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ABSTRACT: Lead halide perovskite nanocrystals have drawn attention as active light-
absorbing or -emitting materials for opto-electronic applications due to their facile
synthesis, intrinsic defect tolerance, and color-pure emission ranging over the entire
visible spectrum. To optimize their application in, e.g., solar cells and light-emitting
diodes, it is desirable to gain control over electronic doping of these materials.
However, predominantly due to the intrinsic instability of perovskites, successful
electronic doping has remained elusive. Using spectro-electrochemistry and electro-
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chemical transistor measurements, we demonstrate here that CsPbBr; nanocrystals can
be successfully and reversibly p-doped via electrochemical hole injection. From an
applied potential of ~0.9 V vs NHE, the emission quenches, the band edge absorbance bleaches, and the electronic
conductivity quickly increases, demonstrating the successful injection of holes into the valence band of the CsPbBr;

nanocrystals.

ince the discovery of lead halide perovskite nanocrystals

(NCs) in 2014," these materials have been investigated

as candidates for downconversion phosphors,”™* ab-
sorber layers in solar cells,’”” and emitting layers in light-
emitting diodes (LEDs).*™"* Important advantages of perov-
skite NCs are their facile synthesis'>~'® and their intrinsic
defect tolerance.”™** As with all semiconductor materials,
controlling the carrier density via electronic doping is key to
tailoring the optoelectronic properties and implementation in
devices.”>*® This could allow, for instance, rational design of
pn junction LEDs””~*” or low threshold lasers.*

However, electronic doping is often challenging, and effects
like doping compensation or self-purification can prevent
control over the carrier concentration.”””” Especially for
perovskites, which are complex compound semiconductors
with a low stability, changing the Fermi level via doping could
have many effects, including the decomposition of the material
itself. As a result, electronic doping of perovskites, and
perovskite NCs, has remained a challenge.”> Some works
have reported the use of, e.g, Ag as a substitutional dopant,”*
but this resulted in only mild p-doping (Fermi level still 0.6 eV
above the VB edge). In addition, incorporation of impurities
generally has detrimental effects on the structural and
electronic properties of the NCs.”® Use of external dopants,
such as charge-transfer complexes, has the advantage of not
introducing impurities into the crystal.>>*® However, this has
also resulted in only mild p-doping, with an increase of p-type
conductivity of roughly a factor of 2 compared to undoped
films.

© 2021 The Authors. Published by
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A much higher extent of charging with external dopants is
possible for semiconductor films that are permeable to
electrolyte ions by means of electrochemical electron or hole
injection. The electrolyte ions act as external dopants, without
compromising the structure of the semiconductor material, and
without introducing dopant energy levels in the bandgap, as
has been demonstrated for, e.g., quantum dots,”” ™' conduct-
ing polymers,"”*> and transition metal dichalcogenides.*"*
Further advantages of electrochemical doping are that the
Fermi level can be controlled by the applied potential and that
charge injection is reversible. Electrochemical doping of
perovskite NCs, however, has been challenging because the
NCs can readily undergo electrochemical decomposition
reactions. For instance, the application of negative potentials
easily results in cathodic decomposition via lead ion reduction,
an effect that we confirm here.*® As a result, previous reports
on the electrochemistry of perovskite NCs*” and perovskite
thin films*® have not yet proven successful n- or p-doping.

Here we report reversible electrochemical p-doping of
CsPbBr; perovskite NCs. First, we use spectro-electro-
chemistry to investigate the optical and electronic properties
of CsPbBr; perovskite NCs as a function of electrochemical
potential. While potentials more negative than —0.6 V vs NHE
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Figure 1. (a) CV of a CsPbBr; NC electrode (scan speed 20 mV/s). The estimated VB edge position is marked by the black line. (b) PL of a
NC electrode as a function of the applied potential during three CV scans ranging from —0.10 to +1.20 V. Hole injection into the VB edge of
the NCs, starting at +0.9 V, quenches the PL, which largely recovers when the applied potential is lowered to below +0.9 V. (c) PL spectra of
the NC electrode shown in (b) at —0.10, +0.80, and +1.20 V during the first scan. Inset: the averaged PL between 500 and 520 nm as a
function of applied potential, featuring a sharp decrease in intensity once the VB edge is reached, followed by nearly full recovery. (d)
Differential absorbance of a NC electrode as a function of the applied potential, ranging from —0.10 to +1.05 V. The initial absorption
spectrum is plotted in black. (e) Differential absorbance spectra at +0.80 and +1.05 V, characterized by a reversible bleach of the band edge
absorption feature. Inset: differential absorbance at the band edge (averaged between 500 and 510 nm). (f) The conductivity of a NC film
over the applied potential range obtained from a source—drain potential of 50 mV between the two electrodes. Inset: the NC electrode that

was used for the conductivity measurements.

(N.B.: All potentials reported in this work are referenced vs
NHE.) result in irreversible changes in the optical properties
due to Pb** reduction before electrons can be injected into the
conduction band (CB), the changes at positive potentials are
much more controllable and reversible. At potentials more
positive than +0.9 V, we observe reversible bleaching of the
band edge absorption and quenching of the photolumines-
cence (PL). Electrochemical transistor measurements indicate
a concomitant reversible increase in electronic conductivity,
indicating that we can reversibly p-dope the NCs by hole
injection into the valence band (VB). In accordance with these
experimental results, density functional theory (DFT)
calculations demonstrate that injected holes remain delocalized
in the VB, whereas electron injection leads to charge
localization on Pb*', confirming the much higher stability of
CsPbBr; NCs at positive than at negative potentials.

The CsPbBr; NCs used in this work were synthesized by the
method of Imran et al.** (see Supporting Information (SI),
section SI-1), which employs benzoyl bromide as the halide
source. This synthesis method was chosen over the method of
Protesescu et al.*’ (used by previous work*®*”) which uses
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lead bromide as the halide source, as the NCs synthesized with
benzoyl bromide are not halide poor. The halide-rich
conditions result in a larger fraction of oleylammonium ions,
bound to bromide ions on the NC surface, which leads to a
high photoluminescence quantum yield and improved
resistance to washing.*® The NCs have an average size of 10
nm, a band edge absorption at ~505 nm, and a PL maximum
at 511 nm (see SI, Figures S-1 and S-2). NC films were drop-
cast on ITO substrates or interdigitated gold electrodes, with
1,8-octanedithiol as cross-linking ligands (see SI-1 for details).
As shown in Figure S-1, this resulted in highly luminescent NC
films, and the fabrication of the films did not affect the
absorption and emission spectra or the size or shape of the
NCs. Subsequently, the absorption and PL of the NC
electrodes were measured while varying the potential via
cyclic voltammetry (CV, see SI-1 for details). The CV started
at the open-circuit potential (V,.) of —0.1 V vs NHE (from
here on, the reference “vs NHE” will be omitted) and was first
scanned to more positive potentials (scan rate 20 mV/s). As
shown in Figure la, the CV features a significant irreversible
anodic current at potentials >0.6 V, probably due to
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Figure 2. Effect of doping on the electronic structure of a CsPbBr; NC. (a) Contour plots of the (a—) HOMO at 0.005 e~ /bohr” for p-doped,
n-doped, and intrinsic CsPbBr; NCs. The p-doped (n-doped) NC has been charged with one hole (electron), compensated by a PF;~ (NH,")
counterion. (b) DOS of each NC, where every line corresponds to a molecular orbital (MO). The relative contributions of specific atoms or
elements to each MO are given by the length of the colored line segments. MOs are occupied below the dotted line and empty above it. The
doped systems have an odd number of electrons and are computed as spin-unrestricted. The spin-up and spin-down orbitals are plotted
separately on the left and right side of the graph, respectively. (c) Energy diagram, indicating the energy level of the VB edge (+0.9 V, as
found in the previous section), CB edge (—1.5 V, obtained by adding the optical bandgap to the VB edge position), and V¢ (—0.1 V) of the
measured CsPbBr; NCs. Red, blue, and green lines are the formal potentials of various electrochemical half-reactions of Pb** and Br~ in
propylene carbonate. The dashed lines indicate schematically the expected formal potentials of the cathodic and anodic decomposition

reactions, shifted by %ln K, compared to the normal lines, where in this example K, is taken to be 107" mol®/L.
n

background currents, either with residual impurities such as These CsPbBr; NCs are cubes with an edge length of ~10
water or with ligands or the perovskite material itself (vide nm. Since the exciton Bohr radius in CsPbBr; is ~7 nm,””~>*
infra). We therefore turn to spectro-electrochemical measure- this implies that they are only weakly confined.”>*° For
ments to get more insight into the effect of the positive strongly confined quantum dots it is straightforward to derive
potential on the optical properties of the NCs. As can be seen the density of injected charges from the relative change in
in Figure 1b, the PL starts to decrease at potentials above +0.7 absorption. For weakly confined systems the relation is more
V, and at +1.2 V the PL is reduced to 84% of its initial value. complex. However, in order to obtain a rough estimate of the
However, unlike the current in the CV measurement, the PL injected hole density, we assume that a state-counting method
decrease is reversible, returning to ~98% of its initial intensity used for quantum-confined systems still holds, so that (h) =
in the reverse scan (inset of Figure 1c). The reversible gh%’ where (h) is the number of holes per NC, g, the

reduction of the PL intensity could indicate hole injection into
the VB, as this would give rise to Auger recombination of the
positive trions that form after light absorption. However, a

degeneracy of the lowest VB state, AA the absorption bleach,
and A, the steady-state absorption.”” Using a VB degeneracy of

change of the PL intensity could also be related to filling of in- 2" and a maximum bleach Of% = 0.1 (see Figure S-8), we
gap trap states or the formation of new traps due to estimate a maximum doping density of ~0.2 h*/NC,
electrochemical surface reactions.””' Therefore, reversible equivalent to a hole density of ~2 X 10'7 ecm™.
PL quenching alone does not prove hole injection, and we turn The hallmark of successful electronic doping of semi-
to changes in the optical absorption and conductivity to further conductors is an increase in the electronic conductivity.
investigate what happens. Therefore, we performed electrochemical transistor measure-
Figure 1d shows the differential absorbance of the NC ments using a film of perovskite NCs on an interdigitated gold
electrode as a function of the applied potential. An increase or source—drain electrode (see Figure 1f). Details of the
decrease of the absorbance, compared to the absorbance at measurements are given in SI-5. Figure 1f plots the
Voe, is marked by red and blue colors, respectively. In Figure conductivity of the film as a function of potential in a cyclic
1d, a small bleach of the band edge absorption can be observed fashion and shows a rapid increase in conductivity at +0.9 V.
for potentials above +0.9 V. As also displayed in Figure le, this As was the case for the PL and the absorption, the change in
bleach is reversible and disappears again upon lowering the conductivity with potential is reversible. The maximum
potential below +0.9 V (see inset), indicating that the feature is conductivity that we measured was 35 pS/cm at +1.0S V.
not due to the irreversible degradation of the NC electrode. In Together with the hole density of 2 X 10'7 cm™ estimated
contrast to the quenching of the PL, a band edge absorption above, this corresponds to a hole mobility of ~1 X 107> cm?/
bleach cannot be caused by the formation of trap states, but (V's). Both conductivity and mobility values are reasonable for
results from state filling of holes in the VB. nanocrystal films with relatively long ligands, and similar to
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those measured with electrochemical transistor measurements
on n-doped CdSe NC films.*”*°

The combination of the spectro-electrochemical absorption
and PL experiments with the electrochemical transistor
measurements clearly shows that the hole concentration is
varied in a controllable and reversible way, demonstrating
successful electrochemical p-doping of the CsPbBr; NC films.
Quantification of the VB position is most easily done by the
absorption bleach, as that scales linearly with the hole
concentration. For strongly confined systems, when only the
HOMO level would be populated, that is relatively
straightforward. However, as already stated above, for weakly
confined or bulk materials with excitonic absorption, the
analysis is more complicated. Therefore, we refrain from a
detailed quantification and only remark that the changes in
absorption have an onset around +0.9 V vs NHE (= —5.4 V vs
vacuum), which should roughly correspond to the VB edge.

In addition to investigating p-doping of CsPbBr; NCs, we
also applied negative potentials to investigate n-doping. In
accordance with previous reports by Samu et al.,** we observed
that injected electrons were lost to Pb*" reduction before the
CB edge could be reached (see Figures S-9 and S-10). This
caused rapid irreversible loss of the PL, irreversible changes of
the absorption, and the formation of a clearly visible metallic
Pb° layer, as confirmed by XRD and XPS measurements
(Figures S-11 and S-12). Hence, for cathodic potentials, it
seems impossible to inject electrons into the CB in a reversible
way.

To understand the difference between n- and p-doping, we
performed DFT calculations on the charging of a CsPbBr; NC,
as summarized in Figure 2. We built a cubic CsPbBr; NC
model, following the approach of Ten Brinck et al.°" As shown
in Figure 2-ii, the intrinsic (i.e.,, charge balanced) model NC
has a clean bandgap and a HOMO that is delocalized over the
entire system. Electrochemical injection of one hole into the
system is achieved by adding a negative PF,~ counterion so
that the entire system retains charge neutrality.”” As can be
seen in Figure 2a-i, this does not significantly affect the
electronic structure of the NC: the HOMO remains
delocalized over the NC (Figure 2a-i) and is now singly
occupied due to the presence of a hole; no localized states
appear in the density of states (DOS) (Figure 2b-i). In
contrast, injection of an electron (by adding a NH,"
counterion) introduces a singly populated localized state on
a single lead ion (Figure 2a-iii) that appears as a localized state
in the bandgap (Figure 2b-iii). NH," was used instead of
Bu,N* due to its smaller size and consequently lower
computational cost.”” These results confirm that the addition
of electrons immediately results in Pb** reduction. This is a
form of doping compensation that prevents n-doping of the
material and will result in cathodic decomposition before the
Fermi level moves close enough to the CB to significantly
change the electron concentration. On the other hand, the
CsPbBr; NC is much less sensitive to anodic decomposition,
allowing the addition of holes via electrochemical doping. This
is in line with our experimental observation that p-doping can
be performed reversibly, but that n-doping leads to Pb**
reduction and cathodic decomposition.

The fact that p-doping can be achieved does not imply the p-
doped NCs are indefinitely stable. Samu et al. investigated
halide perovskite thin films under anodic conditions and have
not reported reversible p-doping, but rather a sequence of
decomposition reactions.”® When we performed identical
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experiments on CsPbBr; NCs synthesized via the method of
Protesescu et al.,*’ we did not observe evidence of p-doping
(Figure S-13). This suggests that the electrochemical stability
of perovskite NCs is subtle and likely dominated by the surface
termination. The main difference between the NCs synthesized
following Imran et al. and Protesescu et al. is that the former
synthesis results in a higher surface density of oleylammonium
ligands (due to the bromide-rich synthesis conditions), as
evidenced by a much higher colloidal stability upon washing.
To illustrate our point, we show an overview of standard
reduction potentials of possible decomposition reactions, as
well as the CB and VB positions of the CsPbBr; NCs, in Figure
2c. The most likely candidate reaction for cathodic
decomposition is the following:

CsPbBr; + 2¢” 2 Pb’ + Cs* + 3Br~ (1)

Indeed, XPS spectra, acquired before and after application of
an anodic potential (—1.46 V), show a shift of the Pb 4f XPS
peaks to a lower binding energy, in agreement with the
decrease of the oxidation state of Pb (Figure S-12).

At the anodic side, we could consider bromide oxidation
(reaction 2) or Pb** oxidation (reaction 3) to cause anodic
decomposition:

CsPbBr, = Pb** + Cs* + %Brz + 3e” @)

&)

XPS spectra acquired before and after application of a
positive potential show no changes in the Pb 4f peaks and a
shift of the Br 3d peaks to higher binding energies (Figure S-
12). This suggests that reaction 2 is the more relevant reaction.
It also shows that, in spite of the reversible hole injection, some
Br™ oxidation does take place. This probably explains the
irreversible anodic current observed in the CV measurements
(Figure 1a). Most likely Br~ oxidation occurs in parallel to, and
in competition with, hole injection into the VB.

The standard reduction potentials of reactions 1-3 are
related to the standard reduction potential of the free ions—
Pb** + 2¢~ — Pb% Br, + 2™ — 2Br~; and Pb*" + 2¢™ — Pb*,
respectively—although they are stabilized compared to those
free ion reactions due to binding to the other ions in the
perovskite crystal lattice. We estimated the standard reduction
potentials of these latter reactions in propylene carbonate via
CV (see SI-14). The obtained values are similar, albeit
somewhat shifted, to those reported for the same reactions in
water,®> and are marked as red, blue, and green horizontal solid
lines in Figure 2c, respectively.

As derived in SI-1S, the formal reduction potential of
%ln K, compared to the formal
reduction potential of Pb** + 2e” — Pb’ Here K, =
[Cs*][Pb**][Br~]* is the solubility product of CsPbBr; in the
same solvent and n is the number of electrons involved in the

reaction. Similarly, the formal potentials of reactions 2 and 3

CsPbBr, = Pb™* + Cs™ + 3Br™ + 2e”

reaction 1 is shifted by

. T . .
are shifted by —lj—Fln K, compared to the free ion reactions,

with n = 3 for (2) and n = 2 for (3) (see SI-15).

This indicates that, in solvents wherein CsPbBr; is poorly
soluble and K, is smaller than 1, the cathodic dissolution will
occur at more negative potentials than the reduction of free
Pb*" ions, and the anodic dissolution will occur at more
positive potentials than the oxidation of free Br™ and free Pb*".
For instance, the reported value of K, for CsPbBry in a
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mixture of y-butyrolactone (GBL) and dimethyl sulfoxide
(DMSO) is ~107* mol*/L?, corresponding to a stabilization of
~177/n mV.** Propylene carbonate, the solvent used in the
electrochemical experiments in the current paper, was chosen
because the CsPbBr; NC films do not readily dissolve in it
(unlike in, e.g, DMSO), and hence the expected solubility
product is much lower, and the expected stabilization greater,
than in GBL/DMSO. Unfortunately, quantitative information
on the solubility of CsPbBr; in propylene carbonate is, to the
best of our knowledge, not available. The dashed lines in
Figure 2c indicate schematically where the formal potential of
the decomposition reactions 1—3 could lie, in this example for
K, = 107" mol’/L°.

Figure 2c shows that the cathodic decomposition potential
of CsPbBry lies well positive of the CB potential (unless

K, < =125V, ie, Ky, < 5 X 107 mol*/L?, which seems

unrealistic). This implies that the cathodic decomposition
reaction will occur before electron injection into the CB,
resulting in n-doping compensation through Pb formation. At
the anodic side, Br™ oxidation would be expected to occur well
before Pb** oxidation. However, in both cases we estimate the
formal potentials of the anodic decomposition to lie at more
positive potentials than the VB of CsPbBr;. It is interesting to
note that the situation will be very different for Sn**-based
perovskites. As the standard reduction potential of Sn*"/Sn**
in propylene carbonate lies at 0.11 V vs NHE (see SI-14),
oxidation of Sn** is expected to take place before Br™ oxidation
and most likely before the VB is reached, making p-doping very
difficult for these systems. In double perovskites, like, e.g,
Cs,AgBiBrg, the reduction of Ag" (E” = 0.8 V vs NHE in
water)® and Bi** (E” = 0.3 V vs NHE in water)®® will most
likely prevent n-doping, while Br™ oxidation will be the limiting
factor for p-doping.

The above discussion pertains to bulk CsPbBr;. The initial
electrochemical reactions on the surface of CsPbBr; NCs will
occur at sites that are under-coordinated compared to the bulk,
and hence the formal potentials of these will be less negative
for surface reduction and less positive for surface oxidation,
compared to the bulk formal potentials, and will likely lie
between the solid and dashed lines in Figure 2c. Moreover, the
formal potentials are also sensitive to bonds formed between
ligands and surface ions.

From our measurements and the preceding discussion, it is
likely that, upon moving the Fermi level to positive potentials,
the VB of CsPbBr; NCs is reached before the formal potential
of the anodic decomposition reactions. However, the differ-
ence in potential may be small. This suggests that the stability
of p-doped CsPbBr; NCs will be sensitive to changes in surface
Br~ coordination (shifting the formal potential of reaction 2)
and the solvent (affecting KSP) as well as the exact position of
the VB, which is known to be affected by the surface
passivation.®”®° In addition, if Br™ oxidation via reaction 2 is
irreversible, the stability of p-doped CsPbBr; will be limited,
since the oxidation rate will not be zero when the Fermi level is
in, or near, the VB. This is in line with our observations that,
over time scales of minutes, the PL of p-doped CsPbBr;,
decreases irreversibly and with the XPS results that show that
some Br~ oxidation does take place at cathodic potentials.
Increasing the stability of p-doped CsPbBr; NCs thus requires
improved surface passivation strategies, with strongly binding
surfactants, to further reduce the rate of surface oxidation.
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To summarize, we report reversible electrochemical p-
doping of CsPbBr; NCs. We demonstrate that raising the
applied potential above +0.9 V vs NHE simultaneously
quenches the PL, bleaches the band edge absorption, and
significantly increases the conductivity, all consistent with
charge injection in the VB edge. By combining experimental
results with DFT calculations, we conclude that p-doping of
CsPbBr; NC electrodes is possible, although their stability is
limited due to Br~ oxidation. Increasing this stability further
will require optimized surface passivation strategies. In
contrast, n-doping is impossible due to facile Pb** reduction.
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