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Permanent Electrochemical Doping of Quantum Dots

and Semiconductor Polymers

Solrun Gudjonsdottir and Arjan J. Houtepen®

Arguably the most controllable way to control the charge density in various
semiconductors, is by electrochemical doping. However, electrochemically
injected charges usually disappear within minutes to hours, which is why this
technique is not yet used to make semiconductor devices. In this manuscript,
electrochemical doping of different semiconductor films (ZnO Quantum Dots
(QDs), PbS QDs, and P3DT) is investigated in various high melting-point
nitrile-based solvents. It is shown that by charging the semiconductors at
elevated temperatures, then cooling down to room temperature where these
solvents are frozen, the doping stability increases immensely. Measurements
performed in cyanoacetamide show that ion transport is entirely halted at
room temperature, and that the n-type conductivity is stable for days, and
only drops marginally (=10%) in several weeks. For p-doped P3DT films,

the conductivity is even completely stable during the entire 76 days of the
measurement. In an ambient atmosphere, the p-type doping is stable,

while the n-type doping disappears in several hours, as electrons react

with molecular oxygen. Finally, a pn-junction diode made of a PbS QD film

is demonstrated. These results highlight the possibility of using solidified
electrolytes for electrochemical doping and for obtaining semiconductor

are, in principle, various ways to dope
the abovementioned semiconductors, e.g.
via impurity doping, or photodoping,!
although these methods are often faced
with difficulties in controlling the charge
density and the stability of the charge
density.16”]

Arguably, the most controllable way
of doping films of semiconductor QDs
or organic semiconductors is via elec-
trochemical doping. In this approach a
semiconductor film is deposited on the
working electrode (WE), and a poten-
tial is applied versus the reference elec-
trode (RE) in an electrochemical cell. By
changing the potential of the WE toward
more negative potentials, electrons can
be injected into the conduction band of
the material (Figure 1a). In contrast, by
applying more positive potentials, elec-
trons can be extracted from the valence
band. Therefore, the desired charge car-

devices wherein the doping density is controlled electrochemically.

1. Introduction

Over the last decades, various promising semiconductor mate-
rials have emerged, including colloidal quantum dots (QDs)
and organic semiconductors. These semiconductors are known
for their facile and cheap solution synthesis and their tunable
optoelectronic properties.'?l Therefore, they are promising
for, and indeed already used in, various semiconductor devices
such as LEDs, light emitting electrochemical cells (LECs), lasers
and solar cells.’¥3] In order to use semiconductors in various
devices, control over the charge carrier density is critical. There
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rier density can be obtained by control-
ling the applied potential.®! Essential for
efficient electrochemical doping is that
counterions are able to permeate the sem-
iconductor films to provide charge neutrality. For films of QDs,
fullerenes and organic semiconductors this is typically the
case, so that electrochemical doping is a practical and generic
method for all of them.

Unfortunately, it is usually observed that the injected charge
density is not stable: when the electrochemical cell is discon-
nected from the potentiostat the semiconductor film discharges
spontaneously, as is depicted in Figure 1b. The main reasons
for this self-discharge are intrinsic electrochemical reactions
and redox reactions with impurities, typically oxygen or water.%]
Thus, in order to stabilize the doping density, the diffusion of the
electrolyte ions and impurities should be minimized.

Electrochemically injected charges can be stabilized by freezing
the electrolyte solvent (Figure 1c,d). Guyot-Sionnest et al. and
Houtepen et al. showed stable electrochemically doped semi-
conductor films at cryogenic temperatures.!! These films were
stable for days, but as soon as the temperature was increased the
injected charge left the films. The same trend was observed by
Heeger et al. for light emitting electrochemical cells (LECs), where
the LECs were only stable at 200 K or lower.?"?l Clearly, it is not
suitable to keep the films at cryogenic temperatures if they are to
be used as semiconductor devices. Lately, extensive research has
been going on to stabilize LECs at room temperature. While these
measures increased the doping stability, unfortunately, none of
them produced stable LECs at room temperature.[!’]

(1of 11) © 2020 The Authors. Published by Wiley-VCH GmbH
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Electrochemical doping

Figure 1. Electrochemical doping of semiconductor films by freezing the electrolyte solvent. a) When a negative enough potential is applied to the
working electrode, electron injection takes place. Electrolyte cations diffuse into the voids of the film to neutralize the injected charge. b) When a doped
semiconductor film is disconnected from the potentiostat, injected charges disappear. c) By freezing the electrolyte solvent before the potentiostat is
disconnected, the doping stability is retained. d) Electrochemical measurement performed at low temperature on a hot/cold plate. e) Semiconductor

films used in this study: ZnO NCs, P3DT, and PbS NCs.

In a previous study, we investigated electrolyte solvents
with melting points above room temperature.' Various
semiconductor films were charged at elevated temperature where
the electrolyte solvent was liquid, and their doping stability was
measured at lower temperatures. Surprisingly, the solvent with
the highest melting point (mp), dimethyl sulfone (mp: 109 °C),
did not show the best stability at room temperature. A probable
explanation for this is that other factors than the melting point
play a role. For example the impurity concentration, the electro-
chemical stability of the solvent and how well it can crystallize
at room temperature inside and on top of a semiconductor film.

Although the room temperature stability was increased greatly
in our previous study, no solvent showed a truly stable electro-
chemical doped film at room temperature. However, by using
succinonitrile (mp: 57 °C) as the electrolyte solvent, a fully stable
electrochemically doped ZnO QD film was achieved at —75 °C.
This suggests that a high melting point reduction occurs inside
the semiconductor films, and only at =75 °C electrolyte ions and
impurities have become immobile. It appears that succinonitrile
is a suitable solvent for electrochemical doping, with low impuri-
ties content and high intrinsic electrochemical stability, however
its melting point is too low for stable doping at room tempera-
ture. Taking inspiration from these results we have searched for
chemically similar nitrile solvents with higher melting points.

In most cases the melting point of a molecule can be
increased Dby increasing the molecular weight, adding aroma-
ticity (to enhance the crystallinity in the solid state) or hydrogen
bond forming groups such as alcohols. In this paper we
investigate three different semiconductor films (ZnO NCs,
PbS NCs, and P3DT, Figure le) and four different nitriles
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with high melting points: trans-3-hexenedinitrile (mp: 76 °C),
cyanoacetamide (mp: 120 °C), 1,2-dicyanobenzene (mp: 138 °C)
and 1,3-dicyanobenzene (mp: 164 °C). We start by determining
the electrochemical stability window of the solvents. Thereafter,
we perform electrochemical doping and stability measurements
on ZnO QD films. All solvents except trans-3-hexenedinitrile,
show no charge injection at room temperature, which means
that ion diffusion essentially does not happen. At tempera-
tures above the mp, all solvents can be used to charge the ZnO
QD films with electrons. When cooling down after charging,
the n-doping of the films is retained. However, we observe a
clear correlation between the stability of the electron density
and the cathodic stability limit of the solvent. This shows that
reduction of the solvent is an important factor in the charge
stability of electrochemically doped films. Additionally, if
the melting point of the solvent is not high enough, as is the
case for trans-3-hexenedinitrile, the electron density gradually
decreases. Of the solvents used, the stability of the doping den-
sity at RT was best for cyanoacetamide, in line with its superior
cathodic stability. Therefore this solvent was chosen for a more
in-depth analysis of the RT doping stability in ZnO QD films.
From an electrochemical analysis it is determined that at
140 °C, when cyanoacetamide is liquid, the diffusion coefficient
of the Li ions is found to be =107 ¢cm? s7}, while it drops to
=107 cm? s7! at RT. This means that it would take a cation
more than 300 000 years to diffuse through the 1 um thick
ZnO QD film. Clearly, from an ion diffusion perspective the
doping should be stable. Long-term conductivity measurements
on doped ZnO QD films show that the electron density is fully
stable over 20 hours. On much longer time scales there is a

© 2020 The Authors. Published by Wiley-VCH GmbH
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slow but noticeable decrease in the conductivity; after 10 days,
80% of the initial conductivity is retained, if the sample is
stored in an inert atmosphere glovebox.

Given the very low diffusion coefficient of the ions, the
observed drop in conductivity is likely cause by electrochemi-
cally active impurities (most likely oxygen). As solid cyanoaceta-
mide is amorphous, it is possible for oxygen to penetrate the
cyanoacetamide layer and react with injected electrons in the
ZnO QD film. Indeed, taking a doped ZnO QD film out of
the glovebox and exposing it to air causes the conductivity to
drop to almost zero in about two hours. However, by placing
a blocking layer such as PMMA on the film, the doping sta-
bility in air is increased greatly. This method does not only
work for ZnO QDs but also for PbS QD films and P3DT films
(poly(3-decylthiophene-2,5-diyl)). For n-doped PbS QD films,
the RT conductivity is entirely stable for over 5 days. However,
as for the ZnO QD film the electrons gradually leave the film
and after 40 days almost 10% of the injected charge has left the
film. Interestingly, for p-doped P3DT films the conductivity
decays only by 2% over the span of over 76 days. Additionally,
when the film is taken out of the glovebox, the conductivity
is not affected at all. This is most likely because oxygen is the
main impurity responsible for the instability of n-doped films,
whereas the stability of p-doped films is not affected by oxygen,
but typically by water. Finally, this approach was used to form
a pn-junction diode constructed of PbS QDs. This shows the
promise for electrochemically doped semiconductor films.

2. Results and Discussion

Our previous results showed that succinonitrile, despite a melting
point of the pure solvent of 57 °C, was not fully crystallized at

RT when used as an electrolyte solvent to dope ZnO QD films.
Table 1 shows the four different nitrile solvents investigated in
this work with their melting points. Compared to succinonitrile,
trans-3-hexenedinitrile has a longer carbon chain, cyanoaceta-
mide can form hydrogen bonds and both 1,2-dicyanobenzene and
1,3-dicyanobenzene are aromatic molecules which are expected
to demonstrate increased crystallinity when solid. The melting
points of these solvents range from 74 to 165 °C.

In addition to having a high melting point the solvents need
to be electrochemically stable at the potentials used for electro-
chemical doping. By adding functional groups such as a benzene
or an amine group, the electrochemical stability of the solvent
might differ greatly. The electrochemical potential window of the
four high melting point nitriles has been determined by cyclic
voltammetry (CV) on blank Au electrodes with a scan rate of
50 mV s7, as illustrated in Figure 2. Both LiClO, and TBAPF,
were used as supporting electrolyte. We use a, somewhat arbi-
trary, cutoff current density of 20 UA cm™ to determine the
cathodic and anodic stability limits. The resulting limits are
shown in Table 1. We find that trans-3-hexenedinitrile is most
stable both cathodically and anodically (-1.39 and +1.16 V vs
Fc/Fc*). In Figure 2a the oxidation peaks on the reverse scan
between 0 and 0.5 V versus Fc/Fct are connected to the reduc-
tion of the solvent at around —1.5 V versus Fc/Fc*. Therefore,
the anodic limit is determined from Figure S1 in the Supporting
Information, where a smaller cathodic range was scanned so
that no solvent reduction occurred. The electrochemical potential
window of the other three solvents is considerably narrower. Of
these solvents cyanoacetamide and 1,2-dicyanobenzene are more
stable at negative potentials (vs Fc/Fc*), while 1,3-dicyanobenzene
is more stable at positive potentials (vs Fc/Fc*). At last, the effect
of different electrolyte salts is small, although LiClO, seems to
yield a somewhat better stability than TBAPFg.

Table 1. Melting points and electrochemical potential windows for different nitriles. Either LiCIO, or TBAPFg was used as supporting electrolyte.
20 A cm~2 was chosen as the cutoff current density for the potential window.

Solvent Melting Chemical Structure Cathodic limit, Anodic limit, Cathodic limit,
point [°C] LiClO4 [V vs Fc/Fc*] LiClO4 [V vs Fc/Fc'] TBAPF¢ [V vs Fc/Fc*]
Trans-3-hexenedinitrile 74-79 _N -1.39 1.16 -
/\N/
N7
Cyanoacetamide 119-121 0 -1.07 0.26 -1.03
N
7
HoN
1,2-dicyanobenzene 137-139 _ N -0.92 0.44 -0.67
©</
\\N
1,3-dicyanobenzene 163-165 N -0.29 1.00 -
# \%N
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Figure 2. Electrochemical potential window measurements in different electrolyte solvents. The CVs are performed with blank Au electrodes in a) trans-
3-hexenedinitrile, b) cyanoacetamide, c) 1,2-dicyanobenzene, d) 1,3-dicyanobenzene. The solvents contain 0.1 m of either LiCIO, (black trace) or TBAPFg
(red trace) and the scan rate is 50 mV s7\. The scan is started around —0.3 V versus Fc/Fc* and is initially scanned in the cathodic direction (indicated

by arrows in the Figure).

To see if these solvents are suitable for electrochemical
doping, we performed electrochemical measurements with
ZnO QD films. This material is selected as it exhibits stable
and reversible electron injection, and furthermore allows mul-
tiple measurements to be performed on the same sample.**"!
Figure 3 shows CVs and Fermi-level stability measurements for
ZnO QD films in 0.1 m LiClOy nitrile solutions. The measure-
ments were performed at two different temperatures, above the
melting point and at room temperature (20 °C).

Figure 3a shows CVs performed in trans-3-hexenedinitrile
at both 100 °C and RT. In the first case, the CV shows clear
charging and discharging of the ZnO QD film similar to
CVs on such films using, e.g., acetonitrile at RT.#44 How-
ever, upon lowering the temperature the current density
decreases drastically. A zoom-in of a CV at room temperature
in trans-3-hexendinitrile is shown in Figure S2 in the Sup-
porting Information. It exhibits a minor, but detectable dif-
ference in current density on the forward and backward scan.
This shows that the movement of electrolyte ions has been
decreased immensely, but that some charging/discharging
still takes place.

Figure 3b shows CVs in cyanoacetamide at both 140 °C and
RT. As for trans-3-hexendinitrile the current decreases drasti-
cally by lowering the temperature. However, a zoom-in of the
CV at room temperature (Figure S3, Supporting Information)
shows no sign of charging/discharging for this solvent. In
fact the CV looks very similar to what is measured when the
potentiostat is disconnected (Figure S4, Supporting Informa-
tion). This means that the electrolyte ions are effectively immo-
bilized in the frozen solvent. Figure 3e,f shows the same trend
for both 1,2-dicyanobenzene and 1,3-dicyanobenze. The magni-
fied versions of the CVs at room temperature are in Figures S5
and S6 in the Supporting Information, and again no charging
currents are seen.

Adv. Funct. Mater. 2020, 2004789
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From the measured current in the CVs at high temperature,
it is possible to calculated the charging ratio between injected
and extracted electrons by the use of Equation (1)

S (I+dE)
~3(1+dE) 0

Nextr

Ninj

where ey, is the number of extracted electrons, ny, is the
number of injected electrons, I is the measured current and
dE is the potential step. We find that in trans-3-hexenedinitrile
88% of injected electrons are extracted. This number is slightly
lower for cyanoacetamide (72%). On the other hand, it drops
to 6% and 0% for 1,2-dicyanobenzene and 1,3-dicyanobenzene,
respectively. These numbers can be related to the electrochem-
ical (in)stability of the solvents shown in Figure 2. At potentials
where electron charging occurs (roughly negative of 0.6 V vs
Fc/Fc*) 1,2-dicyanobenzene and 1,3-dicyanobenzene show non-
negligible cathodic currents. This implies that the solvent can
react with the electrons injected into the ZnO QDs and explains
why they are not extracted.

Figure 3c,d,g,h shows Fermi-level stability measurements for
ZnO QD films in the different nitriles: the films are charged
when the solvent is liquid, then the counter electrode (CE) is dis-
connected so that no more charging or discharging is possible
via the external circuit. If electrons disappear from the ZnO QD
film, the measured potential will decay towards its original open
circuit potential before the film was charged. If no electrons leave
the QDs, the measured potential is stable. For the measurements
at room temperature, the CE was disconnected after room tem-
perature was reached. From these measurements it is clear that
the measured potential decays drastically faster at high tempera-
tures than at RT. As shown in Figure 3c, a small drop in potential
is seen for trans-3-hexenedinitrile over the course of two hours
at RT. This potential decay can be related to the slight charging

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Electrochemical measurements performed with ZnO QD films in different nitrile solvents. CVs are performed with a scan rate of 50 mV s™
performed in a 0.1 m LiClO, a) trans-3-hexenedinitrile solution, b) cyanoacetamide solution, e) 1,2-dicyanobenzene solution, and f) 1,3-dicyanobenzene
solution. Fermi-level stability measurements performed in a 0.1 m LiClO, c) trans-3-hexenedinitrile solution, d) cyanoacetamide solution,
g) 1,2-dicyanobenzene solution, h) 1,3-dicyanobenzene solution. The red traces show measurements performed when the solvent is liquid, while the

blue traces show measurements performed at room temperature.

and discharging current in the CV at room temperature. This
charging current suggests that the solvent is not entirely frozen.
We conjecture that this also allows some diffusion of impurities
such as molecular oxygen, which can react with the injected elec-
trons and lower the potential. On the other hand, the potential in
cyanoacetamide at RT does not decay at all during the two hours
shown (Figure 3d). For 1,2-dicyanobenzene a small drop in the
potential is seen at RT (Figure 3g) while a much faster drop in
potential is seen for 1,3-dicyanobenzene (Figure 3h). As this is in
line with the ratio of the extracted and injected electrons in the
CVs, this potential decay can be related to the limited cathodic
stability of these solvents.

From these experiments it is clear that the solvent sta-
bility plays an equally important role as the melting point in
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producing stable electrochemically doped films at room temper-
ature. To see this even clearer, Figure 4 shows a comparison of
6 different nitriles that were used in our previous study and this
study.’¥ The nitriles are: acetonitrile (ACN, mp: —45 °C), succi-
nonitrile (SuN, mp: 57 °C), trans-3-hexenedintirile (3-HDN, mp:
76 °C), cyanoacetamide (CAA, mp: 120 °C), 1,2-dicyanobenzene
(1,2-DCB, mp: 138 °C) and 1,3-dicyanobenzene (1,3-DCB, mp:
164 °C). In Figure 4 the peak current density at RT and the
change in the potential, AV, observed in Fermi-level stability
measurements over 30 min at RT are shown for the different
solvents. The RT current density and drop in Fermi-level gener-
ally decrease with increasing melting point. However, we do not
observe that the solvents with the highest melting points have
the best Fermi-level stability, since the two solvents with the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Current peak densities (Jp, red circles) and potential decay
over 30 min in Fermi-level stability measurements (AV, blue stars) for
different nitrile solvents at room temperature. Used solvents are: ace-
tonitrile (ACN, mp: —45 °C), succinonitrile (SuN, mp: 57 °C), trans-
3-hexenedintirile (3-HDN, mp: 76 °C), cyanoacetamide (CAA, mp: 120 °C),
1,2-dicyanobenzene (1,2-DCB, mp: 138 °C), and 1,3-dicyanobenzene (1,3-
DCB, mp: 164 °C). The peak current density for both cyanoacetamide
and 1,3-dicyanobenzene is within the noise of the measurements (=1 nA).

highest melting point show (minor) cathodic decomposition at
the potentials used. By taking all these results into account we
conclude that cyanoacetamide is the most promising solvent
for obtaining a stable electrochemically n-doped semiconductor
film at room temperature. Therefore, further measurements
were performed with cyanoacetamide.

Figure 5a shows CVs performed on ZnO QD films in 0.1 m
LiClO, cyanoacetamide solution at temperatures between 140
and 0 °C with a 10 degree interval. Figure 5b shows the peak
current density as a function of temperature. A decrease of 6
orders of magnitude is observed. We have previously shown

that the charging current is limited by cation diffusion.®¥ Thus
the decreasing current density results from a decreasing diffu-
sion coeflicient of the electrolyte cations.

Differential scanning calorimetry measurements indicate that
the electrolyte salt causes a melting point reduction of at most
9 °C. For 0.1 M LiClO, in cyanoacetamide a recrystallization tem-
perature of 75.6 °C was measured (Figures S7-S9, Supporting
Information). Interestingly, no clear phase transition is seen in
Figure 5b at 75 °C. This suggests that the crystallization inside
the pores of the QD film is hindered and occurs over a wide
temperature range. Full crystallization requires temperatures
well below the melting point of the pure solvent.

We calculate the diffusion coefficient from the peak current
density with the Randles-Sevcik equation

nFvD )0'5

where j, is the peak current density, n is the number of elec-
trons, F is the Faradaic current, A is the electrode area, C* is
the concentration of the electrolyte, v is the scan rate, D is the
diffusion coefficient, R is the gas constant and T is the tem-
perature. The diffusion coefficient is plotted on the right axis
in Figure 5b. Values below 80 °C are an approximation of the
diffusion coefficient as no clear charging maxima are seen in
these CVs (Figure S10, Supporting Information). Instead we
used the lowest measured current (at around -1 V vs Fc/Fc*).
At 140 °C the diffusion coefficient of Li* in cyanoacetamide is
=10~ cm? 57}, whereas at RT, it is 12 orders of magnitude lower,
or around 1072! cm? s7.. Considering the latter value, we can
estimate that it would take a Li* ion =101 s (>300 000 years) to
diffuse out of a 1 um thick ZnO QD film.
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Figure 5. Electrochemical measurements for a ZnO QD film in 0.1 m LiClO, cyanoacetamide solution. a) CVs performed between 140 and 0 °C with
10 degrees interval. The scan rate is 50 mV s™. b) The peak current density obtained from the CVs (red circles) and the calculated diffusion coefficient
(blue stars). c) Source—drain electronic conductivity measurements for the ZnO QD film after it has been taken out of the cyanoacetamide solution.
The measurement is carried out at room temperature, so the solution has solidified. The panel includes an inset that shows the measurements on a
longer time scale, the black trace is a guide to the eyes for the decay of the conductivity. d) Electronic conductivity measurements performed both inside
(red trace) and outside (blue trace) of the glovebox on a ZnO QD film measured outside of the electrochemical cell. The panel also shows conductivity
measurements outside of the glovebox where a PMMA layer was added on top of the solid cyanoacetamide (green trace).
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So far, in all the measurements the ZnO QD film has been
submerged in the electrolyte solvent. That is, the film was inside
a metal cell with a block of frozen solvent around it. Clearly, this
configuration is not suitable for use in semiconductor devices.
Therefore we also performed experiments where the film is
removed from the electrolyte solution after electrochemical
doping. The film is charged at 140 °C when the solvent is liquid,
the potentiostat is disconnected and the film is quickly removed
from the cell, causing the temperature to drop and the cyanoacet-
amide to solidify. Since in this case we cannot measure the
potential versus a reference electrode we now use source—drain
electronic conductivity measurements to test the doping stability,
employing a home-built interdigitated electrode (IDE) (Figure 5c,
see an image of the film in Figure S11 in the Supporting Infor-
mation). The advantage of such conductivity measurements is
that they do not require additional electrodes and can be per-
formed on the doped film directly. Since the conductivity ois lin-
early related to the charge density n via ¢ = ney, where u is the
electron mobility, the charge stability can be probed sensitively
by measuring the conductivity. In comparison, the potential in
Fermi-level stability measurements decays logarithmically with
the charge carrier density, as expressed by the Nernst law.

Figure 5c shows that for the first 20 hours the conductivity
does not decrease at all (see a magnified version in Figure S12
in the Supporting Information), in line with the enhanced
Fermi-level stability shown in Figure 3d. However, on much
longer time scales the conductivity starts to gradually decrease
(see inset in Figure 5c): after 10 days around 20% of injected
charge has left the ZnO QD film (see a normalized graph in
Figure S13 in the Supporting Information).

Since the conductivity did not decrease in the beginning of
the measurement, we speculate that this gradual decrease on
longer time scales might be due to molecular oxygen. We have
shown in a previous study the great impact of impurities, such
as oxygen, on the doping stability of ZnO QD films.["! Even
the controlled atmosphere of a nitrogen filled glovebox con-
tains impurities, most notably oxygen, in very low concentra-
tions (the oxygen level of the glovebox used is typically <1 ppm).
Therefore, if the solid cyanoacetamide film does not protect the
ZnO QD film against diffusion of oxygen, given long enough
time oxygen molecules will reach and oxidize the QDs. The dif-
fusion of oxygen in cyanoacetamide is likely influenced by the
fact that cyanoacetamide does not form a smooth consistent
layer when it solidifies. Molecular oxygen has a standard reduc-
tion potential of =~1.2 V versus Fc/Fc*.['*] However, this reac-
tion is often irreversible, meaning that even electrons at less
negative potentials (such as the electrons in the ZnO QDs
which have a potential between —0.6 and —1.2 V versus Fc/Fc*
in this experiment, set by the potential used during charging),
will react with oxygen given long enough time.

In order to see if this is the case, we performed source—drain
electronic conductivity measurements on a ZnO QD film both
inside and outside of the nitrogen filled glove box (Figure 5d).
Inside the glovebox the conductivity is stable in the first
20 hours. When the film is brought outside of the glovebox, the
conductivity drops to intrinsic values in less than two hours.
This shows that even if the cyanoacetamide solvent is frozen
and immobilizes the electrolyte cations, it does not fully protect
the film against oxygen.
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One way of protecting the ZnO QD film against oxygen is to
apply a protective layer on top of the cyanoacetamide solid layer.
Figure 5d shows a measurement for a ZnO QD film in 0.1 M
LiClO, cyanoacetamide solution with a poly(methyl methacrylate)
(PMMA) layer on top of it, measured outside of the glove box. In
this case it takes over 15 hours for the electronic conductivity to
drop, compared to two hours when no PMMA is used. Since
the protection of the film with PMMA has not at all been opti-
mized, this gives hope that much higher stabilities could be
reached. One notable interesting approach would be to use a
thin alumina coating, which can for instance be deposited using
ambient temperature Atomic Layer Deposition.["]

Since cyanoacetamide as a frozen electrolyte solvent works
well to increase the stability of electrochemically doped ZnO
QD films, it is of interest to see if this method can also be
applied to other semiconducting materials. Figure 6 shows
results for both films of PbS QDs and the conductive polymer
P3DT. Films of PbS QDs can be n-doped,!'® while films of
P3DT are easily p-doped electrochemically.**’]

Figure 6a shows CVs for a PbS QD film in cyanoacetamide
at 140 °C and at room temperature. At 140 °C there is a large
current density, corresponding to charging and discharging of
the PbS QDs with electrons. The clear separation between the
reduction peak around —1.0 V and the oxidation peak around
—0.8 V versus Fc/Fc" is only observed when LiClO, is used as
an electrolyte, but not when TBAPF; is used (see Figure S14
in the Supporting Information) and is probably an indication
that Li* intercalation takes place.’] As expected, at room tem-
perature the current density in the CV has decreased drastically
(a magnified version is shown in Figure S15 in the Supporting
Information), as a result of the freezing of the solvent.

A similar trend is seen for P3DT in Figure 6b. At RT only neg-
ligible charging/discharging is observed (see Figure S16 in the
Supporting Information for a zoom in). At 140 °C the CV for
P3DT shows clear hole injection at positive potentials, although
no negative current is obtained in the reverse scan, indicating the
holes are not extracted. If we look at Table 1 the anodic limit for
cyanoacetamide is 0.262 V versus Fc/Fc* and we are scanning
to 0.3 V versus Fc/Fc*. Therefore, we assume that cyanoaceta-
mide partially oxidizes at this positive potential by reacting with
the holes in the P3DT. 1,3-dicyanobenzene might be a better
choice as electrolyte solvent for P3DT. On the other hand, it sim-
plifies the doping process of semiconductor films if both p and
n-type doping can be performed in the same electrolyte solvent.

For both PbS QDs and P3DT we performed source—drain
electronic conductivity measurements in cyanoacetamide at
RT after electrochemical doping at 140 °C. The conductivity
is plotted for the PbS QD film in Figure 6¢ and for the P3DT
film in Figure 6d. Figure 6¢, shows that for the PbS QD film,
the conductivity is constant for over 5 days (see also Figure S17
in the Supporting Information), before it starts to gradually
decrease. After 40 days the conductivity has decreased by 9.6%.
If the film is taken out of the glovebox it is seen that the rest
of the charge leaves the PbS QD film within 2 hours (inset in
Figure 6c¢). This shows that oxidation by molecular oxygen is
responsible for the drop in electron density. As for the ZnO QD
film an additional oxygen blocking layer is needed.

Figure 6d shows the conductivity for a P3DT film. Interest-
ingly, after 76 days of measurements the conductivity has only

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Doping other semiconducting materials in 0.1 m LiClO4 cyanoacetamide. a) CVs for a PbS QD with TBAI as cross-linking ligands film at 140 °C
(red trace) and RT (blue trace), the scan rate is 50 mV s™. b) CVs for a P3DT film at 140 °C (red trace) and RT (blue trace), the scan rate is 50 mV s™".
) Conductivity for a PbS QD film with TBAI as cross-linking ligands measured outside the electrochemical cell at room temperature both before and
after it is taken out of the nitrogen filled glovebox. The black trace is a guide to the eye for the decay of the conductivity. The panel includes an inset
which shows the conductivity in approximately the last two days of measurements. d) Conductivity for a P3DT film measured outside of the electro-
chemical cell at room temperature, both inside and outside of the glovebox. The panel includes an inset which shows the conductivity in approximately
the last two days of measurements. The black trace is a guide to the eye for the decay of the conductivity. When the film is brought out of the cell,

cyanoacetamide solidifies on top of the film.

dropped by 2% (see Supporting Information, Figure S18 in the
Supporting Information for a magnification). Furthermore,
when the film is taken out of the glovebox, the conductivity is
not affected at all (inset in Figure 6d). This shows, that even
if the doping takes place at the edge of the anodic limit for
cyanoacetamide, the frozen solvent is still stable enough to
maintain p-doping of the P3DT film. Additionally, the conduc-
tivity doesn’t decrease gradually over time as for ZnO and PbS
QD films. The main difference between these materials is that
PbS and ZnO QD films are doped n-type while the P3DT film
is doped p-type. Oxidation by molecular oxygen will not occur
at the Fermi-level of the p-doped P3DT, and would not decrease
the hole density even if it did. Rather, the risk is in reduction
by other impurities such as water. As the conductivity does not
decrease when the film is taken out of the glovebox, it shows
that cyanoacetamide is a great diffusion barrier against impuri-
ties that oxidize at these potentials (such as water).

These measurements show that it is possible to obtain
stable electrochemically doped semiconductor films made of
both QDs (PbS and ZnO) and conductive polymers (P3DT)
by the use of cyanoacetamide at room temperature. Unfortu-
nately, the cyanoacetamide doesn’t protect the films against
oxygen in the case for n-type doping, while the p-type doping is
stable. Therefore, it is important to find solvents which recrys-
tallize in such a way that they protect the doped films against
oxygen. Additionally, the electrochemical potential window of
cyanoacetamide is too limited for doping of various semiconduc-
tors. For example, potentials of =~1.7 V versus Fc/Fc* are needed
to n-dope CdSe QDs, and many organic semiconductors need
more positive potentials for p-doping compared to P3DT.3%>0
At last, this new solvent needs a melting point in the range of
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100-200 °C to ensure stable doping at room temperature and that
the films survive. If a solvent will fulfill these three requirements,
it would be ideal for use to gain stable electrochemical doping at
room temperature. To demonstrate that RT frozen solvents can
be used to generate semiconductor devices wherein the doping
is controlled electrochemically we have used this approach to
form pn junction diodes. We have chosen PbS QD films with
1,2-ethanedithiols (EDT) as cross linking ligands to make such
a diode, as the QDs can be doped both n and p-type in the elec-
trochemical stability window of cyanoacetamide (Figure S19,
Supporting Information). Figure 7a shows a schematic of how
the home-built interdigitated gold electrode (IDE) can be used
to make a pn-junction diode (a photograph of the IDE is shown
in Figure S20 in the Supporting Information). The PbS QD film
is deposited on the IDE. If a voltage larger than the bandgap of
the PbS QDs is applied over the two interdigitated electrodes,
this results in n-doping on one electrode and p-doping on the
other. Hence, a dynamic pn junction is formed, similar to what
happens in luminescent electrochemical cells.l'”) However, by
removing the film from the hot cyanoacetamide solution and
allowing the solvent to solidify, the dynamic pn junction trans-
forms into a static pn junction and a stable diode should form.
Figure 7b shows two IV measurement (see Experimental
Methods) for PbS QD films performed in 0.1 M LiClO,
cyanoacetamide at room temperature. In the first measure-
ment the sample is uncharged (no bias is applied between
the two working electrodes), and a symmetric curve is seen,
as expected. However, by applying a 1.4V bias (more than the
1 eV bandgap of the PbS QDs) between the two interdigitated
electrodes a strongly asymmetric IV curve is obtained. This
diode-like curve demonstrates that the pn junction is indeed

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. PbS QD films diode measurements. a) A schematic of a home-b
electrodes are used for the formation of a pn-junction diode by doping a p
p-type with second working electrode. b) Diode measurements for a PbS
room temperature. The panel includes an uncharged film (0 V bias appli
between the two working electrodes (red trace). A magnification of the u

formed. The application of a large bias does not destroy the pn
junction since ions can no longer move in the frozen solvent.
The obtained ratio of the current at forward bias compared
to reversed bias is between 10 and 40 for multiple samples.
This shows that a diode is formed, albeit there is room for
improvement.

3. Conclusion

In summary, we have investigated different nitriles with high
melting points as electrochemical solvents, to obtain stable
electrochemically doped semiconductor films at room tempera-
ture. We showed that the stability of n-doping in ZnO QD films
is related to both the electrochemical stability windows and the
melting point of the solvents. In the end both the melting point
and the solvent stability determine the suitability of the solvent
for a stable doping by room temperature freezing. The best
results for ZnO QD films were obtained with cyanoacetamide,
as the electrolyte ions are completely immobilized at room
temperature. Conductivity measurements of ZnO QD films
charged in cyanoacetamide showed that the doping density is
completely stable over 20 hours at room temperature. At longer
timescales the conductivity starts to gradually decrease, and
after 10 days around 20% of the injected electrons have left the
ZnO QD film. This decrease is likely due to oxidation by mole-
cular oxygen that penetrates the frozen cyanoacetamide. At last,
we performed electrochemical measurements in cyanoaceta-
mide for two other semiconductors, PbS QDs and the conduc-
tive polymer P3DT. The n-doped PbS QD film was stable for
over 5 days, but after 40 days, around 10% of the injected elec-
trons had disappeared. On the other hand, the p-doped P3DT
film was stable over the full 76 days of the measurement (con-
ductivity decreased by only 2%). Finally we demonstrate a pn-
junction diode made of a PbS QD film wherein the p and n
regions were formed electrochemically in cyanoacetamide at
elevated temperature and were stabilized by cooling to room
temperature. These results show that electrochemical doping
combined with room temperature freezing of the solvent is a
promising method to prepare permanently doped semicon-
ductor thin films, composed of for instance colloidal QDs or
organic semiconductors.
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uilt interdigitated electrode (IDE) containing a PbS QD film. The interdigitated
art of the sample n-type with one working electrode and the rest of the sample
QD film with EDT as a cross-linking ligand in 0.1 m LiCIO, cyanoacetamide at
ed over the film, black trace) and a measurement where 1.4V bias is applied
ncharged measurements is an inset.

4. Experimental Section

Materials: Zinc acetate dihydrate (Zn(CH3COO),2H,0 reagent
grade), potassium hydroxide (KOH pellets), cadmium oxide (CdO,
99.999%), oleic acid (OA, 90%), l-octadecene (ODE, 90%), sulfur
powder (S, 99.99%), oleylamine (OLA, 70%), lead chloride (PbCl,,
99.999%), poly(3-decylthiophene-2,5-diyl) (P3DT), indium-doped tin
oxide substrates (ITO, PGO Germany), lithium perchlorate (LiClO,,
99.99%), tetrabutyalammonium hexafluororphosphate (TBAPFg, 98%),
tetrabutylammonium iodide (TBAI, 299%), 1,2-ethanedithiol (EDT,
298%), poly(methyl methacrylate) (PMMA), ferrocene (Fc, 98%), trans-
3-hexendinitrile  (97%), cyanoacetamide (99%), 1,2-dicyanobenzene
(98%), 1,3-dicyanobenzene (98%), anhydrous solvents (acetonitrile,
99.99%, methanol, 99.8%, ethanol (maximum 0.01% H,0), hexane, 95%,
chloroform, 99+%) were all purchased from Sigma-Aldrich unless stated
otherwise. Acetonitrile was dried before use in an Innovative Technology
PureSolv Micro column. All other chemicals were used as received.

ZnO Synthesis: ZnO synthesis was performed in air as previously
described.Bd Zinc acetate dihydrate (3.425 mmol) were dissolved in
ethanol (50 mL) at 60 °C in an Erlenmeyer flask. In a separate vial, KOH
(6.25 mmol) was dissolved in methanol (5 mL), and added dropwise to
the stirred Zinc mixture. After a wait of 1 to 2 min the ZnO QDs were
removed from the heat source and washed by addition of toluene. The
flocculates were isolated by centrifugation at 2000 rpm for 1 min and
redissolved in ethanol. The mixture was kept in a freezer at =20 °C to
avoid further growth.

PbS Synthesis: PbS QDs were synthesized following the procedure of
Zhang et. al?2 where CdS QDs were initially synthesized and PbS QDs
were formed by Pb for Cd cation exchange.

CdS QDs were synthesized by initially heating a mixture of CdO
(1 mmol, 0.128 g), OA (3 mmol, 0.942 g) and ODE (15 g) for 20 min at
260 °C, then the temperature was set to 250 °C. The sulfur precursor
was made by dissolving S powder in ODE (0.5 m) at 130 °C. T mL of
the sulfur precursor was injected into the Cd precursor at 250 °C,
the solution was maintained at 240 °C. After about 13 min additional
sulfur precursor was added to the solution drop wise until the desired
size was reached. The CdS QD solution was washed twice with hexane
and ethanol and centrifuged at 7500 rpm for 5 min. The CdS QDs were
redissolved in ODE.

For the PbS QDs, PbCl, (1.5 mmol) was dissolved in OLA (5 mL)
at 140 °C for 30 min until a white turbid solution was formed. The
solution was heated to 190 °C and 1 mL of the CdS QDs was injected
swiftly. The solution was quenched with a water bath 20 s later. At 70 °C
5 mL of hexane were added and at 40 °C 4 mL of OA were added. The
solution was washed 3 times with hexane and ethanol and centrifuged at
7500 rpm for 5 min. The PbS QDs were redissolved in hexane.

Film Preparation: All films were deposited on two different working
electrodes (WE). The former one was an ITO electrode while the second
one was a home-built interdigitated gold electrode (IDE) (see Figure S20
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in the Supporting Information). The ZnO quantum dot films were drop-
casted on top of the substrate in air and annealed at 60 °C for an hour.

The PbS quantum dot films were made by dip-coating, either by using
TBAI or 1,2-ethanedithiol (EDT) as cross-linking ligands.

Film Preparation—TBAI: Initially the substrate was dipped in the
quantum dot solution, followed by dipping the substrate in methanol
containing TBAI (11 mg mL™). The substrate was kept in the solution for
around 30 s before being washed in a methanol solution for about 10 s.

Film Preparation—EDT: Initially the substrate was dipped in
the quantum dot solution, followed by dipping the substrate in
1% 1073 M EDT in acetonitrile. Thereafter, the substrate was washed in an
acetonitrile solution for about 10 s.

For the P3DT films, 10 mg mL™" of P3DT were dissolved in
1,2-dichlorobenzen. The solution was spin coated on the substrate for
60 s at 3000 RPM, with a ramp of 1000 RPM s7.

When PMMA was used as a protective layer, the PMMA solution
(5 w% in chloroform) was drop casted on top of the film. This process
was repeated several times.

Electrochemical Measurements: All electrochemical measurements
were performed in a nitrogen filled glovebox (moisture < 0.05 ppm and
O, level < 0.1 ppm) unless stated otherwise. The measurements were
performed either with an Autolab PGSTAT128N or Autolab PGSTAT204
potentiostat in a three electrode electrochemical cell. The working
electrode (WE) was either ITO or a gold IDE, the counter electrode
(CE) was a platinum sheet and the reference electrode (RE) was a Ag
pseudoreference electrode. The reference electrode was calibrated with
the ferrocene/ferrocenium (Fc/Fc*) couple before every measurements,
and all potentials were given versus the Fc/Fc* couple.

Source—Drain Electronic Conductivity Measurements: The source—drain
electronic conductivity measurements were performed as previously
described with the homemade IDE.['%! Initially, the semiconductor film
was charged by the use of a potentiostat. After a desired doping density
was reached, the sample was disconnected from the potentiostat and
the source—drain electronic conductance was measured with a Keithly
2400 source meter. After the potentiostat was disconnected, charges
could no longer be injected into the semiconductor. The used source—
drain potential was 10 mV.

From the measured conductance, the conductivity ©, can be
calculated with Equation (3)

GXx
o=Txh ®)

where G is the conductance, w is the source—drain width, | is the gap
length and h is the height of the sample.

For calculation of the conductivity for ZnO QD films, a common
thickness of 1 um is used.l%]

For calculation of the conductivity for both PbS QD films and P3DT
films, thickness measurements proved complicated due to the solid
cyanoacetamide layer on top of the film. Therefore, the thickness of a
PbS QD film and a P3DT film made in the same way were used. By using
Dektak profilometer, the thickness for the PbS QD film was measured
as approximately 90 nm, while it was approximately 30 nm for the P3DT
film.

Fermi-Level Stability Measurements: Fermi-level stability measurements
were performed as previously described.l®*'%! The sample was charged
with a potentiostat, and when a desired doping density was reached
and the system had reached an equilibrium, the CE was disconnected
from the cell. This means that electrons could no longer be injected or
extracted from the semiconductor film, while the potential of the WE
versus the RE was monitored. The measured potential was connected
to the Fermi-level of the film. If injected charges left the film, the Fermi-
level decayed into the band gap of the semiconductor. This means that
the potential would decay to its original value (the open circuit potential)
before charge injection took place.

Diode Measurements: pn-junction diodes were made from PbS QD
films on inter-digitated gold electrodes (IDE). The PbS QD film was
deposited on the IDE as explained above and the film was placed in
liquid cyanoacetamide (around 140 °C). The diode was made by applying
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a potential bias over two contacts of the interdigitated electrodes with
a Keithly 2400 source meter, then the film was taken out of the warm
cyanoacetamide solution and the solvent solidifies. When the system
had reached room temperature (the cyanoacetamide had solidified),
the IDE was disconnected from the Keithly 2400 source meter. The IV
curves were measured with an Autolab PGSTAT128N potentiostat were
the CE and RE were connected to one gold electrode, while the other
gold electrode was connected to the WE of the potentiostat.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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