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. Amethod to determine the doping induced charge carrier profiles in lightly and moderately doped

. organic semiconductor thin films is presented. The theory of the method of Charge Extraction by
a Linearly Increasing Voltage technique in the doping-induced capacitive regime (doping-CELIV) is
extended to the case with non-uniform doping profiles and the analytical description is verified with
drift-diffusion simulations. The method is demonstrated experimentally on evaporated organic small-
molecule thin films with a controlled doping profile, and solution-processed thin films where the non-
uniform doping profile is unintentional, probably induced during the deposition process, and a priori
unknown. Furthermore, the method offers a possibility of directly probing charge-density distributions
at interfaces between highly doped and lightly doped or undoped layers.

. Organic semiconducting materials hold great potential for use in future electronic devices such as solar cells,
© transistors, and thermoelectric generators. Contrary to their inorganic counterparts, they are typically used in
. their intrinsic, i.e. (at least nominally) undoped form when used as active layers. However, doped organic sem-
iconductors, both vacuum evaporated and solution processed, are becoming increasingly common as contacts
and contact interlayers, and are already commercially used in organic light-emitting diodes (OLEDs)' 5. Doping
controls the Fermi level and thus allows to increase the charge-carrier density and thereby the conductivity.
Ohmic and highly conductive contacts are essential in organic electronic devices, as imperfect contacts consid-
erably impair performance®™. In order to utilize doping as a mechanism for controlling the work function and
conductivity of doped layers, a sound understanding of the doping mechanisms in organic materials is needed.
The doping processes in organic materials are more complex than in inorganic materials due to their disor-
dered nature, weak intermolecular coupling, and low dielectric screening. In fact, the underlying mechanisms are
still not well understood’. The doping efficiency (defined as the ratio of free charge carriers contributing to con-
ductivity, to the number of dopants), for example, is often considerably lower in organic materials; the reasons are
still being investigated and several mechanisms have been proposed'*-'2 This highlights the importance of being
able to accurately measure the free-carrier concentration, preferably with in-device techniques. Furthermore, in
order to use highly doped layers as contacts and contact interlayers it is important to make sure that the dopants
do not diffuse from the doped layer into the intrinsic layer, as this will be detrimental for device performance.
Recently it has been shown that, in some cases, dopants can diffuse several hundreds of nanometers from the
contacts into the active layer, resulting in lower concentration of free carriers in the doped layer and the formation
of an unwanted depletion layer in the “intrinsic” layer'>'*, In addition, organic materials are rarely truly intrin-
sic due to their sensitivity to oxygen and, at least relative to crystalline inorganic semiconductors, high levels of
impurities remaining from their synthesis'>!.
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Figure 1. (a) A linearly increasing voltage pulse, V(t) = Vo + At, is applied in reverse bias to extract charge
carriers at an applied dc voltage Vzr. (b) The corresponding current transients j(t) (colored solid lines) are
determined by the rate of charge extraction, where the time of the current maximum, t,,,, depends on the
mobility of the extracted carriers and j; = C,,,A is the current response due to the geometric capacitance (C,).
At slow voltage pulses t,,,, > t,,,, the normalized current transient saturate as j(t)/j, — C,/C,, (dashed
line), where C,, is the depletion layer capacitance. Note that for an accurate evaluation of j(t) at slow pulses, the
current transients typically have to be corrected for (time-independent) parasitic leakage currents. (c) Energy-
band diagram at slow voltage pulses where free charges have had time to equilibrate and a depletion region is
formed at the cathode, at x=0, in the case of p-doping. Upon an applied voltage pulse holes are extracted (in the
case of p-doping) and the depletion region width, w, increases towards the anode at x=d.

The concentration of free charges, Ny, in a doped semiconductor layer is related to the depletion-region
width w and potential drop Uas N, = 2e6U/ (ew?), where € is the relative dielectric constant, ¢, is the vacuum
permittivity and e is the elementary charge’. Common techniques to measure the concentration of free carriers
includes ultraviolet photoelectron spectroscopy (UPS) and impedance spectroscopy, while recently a way of
determining the free-carrier concentration from conductivity and Seebeck measurements was presented!> 1821,
However, UPS is only sensitive to the surface, and furthermore requires advanced equipment and is time consum-
ing. The Seebeck and conductivity measurements, as well as impedance spectroscopy, are in-device measure-
ments, however; Seebeck and conductivity measurements require additional measurements or assumptions of the
carrier mobility*>?!. Impedance spectroscopy typically requires equivalent-circuit modeling and careful analysis
of the data.

We recently demonstrated that the Charge Extraction by a Linearly Increasing Voltage technique in the
doping-induced capacitive regime (doping-CELIV) can be used to determine the built-in voltage and carrier
concentration in sandwich-type diode devices?. In a uniformly p-doped device a depletion region is formed at
the cathode with width w, (at an applied steady-state voltage Vzz) given by:

_ | 2e6(Vi + Vorp)
" ep (1)

where V), is the built-in potential and p is the concentration of holes. By applying a linearly increasing voltage
pulse with slope A = V,,,,./t,..» Wwhere V.. is the amplitude and ¢, the length of the voltage pulse, in reverse
direction of the diode, the doping-induced charge carriers can be extracted. A schematic picture is shown in
Fig. 1. In the doping-induced capacitive regime, the corresponding extraction current transient j(¢) is given by:

o cdv
=g @

whereC,, = e¢,/w is the depletion layer capacitance and

2

OV + vl
ep 3)

where V(t) = At + Vg is the total applied voltage over the device. The requirement for being in the
doping-induced capacitive regime is that w < d, where d is the active layer thickness, and t,,;,, > t,,,,,, Where t,,,,, is
the time the current transient reaches its maximum value.

The method is fast and simple and, similarly to impedance spectroscopy, relies on Mott-Schottky analysis of
the capacitance. The advantage of the doping-CELIV method is that it allows for direct determination of both the
mobility and the carrier density without the need for equivalent circuit modeling. The method has been success-
fully used to identify a cause of unintentional doping in polymer-fullerene blends and clarify the light-soaking
effect in inverted solar cells with a titanium-oxide-modified cathode'* . The doping-CELIV theory presented by
Sandberg et al.??, however, is only valid for uniform carrier profiles, which is a severe limitation.

In this paper, we extend the theory of the doping-CELIV method to the case of non-uniform doping-induced
carrier profiles. Furthermore, a method of determining the charge-carrier profile from the extraction current
transient is shown. An expression for the capacitive extraction current is derived analytically for a step-wise
and a linear doping profile; the theory is confirmed with numerical drift-diffusion simulations. The method is

w(t) =
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furthermore demonstrated experimentally on vacuum-evaporated thin films with a controlled doping profile,
and solution-processed films where the non-uniformity of the doping profile is unintentional and most likely a
consequence of the morphology.

Results and Discussion

Analytical description of the model. Consider a p-doped device of thickness d, consisting of a depleted
space-charge region adjacent to the cathode (x=0), where w < d is the thickness of the depletion region.
Assuming a one-dimensional, planar current flow, the total transient current density j(¢) is given by**

OE(x, t)
ot 4)
where J (x,t) is the conduction current and ¢, is the displacement current. Note that the terms J(x,t) and

€€,OE(x, t)/0t can individually depend on x; however, their sum j(f) must be independent of x, as required by the
continuity equation dj/dx=0. Here E(x,t) is the electric field, related to the applied transient voltage V(t) via

j(t) = L(x, t) + €€y

OE(x,t)

d
V) + Vi = [ e 0dx
( ) bi 0 ( ) (5)
In the following we assume that V(t) + V;, > kT/e, where k is Boltzmanns constant and T is the temperature.
Applying the voltage pulse in reverse bias (or with a blocking cathode), so that charge carriers are extracted at the
anode, the transient conduction current J(x, t) will be vanishingly small in the depleted region. Assuming that all
charge carriers within the depletion region are extracted, the Poisson equation reads

e
OE(x, B ) —;Np(x), 0 < x < w(t)
Ox = [p(x, 1) = Ny@)], w() < x < d
€€y (6)

for the case with a free charge-carrier density p(x, t) and an arbitrary density profile N,(x) of negatively charged
(ionized) p-dopants (assumed to be fixed).

During sufficiently slow ramp-up voltage pulses (£, > £,,.x) the charge carriers maintain equilibrium under
steady-state conditions, and p(x, t) will not significantly deviate from its quasi-equilibrium density p(x)*:. Under
these conditions, the electric field at the anode becomes time-independent E(d,t) =E,, (assuming w < d); inte-
grating Eq. (6) then yields

w(t) eNP(x) e d e[p(x) — Np(x)]dx

E(O, f) = E,, + f
0

€€y w(t) €€y (7)
Furthermore, after integrating Eq. (5) by parts we find
d w(t) eN,(x)x d ep(x) — Ny(x)
V() + Vy, — E,d = — f E gy — f N f de
0 dx 0 €€, w(t) €€, (8)

and concomitantly dV/dw = ep(w)w/ ee,. Hence, utilizing the chain rule OE(0, t)/0t = (dE(0, t)/dw)(dw/dt),
noting that J.(0,t) =0 and dE(0, t)/dw = ep(w)/ €€, the total current density Eq. (4) simplifies to
OE(0,t) dw €A

o M=, ©)

] = €&

where A = d—‘:. As expected, at slow pulses, the transient current density becomes directly proportional to the
depletion-layer capacitance C,, = e¢,/w,also for the case of an arbitrary carrier profile. Utilizing the last equality in Eq.
(9), the charge-carrier density profile p(w) can be furthermore related to w as e¢y/ep(w) = wdw/dV = d [w?/2]/dV.

Noting that
!
w = ECQA = [i] d
J Jo (10)
it then follows that
2 d T 2ee)| d T
pon = 2L 2L
ecepA|dV ed” |dV | j, (11)

Here, j) = e,A/d is the geometric capacitive response, corresponding to a fully depleted (undoped) device.
Utilizing Eq. (10) and Eq. (11), the doping-induced carrier profile of the extracted charge carriers can be obtained.
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Figure 2. (a) Simulated doping-CELIV current transients, plotted as (j/j,) 2 vs applied transient voltage, for
Vorr=0, are depicted by the solid colored lines. The analytical approximations of (j/j, )_2 = w?/d* assuming
plx) = Np(x) (Eq. (12) and Eq. (13)) are indicated by dashed lines. (b) The same current transients as in a), but
plotted as (j/j,)* instead. (c) The carrier density profiles, as extracted from the simulated CELIV current
transients in a), using Eq. (11) and Eq. (10) (to obtain p(w) and w, respectively), are depicted by the colored
lines. The corresponding densities of ionized dopants, N,(x), are depicted by the dashed, short-dashed, and
dotted lines for uniform, linear and step profiles, respectively.

Drift-diffusion simulations. In Fig. 2a, simulated CELIV current transients in the capacitive regime are
shown. A previously developed macroscopic drift-diffusion model is used for the simulations”?2. The cur-
rent transients (solid lines), plotted as (j/j,) % vs V(¢), are simulated for three different ionized dopant profiles,
N,(x): uniform, linear, and step profile. In accordance with Eq. (10), we should have (j/j,)~>= w?/d>. Moreover,
under the simplifying approximations that E,, =0 and p(x) = N,(x) for x > w, analytical expressions for the
(quasi-equilibrium) depletion-layer thickness w can be directly obtained by solving Eq. (8). For a linearly chang-
ing profile, Np(x) =ax, one finds

w =73

3ee,
ea VD) + Vil (12)

For a step profile, Nj(x) = N, for 0 <x<d, and N(x) = N,, for d, <x <d, we obtain

2
w = ﬁ[V(l‘) + V], whenw < d,;
eN,

2
2 eN, — N,,|d
€€y V(t) + Vbi + [ P2 pl] 1
\| eN, 2ee,

(13a)

, whenw > d,
(13b)

where N, > N,,,. The case of a uniform profile (N,(x) = N,) corresponds to the case N,= N,,= N, in Eq. (13). The
analytical approximations are depicted by the black dashed lines in Fig. 2a. Comparing the analytical expressions
with the simulated transients in Fig. 2a, nearly perfect agreement is found, confirming that at slow pulses the
CELIV current transients are indeed given by Eq. (9). In the uniform and linear case (Eq. (12)), a straight-forward
analysis can be performed by plotting 1/j% or 1/j° respectively, as a function of applied voltage, which gives a
straight line over the capacitive region of the current transient. From the slope of this line the uniform free carrier
concentration, p=N,, or the gradient, a, of the linear profile can be calculated. The (j/j,) > vs V(¢) plot of the
current transients in Fig. 2a are shown in Fig. 2b.

In Fig. 2¢ the spatial profiles of the extracted carrier density p(w) vs w/d, obtained using Eq. (10) and Eq. (11),
of the simulated transients are depicted, indicated by the colored solid lines. The corresponding N,(w) are indi-
cated by the dashed and dotted black lines. Indeed, for the uniform and the linear doping profiles, the extracted
carrier profiles coincide well with the fixed dopant profile. This also justifies the approximation that p(x) ~ N,(x)
when x > w, assumed in Eq. (3) and Eq. (12). For the step profile, however, we see that a deviation between the
extracted p(w) and N,(w) is found when w is close to d;, where N, is changed abruptly.

To elucidate this behavior, the simulated current transients for the case with a step profile with different N,
keeping N,; =2 x 10?m > fixed, are shown in Fig. 3a. It is seen from Fig. 3a that the deviation (from Eq. (13)),
which occurs when w is close to d, becomes more visible at larger dopant concentrations N,,. This is simply due
to the fact that at larger carrier density, a larger voltage V is required to increase the depletion region (since
dw?1dV o 1/p). To determine the origin of the deviation, the actual quasi-equilibrium hole densities p(x), evalu-
ated at V= —V,, and depicted for N,,=2N,,; and N,,,= 10N, are simulated in Fig. 3b. It is seen that a significant
portion of the free carriers have diffused from the high-dopant region to the low-dopant region due to the abrupt
change in the doping profile, leading to p(x) = N,(x) in the region close to x=d,. The characteristic decay length
of this carrier diffusion is given by the Debye length L, = /ee,kT/(e?p) > here, a free-carrier concentration

of p = 2x10*m> corresponds to L, ~ 15 nm. When comparing the carrier-density profile p(w) of extracted
carrier density, as obtained from the current transients, with the actual quasi-equilibrium hole density p(x), a
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Figure 3. (a) Simulated capacitive CELIV current transients for a device with a step profile with different steps
where N(x) = N, for 0 <x<d,, N(x) = N,, for d, <x<d, where d, =250 nm and N, =2 x 102m3, (b) The
carrler-(f ns1ty proﬁles as extracted from the CELIV current transients, using Eq. (11) and Eq. (10), are depicted
by the colored lines. For comparison, the actual quasi-equilibrium hole densities p(x), simulated at V= -V,
are depicted by the dashed lines; the corresponding input concentration of ionized dopants N,,(x) is indicated by
the thin black lines.

ITO ITO

Glass Glass

Figure 4. Schematic picture of the device structure of (a) vacuum-evaporated thin film devices with a BF-DPB
active layer doped with Cy\F¢, forming a step wise distribution, and (b) solution-processed polymer thin film
devices with a P3HT active layer doped with Mo(tfd-CO,Me);.

good agreement is indeed found in Fig. 3b. We note that small deviations are, however, present close to x=4d.
These deviations are expected due to the depletion-edge approximation made in Eq. (6). While the depletion-edge
approximation provides accurate carrier profiles for smooth profiles (such as the uniform and the linear one),
deviations are obtained for highly non-uniform profiles?®?’. As these deviations are relatively small, however, Eq.
(9) still provides a good approximation of the extracted carrier profile for steep profiles.

Experimental determination of doping profiles. The doping-CELIV profile method is demon-
strated experimentally on vacuum-evaporated thin films with a controlled, step-wise distribution of dopants,
and on solution-processed polymer thin films where any profile is unintentional. In the vacuum-evaporated
thin films N,N’-Bis(9,9-dimethyl-fluoren-2-yl)-N,N’-diphenyl-benzidine (BF-DPB) is used as the host mate-
rial and CgyF¢ is used as dopant, these materials have been previously used in thermoelectric devices and in
hole-transporting layers for OLEDs*" %%, The devices consist of a 70 nm thick layer with varying dopant to host
weight ratios (0.4 to 10 weight %) and a 40 nm thick lightly doped layer (0.2 weight %) on top; ITO and LiF/Al
are used as bottom anode and top cathode, respectively, see Fig. 4a for a schematic of the device structure. In the
solution-processed thin films a 300 nm thick layer of the conjugated polymer poly(3-hexylthiophene) (P3HT)
doped with the soluble p-dopant molybdenum tris[1-(methoxycarbonyl)—2-(trifluoromethyl)-ethane-1,2-dith-
iolene] (Mo(tfd-CO,Me);) has been tested. Devices with ITO as the bottom anode and Al as the top cathode
were made. The device structure is shown in Fig. 4b. To check that the applied voltage pulses are slow enough
we performed measurements with varying A and plotted the extraction current normalized to j, as function of
voltage (see Supplementary Information Figure S1). The transients overlap when the pulses are slow enough.

SCIENTIFICREPORTS |7: 5397 | DOI:10.1038/s41598-017-05499-3 5


http://S1

www.nature.com/scientificreports/

0.32 2.5x10*
O 04wt
0281 O 1wt%
| ) A 2wt%  -2.0x10*
0.24 | | O 4wt%
5 0.20 11.5x10% &=
>
< o046} £
= " Q
012k =41.0x10
0.08 | 11///@@}‘\%{?‘
. o) % o
- PR \/4/2’.Ljé/é{{é@&klll{ﬁ’!I!'L 15.0x10%
004} .7 co N =420 m® €
o - - N =2410*m®
0.00 . 1 1 L P L L 1 L 1 0.0
2 -1 0 1 2 30 35 40 45 50
Applied Voltage [V] w [nm]

Figure 5. (a) Capacitive extraction current transients of BF-DPB:C¢F;4 devices with two layers of different
dopant concentrations; in the lower doped layer (d =40 nm) the C4F;4 to BF-DPB weight ratio is 0.2%
(corresponding to molar ratio of 0.001) in the more heavily doped layer (d =70nm) the dopant concentration
is varied from 0.4 wt% to 10 wt% (corresponding to molar ratios of 0.002 and 0.057). In (b) the charge-carrier
profiles (as determined by Eq. (11)) of four devices with different dopant concentration in the highly doped
layer are shown.

Dopant to host wt % | Dopant conc. [m~%] | Free carrier conc. [m—3] | Doping efficiency [%]
0.2 1x10* 4.2 x10% 42%
0.4 2.1x10%* 6.0 x10% 29%
1.0 5.2 x 10 1.0 x 10* 19%
2.0 1.1x10% N/A N/A
4.0 2.1 x10% N/A N/A
10.0 5.7 x 10% N/A N/A

Table 1. The dopant to host weight % (wt %), dopant concentration, measured free-carrier concentration, and
doping efficiency of the doped layers used.

Furthermore we performed measurements on undoped samples to show that the results for the doped samples
are not affected by band-bending (see Supplementary Information Figure S2).

Figure 5a shows the inverse square of the extraction currents for vacuum evaporated thin film devices with
different dopant concentrations in the highly doped layer. A clear “knee” can be seen at around —0.3 V in the
plots for all devices, corresponding to the depletion region crossing over from the lower doped to the higher
doped layer. For voltages below —0.3 V the slopes are more-or-less the same in all devices; the magenta dotted
line is a guide to the eye corresponding to a free-carrier concentration of 4.2 x 102 m~>. This would correspond
to a doping efficiency of 42% in the lightly doped layer. The slopes for voltages more positive than —0.3V are seen
to decrease for increasing dopant concentrations, as expected, the wine-colored dashed line is a guide to the eye
corresponding to a free-carrier concentration of 2.4 X 10**m™3. We note that the charge-carrier mobility in this
system is rather low, and appears to be highly dispersive, which results in a broad transport-dominated region in
the beginning of the extraction-current transient.

In Fig. 5b the free-carrier concentrations (determined from Eq. (11)) as a function of w (determined from Eq.
(10)) of devices with four different dopant concentrations in the highly doped layer, are shown. In the 1 wt % case
it can be seen that the free-carrier concentration starts to increase when w > 35 nm, going from 5 x 10 m~ and
appears to saturate at ca. 10**m ™3 for w =45 nm. The reason why the transition occurs over ~ 10 nm is partly due
to the fact that the interface between the two layers is not completely flat, but the dominant reason is the diffusion
of free holes from the heavily doped to the lightly doped layer, as seen also in Fig. 3. The doping efficiency in the
1 wt % layer can then be estimated to 19%, which is slightly lower than in the 0.2 wt % case. For comparison, the
free-carrier concentration in the 0.4 wt % layer is 6 x 102 m~3 (as estimated from Figure 5b) corresponding to
a doping efficiency of 29%. In the 2 and 4 wt% cases, no clear saturation is seen in Fig. 5b; the free-carrier con-
centration and thus the doping efficiency cannot be reliably estimated. The free-carrier concentration in the low
doped layer is estimated at 4.2 x 10* m~ from Fig. 5b (for w < 30 nm). The measured free-carrier concentrations
and doping efficiencies (where available) as well as the molecular ratios and concentration of dopants for all the
different vacuum-evaporated layers are shown in Table 1.

Experimentally it is challenging, or impossible, to obtain the full carrier profile of the organic semiconductor
layer stack. Due to charge injection at large offset voltages and limitations due to charge transport, it is not possi-
ble to obtain a capacitive extraction current for very small depletion-region widths. Furthermore, at large applied
extraction voltages the conduction term in Eq. (4) will become significant which renders the profile method unre-
liable. In Fig. 5 the layer thicknesses and experimental parameters are chosen so that the measurement will be
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Figure 6. Capacitive extraction-current transients of P3HT devices is plotted as (a) (j/j) > and (b) (j/j,) = vs
applied voltage, for 0.2 wt % and 0.4 wt % dopants, where d = 300 nm. In this case the carrier profile is linearly
increasing and a linear dependence can be seen in (b) in accordance with Eq. (12). The red lines in (a and b)
are guides to the eye representing a straight line. In (c) the corresponding charge carrier profile is shown as a
function of the depletion layer width.

most reliable when the depletion region crosses over from the lightly doped to the heavily doped layer. However,
it is possible that the free-carrier concentration in the lightly doped layer is overestimated and correspondingly
underestimated in the heavily doped layer due to diffusion of free holes. However, in general, the measured dop-
ing profiles correspond rather well with the a priori known dopant profile, which gives confidence in the method.

In the following section we apply the doping-profile method to solution-processed thin film devices. The ITO/
P3HT/Al device structure is illustrated in Fig. 4b. Layers of P3HT doped with Mo(tfd-CO,Me), have previously
been demonstrated to function as hole-transport layers, where the doped layers were characterized by UPS and
conductivity measurements®. Extensive diffusion of this dopant between doped and undoped layers of P3HT has
been identified via secondary ion mass spectrometry". In our case a single doped layer is measured in order to
demonstrate the usefulness of the presented method for achieving the doping-induced carrier profile. The dopant
has been mixed in solution with P3HT prior to spin-coating a 300 nm thick active layer. Current transients of
devices with 0.2 wt % and 0.4 wt % dopants is plotted as (j/j,) 2 and (j/j,) > as a function of the applied voltage in
Fig. 6a and b respectively. The measured carrier profiles are plotted in Fig. 6¢ and are increasing towards the bot-
tom anode both for 0.2 wt % and 0.4 wt %. The profile can be approximated as linearly increasing in the measured
region and in Fig. 6b a linear dependence of (j/jy)~* vs applied voltage can be seen as predicted for a linear profile
by Eq. (12). This unintentionally non-uniform profile is most likely an effect originating from the active-layer
morphology. Assuming the same profile for higher concentrations when used as a hole-transport layer, the conse-
quences are not necessarily detrimental. By making a linear fit to the carrier profiles a slope of 2.1 x 102 m nm™!
and 6.5 X 10* m~>nm™" for 0.2 wt % and 0.4 wt % respectively is obtained. For thin hole-transport layers this kind
of moderately non-uniform carrier profile is unlikely to affect the contact properties negatively.

Assuming that the dopant molecules follow the same linear distribution as the measured free-carrier concen-
tration throughout the active layer, doping efficiency can be estimated to 10.7% and 14.0% for 0.2 wt % and 0.4 wt
% dopants respectively. These doping efficiencies can only be considered as indicative of the actual values at these
concentrations; since the distribution of free charge carriers is measured only in roughly 20 nm of the 300 nm
thick active layer, assumptions of the complete profile is challenging to make.

In all the devices measured here p-dopants have been used, therefore it is clear that the depletion region will
be adjacent to the cathode. If the method is applied to a device where the origin of the doping is unknown, it
is not necessarily possible to say whether the depletion region will be at the anode (n-doping) or the cathode
(p-doping). This is particularly the case in donor-acceptor blends, where p-doping (of the donor) is as likely to
occur as n-doping (of the acceptor). However, we argue that obtaining the shape of the doping profile can be a
valuable tool in trying to determine the source of the doping.

Conclusions

We have presented an in-device method to measure arbitrary doping-induced charge-carrier profiles in low and
moderately doped semiconductors by extending the doping-CELIV theory. In addition to the analytical descrip-
tion for extracting arbitrary charge-carrier profiles, the capacitive extraction currents for step and linear profiles
have been derived, and the theory has been verified by drift-diffusion simulations. Furthermore, the method
has been demonstrated experimentally on organic small-molecule thin films with controlled concentrations of
dopants following a step profile, and on solution-processed thin films where an unintentional doping profile,
with carrier concentration linearly increasing towards the bottom anode, can be seen in the measured region of
the active layer. The method can be used to determine arbitrary charge carrier profiles of lightly and moderately
doped semiconductor thin films, also in bulk heterojunctions. However, due to diffusion of charges from highly
doped to lightly doped regions, abrupt changes in the doping profile will be smoothed out in the profile obtained
by the measurement.

Experimental Section

Small molecules thin films devices were thermally evaporated at ultra-high vacuum (base pressure < 10~ mbar)
onto a glass substrate with a pre-structured ITO contact (Thin Film Devices, USA). The active layer comprises
70 nm of N,N’-bis(9,9-dimethyl-fluoren-2-yl)-N,N’-diphenyl-benzidine (BF-DPB) (Synthon Chemicals GmbH,
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Germany) as host material doped with CgF;¢ (Ionic Liquids Technologie GmbH, Germany) in varying dopant
to host weight ratios (0.4 to 10 weight %). Afterwards, a 40 nm thick lightly doped layer (0.2 weight %) was
evaporated. The devices are completed with 2 nm LiF and 100nm Al as top cathode. The devices are defined by
the geometrical overlap of the bottom and the top contact with an active area of 6.44 mm?. To avoid exposure to
ambient conditions, the organic part of the device is covered by a small glass substrate, glued on top.

Solution-processed samples were prepared using ITO covered borosilicate glass (from Prazisions Glas &
Optik GmbH) as substrate. Half of the substrate was etched with concentrated aqueous HCI (37-38%) for roughly
40 min. The substrates were subsequently cleaned in a 1:1:5 blend of H202, NH3, and water in an ultrasonicator
at 70 °C for 30 min. Solutions of the p-dopant, Mo(tfd-CO,Me),’, and P3HT (from Sigma-Aldrich) were prepared
in chlorobenzene and mixed at 0.2 and 0.4 weight % dopants. The 300 nm thick P3HT films were spin-cast from
adoped 25 mg/ml solution. The films were annealed at 120 °C for 10 min. A 60 nm thick layer of Al was thermally
evaporated as a top cathode with approximately 4 mm? overlap with the ITO bottom anode. Spin-coating, anneal-
ing and thermal evaporation was carried out in a nitrogen glovebox. The active layer thicknesses were determined
using atomic force microscopy. CELIV measurements were performed as reported earlier* .

Data Availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.
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