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Metal halide perovskites are an attractive class of semiconductors, but it has
proven difficult to control their electronic doping by conventional strategies
due to screening and compensation by mobile ions or ionic defects.
Noble-metal interstitials represent an under-studied class of extrinsic defects
that plausibly influence many perovskite-based devices. In this work, doping
of metal halide perovskites is studied by electrochemically formed Au*
interstitial ions, combining experimental data on devices with a
computational analysis of Au™ interstitial defects based on density functional
theory (DFT). Analysis suggests that Aut cations can be easily formed and
migrate through the perovskite bulk via the same sites as iodine interstitials
(1;*). However, whereas I;* compensates n-type doping by electron capture,
the noble-metal interstitials act as quasi-stable n-dopants. Experimentally,
voltage-dependent, dynamic doping by current density—time (Jt),
electrochemical impedance, and photoluminescence measurements are
characterized. These results provide deeper insight into the potential
beneficial and detrimental impacts of metal electrode reactions on long-term
performance of perovskite photovoltaic and light-emitting diodes, as well as
offer an alternative doping explanation for the valence switching mechanism

1. Introduction

Control over the electronic doping of metal
halide semiconductor materials has proven
a significant challenge.['?] Early on, mo-
tion of native ion defects in halide per-
ovskite devices and associated compensa-
tion of ionic charge by electronic carriers!®!
were inferred from observations of unique
phenomena, for example, current-voltage
hysteresis, giant dielectric constants,!*l and
switchable photovoltaic polarity.>¢! Despite
the challenge introduced by mobile ions,
many strategies have been applied in an at-
tempt to dope perovskites including sub-
stitution of lattice ions,”**] chemical re-
actions with vapors,[1®18] treatment with
molecular oxidizers and reducers,"2* and
electrochemical techniques.[>~28] However,
to the best of our knowledge, there are
no direct and unambiguous demonstra-
tions of “textbook” electronic doping mod-

of halide-perovskite-based neuromorphic and memristive devices.

ulation in halide perovskites, which would
have well-defined effects on material prop-
erties such as conductivity, work function,
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photoluminescence (PL), and device properties.l'?] As antici-
pated by early ion migration models, the difficulty arises from
ionic defects in halide perovskites (labile protons, halide vacan-
cies, interstitials, etc.); due to low thermodynamic and kinetic en-
ergy barriers, these defects are easily formed, are mobile at room
temperature, and participate in reduction/oxidation (redox) reac-
tions (e.g., iodine interstitial I;*/1,°/1,~ interconversion).?”! The
mobile, reactive, and amphoteric defects appear to have a rela-
tively small impact on optoelectronic properties like carrier re-
combination, but they effectively negate any attempt to substan-
tially alter the carrier concentration or space charge regions in
the bulk, resulting in nearly intrinsic behavior and pinning of
the Fermi energy to a limited range.3%-3%]

Recent studies establish the importance of differently charged
halide interstitial species, X;*/%~ (i.e., I,*/%~ in iodide and mixed
compositions, or Br;*/%~ in pure bromide or bromide:chloride
compositions).*3¢] Redox conversion between the different
charge states may help explain observations such as “trap
filling”,[222>37] though it should be recognized that X;* and X;~
are distinct in that X;* contains only halogen bonds while X;~
is primarily bonded to Pb, and the trap properties are predicted
to change upon conversion.?*l Interestingly, monovalent noble
metal cations have been proposed to be chemically similar to I;*
defects, occupying the same site and possessing the same co-
ordination to neighboring halides.[*®-*%1 Unlike I;*, noble metal
interstitial defects have not been widely acknowledged to con-
tribute to ion migration phenomena and associated optoelec-
tronic changes, perhaps due to the experimental difficulty asso-
ciated with direct detection of interstitial species. In this work,
we combine experimental and computational results that sub-
stantiate a compelling case for the electrochemical formation of
Au;* defects at solid-state (halide perovskite)/(Au electrode) in-
terfaces having a strong influence on electronic doping, current
density—time (J—), current density—voltage (J-V), impedance,
and PL characteristics.

2. Results and Discussion

2.1. MAPbI,:Au;* Computational Predictions

Figure 1a shows an optimized structure of an Au;* cation re-
siding within a Pb halide octahedral interstice of, in this case,
methylammonium lead triiodide (MAPbI;, with methylammo-
nium ions omitted for clarity). The structure closely resembles
that of the I;* defect. Figure 1b displays the formation enthalpy
of Au;* and Au,® as a function of electrochemical potential, g,
as computed by density functional theory (DFT). Importantly,
the Au;*/* thermodynamic transition level (intersection of Au’
and Au* curves) is found to lie at or slightly above the conduc-
tion band minimum (CBM) of MAPDI, (~1.5-1.6 eV) suggest-
ing the Au;* oxidation state as stable in the perovskite bulk if
u remains within the bandgap (though “hot” electrons or lattice
fluctuations(*!) may still facilitate Au;*/° reduction). Because Ay,
remains positively charged, its formation enthalpy is sensitive to
u, increasing by ~1.5 eV (bandgap) as the electrochemical poten-
tial shifts from the valence band maximum (VBM) to the CBM.
This tends to thermodynamically inhibit Au;* formation as y in-
creases.
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Figure 1. a) Structure of Au;* (yellow atom) in MAPbI; (methylammo-
nium omitted for clarity) computed using a 2 X 2 X 2 tetragonal supercell.
b) Computed formation enthalpy for a Au;* defect as a function of the per-
ovskite electrochemical potential, u, referenced to the valence band (VB)
maximum (0 eV). Also shown is the conduction band (CB) and the approx-
imate range of the I; transition level, as computed in the literature.[3436]

When u is close to the VBM (i.e., the perovskite is strongly
p-type), the formation enthalpy is lowest and, based on the exper-
imental data presented below, may even lead to galvanic (sponta-
neous) behavior. As y increases and nears the CBM, the com-
puted Au;* formation enthalpy is largest and the reaction be-
comes more electrolytic, which is to say that an external potential
must be applied to overcome a positive free energy formation.
Thus, application of a positive voltage to a perovskite/Au inter-
face should induce larger concentrations of Au;* and an increase
in n-type doping, via reaction 3 in Figure 1b. In this situation,
n-type doping represents an out-of-equilibrium condition, such
that the electrolytically induced Au;* and n-type doping will re-
turn to equilibrium when the external bias is removed (unless a
metastable condition is induced). We do not attempt to determine
a precise value for the formation energy owing to inherent lim-
itations of the enthalpy calculation, as well as the neglect of en-
tropic terms.[*?] However, the above qualitative analysis suffices
to predict the general behavior, identify measurable quantities,
and properly design experiments.
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Figure 2. a) Current density-time (-, with logarithmic time scale) transients of solid-state FTO/MAPbI;/Au devices biased at the indicated voltages,
showing the proposed progression of p-type conduction, doping compensation, and n-type doping by electrochemical Au;* formation. b) A.C. con-
ductance measured at 1 kHz while the devices were held at the indicated DC voltages tracks with /-t transients. c) Qualitative device energy diagrams
depicting the increasing Au;* concentration and induced doping states at times i—iii indicated in (a) and (b).

2.2. FTO/MAPDbI, /Au Device Characterization

To isolate the formation and effect of the Au,* defect, we
fabricated and characterized model devices with an architec-
ture of fluorine-doped tin oxide (FTO, ground/cathode/counter
electrode)/MAPDI; (~500 nm thick)/Au (anode, 50-100 nm
thick). This approach is intentional to ensure Au cations incor-
porate into the interstitial site as the dominant defect. Adding
Au halide salts directly to the precursor solution would result in
some Au incorporating on the B-site and may additionally induce
higher concentrations of native defects that compensate doping.
Presumably, our pre-formed perovskite has few A- and B-site va-
cancies and an abundance of vacant interstitial sites, so Au;*
should be the most likely species formed despite many defects
being thermodynamically feasible.

In long-term potentiostatic measurements, we experimen-
tally observe behavior consistent with compensation, n-doping,
and re-equilibration (note that Au migration in this and other
perovskite devices at these voltages is firmly established,[**-*7]
specifically with time-of-flight secondary-ion mass spectroscopy
and energy-dispersive X-ray spectroscopy measurements for the
present device architecturel*?). Figure 2a shows the -t results of
biasing individual pixels all from the same substrate, where each
voltage condition is a fresh pixel, at the indicated voltages. The
J—t transients are non-monotonic, and the evolution over time
can be explained by the proposed Au;* chemistry based on the
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formation enthalpy trend in Figure 1b and assuming the per-
ovskite bulk is initially p-type.31*8] All pixels display a rapid ini-
tial increase in J in the first 10 s, which we attribute to near-
interface-limited ion motion reducing hole injection barriers; an
ionic process on this time scale is supported by electrochemical
impedance spectroscopy (EIS) characterization (Figure S1 and
Table S1, Supporting Information). The current then plateaus
and is mainly supported by hole conduction. An applied bias
of V,,, ® 0.6-0.7 V surmounts the formation energy and ki-
netic overpotentials to drive Au;* into the perovskite bulk, where
its compensation of holes causes a significant drop in | at in-
termediate time scales. At larger voltages, J increases again at
long times as the sample becomes doped n-type. Last, the in-
duced conductivity reverses over time after the bias is removed
(Figure S2, Supporting Information), consistent with expecta-
tions for an electrolytic reaction and enthalpy of Au,* forma-
tion >0 eV in n-type MAPDI, (Figure 1b). Notably, these dy-
namic doping phenomena are all induced at the indicated bi-
ases, suggesting the sum of the Gibbs free energy change and
kinetic overpotentials to induce Au;* formation are <0.6-0.8 eV,
consistent with the magnitude of our computed formation en-
thalpy. We note that voltages >1 V cause heavy Au redistribu-
tion, to the point of forming Au® nanoparticles, which lie beyond
the doping regime and are irrelevant for this work. We further
note that negative bias merely reverses the reaction at the inter-
face.
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Figure 3. a,b) Current density versus time (J—t) at 0.9 V and in situ photoluminescence (PL) intensity of FTO/MAPbIl;/Au devices, where 532 nm PL
excitation was applied through the FTO (a) or through the Au contact (b). Accompanying device energy diagrams (right) qualitatively illustrate the
generation profiles of photocarriers and the direction the excess photogenerated carriers must travel through the device given the bias polarity. The
white arrows indicate the probability of radiative recombination depends on the background carrier concentration that evolves from p-type to n-type over

the length of the measurement.

To support p-type conduction in region i (Figure 2a), we con-
firmed that it arises from electronic conduction since Au;* de-
fects modulate carrier concentration, but do not contribute di-
rectly to J via an ionic current. This was concluded by monitor-
ing the A.C. conductance (1/|Z]) over time at the indicated D.C.
biases shown in Figure 2b. The A.C. conductance mirrors the J-
t transient features in Figure 2a, suggesting the D.C. and A.C.
response arise from the same charged species. Impedance spec-
troscopy and equivalent circuit analysis of a device before and
after 0.9 V bias for 2040 min additionally reveal a >10x increase
in electronic conductivity, and there are no signatures of a large
increase in ionic processes at low frequencies (Figure S1 and
Table S1, Supporting Information). Moreover, the total charge
passed through the device (obtained by integrating current den-
sity for the 0.7 V trace in Figure 2a between 1 and 600 s) would
correspond to consumption of several micrometers thickness of
Au metal, incompatible with the fact that only 50-100 nm were
deposited for the electrodes. Thus, ionic current carried by Au;*
migration must be a negligible component of the current den-
sity in Figure 2a. In aggregate, these observations confirm that
the non-monotonic J-t arises from changes in the electronic car-
rier concentrations to balance charge of Au;* injected into the
perovskite bulk. The change in background carrier concentration
with increasing Au;* over time is illustrated by the qualitative en-
ergy diagrams in Figure 2c.

In situ PL of FTO/MAPbDI,/Au devices provides additional de-
vice level support that the Au,* is an n-dopant and that optoelec-
tronic impacts can be observed. Figure 3 shows the normalized
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PL intensity of a device excited by 532 nm illumination through
the FTO electrode (Figure 3a) and another through the Au con-
tact (Figure 3b) during voltage bias. When illuminated through
the FTO, the PL intensity decreases over time, whereas the PL
intensity initially increases when excited through the Au (PL is
stable for both conditions when no bias is applied, Figure S3,
Supporting Information). This behavior can be explained by clas-
sic semiconductor device physics, noting that 532 nm excitation
will asymmetrically generate photocarriers concentrated near the
illuminated contact, as qualitatively illustrated in the device en-
ergy diagrams. These photocarriers must travel opposite direc-
tions through the device under voltage bias, as indicated by the
arrows. Specifically, illuminating through the FTO, holes will be
rapidly collected by the FTO cathode while the electrons will need
to traverse the perovskite thickness to be collected at the Au an-
ode. Along the way, the electrons may recombine with the back-
ground hole density if the perovskite is initially p-type. However,
as the Au;* doping compensates the holes and eventually induces
n-type doping, the photogenerated electrons will see a diminish-
ing background hole population with which to recombine dur-
ing transit, in which case PL intensity should decrease over time
as observed. This is corroborated by repeating the measurement
with 640 nm excitation generating carriers more homogeneously
across the device, in which case PL is less affected by the back-
ground concentration (Figure S4, Supporting Information). Con-
versely, when excited through the Au, the opposite is true; elec-
trons are generated nearby the Au anode for collection, photo-
generated holes must traverse the thickness of the device, and
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an increasing concentration of background n-doping under bias
would increase the probability of excess holes radiatively recom-
bining to increase PL intensity as observed in Figure 3b. At times
>300 s, the formation of Au® colloids(**! likely causes the PL in-
tensity to decrease for all excitation conditions.

It remains possible that mobile ions have some influence
on our experiment via trap filling, passivation, or other effects
on radiative/non-radiative recombination. However, the Au,*/°
charge transition level, calculated to lie near or within the con-
duction band in Figure 1b, predicts that Au,* should not intro-
duce a non-radiative recombination pathway. Indeed, if it did,
we would expect PL excited through the Au contact in Figure 3b
to be quenched soon after voltage is applied, yet the opposite is
observed. Second order effects including defects and trap filling
are beyond the scope here, as our analysis of the in situ PL is,
to first order, adequately explained by considering bias polarity
of the device, photocarrier generation profiles, and background
doping evolution induced by the Au;* electrochemistry.

2.3. Generality to Other Systems

Figure 4a,b shows J— measurements of FTO/Cs, ,sFA),0MA, ;4-
Pb(I,53B1;7);/Au and FTO/Cs,;5FA, 35 Pbl;:Cl/Au, respectively
(FA = formamidinium). The transients follow the same general
behavior as for MAPDI, (see Figure S5, Supporting Information,
for recovery behavior), demonstrating the above-deduced Au;*
electrochemistry is qualitatively unaffected by differences in per-
ovskite A-site cation composition, morphology, and defect con-
centrations. This is reasonable, given that the reaction is between
Au® and an empty interstitial site which are both abundant at
a perovskite/Au interface. Both alloys in Figure 4 display some-
what less pronounced [t features compared to MAPbI,. We at-
tribute this behavior to sample inhomogeneity exacerbated by
mixed cation and anion compositions; abundant compositional
and electronic inhomogeneity lead to p-type and n-type regions
at spatially separate regions evolving simultaneously, but inde-
pendently, within the device. Regardless, the general p-type to in-
trinsic and intrinsic to n-type evolution is observed irrespective
of perovskite composition.

It is interesting to note that, while it still displays the dop-
ing transients, the Cs, ;sFA ¢sPbl; composition also differs from
the MA-containing compositions in that Au migration is often
not as easily detected (Figures S6 and S7, Supporting Informa-
tion). A suppressed reaction with Au has also been claimed for
FAPDI, crystals.*”! This is consistent with recently reported ef-
fects of the A-site cation on defect stability,**! as well as on mi-
gration properties.>!] Specifically, in MAPbI, and related com-
positions, we suspect that Au cations are stable in the intersti-
tial position compared to the octahedral centers (B-site) in phases
like MA, Au, Br[*! or MA,Au, I 52 Instead, CsFA systems may
prefer Au cations to occupy sites resembling Cs,Au,I,*>* or
FA,Au,l, (hypothetical) where the cations in B-sites are much
less mobile, %] and a surface restructuring or phase modification
may remove interstitial sites available to react; the net result cuts
off Au migration pathways. Future studies on this class of doping
mechanisms will require in depth computations on competing
reactions and phases.
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Figure 4. a,b) Current density—time (J-t) transients of FTO/Cs g5 FA 79
MAq 16Pb(log3Bro.17)3/Au (a) and FTO/Csq15FAggsPbls:Cl/Au (b) de-
vices, biased at the indicated voltages showing similar characteristics as
FTO/MAPbI; /Au (cf. Figure 2a).

Finally, many extrinsic metal cations are capable of occupying
interstitial sites,?**’] so we examined Ag,* by characterizing a
FTO/MAPDI, /Ag device (Figure S8, Supporting Information) as
well as a FTO/Cs, osFA ;0MA, ;Pb(I, 53B1 1;);/Ag device shown
in Figure 5. The J—t transients (Figure 5a) and recovery behav-
ior (Figure S9, Supporting Information) are qualitatively similar
to devices with an Au anode. Small differences between the Ag-
and Au-device -t transients are consistent with predicted proper-
ties of Au,* versus Ag,*, strengthening the relationship between
theory and experiment supporting this class of defects. Specifi-
cally, the lower voltage thresholds (~0.08 V versus 0.8 V) are ex-
plained by Ag,* formation enthalpy curve shifted to lower val-
ues relative to Au,*.13>°¢1 Additionally, faster time scales for Ag-
doping are predicted by Ag;* migration energies computed to be
~0.15 eV lower than for Au,*, suggesting Ag,* migration rates
may be 100x faster than Au,*.3%401 A detailed discussion can be
found in Note I in the SI (Supporting Information). Overall, the
measurements and interpretation of Ag and Ag;* corroborate our
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Figure 5. Current density-time (J-t) transients of a FTO/Csgg5FAg 79-
MAg.16Pb(lo.3Bro.17)3/Ag device.

analysis of Au;* and increase our confidence in the formation and
observable impacts of doping by noble metal cation interstitials
in halide perovskite devices generally.

2.4. Implications for Halide Perovskite Technologies

Our study focuses on Au;* and Ag;* defects because noble metal
electrodes are stable enough to study by applying small volt-
ages, yet they should not be assumed to be unreactive. Indeed,
noble metal migration in perovskite photovoltaics is common
and comes at the risk of degradation.*##6#’] Solutions may lie
in improved ionic barrier layers or exploitation of phases like
Csy15FA( g5 PbI; that may intrinsically suppress interstitial mi-
gration, as revealed for Au;* by this work (see Figures S6 and S7,
Supporting Information). Whether the interstitial-induced dop-
ing effect is beneficial or detrimental depends strongly on the
type and details of any specific device.’”] For example, doping
may be beneficial in light-emitting diodes. But a device with an
Au anode may feature transients to current density or electrolu-
minescence, as well as hysteretic behavior, which may be viewed
as a specific instability intrinsic to this type of interface. One
type of device which may benefit from the above-discussed phe-
nomena is the neuromorphic memristor, in which uniformly
distributed interstitial doping by electrochemical reactions with
metal electrodes represents a new mechanism to switch polarity
in halide perovskite photovoltaic devices!*¢l and switch between
resistance states in neuromorphic devices.[>58-62]

Irrespective of the end application, it should now be abun-
dantly clear that use of direct Au electrodes for quantification of
doping levels by techniques including Hall effect, space-charge-
limited current (SCLC), and capacitance-voltage measurements
should be avoided, as the application of even a small voltage bias
dynamically changes the doping state of the perovskite material
leading to unreliable or erroneous results. Determining these
doping changes ex situ by surface techniques like Kelvin probe
or electron photoemission necessitate deconstruction of the de-
vice and formation of new surfaces, which introduce significant
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uncertainty due to induced surface reactions.l®®*] The doping
we describe here is a device level phenomenon—it cannot occur
without the perovskite sandwiched between two electrodes under
bias—and in situ characterization that preserve this state must be
employed, examples of which we have presented.

The above concepts can be applied more broadly to better pre-
dict the behavior of other extrinsic interstitial defects, including
plausible redox reactions with native perovskite defects such as
I;*. The range corresponding to reported I, charge transition lev-
els lies around midgap, as indicated in Figure 1b;343¢] it may
therefore be favorable for Au’ to react with any holes or posi-
tive I,* defects initially present in the material via reactions 1 and
2. Reaction 2 can be equivalently viewed as some I;* converting
to I, as the Au;* n-doping moves the Fermi energy upward to-
ward midgap. A spontaneous reaction between I;* and Au’ may
further explain the slight Au migration observed in control and
sub-threshold biased devices here (Figure S6, Supporting Infor-
mation) as well as in our previous study, where it was attributed
to defect reactions more generally.[**] We envision opportunities
to exploit these ionic—electronic processes to impose control over
the oxidation state of defects like I, or defect-pair complexes!>®!
that could be engineered to improve optoelectronic properties be-
yond doping.

3. Conclusion

We have reported electrochemically induced migration of Au and
Ag in halide perovskite devices and observed effects on elec-
tronic conduction and optoelectronic behavior consistent with
computational predictions for Au* and Ag* interstitial defects.
Our analysis and approach strengthen the bridge between exper-
iment and theory for halide perovskite interstitial defects to help
push beyond a state of qualitative relationships and facilitate fu-
ture semiquantitative or quantitative studies. This represents a
significant advance in perovskite technological development and
progress toward reconciling “unconventional” characteristics of
halide perovskites, such as mobile ions and defect redox chem-
istry, with textbook semiconductor physics. Further work on ex-
trinsic interstitials will solidify an accurate understanding of their
optoelectronic consequences and facilitate strategies to leverage
this type of dynamic doping in halide perovskites for traditional
semiconductor applications as well as for novel neuromorphic
devices.

4. Experimental Section

Experimental details are provided in Supporting Information.

Supporting Information

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