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1.  Introduction

The charge carrier mobility is a crucial parameter to evaluate 
the device performance for numerous different semiconductor 
applications [1, 2]. For the determination of the mobility, mea­
suring the steady state or transient space charge limited cur­
rent (SCLC) is a widely used technique [1, 3]. For example,  

light emitting or photovoltaic applications, measuring the 
SCLC in either way, is preferable over other methods such 
as field- or Hall-effect measurements, as the charge carrier 
mobility is determined in line with the current transport direc­
tion of typical device architectures [1, 3–5]. This is also true 
for time of flight (ToF) measurements [3]. However, the ToF 
method has higher requirements for the sample structure to 
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ensure efficient light incorporation. Additionally, ToF mea­
sures small currents compared to the SCLC methods and are 
typically smaller then the currents used in typical devices.

Although the steady state or transient SCLC method is the 
appropriate choice for determining the mobility for the men­
tioned applications, both methods implicate challenges. Non-
ideal devices make the determination and reproducibility of 
the mobility from a single current-voltage measurement of 
steady state SCLC measurements difficult [1]. For confirma­
tion of determined mobility values, the comparison to tran­
sient SCLC measurements at the same sample is reasonable 
and results in a self-consistent measurement method. This 
allows for a more accurate evaluation of the mobility and at 
the same time gives information about the occurring non-ide­
alities like trap occurrence, injection barriers and amount of 
minority charge carriers [6–9]. Hereby, the transient SCLC 
method is more precise concerning the determination of the 
mobility from a pronounced current peak. However, a major 
drawback is the need for a very low RC time constant for 
charging the device fast, which is explained in the following.

For the purpose of transient SCLC, a voltage step is applied 
to a unipolar device and the time dependent current is meas­
ured. Ideally, a current peak occurs, when the first injected 
charge carriers have traveled through the sample, which can 
be directly correlated with the mobility. This technique was 
widely used for thick layers or low mobilities resulting in 
large transit times [3, 4, 7, 8, 10]. However, semiconductors 
are often deposited in thin layers for thin film device appli­
cations. One example are organic semiconductors processed 
from solution. Such thin films typically have high sample 
capacitances, which consequently increase the RC time con­
stants for the sample charging. This results in a superposition 
of charging currents with the relatively fast transient signal, 
falsifying the measurement or even making it impossible [11]. 
The sample capacitance can only be reduced by changing the 
sample area. However, this is limited by an increase in sample 
resistance and a consequent current signal reduction, causing 
the measurement to be more challenging in respect to the 
noise level.

Thus, minimizing the serial resistance is crucial 
for improving the minimum measureable transit time. 
Additionally, parasitic capacitances in parallel to the device 
under test, e.g. the capacitance of wires between sample and 
voltage step generation, have to be reduced. Consequently, the 
length of wires has to be as short as possible and the use of 
coaxial cables with a high capacitance has to be avoided. This 
makes the use of a standard pulse generator with a typical 50 
Ω output resistance difficult. Furthermore, the input capaci­
tance and resistance of current measurement devices has to 
be considered, as well as the resistance of the device under 
test contact metalization of the device under test. There are 
approaches for solving this challenge, such as using bridge 
circuits [3, 12, 13] or an operational amplifier used as a trans-
impedance amplifier [13]. However, bridge circuits require a 
calibration for every new sample and trans-impedance ampli­
fiers directly influence the measurement signal, limiting the 
usefulness of the measurement [12, 13].

Here, we demonstrate a transient SCLC circuit, which 
allows low RC time constants even for thin semiconductor 
layers, and therefore avoids the addressed issues.

2. Theory

In this contribution, the mobility values determined using 
steady state SCLC are used as a benchmark for the results 
determined with the developed transient SCLC circuit. 
Therefore, in the following, the theory behind both tech­
niques is discussed. The general sample structure for mea­
suring SCLC is a semiconductor or isolator layer between two 
electrodes. One electrode must be injecting majority charge 
carriers and the other electrode blocking minority charge car­
rier injection. For the ideal SCLC case, several assumptions 
are made [1, 9, 13, 14]: (i) the charge injection is efficient, 
meaning that the injecting contact has a neglectable injection 
resistance; (ii) the serial resistance of, for example, contact 
metalization and cables has to be low in comparison to the 
sample resistance; (iii) the blocking contact is efficient and 
thus, the device is assumed to be unipolar; (iv) the difference 
of the electrode work functions is zero, resulting in no build-
in field and in a symmetric device; (v) the trapping of charge 
carriers, doping and a field dependency of the mobility are 
neglected.

The current voltage relation for the ideal steady state SCLC 
is then given by the Mott–Gurney law (equation (1)) [15]:

J =
9
8
· ε · µ · V2

d3 .� (1)

Here, J is the current density within the active layer, 
ε = εr · ε0 is the specific dielectric permittivity (εr) and 
dielectric constant (ε0), µ the charge carrier mobility, d the 
thickness of the active layer and V  the applied voltage. By 
fitting equation  (1) to a current density-voltage (JV) curve, 
the mobility can be determined if the active area, ε and d are 
known.

For ideal transient SCLC measurements, a voltage step VS 
is applied at time t  =  0 to the device and the current meas­
ured over t. In principle, the first charge carriers injected by 
this voltage pulse are moved by an, in average, stronger elec­
trical field through the sample than the charge carriers for the 
steady state case at t → ∞. This results in a transient current 
peak when the first injected charge carriers arrive at the non-
injecting electrode, which is defined as the transit time ttrans. 
Ideally, the peak current is a factor 1.21 higher than in the 
steady state [4, 16]. The transit time is directly correlated to µ 
by equation (2) [4, 16, 17]:

µ = 0.786 · d2

VS · ttrans
.� (2)

A major difference between the steady state and transient 
SCLC techniques is their dependency on the electric field 
strength. The mobility determined using the steady state 
measurement is a parameter independent of the electrical field 
strength, which is primarily useful for the material comparison 
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in similar devices [1, 18]. In contrast, the mobility determined 
by the transient method is correlated to a certain average elec­
trical field strength, making the measurement more precise 
compared to the steady state method.

However, there are many effects influencing both measure­
ment approaches, which are correlated to non-idealities and 
which become more dominant for thin layers. These limita­
tions will be discussed in the following, as we demonstrate the 
measurement limitations of our circuit using semiconductor 
thin films which show thickness dependent effects. Starting 
with the steady state SCLC, the relation between current and 
voltage is ideally J ∝ Vw, with w  =  2. For real devices, w is 
typically larger than 2, mainly due to the influence of trap states 
[14, 19]. If w is close to 2, a trap state influence on the mobility 
can be neglected with good approximation [14, 19, 20]. 
Additionally, w is influenced by several other aspects, which 
are: the presence of an injection barrier, a field dependence of 
the mobility, serial resistances, shunt resistances and build-
in fields. The effect of these non-idealities varies in depend­
ence on the semiconductor film thickness. An increasing w 
with thinner layers is attributed to injection limitation [1, 21]. 
This effect saturates for thick layers, as the contact resistance 
becomes small when compared to the overall sample resist­
ance. Furthermore, a field dependent mobility, especially for 
organic semiconductors, can cause higher w, which increases 
naturally with increasing voltages [11, 21–23]. Therefore, if 
the charge carrier mobility is determined using equation (1), 
the mobility is strongly influenced for thinner layers, as injec­
tion resistances, serial resistances and build-in field have a 
higher impact [1, 23]. The discussed effects may cause a strong 
increase of w up to, for example, 6, where a determination 
of the mobility with a quadratic fit by equation (1) becomes 
invalid. However, equation  (1) describes the maximum pos­
sible current at a given mobility considering non-ideal effects 
which increase the double logarithmic gradient. Therefore, a 
fit with equation (1), in a short range of the JV characteristic, 
can still be considered as a good reference value for the cir­
cuit evaluation, as the obtained mobility can be considered as 
a minimum value.

Moving on to the transient SCLC method, calculating 
the mobility with the occurring current peak is still possible 
concerning the discussed non-idealities, although the effects 
on the calculated mobility are similar. For thin layers, there 
is still a decrease of the determined mobility by build-in 
field, injection resistances and serial resistances [11, 17, 24]. 
Especially, a high serial resistance will cause a high RC time 
constant resulting in a wide charging current peak. This peak 
may overlap with the transient peak, falsifying the meas­
urement. However, the field dependence of the mobility is 
directly visible with transient SCLC, as the mobility is meas­
ured for a certain field strength [25]. Furthermore, occurring 
trap states cause slight shifts of the current peak to higher 
ttrans, giving a parameter for characterization of the influ­
ence of trap states [17]. In the case of deep trap states, a slow 
attenuation of current over much longer time scales than ttrans 
is visible [4, 14, 17].

3.  Measurement setup

For the purpose of fast transient SCLC measurements, we have 
developed the circuit illustrated in figure  1. We use a serial 
measurement resistance as demonstrated by Staudiegel [26] 
with an added voltage amplification circuit. The circuit and 
the sample connectors are implemented on a single printed cir­
cuit board (PCB) to reduce cable length and consequently the 
influence of the measurement environment. The PCB layout 
is presented in the supplemental material (stacks.iop.org/
MST/31/015901/mmedia). The voltage step, which changes 
the applied voltage on the device under test from 0 V vo VS, is 
generated by a fast (maximal 55 ns rise time [27]) switching 
transistor (IRFR9024NPBF from Infineon Technologies) The 
gate voltage VT  (in relation to ground potential GND) is equal 
to VS prior to the measurement and is set to 0 V at t  =  0. The 
details of this switching circuits are shown in the supplemen­
tary material. Hereby, VS is stabilized by a set of capacitors 
CP consisting of an electrolyte (100 µF), a foil (0.47 µF) and 
a ceramic capacitor (0.22 µF). This combination allows for a 
high total capacitance and simultaneously fast response time 

Figure 1.  Schematic of the measurement circuit for transient SCLC. The detailed circuit is shown in the supplemental material.
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preventing oscillations of VS. The switching transistor is in 
series with the sample and with the measurement resistance 
Rm. The voltage drop vm(t) over this resistance is measured in 
order to determine the current using Ohm’s law (equation (3)):

vm(t) = Rm · is(t).� (3)

As Rm has to be small in order to ensure fast charging times 
resulting in small vm(t), an amplification circuit is used with 
an operational amplifier (LM6171 from Texas Instruments) in 
combination with the resistances R1 (600 Ω) and the variable 
resistance R2 to define the amplification factor a of the circuit 
(equation (4)):

a =
R1 + R2

R2
· Rm.� (4)

This allows us to choose small Rm values down to the order 
of 10Ω. For the total serial resistance Rserial  of the sample, 
including wiring and contact metalization resistances and Rm, 
this results in a minimal value of 17 Ω. The output voltage 
of the amplification circuit vampl(t) is measured by an oscil­
loscope (UTD2052 from Uni-Trend). The circuit is calibrated 
by measuring resistances in series with an external ampere 
meter (Keithley, 4200-SCS), instead of a sample, and corre­
lating the measured current to vampl(t) using a linear regres­
sion fit. Thus, the measured current has a direct correlation 
with vampl(t) (equation (5)). The derivation of equations  (4) 
and (5) is given in the supplementary material:

vampl(t) = a · is(t).� (5)

The resistances responsible for signal amplification R2 and 
Rm can be adjusted to accommodate a wide current range from 
1 µA to 0.5 A (table 1). Additionally, the chosen elements of 
the circuit limit the current to 0.5 A and VS to 50 V. However, 
for most amplification factors, the range is limited by the 
maximum output voltage of the operational amplifier, as well 
as the noise level of vampl(t), which is approximately at 10 µ
V. The measurement limits of the circuit in dependence of the 
applied amplification are discussed in the following.

For measuring the transient SCLC using the circuit out­
lined above, the suitable amplification has to be chosen for 
every VS in such way, that the amplified voltage vampl(t) is 
in the measurement range. Hereby, the amplification factor 
influences the bandwidth of the amplification circuit. A high 

amplification causes a low band width and vice versa. On the 
one hand, if a high amplification is needed in case of a low 
current, the low bandwidth can limit the measurement. A slow 
answer of the amplification circuit to fast current changes such 
as the charging peak can result in the overlap of charging peak 
and transient peak. On the other hand, in case of a high band­
width, operational amplifiers tend to oscillate as a response 
to fast input voltage changes [27]. To reduce this effect, R1 is 
chosen to be as large as possible while a high amplification 
is still possible by choosing a small R2 of 2 Ω. For switching 
between different Rm, optical solid state relays (AQY212EHA, 
Panasonic) are use because of their very small input capaci­
tance of 0.8 pF. In case of R2, transistors (NTGD3148NT1G 
from ON semiconductors) are used as switches. The complete 
circuit is shown in the supplemental material.

4.  Samples

The working principle of the developed transient SCLC 
circuit and its measurement limits is demonstrated 
using a hole-only organic semiconductor based device, 
with 4,4’,4”-Tris[phenyl(m-tolyl)amino]triphenylamine 
(MTDATA, from Sigma Aldrich) as the active layer. As 
MTDATA can be deposited by evaporation, different layer 
thicknesses are possible with neglectable deviation in the 
micro structure, making devices with different thicknesses 
comparable. This is an ideal case to evaluate the working prin­
cipal of the discussed circuit, as a thin MTDATA layer can 
demonstrate the minimum transit time ttrans measurable by this 
circuit, while thick layers can be used to proof the correctness 
of the measurement in comparison to literature data.

Figure 2(a) shows the schematic layer stack 
of the MTDATA devices. A 40 nm thick layer of 

Table 1.  The amplification a in dependents of Rm and R2 and the 
measurable minimum (imin) and maximum current (imax).

Rm (Ω) R2 (Ω) a (V A−1) imin (mA) imax (mA)

10 → ∞ 10 1 500
10 174 44.7 1000 330
10 34.8 184 220 81
10 8.06 759 54 20
10 2 3030 3.4 5
300 → ∞ 300 34 50
300 174 1341 7.4 11
300 34.8 5520 1.8 2.7
300 8.06 22 770 0.44 0.66
300 2 90 900 0.11 0.17

Figure 2.  (a) Layer stack of measured devices with varying 
MTDATA film thicknesses. (b) HOMO and LUMO levels of 
MTDATA in relation to the work functions of PEDOT:PSS and Al.

Meas. Sci. Technol. 31 (2020) 015901
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Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS, HTLsolar Clevios from Haereus) is used for 
hole injection [3]. PEDOT:PSS has a work function of 5 eV 
[28], thus there is a good energy alignment to the HOMO 
(5.1 eV) of the MTDATA [10, 29, 30] (figure 2(b)). For the 
electron blocking contact, Aluminum (Al) with a work func­
tion of 4 eV is used [31, 32]. Considering the LUMO of 
MTDATA at 2 eV [10, 29, 30], the energy barrier for electron 
injection is 2 eV. Consequently, this is an effective electron 
blocking contact [10] resulting in a hole only device.

The measured devices are built as described in the fol­
lowing. The pre-structured indium tin oxide (ITO) glass 
substrate was commercially available from Naranjo BV, 
which was pre-treated with UV light and ozone at 110 °C for 
15 min prior to the PEDOT:PSS deposition. The solution of 
PEDOT:PSS was diluted with twice distilled water in the ratio 
1:1 and kept in an ultra-sonic bath for 30 min. Right before 
deposition, the solution was filtered through a 0.45 µm poly­
vinylidene fluoride (PVDF) filter. The deposition was done 
by spin coating at 500 rpm for 5 s with subsequent 5000 rpm 
for 40 s. Afterwards, the samples were tempered at 130 °C for 
5 min in ambient atmosphere and another 25 min in nitrogen 
atmosphere. From this time on, the samples stayed in nitrogen 
atmosphere at all times. Subsequently, MTDATA was depos­
ited by thermal evaporation with varying thicknesses (76 nm, 
123 nm, 253 nm, 322 nm, 642 nm and 904 nm) at a rate between 
0.3 and 1.3 Å  s−1 at a maximum pressure of 1 · 10−6 mbar. A 
300 nm thick Al layer was used as top electrode, which was 
also thermally evaporated. The deposition of the first 30 nm 
Al was done with a rate below 1 Å  s−1 at a maximum pres­
sure of 6 · 10−6 mbar. The rate was then increased up to  
50 Å  s−1 at 1 · 10−5 mbar for the remaining 270 nm. The 
device area of 7.5 mm2 is defined by the overlap of bottom 
and top electrodes.

5.  Results

The diode (JV) characteristics of the devices under test are 
illustrated in figure  3 in double logarithmic form. They are 

only used here, to obtain reference values for the charge carrier 
mobility determined using the developed transient SCLC cir­
cuit. For thick samples (642 nm and 904 nm), the determined 
gradient of the double logarithmic plots is approximately 2.3, 
which marginally increases with high voltages. This is the 
result of the discussed field dependent charge carrier mobility. 
These samples can be considered almost trap free, as a  
gradient close to 2 is the result of neglectable trap densities  
[14, 19, 20]. For thinner layers, the gradient of the 
JV-characteristic increases up to values of 5. As we do not 
expect this to be the influence of a change in the semicon­
ductor microstructure, as outlined above, we suggest this to 
be the influence of an injection limitation with increasing 
dominance as the semiconductor thickness is reduced. The 
estimated mobility values using the described steady state 
approach range from 2.5 · 10−5 cm2 Vs−1 (for 76 nm) to 
1.4 · 10−4 cm2 Vs−1 (for 904 nm) with an assumed εr = 3  
[1, 19]. This data is used in the following as reference infor­
mation for the transient SCLC evaluation.

Illustrated in figure 4(a) is an exemplary transient SCLC 
measurement of the 322 nm thick MTDATA sample for VS 
values ranging from 6 V to 14 V, illustrating the challenges 
associated with the measurement. The vertical dashed lines 
indicate the positions of ttrans for each value of VS.

For a voltage step with VS = 6  V, there is a smooth peak 
visible in the transient characteristic, from which the mobility 
can be calculated using equation  (2). The charging peak of 
this measurement within the first 0.7 µs results in satur­
ation of vampl(t) = 15 V, which does not influence the actual 
measurement. The width of this charging peak is the result 
of the device RC time constant and the bandwidth of the 
operational amplifier. The RC time constant is estimated by 
assuming a plate capacitor [33] and the values: εr = 3 [1, 19], 
d  =  322 nm MTDATA, A = 7.5 mm2 as active device area 
and a serial resistance of 17 Ω. The estimated value is in the 
order of 11 ns. After approximately 10 times of the RC time 
constant, thus after 110 ns, the charging peak should have 
subsided. The apparent broadening of the charging peak, as 
it has not subsided after 700 ns, results from the low band­
width and therefore slow response of the amplification cir­
cuit. The amplification of 759 A V−1 used for VS = 6 V works 
up to VS = 8 V, as for higher values of VS, vampl(t) is getting 
close to 15 V and the charging peak starts to overlap the tran­
sient peak. Consequently, for VS > 8 V, a lower amplification 
of 184 A V−1 is necessary, which results in a higher band­
width of the operational amplifier. This, however, results in 
oscillations, which overlap the actual transient SCLC signal 
as indicated by the inset of figure 4(a) and as highlighted in 
figure  4(b) using a reference measurement under open cir­
cuit conditions, although the oscillation amplitude is smaller 
here. This Oscillation originates from the operational ampli­
fier as a consequence of the steep change of vm(t) during the 
sample charging. Figure 5 shows the result of an analytical 
approximation of this charging peak considering only Cs and 
Rs as shown in the sample equivalent circuit in figure 1. It is 
obvious, that up to 75 ns the charging current (only Cs) domi­
nates and the sample current (only Rs) can be neglected. The 
charging current is estimated using the equations (6) (0 to the 

Figure 3.  JV characteristics of MTDATA samples with varying 
semiconductor thin film thicknesses in a double logarithmic plot.
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rise time tr  =  55 ns) and (7) (above tr). Hereby, a linear rise 
of the voltage pulse is assumed, reaching Vs with a gradient 
of A = Vs/tr . For tr, the maximum rise time of the switching 
transistor is considered. The derivation of both equations  is 
shown in the supplementary material and vm(t) is calculated 
by vm(t) = Vs − vCs,i(t):

vCs,1(t) = A · t − A · RserialCs(1 − e−
t

RserialCs )� (6)

vCs,2(t) = (vs,1(tr)− Vs) · e−
t−tr

RserialCs + Vs.� (7)

The result in figure 4(b) demonstrates a voltage independ­
ence of the oscillation, which is most likely caused by the 
charging of parasitic capacitances of the used elements within 
the circuit. By subtracting the open circuit measurement from 
the actual transient measurements, the influence of the oscil­
lation can be reduced, however, not completely avoided. In 
order to further improve the oscillation suppression, the sig­
nals from figure 4(a) are analyzed after open circuit correction 
in the frequency domain obtained by fast Fourier transforma­
tion (FFT) [34] (figure 6(a)).

For low VS up to 8 V, the amplitude has a smooth, almost 
linear characteristic. However, for higher voltages sev­
eral peaks occur which can be ascribed to the discussed 

oscillations in the time domain. These peaks can be filtered 
with a low-pass filter using a cut-off frequency fcut just below 
those peaks, which are indicated by the dots in figure 6(a).

For this, we use the FFT-filter for smoothing curves pro­
vided by OriginPro 2018b (OriginLab Corporation). This filter 
essentially does a linear fit between the start and the end of a 
user defined range ∆t  in the time domain. The software sub­
tracts this linear fit from the original data and performs a FFT 
on the result. The data in the frequency domain is filtered by a 
parabolic low-pass filter with fcut defined by equation (8). The 
parabolic form of the low-pass filter is defined by 1 at 0 Hz 
(no deletion of frequency data) and 0 at fcut (complete dele­
tion of frequency data). Afterwards, the signal is transformed 
back into time space by reverse FFT and the linear fit is added:

∆t =
1

2fcut
.� (8)

The influence of these filters in the time domain is illus­
trated in figure  6(b). The signal is no longer influenced by 
parasitic oscillations and the signal analysis can now be con­
ducted without any issues. The challenge of the frequency 
domain signal correction approach is choosing the correct cut 
off frequency, as the transient peak maximum required for the 
charge carrier mobility extraction is slightly influenced in the 
time domain by this step. To address this issue, the magnitude 
of this influence was evaluated by changing the cut-off fre­
quency between  −20% and 50% of the original chosen fre­
quency. This resulted in a standard deviation for the derived 
mobility of 7%, which is typically smaller than the standard 
deviation caused by the expected uncertainty of semicon­
ductor thickness measurements [1], which is in the order of 
10%. Considering the quadratic relation and using the error 
propagation in equation (2), the resulting standard deviation 
caused by thickness variations is in the order of 20% [1]. 
Thus, the applied correction in the frequency domain causes 
less deviation than to be expected from the original data set 
and a combined maximum deviation of 27%.

Illustrated in figure 7 is the charge carrier mobility extracted 
from the transient SCLC measurements of all samples with 

Figure 4.  (a) Transient SCLC measurement of a 322 nm thick MTDATA layer with Rm = 10 Ω. For VS between 6 V and 8 V, an 
amplification of 759 A V−1 is used and 184 A V−1 for VS > 8 V. Low amplification result in oscillation of the operational amplifier, which 
is shown in the inset. (b) Reference measurement in open circuit condition.

Figure 5.  Analytical estimation of the charging peak of the input 
voltage of the operational amplifier considering either only Cs or Rs 
of the sample equivalent circuit in figure 1 with: Vs = 10 V, Rs  =  1 
kΩ, Cs  =  1 nF and Rserial = 10 Ω.
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varying thicknesses of the MTDATA layer, in correlation 
with the average electrical field strength. For comparison, the 
estimated mobility from the steady state SCLC is marked by 
the empty symbols on the right side of the diagram. For this 
estimate, equation (1) is used even for JV curves with a high 
gradient in the double logarithmic plot. The measured current 
density is considered to be reduced by the influence of the 
contact resistance, resulting in a lower current when compared 
to the ideal SCLC theory. Thus, this approach can be used as 
a first order estimate of the minimum mobility in the voltage 
range used for the fit. For a gradient larger then 3 (devices 
with 76 nm and 123 nm), the fit is done for the range from 
1 V below the maximum voltage of the JV characteristic up 
to this maximum voltage. The fit has a maximum deviation 
by a factor of 2 when compared to the measured current den­
sity, which defines the maximum deviation of the minimum 
mobility. The difference between this minimum mobility and 
the actual mobility of the material was analyzed by Röhr et al 
[35]. For a 100 nm thin device with a 0.1 eV injection barrier, 
they showed that the actual mobility is five times higher then 
the mobility determined by equation (1). This correlates with 
the shown mobility differences in dependents of the semicon­
ductor thickness in figure 7, if the injection barrier influence is 
neglectable for the thick layers of 642 nm and 904 nm.

Half-full symbols in figure 7 mark the mobility determined 
from transient SCLC without FFT correction and full symbols 
mark the data with FFT correction. The error bars do include 
the uncertainties of the applied voltage, the layer thickness 
of MTDATA, the manually determined ttrans from measured 
curves and the deviation caused by the FFT analysis. The 
deviation of the thickness measurement has the highest influ­
ence on the error bars [1], especially for thin layers, as the 
surface roughness is larger relative to the thickness.

Apart from these uncertainties, the errors caused by ideali­
zation of the theory, e.g. by neglecting the contact resistance 
or trap states are not considered, as these are not caused by 
the measurement circuit. However, the possible influence of 
non ideal devices is discussed in the following. Generally, as 
expected, but not accounted for in the ideal theory, the mobility 

increases with the electric field strength. Furthermore, the 
mobilities determined for thin layers of 76 nm and 123 nm, 
are much smaller than for the thicker layers. This confirms the 
charge injection problem already discussed for the steady state 
measurement. For the thicker MTDATA layers of more than 
253 nm, the mobilities obtained for the different layer thick­
nesses are very similar to each other and in good agreement 
with values from the literature [10]. This proofs the accurate 
working principle of our circuit. The measured thin layers are 
in the range, where the theory has to be revised because of 
contact influences.

Nonetheless, the circuit provide the possibility to measure 
thin layers. Additionally, the high variations in sample resist­
ances (figure 3) prove the significant flexibility of the circuit in 
terms of measurable currents and applicable voltages. As the 

Figure 6.  (a) Amplitude of the transient SCLC signals from figure 3(a) in the frequency domain, calculated by FFT. Dots mark the cut 
off frequency for the FFT low-pass filter used for smoothing the transient SCLC signals. For estimation of the uncertainty caused by this 
filtering, a range of −20% to  +50% of the cut of frequency is tested and marked by horizontal bars. (b) Transient SCLC signals after 
smoothing.

Figure 7.  From TSCLC measurements calculated mobility values 
for different film thicknesses of MTDATA: the error bars result 
from deviation of the FFT filtering, reading error of the current 
maximum, pulse voltage and thickness uncertainty. Empty symbols 
mark the mobility determined by steady state SCLC, half-full 
symbols are measurements without FFT correction and full symbols 
with FFT correction.

Meas. Sci. Technol. 31 (2020) 015901



K Rojek et al

8

current may change strongly with the mobility and film thick­
ness of any semiconductor type measured in a device by the cir­
cuit, the implemented wide current (0.1 µA–0.5 A) and voltage 
range (3.5–50 V) is a great advantage when compared to the 
discussed other methods. The measurable minimum mobility 
strongly depends on the thickness of the semiconductor. 
Considering a minimum ttrans of 300 ns and a film thickness of 
100 nm, the detectable minimum mobility is 10−4 cm2 Vs−1 
(equation (2)). For a thick film of 1 µm it is 1 cm2 Vs−1.

6.  Conclusion

The determination of mobility by the transient SCLC method 
is challenging for thin active layers due to the influence of 
device charging effects falsifying the measurement. Here, we 
have demonstrated a fast measurement circuit with a low RC 
time constant, which considerably reduces the influence of 
charging effects. At the same time, the circuit is able to mea­
sure a wide current and voltage range. Thus, the circuit allows 
for high flexibility in terms of minimum film thickness, device 
area and detectable charge carrier mobility. Additionally, the 
measurements with this circuit are simpler to perform than 
when using other methods, such as bridge circuits. We have 
demonstrated the working principle of this circuit using 
organic hole only thin films (MTDATA) and were able to 
measure hole mobility values of 10−4 cm2 Vs−1 for a layer 
thickness down to 76 nm. Consequently, with this improve­
ment of transient SCLC measurements, this circuit provides 
an easy to use characterization method for a wide range of 
semiconductors.

Supplementary material

The complete circuit and the PCB layout, including all used 
elements, are shown in the supplementary material.
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