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ABSTRACT. The complex -electron-phonon interaction occurring in bulk lead halide
perovskites gives rise to anomalous temperature dependences, like the widening of the electronic
bandgap as temperature increases. However, possible confinement effects on the electron-
phonon coupling in the nanocrystaline version of these materials remain unexplored. Herein we
study the temperature (ranging from 80 K to ambient) and hydrostatic pressure (from
atmospheric to 0.6 GPa) dependence of the photoluminescence of ligand-free methylammonium
lead triiodide nanocrystals with controlled sizes embedded in a porous silica matrix. This
analysis allowed us to disentangle the effects of thermal expansion and electron-phonon
interaction. As the crystallite size decreases, the electron-phonon contribution to the gap
renormalization gains in importance. We provide a plausible explanation for this observation in
terms of quantum confinement effects, showing that neither thermal expansion nor electron-
phonon coupling effects may be disregarded when analyzing the temperature dependence of the

optoelectronic properties of perovskite lead halide nanocrystals.
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Nanostructured metal halide perovskites show great potential for next-generation light
sources, ' allowing precise control of their optoelectronic properties through the discretization of
the electronic energy spectrum and the concomitant changes in the density of states.’ The
pioneering work of Pérez-Prieto et al.* and Kovalenko et al.” on metal halide perovskites of the
type ABX3, where A is a monovalent inorganic or organic cation (e.g., methylammonium (MA),
formamidinium (FA), cesium Cs), B is a metal cation (Pb, Sn) and X is a halide anion (Cl, Br, I),
contributed to the development of lead halide colloidal nanocrystals which exhibited high
photoluminescence (PL) quantum yields and a band-gap tunable in a broad spectral range.® Most
of the literature on perovskite nanocrystals (NCs) concern the study of the PL emission
properties, partly as a function of temperature or pressure, using continuous wave and/or pulsed
excitation in order to determine key radiative recombination parameters in different
nanocrystalline materials such as MAPbI;,”° MAPbBr3,!%13 FAPbI;,>'4!5 FAPbBr3,7!13:16.17
CsPbl,5-71820 CsPbBr3,5713:18.19.21-24 and CsPbCls.57-18

For many optoelectronic applications, precise knowledge about the semiconductor band-
gap and its dependence on temperature is mandatory. In principle, the effect of a temperature
change on the electronic band structure is twofold. On the one hand, the electronic band states
move in energy upon changes in the lattice potential due to the temperature-induced
contraction/expansion of the lattice. On the other hand, lattice vibrations also affect the effective
potential leading to an energy renormalization of the electronic band structure, which is generally
stronger for higher temperatures. Hence, the derivative of the gap over temperature contains two

terms, accounting for thermal expansion (TE) and electron-phonon (EP) interaction effects:3-27

dE, [0E, OE,
ar = ﬁ] + [ﬁ 1)
TE EP

TE usually adopts negative values whereas EP could be positive or negative. However, for most
conventional semiconductors both TE and EP terms are negative, causing a reduction of the gap
with increasing temperature.>>?’-® On the contrary, the structural phases of lead halide
perovskites that are stable at ambient conditions exhibit the opposite behavior: the gap increases

linearly with increasing temperature.?-3
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Regarding the temperature dependence of the bandgap of perovskite NCs, there is
evidence that indicates that it differs significantly from that of their bulk counterparts.®!416:21 In
perovskite colloids,> it is rather difficult to discern the contribution from the solvent, but above
all from the ligands, particularly when identifying certain crystalline lattice vibrations.
Sometimes, a pronounced bowing and/or a non-monotonous temperature dependence is
observed,!®2° which cannot be clearly associated with changes occurring in the crystalline
structure, because there is no obvious match with the transition temperatures of the bulk.??
Strikingly, a well-defined gap bowing spanning a wide temperature range in excess of 150 K has
been systematically observed for a whole series of FA\MA_,Pbl; solid-solution single crystals.?’
The temperature dependence of the gap in certain perovskite NCs thus resembles this behavior.
The question that arises is what is the cause for such phenomenology and if a peculiarly strong

electron-phonon interaction is at its origin, as it has been suggested.!!1>16.13

In this work, we have combined PL experiments as a function of temperature and
pressure, at ambient pressure and at room temperature, respectively, in order to analyze the
importance of thermal expansion and electron-phonon coupling effects on the temperature-
induced gap renormalization in MAPDI; nanocrystals of different size. The nanocrystals were
prepared through a template-assisted method that leads to ligand-free perovskite NCs, embedded
in a high optical quality SiO, matrix film, which exhibit bright light emission properties.!? An
indisputable advantage of this method is the absence of solvent residues and any kind of ligands
that can compromise the optoelectronic properties of the perovskite nanostructures or, central to
the study herein presented, modify their intrinsic temperature and pressure dependence. In
addition, the rather large band gap of the surrounding silica ensures optimal quantum
confinement of electrons and holes in the NCs. A primary result of this work concerns the
enhancement of the electron-phonon interaction contribution to the gap renormalization observed

at room temperature for MAPbI; NCs with decreasing size.
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Figure 1: (a) High-angle annular dark-field scanning TEM image of a cross section of a SiO,
nanoparticles mesoporous film corresponding to a MAPbI; NC sample with average diameter of
8 nm. Scale bar is 200 nm. (b) High-resolution TEM image of the same MAPDI; nanocrystals

shown in part (a). Scale bar is 10 nm.

Optical quality (i.e., scattering free) films of porous silica hosting MAPbI; nanocrystals
of well-defined average diameter were obtained following a procedure described in detail
elsewhere.!? In Fig. 1a we show an image of a cross section of a representative porous SiO, film
containing c.a. 8 nm size MAPbI; NCs, attained in high-angle annular dark-field scanning mode.
Brighter regions indicate the position of perovskite NCs (heavier atoms). Fig. 1b displays a high
magnification transmission electron microscopy (TEM) image in which the positions of
perovskite nanocrystals (darker spots) are indicated by arrows. More information about the
specific conditions herein employed, the EDX analysis, particle size distribution, and
temperature dependence of X-ray diffraction (XRD) and Raman spectroscopy are provided as

Supplementary Information (SI, see Figs. S1-S8).

The normalized PL spectra recorded at room temperature for both the MAPbI; thin film and
nanocrystals of different sizes (namely, 8 nm, 5 nm and 4 nm in diameter) are shown in Fig. 2a.
The PL spectra consists essentially of a single broad peak, assigned to free-exciton radiative
recombination.3”-3® This assignment is explained in detail and justified in the SI, under the title
“On the excitonic character of the PL emission”. Analysis of peak spectral position using Brus

formula’® yielded average nanocrystal values similar to those attained from the TEM image
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analysis, which we will use hereafter to tag the different samples studied in this work. Figs. 2b to
2e display, through color maps, the PL change as a function of temperature in the range from 80
K to 300 K, for a bulk MAPbI; thin film and three composite samples with nanocrystals of
different sizes, namely 8 nm, 5 nm and 4 nm. We also show, in Figs. S9 and S10 the PL spectra
recorded for each sample, as well as representative examples of the PL line shape fits attained by
using a Gaussian—Lorentzian cross-product function.3”-3® Interestingly, the non-monotonic
temperature behavior exhibited by the peak position of the free-exciton PL is different for each
nanocrystal size considered. Changes in the tendency of the maximum peak energy might be
related to the occurrence of different phase transitions in the temperature range of the
experiment. Furthermore, the low-temperature emission spectra of the MAPbI; thin-film sample
display a broad peak below 120 K at longer wavelengths than 800 nm (<1.55 eV) (see Fig. 2b).
At very low temperatures, the photo-excited carriers can readily form exciton complexes bound
to shallow impurities (acceptors and/or donors) present in an unintentionally-doped
semiconductors.’ Hence, the peak below the free-exciton peak observed at low temperatures
could be ascribed to radiative recombination of bound-exciton complexes, as reported
elsewhere.!-1937 For the NC samples, however, only the free-exciton peak is observable in the
whole temperature range of the experiments, possibly indicating that the synthetic procedure
employed yields almost defect-free nanocrystals.!® Another conclusion that can be drawn from
the results of Figs. 2b-2e is that only the thin film sample seems to show a sudden change in the
temperature dependence of the PL peak energy at around 150 K, which can be associated with
the occurrence of the tetragonal-to-orthorhombic phase transition.*’ In fact, below 150 K the PL
spectra of the thin-film sample display two peaks closely located at ca. 750 nm, which speaks for
the coexistence of both the orthorhombic and the tetragonal phases of MAPbI;.837 In contrast, for
the NC samples the temperature dependence of the PL peak energy is always smooth, though
less pronounced for decreasing NC size. Similar absence of any sign of this phase transition has

been previously observed for small MAPbI;® and MAPbBr;?° NCs.
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38 Figure 2. (a) Room-temperature normalized PL spectra of the different nanostructured MAPDI;
samples corresponding to a polycrystalline thin film (grey-filled spectrum) and NCs of estimated
41 average diameter of 8§ nm, 5 nm, and 4 nm(red-filled curves). (b-e) Color maps of normalized PL
43 spectra recorded at different temperatures from 80 K to 300 K for (b) thin film and the NCs
embedded in a silica matrix corresponding to average NC sizes of (c) 8 nm, (d) 5 nm, and (e) 4

nm.
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Figure 3: Temperature dependence of PL peak maximum position (close symbols) for different
MAPDI; samples, corresponding to a single crystal (denoted as bulk), a thin film and
nanocrystals with different average diameters d, as indicated. Cyan lines represent the linear

regression fits to the data points solely in the temperature range between 240 K and 300 K.

The values of the fitting parameter corresponding to the peak energy are plotted as a
function of temperature in Fig. 3 for three NC samples (blue, red and green symbols) and a
polycrystalline thin film (black solid symbols), together with data obtained for a high-quality
MAPDI; single crystal, denoted as bulk (grey symbols). Since the exciton binding energy in
MAPDI; is relatively small (ca. 15 meV),*42 we can consider the shift of the PL peak energy E,
with temperature really representative of the temperature shift of the optical gap, such that we set
Ey=E,. As anticipated, the sudden jump in the gap energy at the tetragonal-to-orthorhombic
phase transition, clearly apparent in the data of the single crystalline bulk,?’ is only observed as a
kink in the E, vs. T curve of the thin film. On the contrary, there are no signs of such first-order

transformation for the NC samples. In turn, these samples exhibit a positive bowing that changes
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in magnitude depending on NC size. For completeness, we show the fitted values of the FWHM

and PL integrated intensity in Figs. S11 and S12, respectively, of the SI.

A careful inspection of the data displayed in Fig. 3 indicates the existence of common
characteristics in the temperature behavior of £, shared by all studied samples. At around room
temperature, in the stability range of the tetragonal phase of MAPbI; bulk, the gap decreases
linearly with decreasing temperature. This behavior has been recently analyzed in MAPbI; and
ascribed to a comparable effect of TE and EP renormalization.>* For the NC samples this linear
dependence holds at least down to a temperature of about 240 K. The unusual temperature
dependence of the gap observed at temperatures below 240 K for the NC samples, which
develops a more or less pronounced positive bowing depending on NC size, might be affected by
phase transitions for which we lack an accurate description. Hence, we will restrict our analysis
to T>240 K, although a brief discussion on potential effects that may be taking place in that
range is included in the SI. The solid cyan lines in Fig. 3 represent the results of least-squares fits
to the E, vs T data points performed in the range from 240 K to 300 K. The corresponding slopes
obtained from the fits are listed in Table I, including the results for the MAPbI; thin film and the
single-crystal bulk sample. The slopes acquire a pretty constant value of ca. 0.21 meV/K,

diminishing only for very small NC sizes.

Now, in order to estimate the contribution from thermal expansion effects to the
temperature slope dE,/dT (Eq. 1) in the tetragonal phase, we make use of the following

relation:25-27

2)

where ay is the volumetric thermal expansion coefficient, By is the bulk modulus and dE,/dP is
the gap pressure coefficient, which can be experimentally determined by measuring
the dependence of the PL with applied pressure.’®* For that purpose, we have performed
hydrostatic pressure PL experiments at room temperature for several NC samples with different
NC sizes, in order to assess the gap pressure coefficients dEg/dP. In Fig. S13 we show the
spectra recorded for two nanocrystal sizes (5 nm and 8 nm). Since these experiments are
performed under isothermal conditions, the EP term remains unchanged when the variation

of the gap with
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pressure is measured. In our case, only the data collected up to a pressure of approx. 0.6 GPa are
relevant, since at that value MAPDI; crystalline structure transforms from tetragonal to a cubic
high pressure phase.’®#* Like before, PL spectra measured under pressure were analyzed using a
Gaussian-Lorentzian cross-product function. The resulting PL peak energies are plotted in Fig.
4a as a function of applied pressure. In total agreement with the results obtained for MAPbI;
bulk (high-quality single crystals),?**® we also attain a negative linear dependence on pressure of
E, for the NC samples. The solid color curves in Fig. 4a represent least-squares fit to the data
points using a linear function. Such a negative pressure dependence of E, can be understood for
the bulk perovskite in terms of the bonding/antibonding and the atomic-orbital character of the
conduction and valence band states involved in the optical transition.® Incidentally, according to
Eq. (2) a negative pressure coefficient implies a positive contribution from thermal expansion to

the temperature slope dEy/dT, which adds up to that from electron-phonon interaction effects.

A series of sacrificial samples with different nanocrystal sizes were prepared to measure
the gap energy pressure coefficient. Results are shown in Fig. 4. The value of the gap energy at
ambient conditions (7=300 K, P=1 bar), Eg 39k, should steadily increase with decreasing NC
size.?® We thus plot the measured pressure coefficients, corresponding to the slopes of the fitted
lines to the data points of Fig. 4a, as a function of the gap energy at ambient
pressure-temperature conditions Ej 39y ¢ and obtain the graph depicted in Fig. 4b. The red
curve is just a least-squares fit to the data points using an empirical quadratic function.
This graph clearly shows that the absolute value of the linear pressure coefficient of the
gap energy, |dE,/dP|, decreases with decreasing NC size, i.e. the stronger the quantum
confinement effects are. A similar behavior has been already observed in a variety of systems
like Si NCs* and amorphous Si nanoparticles*® both embedded in a SiO, matrix, or colloidal
CdTe*” and CsPbBr;?* NCs, which indicates that it might be a general trend in zero-dimensional

semiconductors.

10
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Figure 4: (a) Pressure dependence of PL peak energy for a MAPDbI; bulk sample (black/grey
dots) and several composite samples with nanocrystals of different size (blue and green
symbols). The slopes of the linear regressions represented by the solid lines are indicated. (b)
The pressure coefficients obtained from the slopes of the lines in (a) plotted as a function of the
gap energies extrapolated to ambient pressure conditions from the linear fits in (a). The red curve

is a fit to the data points using an empirical quadratic function.

At this point, we have all we need to determine the relative contributions from thermal
expansion and electron-phonon coupling to the temperature-induced renormalization of the gap
for the five samples we have presented in Fig. 3, listed in Table I. The first column in Table I
corresponds to the values of gap energy at ambient conditions Eg 39 ¢, obtained directly from the
data points in Fig. 3. The second column lists the values of the linear pressure coefficients
computed at the respective E, 399 x energies by interpolation using the red curve in the graph of
Fig. 4b. The TE contribution (third column in Table I) is thus obtained by evaluating Eq. (2),
using the previously computed pressure coefficients, a volumetric thermal expansion
coefficient*® a,=1.27x10* K-! and a bulk modulus** B;=16.5 GPa, both from the literature. Here
we assume that both TE coefficient and bulk modulus do not depend on NC size, as supported by

the experimental evidence available for metal halide perovskites.*® The fourth column of Table I

11
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contains the temperature coefficients of the gap for the tetragonal phase of the five MAPbI;
samples directly obtained from the slopes of the linear regressions drawn in Fig. 3 (cyan curves).
Using Eq. (1), the electron-phonon contribution is calculated by subtracting the TE term from the
temperature slopes. The last column of Table I finally represents the weight of each contribution
(TE and EP) to the total gap renormalization, expressed in percentage of the total. Strikingly, the
weight of the electron-phonon coupling increases from 50% as in bulk to about 75% for

nanocrystals of a few nanometers in diameter.

Bk dE/dP TE dE/dT EP  TE/EP

MAPbDI; (eV)  (meV/GPa) (meV/K) (meV/K) (meV/K) (%)

Bulk  1.589(5) -50(10)  0.113) 0.22(1) 0.11(4) | 50/50

Thin film  1.605(5)  -49(10)  0.103) 0.20(2) 0.10(5) | 50/50

§nmNCs 1.677(5)  -35(6)  0.07(2) 021(2) 0.144) | 33/67

snmNCs 1.739(5)  -18(5)  0.042) 0.193) 0.15(5) | 21/79

4nmNCs  1.766(5)  -8(5) 0.022) 0.07(5) 0.05(7) | 28/72

Table I: Estimation of the contributions from thermal expansion (TE) and electron-phonon
interaction (EP) to the renormalization of the gap energy for the room-temperature tetragonal
phase of the MAPbI; NCs, the thin film and the bulk form. E, 39 ¢ corresponds to the gap energy
E, at room temperature, dE,/dP is the measured gap pressure coefficient and TE represents the
thermal expansion contribution calculated using Eq. (2). The electron-phonon (EP) contribution
is computed by subtracting the TE term from the measured temperature slope dE,/dT. The last
column represents the weight of each contribution to the total gap renormalization, expressed in
percentage of the total. Numbers in parentheses represent the error bars.

A comparison between the estimated NC sizes with the extension of the exciton
Bohr radius in MAPbI;, which is approximately 3 nm,>® sheds light on the observed size
dependence of the EP term. Excitons in the smaller size NCs would exhibit strong

confinement effects of

12
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their wave function, ultimately leading to an enhanced overlap with the NC phonons, i.e., a
stronger electron-phonon coupling. It is precisely for those nanocrystals whose radii are smaller
than the exciton Rp for which we observe an enhancement of the EP contribution, in good
agreement with this hypothesis. Hence we can argue that the variation of the wave function
overlap between exciton and phonons is the reason that leads to appreciable changes in the
temperature-induced renormalization of the gap energy. We emphasize that the conclusions
about the enhancement of the electron-phonon interaction at the nanoscale as a result of quantum
confinement effects is model independent. The EP term was simply obtained by subtracting two
experimentally determined quantities. This, in turn, leads to more accurate values for the
electron-phonon interaction contribution to the temperature-induced gap renormalization,

avoiding making any assumption about thermal expansion effects.

In conclusion, by combining PL. measurements as a function of temperature and pressure,
we were able to separate the different contributions from thermal expansion and electron-phonon
interaction effects to the temperature-induced renormalization of the gap for MAPbDI;
nanocrystals, and compare them to the cases of thin films and single-crystalline bulk. A striking
result of this work concerns the enhancement of the electron-phonon coupling term, whose
relative weight increases from 50% in bulk up to 75% for NCs with effective radii below 3 nm.
We argue that such enhancement is a consequence of the increased wave function overlap

between electrons and phonons, due to strong quantum confinement effects on the NC excitons.
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