mr � Nrð Þ; (7)

where the subscript r labels the average release and collec-

tion rates associated with the bulk reservoir. The sum of the

number of holes generated in the trapping region of the inter-

face is equal to a constant

Nr þ Nt þ NI � Ni0: (8)

Note that we approximate the total number of holes in the

system (only those relevant carriers generated near the inter-

facial trapping region), Ni0, to be constant. This approxima-

tion holds when the time scale for initial pair generation/

recombination is much less than the time scale for holes to

be released into the bulk from the interfacial traps.

In-line with Van de Walle, we first assume that the trap-

ping rate equation occurs on a much faster time scale than
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the bulk rate equation. If we also assume that there are only

a small number of intermediate states, then the intermediate

states are quickly saturated. Therefore, dNt=dt � 0, which

gives

NI �
vt

rt

Nt

Mt � Nt
: (9)

Substituting Eq. (9) into Eq. (7) gives

dNr

dt
¼ �vrNr �

rrvt

rt
Mr � Nrð Þ Nt

Nt �Mt
: (10)

We may also make the assumption that Mt 	 Nt 	 NI,

which holds for times that are not exceptionally long such

that Nt is reduced to the same order of magnitude as NI.

Then, we may add a small number, NI, to the numerator and

denominator of Eq. (10), where

dNr

dt
� �vrNr �

rrvt

rt
Mr � Nrð Þ Nt þ NI

Nt �Mt þ NI
: (11)

Using the relationship from Eq. (8), we can rewrite Eq. (11)

as

dNr

dt
¼ �vrNr þ

rrvt

rt
Mr � Nrð Þ Ni0 � Nr

Mt þ Nr � Ni0
: (12)

We can then normalize the rate equation for hole transfer

between the bulk and intermediate states by defining

N r ¼ Nr=Ni0;Mr ¼ Mr=Ni0, and Mt ¼ Mt=Ni0.

Substituting these variables into Eq. (12) gives

dN r

dt
¼ �vrN r þ

rrvt

rt
Mr �N rð Þ 1�N r

Mt þN r � 1
: (13)

Once the holes enter the bulk, they are carried along the

field lines towards the back electrode. Thus, we may simplify

Eq. (13) by setting vr¼ 0. In addition, the number of bulk

states is far greater than the number of holes generated in the

sample, Mr 	 Ni0, where it also follows that Mr 	 Nr .

Thus, only the Mr term in the parentheses for the last term on

the right-hand-side makes a significant contribution.

Therefore, Eq. (13) reduces to

dN r

dt
¼ rrvt

rt
Mr

1�N r

Mt þN r � 1
: (14)

We then integrate Eq. (14), where the last assumptions allow

us to set the initial condition as Nrðt ¼ 0Þ ¼ 0, which gives

t ¼ � rt

rrvtMr
N r þMt ln 1�N rð Þ½ �: (15)

Revisiting our previous statement in which Ni0 represents all

relevant positive charge carriers in the three-state model, the

initial condition requires that the total number of relevant

holes is in the interfacial trapping region and intermediate

states. Although there are also charge carriers generated

beyond the interfacial trapping region, the previous simplify-

ing assumptions that vr¼ 0 and Ni0 
 Mr make these

charges irrelevant in the three state interfacial trapping

model. Note that the initially untrapped charges are impor-

tant in the context of charge transport because they contrib-

ute to the measured photocurrent.

Making the substitutions s ¼ Mtrt=ðMrrrvtÞ and

c ¼ sNi0=Mt, we solve Eq. (15) for Nr giving

Nr ¼ Ni0 1þ s
c
W #ð Þ

� �
; (16)

whereW is the zero-root Lambert W function47 and

# ¼ � c
s

e�
tþc
s : (17)

The growth of Nr as a function of time for several values of

the stretching/delay time constant c is shown in Fig. 8.

The source term in the continuity equation, Eq. (2), is

the rate at which the hole concentration is released into the

bulk over time. If we multiply Eq. (16) by the absolute value

of an electron’s charge and divide by the volume, then the

time derivative gives

dqs

dt
¼ � qs0

c
W #ð Þ

1þW #ð Þ
: (18)

With these approximations and assumptions, and under the

aforementioned experimental conditions, the advection of

FIG. 7. An illustration of the potential energy in the TOF cell when an elec-

tric potential difference is applied across the electrodes. We have labeled the

regions for interfacial trapping sites (t), intermediate states (I), and the bulk

reservoir (r). FIG. 8. The increase of holes released to the bulk from interfacial traps as a

function of time.
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holes with delayed interfacial trapping may be modeled

using the equation

@q xð Þ
@t
¼ @J

dx
� qs0

c

ð
dx d xð Þ W #ð Þ

1þW #ð Þ
: (19)

As previously mentioned, only a fraction of the total

charge carriers generated in the illuminated region resides in

the nanoscopic trapping region near the electrode interface.

The initial condition has a concentration of holes already in

the bulk at t¼ 0. Because the nanoscopic scale of charge

trapping near the interface is on a much smaller scale than

the length increments necessary to model the propagation of

holes in the bulk, we set this initial untrapped charge at

x � 0 in the continuity equation

qðx; t ¼ 0Þ ¼
ð

dx q0dðxÞ: (20)

The current density modeled using this method is the

true current density signal, provided there is no strong influ-

ence from the measurement apparatus on the charge density.

Due to the experimental requirements, the capacitance of the

TOF cell and the small resistor in the current divider limit

the measurement response time (large resistor is the 1 MX
input impedance of the oscilloscope in AC mode when we

used the current divider from Duzhko et al.7). The RC time

constant of the response function varies between samples

due to the changes in capacitance with typical values

between 1 and 2 ls. The measured current Im as a function

of the signal current I is given by

Im ¼
1

RC

ðt

�1
dt0 I t0ð Þe�t�t0

RC : (21)

V. DISCUSSION

A. Numerical method

We approximated the drift equation, Eq. (19), numeri-

cally using finite differences via the first-order accurate

upwind (upstream) scheme.48,49 The first-order accurate

scheme was chosen over the second-order accurate scheme

due to the dispersion in the material and the negligible deple-

tion of holes recorded in the experiments. Thus, the first-

order, upwind, finite-difference method is a suitable

approach for approximating the measured photocurrent with-

out depleting the calculated signal. We selected the temporal

and spatial steps such that the numerical dispersion was

small for the range of mobilities, where there was a small

change in the fourth significant figure of the parameters for

an order of magnitude change in the time step. A Levenberg-

Marquardt nonlinear fitting routine was used to fit the mod-

el’s output to the experimental data. The theory has six pa-

rameters (qs0; q0; s; c; l; rl) that are allowed to vary within a

specified parameter range to find the best fit to the photocur-

rent transients. Fortunately, we were able to limit the fits to

only these six parameters due to the simplicity of the model;

however, the still large number of parameters and the simple

shape of the transients force some parameters to have larger

uncertainties than others. Three TOF samples with differing

transient characteristics were analyzed using this theory with

a nonlinear fitting routine. Sample III was chosen to study

the majority of the interfacial trapping influences due to the

prominent features in the transients.

The Lambert W function must be solved for every time

step. The calculation of the zeroth-root Lambert W is time

consuming for small arguments. The negative fraction multi-

plied by the delayed exponential in the argument, however,

limits the range in which we seek a solution, where the argu-

ment is restricted to (�1=e,0). In this case, we calculate and

store the Lambert W values for arguments out to the fifth

decimal place. Then, we call these stored values based on

the possible input range rounded out to the fifth significant

figure. Using this method of approximating the Lambert W

function, we reduce the computation time of a nonlinear fit-

ting routine on average by orders of magnitude.50

Table II shows the values for the fitted parameters with

uncertainties for Sample III at 80 �C. The values given are

also found in Figs. 9–11. The uncertainty for the most robust

parameters, l and rl, was obtained from (1) the covariance

matrix and (2) calculating parameter sets over several initial

guesses. The latter procedure gave a standard error from a

set of values for each parameter, where the sets of valued

used were taken from calculations with the lowest sums of

residuals. For the other four parameters (n0; ns0; c; s), the sen-

sitivity to the variance of the residual was such that unrea-

sonable confidence intervals were obtained. Thus, we

estimated the uncertainties from the standard error using the

latter and computationally expensive technique.

B. Transients

The ideal transient response for a photogenerated sheet

of non-interacting holes that move through a conductive me-

dium and under the influence of an applied electric field

should give a box-like phototransient with respect to time.

Typically, the photocurrent is not very box-like due to the

charge sheet undergoing dispersive effects such as the trap-

ping of charges, loss of charges in deep traps, the spreading

of the sheet due to local space-charge effects, and others

such as delayed charge injection.

The transit times of dispersive transients are often meas-

ured using the Scher-Montroll “knee” method.30 In our case,

we assume little dispersion due to trapping and determined

the mobility directly from a nonlinear fit to transients, where

Fig. 2 shows the fits to experimental data using the model

described in this paper. The theory fits exceptionally well for

the photocurrent transients in aged HAT5.

C. Mobility and MDF width

We analyzed the data from sample III in Fig. 2 using a

nonlinear fitting routine to extract the mobility as a function

of temperature and electric field. The mobility is plotted in

Fig. 9(a) as a function of temperature over a 100 V range.

Note that when applying an electric potential difference of

greater than 120 V (for samples 10–20 lm thick), the circuit

typically shorted and degraded the samples during the mea-

surement procedure. The mobility of sample III had the same
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temperature and electric field dependencies as the other sam-

ples with non-negligible interfacial trapping. Note that the

mobility increased with electric field for samples with a

small number of initially trapped charges (sample I) relative

to samples with large interfacial traps (samples II and III),

which can be observed from the analysis of the transients

shown in Fig. 2.

The Gaussian width, rl, of the MDF at high tempera-

tures increases as the electric potential difference between

the two electrodes increases. This increase is shown in Fig.

9(b). If diffusion was the dominant mechanism at high tem-

peratures instead of a drift mobility distribution, then we

would expect the calculated Gaussian width of the MDF to

decrease as the applied voltage increased. The shape of a

transient’s tail due to Gaussian distribution of mobilities

looks similar to that caused by the diffusion/repulsion of

charge carriers. We could not model both diffusion and an

MDF together because they similarly affect the measured

photocurrent transients, where large uncertainties arise

between these two parameter values due to the indistinguish-

ability between the two mechanisms. We observe a conver-

gence point in the electric field dependence of the MDF’s

Gaussian width as the temperatures increased, where there is

a crossing of the slopes at high temperatures over the voltage

range. We interpret this intersection as the system being near

the diffusion limit for the transit time scales because (1)

there is a reduction in the applied electric field as the voltage

is decreased and (2) the order of the liquid crystal system

decreases, which causes the mobility to decrease.

TABLE II. Sample III’s parameters at 80 �C.

Voltage (V) n0 (�108) ns0 (�108) s (ls) c (ls) l (�10�3 cm2 V�1 s�1) rl (�10�3 cm2 V�1 s�1)

20 3.62 6 0.05 1.71 6 0.10 105.0 6 11.3 97.4 6 15.6 1.709 6 0.001 0.120 6 0.002

40 3.88 6 0.12 1.98 6 0.07 56.6 6 8.8 50.3 6 9.1 1.725 6 0.002 0.128 6 0.004

60 4.25 6 0.09 2.09 6 0.07 55.0 6 12.5 49.1 6 8.3 1.733 6 0.002 0.166 6 0.003

80 4.44 6 0.11 2.20 6 0.12 52.4 6 8.7 48.6 6 10.2 1.735 6 0.003 0.219 6 0.005

100 4.87 6 0.09 2.45 6 0.09 50.6 6 10.8 43.5 6 11.6 1.743 6 0.003 0.217 6 0.004

120 4.90 6 0.10 2.43 6 0.07 48.2 6 7.0 41.1 6 5.9 1.761 6 0.003 0.243 6 0.003

FIG. 9. (a) The mobility and (b) the Gaussian width of the MDF divided by

the mobility as a function of temperature and applied voltage across sample

III, where the legend represents the data shown in both graphs. The inset in

(a) shows the electric field dependence of the mobility 85 �C.

FIG. 10. (a) The exponential growth constant s and (b) the stretching/delay

constant c as a function of temperature and applied voltage across sample III.
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D. Time constants

The initial trapping at the interface was shown to exhibit

a delayed release due to competition between the interfacial

traps and intermediate states. Experimentally, we observe

that the time constants change between the sample tested,

and therefore the collection/release constants are also differ-

ent between samples. Thus, we may assume that the trap

energy at the interface is different between samples. Note

that there was always some interfacial trapping for every

aged HAT5 cell studied. In addition, since we found that

aluminum-oxide plays no role, we may assume the dominant

mechanism behind the interfacial trapping parameters origi-

nates from impurities in the aged HAT5 material.

The rise and tail shapes in the photocurrent transients

are both necessary to find the time constants. The fraction of

charge carriers in the bulk to those initially trapped is also

most accurately determined when including a long portion of

the tail in the nonlinear fitting scheme. The time constant s is

the exponential time constant. If we force c! 0, then higher

values of s are associated with a faster depletion of trapped

charges at the interface, where the Lambert W function in

Eq. (16) limits to a negative exponential function for c¼ 0.

This limiting case of exponential growth is shown in Fig. 8

for c=s ¼ 0 (solid black line).

The temperature and field dependencies for s are shown

in Fig. 10(a) for sample III. The values for s appear to stay

relatively constant as a function of temperature. The values

for the time constant appear to decrease as the applied volt-

age increases, where a sharp decrease in the time constant is

seen between 20 V and 40 V as shown in Fig. 11. One cause

may be that the increased voltage reduces the width of the

region where intermediate states exist, i.e., sharpening the

cusp in the line representing the voltage as a function of dis-

tance. This would increase the probability of bulk collection

of holes as a function of voltage. Increasing the voltage may

also decrease s by decreasing the depth of the trap, and

thereby increase the rate at which holes are released from the

trap and decrease the rate of collection. Also, discogens with

a conjugated core in the hexagonal columnar phase undergo

a slow homogeneous alignment when a DC voltage is

applied.51 The same effect was observed by us for HAT5

under a polarizing microscope when a large field was applied

over a long period of time, and small changes in alignment

over a short time scale could affect the differences between

the interface and bulk ordering, which may also have some

effect on s’s voltage dependence.

The stretching/delay constant c follows a temperature

and electric field dependence similar to that of s as shown in

Figs. 10(b) and 11. This is not surprising as the fraction c=s
is associated with the perturbation of Eq. (16) from a com-

mon exponential growth function via the product-

logarithmic relationship of charge carriers released in the

bulk. As previously mentioned, the uncertainty is largest for

the time constant parameters when performing a nonlinear

fit. Therefore, there is no identifiable trend for the fraction of

the time constants c=s that can be addressed in this paper. If

there is a temperature or electric field dependence on c=s,

then we expect it to have a small slope.

The total number of holes collected, ns0 þ n0, follows

the opposing progression as shown in Fig. 11. This phenom-

enon is caused by the increased slope of the potential, where

all the charges generated in the bulk are more likely to sepa-

rate (roughly 2/3 of the total charges generated were in the

bulk for sample III), and thereby lower the probability of

pair recombination.

E. Size of the interfacial trap region

An essential feature of this model is the ability to calcu-

late the extent of the trapping region of a particular sample.

The ability to distinguish the average physical length of the

interfacial trapping region is helpful because it can give

insights into the degree in which the transients are affected

between samples. The first step in finding the trapping region

extent is by comparing the fraction of charge density gener-

ated in the interface regime normalized to the charge density

generated throughout the whole sample. The same step can

be done with the charges generated within the bulk as well.

The initially trapped charge density, qs0, is generated in the

region 0 < x < d, where d is the average length of the inter-

facial traps. The initial bulk charge density, q0, is generated

in the region x> d, and the high absorbance of HAT5 at

319 nm allows us to assume that all the light is absorbed

over a length that is much less than a sample’s thickness.

Assuming linear absorption and that the recombination rates

for charges generated at the interface are the same as those

generated within the bulk, we may use the Beer-Lambert law

to associate the initial number of holes with the average

length of the interfacial trapping region

d ¼ 1

a
ln

ns0

n0

þ 1

� �
; (22)

where a is the absorption coefficient for HAT5 at 319 nm,

ns0 is the number of charges generated within the interface

region, and n0 is the number of charges generated within the

bulk region.

The average length of interfacial traps as a function of

applied field for sample III was difficult to resolve due to the

trapping region being very short. Sample II, however, had

FIG. 11. Sample III’s electric field dependencies for s, c (left axis) and the

total number of holes collected (right axis) at 85 �C.
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very large values for ns0=n0, which corresponds to broad

interfacial traps. As shown in Fig. 12, the length of the trap-

ping region decreases as the applied field is increased. Thus,

the increased potential difference significantly reduces the

effects of interfacial trapping of samples with broad interfa-

cial traps. For sample II, we observe that the change in the

average interfacial trapping lengths decreases by more than

25% from 20 V to 100 V. The length of broad trapping

regions is speculated to decrease when the voltage slope is

increased as observed in the diagram of Fig. 7.

VI. CONCLUSIONS

We have shown that HAT5 samples, aged under ambient

conditions for 10 years, have a slow increase in photocurrent,

which is in contrast to the pristine samples. Experimental

evidence from wavelength dependent measurements and the

three-state charge-trapping model are in good agreement

with the hypothesis that low-energy traps form primarily

near the interfaces. Delayed-pulse TOF measurements of the

positive charge carriers confirm that interfacial traps are not

formed by mobile ion build-up at the interfaces; however,

MALDI-TOF studies show molecular impurities in aged

HAT5 that offer the most reasonable explanation for these

interfacial traps. The chemically different impurity does not

affect the bulk mobility but instead forms well-defined inter-

facial traps in connection to the Schottky barrier.52,53

With a phenomenological three-state model used in con-

junction with the continuity equation, we conclude that the

transient behavior reflects competitions among trapping, in-

termediate, and bulk reservoir states. This model has been

shown to be computationally efficient in reproducing the

observed transients, where the method of competing collec-

tion/release rates of the system of charge carriers describes

the slow non-exponential rise of the photocurrents observed

in aged HAT5.

The impurities do not appear to have a significant effect

on the mobility within the sample-to-sample uncertainty.

Note that only a small amount of impurity in the material

was detected with mass spectrometry while there was a

significant amount of trapped charges at the interface.

Therefore, we also conclude that charge carrier TOF can be

an exquisitely sensitive method to determine the purity of

some semiconducting liquid crystals.
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