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11 We present a cation-exchange approach for tunable A-site Cs,FA,PbI, ohababe

12 alloys of cesium (Cs*) and formamidinium (FA") lead triiodide erarerere

13 perovskite nanocrystals that enables the formation of compositions oo oo
L ] (] (]

14 spanning the complete range of Cs, ,FA Pbl;, unlike thin-film alloys or
15 the direct synthesis of alloyed perovskite nanocrystals. These materials

16  show bright and finely tunable emissions in the red and near-infrared vy _%S_)

17 range between 650 and 800 nm. The activation energy for the miscibility e e e e E,~0.65¢eV

18 between Cs* and FA" is measured (~0.65 V) and is shown to be higher e EA+

19  than reported for X-site exchange in lead halide perovskites. We use these CsPbl, FAPDI,

20 alloyed colloidal perovskite quantum dots to fabricate photovoltaic 30) 700 755 550 550
21 devices. In addition to the expanded compositional range for Wavelength (nm)

22 Cs,_,FA Pbl; materials, the quantum-dot solar cells exhibit high open-
23 circuit voltage (V) with a lower loss than the thin-film perovskite devices of similar compositions.

24 perovskites, quantum dots, cation exchange, solar cells, nanocrystals, A-site alloying, lead halide

25 ith a record efficiency of ~23.3%,' solution- sharing orthorhombic §, phase is common. Although the GTF 46
26 processable lead halide perovskite solar cells are fails to explain the formability and stability of perovskites with 47
27 fast approaching the efficiency of commercial wafer- ideal and tilted corner-shared octahedra,”® it acts as good 4s
28 based silicon photovoltaic technology.”” "> Chemical substitu- starting point to design perovskite materials of interest. For 49
29 tion or alloying on A, B, and X sites allows one to fine-tune example, A-site alloying allows for the facile tuning of the GTF, so
30 various properties of perovskites and, most importantly, to which can improve perovskite-phase stability at room temper- s1
31 improve their stability. ®~>° Depending on the relative sizes of ature.'® Tuning GTF by A-site alloying allows for some control s2
32 the ions, ABX; materials can adopt different crystallographic of the band gap (Eg), a necessity for the development of s3
33 structures. The Goldschmidt tolerance factor (GTF), which is tandem solar cell architecture; in contrast to methods based on s4
" expressed as GTF = %, where r;, the effective ionic the X-site alloying in which the Vi deficit (defined as the ss

difference between the theoretical limit of open circuit voltage s6

35 radius of the individual species, is a geometric formalism often
P ’ & and the observed voltage in real devices) tends to increase with s7

36 used for simple predictions of the most-likely crystal structure ] ; ; X :
37 for ABX, materials.>' The general rule of thumb is that a GTE E¢ because of halide segregation, A-site alloying can sometimes ss

. : . ) .027,28
increase Eg without increasing the Vi deficit. 59

Despite their interest and proven utility, alloys of lead halide 60

38 value between 0.9 and 1.0 tends to result in an ideal cubic
39 perovskite structure (a-phase) with undistorted corner-shared

40 octahedra in APbX; compounds, while GTF values of 0.8—0.9 perovskites in arbitrary compositions have remained challeng- ¢
41 still lead to perovskite structures but with the tilting of the BX; ing, specifically those alloys in which there exist significantly 6
4 octahedra in either one or multiple dimensions (f and y

43 phases, respectively).'®**~> Slightly above GTF ~ 1.0, non- July 23, 2018

44 perovskite structures tend to form such as the hexagonal & September 20, 2018

45 phase with face-shared octahedra, and below 0.8, the edge-
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different crystallization temperatures for the pure-component
perovskite phases. For example, FAPbI; deposited from
solution is typically annealed at 130 °C,”” while for CsPbl,,
the phase-transition temperature to reach the perovskite phase
is around 330 °C."° The ideal crystallization temperature for
many of the alloys of Cs,_,FA,Pbl, likely lies between those of
these two pure-phase compositions, yet alloy formation is
complicated because the organic A-site cations are typically
thermally unstable at temperatures above ~200 °C.*° The
reported synthesis of the perovskite Cs,_,FA Pbl; thin films
(across the achievable compositions typically with less than
50% Cs) has an annealing temperature of 170 °C, which is the
same as that of pure FAPbI, thin films.'® However, above this
threshold value of Cs incorporation, 170 °C is not adequate to
crystallize the perovskite structure and increasing the temper-
ature further results in FA decomposition. Thus, not all
compositions of Cs,_,FAPbl; have been realized in the
perovskite phase at room temperature from molecular
precursors, and it has been demonstrated in a few studies
that only compositions with less than 50% Cs can be achieved
in the pure a phase (perovskite) without a trace of the
undesirable & phase.'®'? These reports rely on XRD to detect
the phase purity of the alloyed perovskites; however, recently
cesium-133 solid-state nuclear magnetic resonance studies
reveal that only 15% Cs is actually incorporated in pure
perovskite phase, and a higher percentage of Cs incorporation
leads to instability of the alloys.”" In single crystals, even with
only 10% Cs, the alloys eventually expel Cs* over time.*”
Interestingly, when considering average A-site cation size, all
compositions of Cs,_,FA Pbl; fall within the ideal region of
the GTF for corner-shared perovskite structures, a discrepancy
arising because the GTF does not take into account the
temperature needed to crystallize the proper phase. Moreover,
it is also unclear how the perovskite structure is influenced by
strain, an effect overlooked by GTF analysis with average
cation size, arising in the lattice due to the mixing of ions like
Cs" and FA", with substantially different ionic radii.
Post-synthetic ion-exchange transformations often allow
access to comopositions and structures not achievable by direct
synthesis,”>~*" but it is not straightforward to use bulk or thin-
film metal halide precursors for such ion exchanges because of
their solubility in most polar solvents. Colloidal lead halide
perovskite nanocrystals (NCs) or quantum dots (QDs) with a
“soft” lattice, dynamic surface ligands and a high surface-to-
volume ratio are a good platform for ion exchanges. Cation
exchanges in chalcogenide and pnictide NCs are well-known
and have been demonstrated for a variety of systems like CdE,
PbE (E = S, Se, or Te), and InP.*****' While anion exchanges
in traditional chalcogenide NCs are rare, such exchange
reactions are known to be more common in perovskite NCs
due to fast halide ion movement within the perovskite lattice as
well as fast exchange dynamics in solution. For example,
reacting CsPbBr; NCs with alkyl ammonium iodide or
chloride precursors can easily and reversibly be transformed
to CsPbl, and CsPbCl; NCs via ion exchange.*”~** It has been
observed and reported that even simply mixing two types of
perovskite NCs in solution (for example, combining CsPbl,
and CsPbBry; NCs in toluene) can lead to homogeneously
alloyed compositions.*”*” Perovskite NCs are of tremendous
importance because of their defect tolerant nature and unique
optoelectronic properties like near-unity photoluminescence
quantum yield (PLQY) even without epitaxial overcoating
with higher-band-gap materials.**”®® All-inorganic CsPbl,

NCs, unlike their bulk and thin-film counterpart, can be
stabilized in the perovskite phase at room temperature in
ambient conditions for extended period of time and has been
demonstrated as efficient light harvesters in solar cell devices
and LEDs.’®°*® Apart from the mostly sought-after all-
inorganic CsPbX; NCs, recently colloidal FAPbI; NCs have
also shown potential as near-infrared emitters.”®

Like halide perovskite thin films, the problem of
inaccessibility of some stable alloy compositions still remains
even in the case of NCs. Attempts have been made to directly
alloy on the A site during synthesis.”**® For example, it was
recently reported that the 700—800 nm emission range (from
pure CsPbl; to pure FAPbI,) in monohalide Cs;_,FA Pbly
NCs cannot be achieved just by varying the A-site cation
precursor amount via direct NC synthesis due to differences in
precursor reactivity. It was then stated that the only way to
achieve the tunability (emission between 710 and 750 nm) is
to exploit the quantum confinement effect, which is not the
most-suitable way in terms of the stability of the final alloyed
products.®®

Herein, we report the synthesis of Cs,;_,FA Pbl; colloidal
alloyed NCs by post-synthetic cation exchange. Cation
exchange, as opposed to anion exchange, in perovskite
materials is more rare.*””***” However, by combining colloidal
solutions of CsPbl; and FAPbI; NCs in appropriate
proportions along with modest heating allows the cross-
exchange between the A-site cations to result in desired alloy
compositions retaining their crystallographic framework (as
schematically depicted in Figure 1A). We can thus fine-tune
across the whole composition range, obtaining stable perov-
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Figure 1. A-site ion exchange to form phase stable Cs,_,FA Pbl;
NCs. (A) Schematic diagram showing the cross-exchange of Cs*
and FA" ions between CsPbl; and FAPbI; perovskite NCs. (B)
Goldschmidt tolerance factor as a function of FA™ jon
concentration shows that all compositions are expected to be
phase-stable (the purple region in the plot). Top axis shows the
effective or average A-site radius. (C) PL emission spectra
depicting how CsPbl; and FAPbI; NCs convert into alloyed
NCs; the dashed curve indicates the emission profile of one of the
early stages of alloying.
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Figure 2. Optical and TEM characterization of the Cs,_,FA PbI; NCs. (A) UV—vis absorption and (B) PL emission spectra of the alloyed
NCs showing tunability over ~650—800 nm range. (C) TEM image of Cs,FA,Pbl; NCs. (D) Photoluminescence excitation spectra of
Cs,sFA, sPbI; NCs (the corresponding PL emission spectrum is shown with a dashed line) at different emission energies shows the absence
of substantial inhomogeneous broadening of the PL emission due to alloying; the PLE spectra were collected at emission wavelengths
indicated by the color-coded vertical arrows. The inset in panel D shows a photograph of the luminescence from Cs, jFA, ;PbI; NCs under

UV illumination.

156 skite phases (see Figure 1B), which otherwise have not been
157 achieved via direct synthesis, or in large-grain thin-film
158 perovskite for the reasons stated above. Controllable and
159 tunable emission in ~650—800 nm range in lead iodide
160 perovskite NCs can thus be realized with the A-site cation
161 composition as the only variable. We utilized the individual
162 CsPbl; and FAPbI; NCs as “precursors” to yield a
163 homogeneous alloy NC solution via continuous A-site cation
164 exchange between them (Figure 1C). Photoluminescence (PL)
165 kinetics at various alloying temperatures reveal that the
166 interchange process is slower than the X-site ion exchange,
167 and the activation energy related to this process is ~0.65 eV.
168 We applied the alloyed Cs;_,FA,Pbl; QDs in solar cell devices
169 that show more-optimal Vi deficits compared with large-grain
170 film-based devices of similar composition and Eg. The
171 Cs;_,FA,Pbl; QD devices also show low hysteresis and a
172 power-conversion efficiency of ~10%.

173 RESULTS AND DISCUSSION

174 To obtain the alloy compositions of Cs,_ FA Pbl;, colloidal
175 NCs of CsPbl; and FAPDI; are first synthesized using the hot-
176 injection method. The individual colloidal solutions are then
177 mixed in controlled ratios. Figure 2 shows the optical data of
178 the resulting alloy NCs. As can be seen from Figure 2A,B, the
179 absorption onset and the PL emission peak positions can be
180 continuously tuned from pure CsPbl; to pure FAPDbI; within
181 the range of ~650—800 nm. The time-resolved photo-
182 luminescence measurements reveal multiexponential PL
183 decay behavior with average lifetimes in the range of 23—55
184 ns, with the FAPbI; exhibiting the slowest decay (see Figure

S1). The as-prepared NCs show a quantum yield (QY) of 1ss
~60—70%; after repeated cleaning with methyl acetate for the 186
purpose of applying in the solar cells, and the NC solutions 187
show QY of ~40%. The transmission electron microscope 1s8
(TEM) images (Figure 2C) show that the alloy NCs retain 189
their original size and shape (also see Figure S2 for additional 19
TEM images). Furthermore, when we alloy NCs of different 191
sizes (i.e, small CsPbl; NCs with PL maximum at ~660 nm 192
and larger FAPbI; NCs with PL maximum at ~770 nm), we 193
observe an asymmetric absorption with a bimodal distribution 194
of particles and an asymmetric PL emission spectrum that can 195
be deconvoluted with two Gaussians with peak maximum at 196
~680 and ~728 nm (see Figure S3A—C). This indicates that 197
the NCs retain their original size, with the final composition 198
being tuned by the relative amounts of Cs* to FA" total ions. 199

Photoluminescence emission (PLE) spectroscopy is often 200
used to study inhomogeneous broadening of PL emission in 201
NCs®*7" and was employed here to examine the alloying in 202
the Cs;_FAPbI; NCs. Figure 2D shows the PL of the 203
CsgsFAysPbl; NCs and corresponding PLE spectra collected 204
at different emission energies, as dictated by the color-coded 205
arrow on the emission spectrum. The overlap of all of the PLE 206
spectra indicate that they are independent of emission energies, 207
and there is no significant inhomogeneous broadening of the 208
PL emission due to alloying. PLE measurements on the other 209
compositions also point to the absence of significant 210
inhomogeneity in alloying (see Figure S4). However, the 211
PLE spectra collected at different emission energies in case of 212
the alloys resulted from intentionally mixing smaller CsPbl; 213
and larger FAPbI; NCs clearly shows two distinct transitions at 214
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Figure 3. XRD of the Cs,_,FA PbI; NCs. (A) Wide-angle XRD patterns of the alloyed NCs show the NCs retain their black, corner-sharing
perovskite phase after alloying. The diffraction peaks for the FAPbI, NCs were indexed following Protesescu et al.>® (B) Zoomed-in view of
the (001) diffraction peak showing continuous shift from pure FAPbI, to pure CsPbl,. (C) Vegard’s law demonstrated by showing the linear

shift of the dy,, peak with composition.

215 ~670 and ~700 nm (see Figure S3D), a result of either two
216 alloy compositions or, more likely, homogeneous alloy
217 composition with bimodal size distribution. The alloyed NCs
218 retain their absorption and PL emission shape as well as their
219 perovskite phase for months after the ion exchange procedure,
220 indicating that the alloyed NCs reach equilibrium (see Figure
21 S5).

222 Figure 3A shows the powder XRD patterns of the alloy NCs.
223 As can be seen from the XRD patterns, all the alloy
224 compositions retain their perovskite structure with prominent
225 (001) and (002) peaks. The diffraction peaks shift monotoni-
226 cally between the patterns obtained with pure CsPbl; and
227 FAPbI,; NCs [see Figure 3B for a zoomed-in view of the XRD
228 pattern showing the shift of the (001) peak]. It is to be noted
229 here that previous studies have shown CsPbl; in bulk can have
230 more than one perovskite phase with corner-shared octahedra.
231 For example, neutron powder diffraction studies reveal that
232 room temperature nonperovskite J, phase of CsPbl;
233 (orthorhombic, Pnma) can be converted into cubic a phase
234 (with undistorted corner shared [Pbl¢]*~ octahedra, Pm-3m)
235 upon heating above 360 °C.”>”® There can be two more
236 perovskite phases of CsPbl; at temperatures lower than 360 °C
237 depending upon the amount of tilting of the [PbI4]*~
238 octahedra: the f phase (260 °C) and the y phase (175
239 °C).”> These kinetically stabilized perovskite phases convert
240 into the nonperovskite 0 phase at room temperature in
241 ambient conditions. However, FAPbI; has been shown to exist
242 in the trigonal phase (space group P3ml) at room temper-
243 ature,"7> although the ideal cubic perovskite phase with space
244 group Pm-3m has also been reported in multiple stud-
s ies.”7* 77 We generated the powder X-ray diffraction patterns
246 using the reported crystallographic information to compare
247 with our CsPbl; and FAPbI; NCs (see Figure S6). We note
248 here that both of them are stabilized in the perovskite phase at
249 room temperature under ambient conditions,”*® although it is
250 difficult to identify the exact amount of octahedral tilting and
251 associated space group due to Scherrer broadening of the XRD
252 peaks.

253 To obtain a particular composition of Cs,_,FA Pbl,, it is
254 necessary to know the starting concentration of CsPbl; and
255 FAPbI; NCs in the colloidal solution. However, this is not

o

[

—

N

—_

oo
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straightforward without knowledge of the size-dependent 2s6
molar extinction coefficient. While the size-dependent molar 257
extinction coeflicient for CsPbBr; NCs was recently 2ss
published,”” similar studies on CsPbl; and FAPbI; have not 259
yet been reported. However, the energy levels of valence band 260
maxima and conduction band minima in lead halide perov- 261
skites are formed from lead and halide s and p atomic 262
orbitals,”* ™ and the density of states (DOS) near the band 263
edges are similar for different APbX; perovskites if X is the 264
same.”’ It is therefore reasonable to assume that colloidal 265
solutions of similarly sized CsPbl; and FAPbI; NCs with 266
similar optical density near the band gap will have similar 267
concentration of NCs in the component solutions. With this 268
assumption, we mix the individual CsPbl; and FAPbI; NC 269
solutions with similar absorbance near the band edge (see 270
Figure S7 for the raw absorption data) in different ratios. The 271
XRD patterns and the PL emission spectra of all the 272
compositions vary linearly with the presumed compositions 273
(see Figures 3C and S8) validating our approximation of 274
concentration. 275

To closely monitor the A-site cation cross-exchange between 276
CsPbl; and FAPbI; NCs, we performed the mixing at various 277
temperatures in the range of 45 to 90 °C. Unlike the X-site 278
exchange, which occurs rapidly (time scale of 2 min),*” the A- 279
site exchange does not spontaneously occur at room 280
temperature. The time-dependent PL measurements show 281
that the two initial emission peaks merge into a single peak 282
over time (the higher energy peak, referred to as E;, 283
corresponds to the Cs-rich composition, and the lower energy 284
peak, referred to as E, ,corresponds to the FA-rich 2ss
composition). As can be seen from Figure 4A—C (also 256
shown in Figure S9), these two peaks do not move 287
substantially from the original positions of CsPbl; and 288
FAPDI; at room temperature at least up to ~40 min. The 289
exchange is temperature-dependent; the high-energy and the 290
low-energy peaks merge more rapidly at elevated solution 291
temperature. For example, if we look at the PL emission 202
spectral profile after 60 min at three different temperatures, the 293
emission spectrum has two distinct peaks at 45 °C that have 204
merged into a single peak at 90 °C. The emission energies of 295
E, and E, over time are plotted in Figure S10A. If we assume 296
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Figure 4. Temperature-dependent kinetics of A-site alloying. The evolution of PL emission peaks with time at reaction temperatures of (A)
45 °C, (B) 70 °C, and (C) 90 °C; the bottom-most spectra in these three figures show individual emission from CsPbl; (CPI, in blue) and
FAPbI, (FAPI, in red). The next two spectra (shown in light and dark gray) are emissions at room temperature showing relatively stable
peak positions. The remainder of the emission spectra are shown for the temporal evolution at elevated temperatures as labeled. (D) Shift in
emission energy from their original position, depicting how the high-energy peak (E,) is red-shifting from pure CsPbl; due to the
incorporation of FA* and how the low-energy peak (E,) is blue-shifting from pure FAPbI; due to incorporation of Cs* over time. The dotted
lines are exponential fits to the experimental data. (E) Arrhenius plot showing the rates of conversion of CsPbl; (k,;, bottom panel) and
FAPbI, (k,, top panel) into Cs,_,FA,Pbl, against 1/T (T being the absolute temperature). The dotted lines are linear fits to extract the

activation energies (E,; and E, ,, respectively) for these processes.

297 that the change in PL peak position is linear with respect to
08 composition, then the rate at which these peaks shift from
209 emission energies of pure CsPbl; and FAPDI; can be related to
300 how fast Cs* and FA" ions leave the starting NC and diffuse
301 into the other NC. It remains experimentally difficult to
302 decouple and monitor these two processes separately.

Nonetheless, we observe that the rate of shift of the high-
energy (AE;) and the low-energy peaks (AE,) can be

reasonably fitted with single exponentials, indicating a first-

order process, as shown in Figure 4D (also see Figure S10B in

the SI for zoomed-in version). These rates can be used to

extract the activation energy (E,) related to the alloying
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309 process. Fitting these rates with the Arrhenius eq (Figure 4E)
310 yields an activation energy of ~0.65 eV (see the Supporting
311 Information for methods). This activation energy is higher
312 than that reported for I” diffusion in methylammonium and
313 formamidinium lead iodide perovskites or Br~ and CI”
314 interdiffusion in CsPbClBr,_, nanowires (~0.45 eV).*>%
315 However, it has been reported in theoretical studies that
316 vacancy mediated diffusion of FA' ions has a surzprisingly
317 similar activation barrier of ~0.6 €V in bulk FAPbI,.*” The A-
318 site alloying reported in this study is likely to be more
319 complicated, involving multiple mechanisms potentially
320 involving the NC surface ligands.

21 Cs,_,FAPbl; NCs were used to fabricate photovoltaic
322 devices with the device architecture shown in Figure 5. There
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Figure S. Solar-cell device performance of FAPbI; and the alloyed
NCs. (A) Photograph of one of the solar cell devices. (B) The
corresponding cross-sectional scanning electron microscopy
image. (C) J—V curves for Cs,_,FA,Pbl; QD devices; bottom to
top: pure FAPbI;, Csg,sFA,,sPbl;, Csy soFA soPbl;,
Csg7sFAg,sPbl;, pure CsPbl;; the solid and dotted lines represent
reverse and forward scans, respectively; the solid squares on the J—
V curves shows the SPO values. (D) Normalized EQE scans for
each composition showing the tunable onset position depending
on the QD composition.

323 are several potential advantages to using perovskite QDs in
324 photovoltaic devices over large-grain perovskites. One main
325 advantage is the phase stabilization of metastable
326 CsPbI,>7*"*> Second, ink for thin films is in the form of
327 molecular precursors, and the homogeneity of the multicrystal-
328 line absorber layer on the device depends on the substrate and
329 other parameters like solvent evaporation and temperature,
330 during crystallization.*® Using colloidal crystalline NC inks

removes the substrate effects from the crystallization process
(because it occurs previously in solution during synthesis),
thus eliminating the need to precisely control the film
morphology, crystallinity, and homogeneity. As reported
previously, we used formamidinium iodide (FAI) as a surface
treatment to replace the long-chain oleylammonium li-
gands.”*®* The devices show stabilized power output (SPO)
efficiencies of 8.8—10.9% with low hysteresis and up to ~75%
external quantum efficiency (EQE) (see Figure SC,D and
Table 1 for a summary).

To directly compare the V¢ of QD solar cells to the more-
traditional large-grain perovskite devices, we fabricated both
types of solar cells. The V¢ for both perovskite NCs devices
and large grain devices are compared as a function of the Eg
and of the A-site composition (fraction of FA) and are shown
in Figure 6 (also in Figure S12). The Eg values were extracted
from the onset of the EQE spectra. For the large-grain devices,
the A-site composition was tuned with a Cs fraction of 0 to 0.3
because of the previously mentioned challenge in crystal-
lization of compositions with higher amounts of Cs. We
obtained V¢ up to ~1.17 V in the QD devices, as compared
to the previously mentioned 1.0 V in bulk Cs,_.FA,Pbl;
devices. All of our thin-film perovskite devices exhibit near
state-of-the art Vo (see also Table S1) compared to the
literature for similar compositions and device architectures.

The quantum confinement effect in the NCs slightly
increases the Eg of a particular composition, so it is more
reasonable to compare the observed Vo to that of the
thermodynamic limit for the determined Eg (the dashed line in
Figure 6A). We have plotted Vioo/VocM™* against E in Figure
6B and against fraction of FA in Figure S12B. Here, Vi is the
observed open-circuit voltage, while VoM is the maximum
available open-circuit voltage for a single junction solar cell
with the given bandgap energy as determined by the
Shockley—Queisser (SQ) theoretical analysis.*” This gives a
comparative estimate of voltage loss in the devices. As seen in
Figure 6, the Vi loss is lower than that of the bulk perovskite
devices at any particular composition or bandgap value.
Another important finding to note here is that although the
pure FAPbI; QD devices have somewhat lower efficiency, they
exhibit the lowest V¢ loss, retaining approximately 89% of the
voltage thermodynamically available for the given Eg.

CONCLUSIONS

In conclusion, we have demonstrated a methodology with
which to synthesize colloidal Cs;_,FA Pbl; alloyed NCs via a
post-synthetic A-site cation cross-exchange between CsPbl,
and FAPbI; NCs. This method allows us to synthesize NCs
with compositions that cannot be attained by direct synthesis
or in the bulk. The activation energy related to the alloying
process has been estimated to be ~0.65 eV, which is higher
than that associated with halide exchange. The solar-cell
performance with these alloyed NC inks shows increased
voltage approaching the SQ limit compared with the bulk
perovskite devices. We demonstrate the opportunity to expand
the library of tunable perovskite NCs via cation exchanges. We
postulate that a similar approach may also be applied to
perform B-site cation exchange in the future that may lead to
stable and tunable infrared-absorbing perovskite NCs.

METHODS
Materials. Cesium carbonate (Cs,CO;; 99.9%), oleic acid (OA;
technical grade, 90%), oleylamine (OlAm; technical grade, 70%), 1-
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Table 1. Solar-Cell Device Parameters of the Cs,_.FA Pbl; QD Devices

reverse forward
Voc (V) Jsc (mA/cm?) FF PCE (%) Voc (V) Jsc (mA/cm?) FF PCE (%) SPO(%)
FAPbI, 112 11.81 0.64 8.52 112 11.85 0.68 9.01 8.83
Cso25FAg7sPbly 1.1 14.37 0.66 10.41 1.11 14.35 0.63 10.05 10.41
CsosFAgsPbl, 1.13 14.8 0.62 10.42 1.13 14.7 0.6 10.05 10.26
Cso5FAg,sPbly 1.15 14.36 0.68 11.14 1.14 14.23 0.66 10.77 10.93
CsPbl, 1.18 15.5 0.73 13.47 117 152 0.66 11.75 12.37
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Figure 6. Estimation of voltage loss in the perovskite NC and thin-
film devices. (A) Experimental Vs and (B) fraction of observed
Voc compared to the maximum attainable V¢ as functions of Eg;
the dashed line in panel A represents the theoretical thermody-
namic limit for open-circuit voltage in single-junction solar cells as
a function of the bandgap value and was generated using the data
in ref 90. The numbers beside the solid and open circles represent
the x in the Cs ,FA, ,Pbl; alloys.

392 octadecene (1-ODE; technical grade, 90%), hexane (reagent grade, >
393 95%), octane (anhydrous, > 99%), methyl acetate (MeOAc,
394 anhydrous, 99.5%), lead nitrate (Pb(NOj;),, 99.999%), ethyl acetate
395 (EtOAc, anhydrous, 99.8%), cesium iodide (Csl, 99.999%),
396 formamidinium acetate (FA-acetate, 99%), titanium ethoxide
397 (>97%), hydrochloric acid (HCl; 37% in water), titanium
398 diisopropoxide bis(acetylacetonate) (TAA, 75 wt % in iso-propanol),
399 chlorobenzene (anhydrous, 99.8%), acetonitrile (anhydrous, 99.8%),
400 toluene (anhydrous, 99.8%), 4-tert-butylpyridine (4-TBP; 96%),
401 dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were
402 purchased from Sigma-Aldrich. 2,2/,7,7'-Tetrakis(N,N-di-p methox-
403 yphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD; > 99.5%) was
404 purchased from Lumtec. Bis(trifltuoromethane)sulfonimide lithium
405 salt (Li-TFSI) and Pbl, (99.9985%) were purchased from Alfa Aesar.
406 Formamidium iodide (FAI) was purchased from Dyesol.

407 Synthesis of CsPbl; NCs. CsPbl; NCs were synthesized
408 following previously reported method®® with slight modifications.
409 Briefly, 1.08 mmol (0.5 g) Pbl, and 25 mL of 1-ODE were degassed
410 under vacuum at 120 °C for 30 min inside a three-necked round-
411 bottom flask. A mixture of 2.5 mL of OA and 2.5 mL of OlAm,
412 preheated to 120 °C, was injected into the reaction flask under
413 vacuum. The mixture was briefly degassed until the Pbl, dissolved to
414 form a clear solution. Then the reaction mixture was heated to 180 °C

under N, flow. At 180 °C, 2 mL of the Cs-oleate solution was swiftly 415
injected into the Pbl, mixture, and the reaction mixture was 416
immediately quenched in an ice-water bath. To separate the CsPbl; 417
NCs from the reaction liquor, 70 mL of MeOAc was added to the 418
colloidal solution at room temperature and centrifuged at 7500 rpm 419
for S min. The resulting precipitate was dispersed in 5 mL of hexane, 420
re-precipitated with S mL MeOAc, and centrifuged again at 7500 rpm 421
for 5 min. The resulting NCs were dispersed in 15 mL of hexane and 422
stored in the refrigerator until used. To prepare solutions for spin 423
coating and cation exchange, the CsPbl; NCs in hexane were 424
removed from the refrigerator and centrifuged at 7500 for S min. The 425
precipitate was discarded. The hexane from the supernatant was 426
evaporated, and the NCs were finally redispersed in 1-2 mL of 427
octane. 428

Synthesis of FAPbl; NCs. The FAPbl; NCs were synthesized 429
following a method reported by Protesescu et al>® with slight 430
modifications. Briefly, 0.74 mmol (0.344 g) Pbl, and 20 mL 1-ODE 431
were degassed under a vacuum at 120 °C for 30 min. A mixture of 4 432
mL of OA and 2 mL of OlAm, preheated to 120 °C, was then injected 433
into the PbI, mixture under a vacuum. The mixture was briefly 434
degassed under a vacuum until the PbI, mixture became clear. Under 435
N, flow, the temperature was reduced to 80 °C. At 80 °C, 5 mL of the 436
FA—oleate solution was swiftly injected into the PbI, mixture. After S 437
s of reaction time, the reaction mixture was quenched using an ice- 438
water bath. After the mixture cooled to room temperature, 1 mL of 439
toluene and S mL of MeOAc were added, and the mixture was 440
centrifuged at 8000 rpm for 30 min. The resulting NC precipitate was 441
dispersed in 7 mL of toluene, re-precipitated with S mL of MeOAc, 442
and centrifuged at 8000 rpm for 10 min. The final precipitate was 443
redispersed in 5—7 mL of octane and stored under nitrogen for 444
further use. The concentration of the FAPbI; NCs was adjusted to be 445
comparable to that of the CsPbI; NC solution before synthesis of the 446
alloys or fabrication of devices. 447

Synthesis of Cs;_FA,Pbl; Alloys. Colloidal solutions of CsPbl; 448
and FAPbI; NCs dispersed in octane were mixed in different ratios to 449
produce the desired Cs/FA stoichiometry. Before mixing, the 4s0
absorption spectra of the individual samples were measured, and 451
the concentration was adjusted so that each solution had a similar 452
optical density near the band edge. The mixture was either left to 453
react for 48 h at room temperature or reacted at different temperature 454
(a maximum of 90 °C) for kinetics study. 455

Perovskite QD Device Fabrication. All of the solar devices were 456
fabricated following earlier reported literature.®* Briefly, a ~50 nm 457
TiO, layer was deposited on a patterned FTO-coated glass substrate 458
(Thin Film Devices, Inc.; precleaned via sonication in iso-propanol 459
and then UV—ozone treated for 10 min). The sol—gel TiO, was 460
prepared by mixing 5 mL of ethanol, 2 drops of HCl, 125 uL of 461
deionized water, and 375 uL of titanium ethoxide and stirred 462
continuously for 48 h. The TiO, solution was filtered through a 0.20 463
um polyvinylidene difluoride filter before use. The sol—gel TiO, was 464
spin-cast on the FTO—glass substrate at 3000 rpm for 30 s, annealed 465
at 450 °C for 30 min. A total of four layers (~300 nm thick) of the 466
QD absorber ink was then deposited layer-by-layer at 1000 rpm for 20 467
s followed by 2000 rpm for S s. The ligand-exchange steps during the 468
QD layer deposition involved dipping (for ~1—2 s) the device in a 469
saturated solution of Pb(NO;), in MeOAc (prepared by sonicating 20 470
mg Pb(NOs;), in 20 mL of MeOAc for ~10 min and then removing 471
the excess salt by centrifuging at 3500 for S min) after each layer 472
deposition followed by rinsing with neat MeOAc and drying 473
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474 immediately with a jet of dry air. After these steps were repeated for 4
475 or 5 QD layers, the devices were finally soaked in a saturated solution
476 of FAI in EtOAc (prepared by sonicating ~20 mg of FAI salt in ~30
477 mL of EtOAc for ~15 min and then removing the excess salt by
478 centrifuging at 3500 for S min) for ~10 s, followed by rinsing with
479 neat MeOAc. The hole transporting materials was prepared by mixing
480 72.3 mg of spiro-OMeTAD, 28.8 mL of 4-TBP, 1 mL of
481 chlorobenzene, and 17.5 mL of Li-TFSI stock solution (520 mg/
482 mL in acetonitrile). The spiro-OMeTAD solution was then spin-cast
483 on the QD absorber layer at 5000 rpm for 30 s. All deposition and
484 ligand-treatment procedures were performed in an ambient condition
485 at relative humidity of ~25—30%. The devices were left in the drybox
486 overnight before depositing the top electrodes. MoO, was deposited
487 at a rate of 0.1—0.5 A/s at a base pressure lower than 2 X 1077 Torr
488 for a total thickness of 15 nm. Aluminum electrodes were evaporated
489 at a rate ranging from 0.5 to 2 A/s for a total thickness of 120 nm.

490  Perovskite Thin-Film Device Fabrication. FAPbI; thin-film
491 devices were fabricated following previously reported study.”” Briefly,
492 a thin compact TiO, layer with ~30 nm thickness was first spin-cast
493 (700 rpm for 10 s, 1000 rpm for 10 s, and 2000 rpm for 30 s) on
494 cleaned, patterned, FTO-coated glass substrates from a 0.2 M TAA
495 solution in 1-butanol. The TiO,/FTO/glass substrate was then
496 annealed at 130 °C for S min and at 450 °C for 60 min. A 0.7 M
497 stoichiometric FAI and Pbl, solution in anhydrous DMF was
498 prepared inside a glovebox and vortexed for 20 min at room
499 temperature. The resulting clear, bright-yellow solution was filtered
500 through a 0.20 ym polyvinylidene difluoride filter and spin-cast inside
501 a glovebox on the compact TiO,/FTO substrate by a consecutive
502 three-step process: 500 rpm for 3 s, 3500 rpm for 10 s, and 5000 rpm
503 for 30 s. A total of 1—2 s before the end of second step, a drop of
504 toluene was gently placed on the spinning substrate. The resultant
505 films were annealed at 170 °C for 1 min. For FA/Cs alloys, absorber
506 layers were deposited following Zhen et al.'® Briefly, inside a
507 glovebox, stoichiometric amounts of FAI, CsI and Pbl, were dissolved
508 in a mixed solvent of DMSO and DMF (v/v = 3:7) to obtain
509 precursor solutions of Cs;_,FAPbI;. All of the solutions were
s10 dissolved at room temperature by vortexing, and they are filtered
s11 through 0.20 pm polyvinylidene difluoride filters before use. The
512 solutions were then spin-cast on the TiO,/FTO/glass substrate using
513 the following recipe: (1) 100 rpm for 3 s, (2) 3500 rpm for 10's, (3)
514 5000 rpm for 30 s. During step 3, after 20 s, 1 mL of toluene was
515 deposited on the spinning substrate. The films were annealed at 170
516 °C for 10 min. Further layers, including spiro-OMeTAD deposition
517 and the electrode depositions, were similar to that of the QD devices
518 mentioned above except gold electrodes were deposited instead of
519 aluminum electrodes. All of the depositions were done inside a
520 nitrogen-filled glovebox.

52 Device Characterizations. All of the devices were tested using a
522 Newport Oriel Sol3A solar simulator with a xenon lamp source inside
523 a N,-filled glovebox. A KGS filtered Si reference diode was used to
524 calibrate the lamp intensity to 100 mW/cm* (AM1.5) and minimize
525 the spectral mismatch of the lamp source. Devices were illuminated
526 through a metal aperture (0.058 cm?). The devices were tested in
527 forward scan and reverse san at a scan rate of 20 mV/s. Stabilized
528 power output was measured by holding the device at a constant
529 voltage corresponding to the voltage at the maximum power point of
530 a previous J—V scan. EQE measurements were taken using a Newport
531 Oriel IQE200 system.

s32 Calculation of Goldschmidt Tolerance Factor. The GTFs for
533 all of the alloy compositions of Cs,_,FA Pbl; were calculated using
534 the following formula:

—

—

—_

—_

—

—

e + (1 = x)rga] + 7

\/z(er + rx)

535 where r; is the ionic radius of the individual species. The Shannon
536 ionic radius for Cs*, Pb*, and I~ were used,” while the reported
537 effective radius for FA* was used for the following calculations:*>* r¢,

538 = 188 pm, rpp, = 119 pm, r; = 220 pm, and rgy = 253 pm.

Estimation of Activation Energy. To calculate the activation 539
energy for the A-site cation exchange, CsPbl; and FAPbI; nanocrystal s40
solutions (1:1 ratio) were mixed at 45, 60, 70, 80, and 90 °C, and 541
aliquots were taken at different time intervals for PL emission 542
measurements. The PL emission spectra were then fitted with 543
Gaussian functions to extract the peak emission energies. Before 544
reaching a thermodynamically stable state with a single emission peak, 545
the PL emission spectra of the intermediate aliquots could be resolved s46
and fitted well with two Gaussians. The high-energy peak (denoted s47
E,) is indicative of high-Cs-containing alloys, and the low-energy peak s48
(E,) is indicative of high-FA-containing alloys in an ensemble of 549
nanocrystals. The shift of E; (AE,) and E, (AE,) from pure CsPbl, sso
and pure FAPbI; emission positions, respectively, were found to be ss1
exponential as a function of time for all temperatures. The rate at s52
which the emission energies (k) shift was extracted from exponential 553
fitting. The activation energy, E, was then calculated using the 554

Arrhenius equation: 588
E
k= Aexp|——
kgT
Or, 556

In(k) = [—f—]% +In(4,)

B

where kg is the Boltzmann constant, T is the absolute temperature, 557

and A, is the pre-exponential factor. 558
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