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Photoluminescence and transmission is systematically explored in thin films of long–alkyl-chain-based

inorganic-organic (IO) hybrids (CnH2nþ1NH3)2PbI4 (n¼ 12, 16, 18) (CnPI) and NH3C12H22NH3PbI4
(DDPI). Such IO-hybrids, which form natural multiple quantum well structures stacked up along c-axis,

possess strong room-temperature exciton transitions. These hybrids exhibit reversible phase transition

of two different crystal phase transitions at easily accessible device temperatures. Flipping the structural

phase is clearly reflected in switching of the excitons with corresponding photoluminescence and

transmission changes showing clear thermal hysteresis. The phase-dependent switching of excitons is

predominantly due to reversible crumpling of the inorganic PbI sheet networks. Systematic temperature

dependent studies establish a correlation between the structure and optical exciton features. Such

thermo-optic exciton switching suggests possible new photonic devices.VC 2012 American Institute of

Physics. [doi:10.1063/1.3674324]

I. INTRODUCTION

Inorganic-Organic (IO) hybrid semiconductors provide

significant opportunities as multi-functional materials for many

electronic and optoelectronic applications. These include

inorganic-organic light emitting diodes, inorganic-organic

field-effect transistors, and nonlinear optical switches based on

strong exciton-photon coupling in microcavity photonic

architectures.1–4 The basic structure of these lead (II) halide-

based two-dimensional (2D) pervoskites takes the general

form (R-NH3)2PbI4 and (NH3-R-NH3)PbI4 (where R is

organic) consisting of layers of corner-sharing lead iodide octa-

hedra with mono-/bi-layers of organic cations stacked between

the inorganic layers.5–10 These form ‘natural’ multiple-quan-

tum-well structures (MQWs), where ‘wells’ of the 2D inor-

ganic semiconducting layer are clad by ‘barriers’ of the wider

bandgap organic layers. Due to the low dimensionality and the

contrast in the bandgap of organic and inorganic layers, car-

riers are confined within the inorganic layers. A large dielectric

mismatch (giving dielectric confinement) combined with the

quantum confinement between the layers, enables formation of

stable excitons with large binding energy even at room-

temperatures.11–13 These IO-hybrids exhibit narrow and strong

excitonic absorption and emission features favorable for optoe-

lectronics applications. Such hybrids are thermally stable up to

200 �C and a wide range of structures can be conveniently syn-

thesized by choosing an appropriate intercalating organic moi-

ety.8,9,14 Of particular focus here is the observation of

reversible structural phase transitions at easily accessible de-

vice temperatures in a special class of long-alkyl-chain-based

hybrid inorganic-organic materials.8,10,15

The evolution of switching behavior of exciton is system-

atically explored in long alkyl chain based Inorganic Organic

(IO) hybrids (CnH2nþ1NH3)2PbI4; n¼ 12, 16, and 18 (CnPI

which are named as C12PI, C16PI and C18PI, respectively)

and another system, similar to C12PI, (NH3C12H22NH3)PbI4
(hereafter, DDPI). Systematic temperature-dependent confo-

cal microscopic imaging, photoluminescence (PL) and trans-

mission studies on thin films and single crystals are presented

to establish a correlation between structural and optical exci-

ton features. Understanding such thermo-optic switching of

these hybrids is essential to pave the way for applications in

photonic architectures.

II. EXPERIMENTAL DETAILS

Yellow single-crystals of CnPI (n¼ 12, 16, 18) and of

DDPI were harvested from solution processing methods, as

previously reported previously.8,10,15,16 Several other 2D

inorganic-organic hybrid multiple quantum wells (IO-MQWs)

were also prepared from similar methods. Thin films were

obtained by spin-coating a solution of CnPI and DDPI crystals

dissolved in tetrahydrofuran (THF) and di-methyl sulfoxide

(DMSO) solvents respectively.8,10 PL and transmission meas-

urements of both single crystals and thin films were carried

out using a modified confocal microscope (FV1000, Olympus)

with a temperature-controlled scanning stage and a spectrome-

ter (HR2000). The spectrometer is coupled to the microscope

to collect the white light transmission at local positions, with

spectral span ranging from 300 nm to1000 nm, as well as the

emitted PL (excited by a 447 nm CW diode laser, 30 mW)

locally from a 3lm spot. This system allows simultaneous re-

cording of high-resolution images as well as PL and transmis-

sion spectra from an area of �1lm2.

III. RESULTS AND DISCUSSIONS

A. Structural phase transitions

Alkylammonium chain-based IO-hybrids in the generic

form of (CnH2nþ1NH3)2PbI4 (12 � n � 18) are of special
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interest because of their unique optical properties. These

hybrids show various temperature induced structural phases.

One of the immediate observations of the phase-change is

the dramatic color change8 between yellow and orange, typi-

cally within a temperature cycle between 25 �C and 90 �C.

Single-crystal X-ray diffraction analysis (Single-crystal

XRD)8,10 revealed that these hybrids show a reversible phase

transition within such device operating temperatures (25-

90 �C): a stable phase (hereafter phase-I) at room tempera-

ture and an unstable phase at high-temperature (hereafter

phase-II). Schematic crystal structures of both phases, for

one of the hybrids C12PI, are shown in Figs. 1(a) and 1(b).

The basic structure of these IO-hybrids, (CnH2nþ1-NH3)2PbI4
(n¼ 12, 16 and 18), consists of layers of corner-shared PbI6
octahedra and bi-layers of organic cations stacked alterna-

tively.8 The side-linked PbI6 octahedra are extended as 2D

planar sheets and the PbI6 octahedra of adjacent layers are

coupled by two organic moieties via N-H���I weak hydrogen

bonds through NH3 ligands of the organic cations. While

both low and high temperature phases (Phase I and II) have

similar layered structures, the crystal packing are orthorhom-

bic and monoclinic with corresponding space groups (Pbca)

and (P21/a) for phase-I and phase-II respectively.8,15 Struc-

tural phase transitions can be considered to be a consequence

of conformational changes within the alkylammonium chains

(organic cations), where the torsion angles around the N–C

and/or C–C bonds change as the temperature increases.

Another notable feature is that the PbI network layers are not

completely planar but slightly crumpled, with Pb-I-Pb angles

150.19� (for phase-I) and 157.42� (for phase-II) (see inset of

Figs. 1(a) and 1(b)). These features are the same for all long

alkyl chain based IO-hybrids under study.8,10,16

The phase transition temperatures based on present and

previous thermal and structural studies are8,10,16

C12PIðIÞ
41:7 �C

32:9 �C
 ��������!C12PIðIIÞ

76:2 �C

72:0 �C
 ��������!C12PIðIIIÞ

C16PIðIÞ
66:9 �C

59:3 �C
 ��������!C16PIðIIÞ

95:0 �C

90:0 �C
 ��������!C16PIðIIIÞ

C18PIðIÞ
73:1 �C

67:6 �C
 ��������!C18PIðIIÞ

100 �C

93:0 �C
 ��������!C18PIðIIIÞ

DDPIðIÞ
80:0 �C

70:0 �C
 ��������!DDPIðIIÞ

Accordingly, there are two types of phase transition that can

occur in these hybrids: The first (or pre-melting; phase-I to

phase-II) transition exhibits considerable thermal hysteresis,

showing prominent structural transformation, as evidenced

by thermal, infrared and single crystal XRD studies.8,10,16

The second (or melting; phase-II to phase-III) transition is

accompanied by dilation of the lattice parameters. Recent

and earlier reports on phase transitions indicate a clear dila-

tion of crystal lattice during this second transition and loss of

crystallinity which prevents the study of crystal structure.8,16

B. Temperature induced phase changes and
corresponding exciton behavior

These IO-hybrids consist of 2D layered structure with

inorganic semiconductor and organic layers stacked alterna-

tively (Fig. 1(a)) and are regarded as a natural multiple quan-

tum well (MQW) structure.11,12 The ‘well’ and ‘barrier’ widths

of these IO-hybrids were estimated from single crystal XRD

analysis. The ‘well’ width is �6 Å for CnPIs and �6.2 Å for

DDPI and the ‘barrier’ widths are typically 18 Å, 23 Å, 25.5 Å

and 9.8 Å for C12PI, C16PI, C18PI and DDPI, respectively.

These IO-hybrid films show uniform layered arrange-

ment and show strong room-temperature exciton absorption

and PL (phase-I) at �490 nm and �500 nm, respectively, for

CnPI thin films and at �510 nm and 520 nm respectively for

DDPI thin film (Fig. 1(c)). Both absorption and PL exciton

line shapes are narrow with spectral widths less than 30 nm.

At higher temperatures (phase-II), CnPIs excitons switch to

higher wavelength regions with absorption peaks at

�510 nm and corresponding PL at �520 nm (Fig. 1(d)). In

contrast, DDPI exciton absorption switches to lower wave-

length regions, �495 nm with corresponding PL at �516 nm
(Fig. 1(d)). Nevertheless, both the phases of CnPI and DDPI

preserve strong excitons with narrow bandwidths.

To understand the temperature induced phase changes

and the corresponding exciton behavior, both transmission

FIG. 1. (Color online) (a) and (b) Schematic crystal structures of C12PI

phase-I and II, respectively. Inset shows the Pb–I–Pb atomic bonding within

the inorganic network. (c) Phase-I and (d) Phase-II, exciton absorption (dot-

ted line) and emission (solid line) spectra of C12PI, C16PI, C18PI and DDPI

thin films. Gray lines are indicative of peak positions for phase I and II.
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and PL spectra of CnPIs and DDPI thin films (thickness

�100 nm) were systematically monitored between 15 �C and

90 �C with 3 �C steps. Such phase change induced spectral

changes of C12PI are shown in Fig. 2. Besides the exciton

energy shift, it is also observed that the PL intensity of the

phase-II exciton is three times less than phase-I. Extracting

peak wavelengths corresponding to the maximum PL/trans-

mission minima through a full temperature cycle is presented

in Figs. 3(c) and 3(f). On cooling, the phase-II exciton persists

even at room-temperature and remains for several hours.

However, when these films are further cooled to 15 �C, phase-I

appears along with phase-II and a complete recovery of

phase-I only happens after several hours. We speculate that

the inorganic layer crumpling is energetically favorable once

many tens of QW layers have built up. Below this, the Peierls

distortion is hampered by strain, leading to a metastable

behavior in thin films.15 As such, the exciton switching can be

modified by the local nanoscale environment, providing inno-

vative opportunities for device applications.

While the spectral switching of C16PI are close to that of

C12PI, the phase transition temperature of C16PI is higher

compared to C12PI. Temperature dependent transmission/PL

spectra were monitored between 25 �C and 90 �C and are pre-

sented in Fig. 3. In the temperature range between 65 �C to

75 �C, the exciton peak switches from 500 nm to 540 nm. This

switching is at �75 �C during heating and �65 �C during the

cooling cycle. On comparing PL/transmission spectra of

C12PI thin films (Fig. 2) to that of C16PI thin films (Fig. 3),

the C16PI exciton swaps between these two phases within a

smaller temperature span over a full temperature cycle.

Annealing effects,15 related to internal strain, are less domi-

nant in C16PI as compared to C12PI, which accounts for the

relatively narrow thermal hysteresis for C16PI observed. On

close observations, high temperature PL of C16PI is compara-

tively broader and shifts toward longer wavelength (540 nm).

In the same vein, the temperature dependent PL/transmis-

sion spectra of C18PI (Fig. 4) shows exciton switching similar

to that of C12PI but with higher switch-over temperatures,

�68 �C and �78 �C. While the phase change temperatures of

CnPI were same for transmission minima and PL peak max-

ima, the hysteresis curves show differences during cooling

cycle (Figs. 2(c) and 2(f), 3(c), 3(f) and 4(c), 4(f)). In C18PI,

the cooling/heating switch-over temperatures are very close

(�10 �C) compared to C12PI (�40 �C). Such relatively nar-

row and complete thermal hysteresis suggests that the long

alkyl chains help in retaining the Pb-I-Pb network to its natural

crumpling with reduced annealing effects15 related to internal

strains. Furthermore, a reduced stokes shift (difference

between transmission minima and PL maxima) was also

observed for all CnPI (n¼ 12, 16 and 18) during cooling cycle.

Annealing effects might have caused the PbI network to

release its strain and hence in the suppression of non-radiative

transition,17 resulting in a reduced stokes shift. Further studies

on annealing effects versus stokes shift would be interesting.

Exciton PL/transmission spectral features of DDPI thin

films were recorded and analyzed over a temperature range of

25 �C to 90 �C for both heating and cooling cycles (Fig. 5). In

DDPI, the exciton switching behavior is completely different

to that of other CnPIs. DDPI thin films show strong room-

temperature exciton transmission and PL peaks, relatively at

higher wavelength side, at �507 nm and �520 nm, respec-

tively. Upon heating, the PL maxima slowly switches to the

higher energy side, i.e., from �520 nm to �516 nm at about

80 �C and switches back to �520 nm during the cooling cycle.

Similar switching is observed in transmission spectra. A

FIG. 2. (Color online) Transmission spectra of C12PI thin film (of thickness

�100 nm) during (a) heating and (b) cooling cycles between temperatures

15 �C and 75 �C. (d) and (e) are PL spectra of corresponding heating and

cooling cycles. (c) and (f) are temperature dependence of transmission min-

ima and PL peak maxima, respectively.

FIG. 3. (Color online) Transmission spectra of C16PI thin film (of thickness

�100 nm) during (a) heating and (b) cooling cycles between temperatures

25 �C and 90 �C. (d) and (e) are PL spectra of corresponding heating and

cooling cycles. (c) and (f) are temperature dependence of transmission min-

ima and PL peak maxima, respectively.
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particular feature of the phase-change hysteresis of this exci-

ton switching is its slowly varying nature: on heating, the PL

maxima slowly increase from 520 to 525 nm with a rate of

�0.05 nm/�C and at the transition temperature (�80 �C), it
rapidly switches to a lower-wavelength �515 nm. This slowly

varying nature and blue-shifted phase-change on heating is

different to that of other alkyl-chained IO-hybrids (CnPIs,

where n¼ 12, 16, and 18), where the exciton switching was

entirely opposite, i.e. the PL maxima shifts toward the red end

with a rate>0.11 nm/�C.

Fig. 6 shows the schematic representation of Pb-I-Pb

network arrangement of DDPI and C12PI at room-

temperature. In DDPI, the organic moiety (1,12-diaminodo-

decane (DD)) is similar to that of C12PI, with the same num-

ber of carbon atoms in the alkyl chain as C12, but with

amino groups at both the ends of the chain.10 Due to the bi-

terminal amino groups, the adjacent PbI layers in DDPI are

coupled by a single organic, rather than two in the case of

C12PI. As a consequence, the interlayer separation of DDPI

(c� 16 Å) is smaller than C12PI (c� 24 Å).8,10,15 Moreover,

the corner shared I atoms in DDPI are in-plane with perfect

ordering and less distorted in the I-Pb-I cis and trans angles10

(see Fig. 6(a)) whereas in C12PI, the Pb-I network is more

disordered8,15 (see Fig. 6(b)).

The Pb-I-Pb in-plane bonding in DDPI is of a more pla-

nar nature, similar to that of other reported IO-hybrids

(C6H5C2H4NH3)2PbI4 (PAPI) and (C6H9C2H4NH3)2PbI4
(CHPI).6,7 Similarly the high-temperature-phase exciton

energy (2.4 eV) is closer to our earlier reported IO-hybrids of

more crumpled PbI structures, (Cl-C6H4NH3)2PbI4 (CAPI)14

and room-temperature C12PI (Fig. 6). Therefore, we infer that

during the phase transition, PbI layers of DDPI switch from

stable planar structure to more crumpled structure,13,14,18,19

and as a consequence, the room-temperature exciton PL is at

higher wavelength, �520 nm, compared to other alkyl-chain

based hybrids (CnPIs). However, high temperature crystal

structure of DDPI is essential to understand such structural

comparison. In our recent communication, by studying exci-

ton PL from a number of similar 2D layered hybrids with dif-

ferent organic moieties, a correlation was established between

the exciton energies and the Pb-I-Pb in-plane bonding angle.15

This confirmed the key relationship between crumpling of

inorganic layers and the exciton energies, separate from other

influential factors such as dielectric confinement and barrier/

well widths.

Despite some understanding of the dependence of exci-

ton energies on other factors such as inorganic and organic

layer sizes and the dielectric contrast between them,11,12 a

quantitative theoretical estimates of exciton energies remain

FIG. 4. (Color online) Transmission spectra of C18PI thin film (of thickness

�100 nm) during (a) heating and (b) cooling cycles between temperatures

25 �C and 90 �C. (d) and (e) are PL spectra of corresponding heating and

cooling cycles. (c) and (f) are temperature dependence of transmission min-

ima and PL peak maxima, respectively.

FIG. 5. (Color online) Transmission spectra of DDPI thin film (of thickness

�100 nm) during (a) heating and (b) cooling cycles between temperatures

25 �C and 90 �C. (d) and (e) are PL spectra of corresponding heating and

cooling cycles. (c) and (f) are temperature dependence of transmission min-

ima and PL peak maxima, respectively.

FIG. 6. (Color online) Schematic arrangement of Pb and I atoms in (a)

DDPI and (b) C12PI. 2D layering of PbI network is perpendicular to the

plane.
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out of reach. According to single crystal XRD information,8

CnPIs lattice spacing at room temperature (c¼ 49.03, 59.29,

64.45 Å for n¼ 12, 16, and 18 respectively) monotonically

increase with increase in the alkyl chain length. However,

the experimental room-temperature absorption and emission

exciton energies (2.51 eV and 2.52 eV) do not show any vari-

ation with respect to an increase in organic chain length.

This may arise from the layer crumpling, as seen from Pb-I-

Pb bending angles, which are very close in these compounds

(150.19�, 149.52� and 149.39�, respectively). However, they

show less crumpling effect (with Pb-I-Pb bond angles

158.83�, 158.41� and 157.42�) at high-temperatures. Due to

less crumbling, the exciton energy shift toward the red end

was only about 0.2 eV.

In general, from the present and previous structural,

thermal and spectroscopic studies, phase changes in these

alkyl chain based IO-hybrids lead to many structural defor-

mations, that includes (1) an increase in the disorder of the

alkyl chain orientation, (2) changes in the crystal structure,

(3) deformations of the inorganic (PbI) network, and (4) spa-

tial shifts in the coupling between the ammonia group of the

organic moiety and the PbI network.8,10,15

C. Distinct exciton behavior in C16PI crystals

As a general observation, both single crystals and thin

films show two types of excitons at high and low temperature

within the temperature range of 25 �C to 90 �C. The phase

transition temperatures increase with increasing alkyl chain

length in CnPI, which clearly supports the structural observa-

tions. However, the phase transitions observed from the opti-

cal measurements are different for thin films and single

crystals and cannot be directly compared with values

obtained from DSC studies.8 While structural measurements

solely monitor the structural modification, the exciton PL

and transmission are critically dependent on film thickness,

layered arrangement and morphology,14,15 hence changes

can be expected when looking at single crystals.

While the PL spectra of single crystal C12PI and C18PI

show clearly two kinds of phases during heating and cooling

cycles, the C16PI crystal shows more than one phase at high

temperatures, between 70 �C and 90 �C. To further monitor

these high temperature phases, spatial spectral scanning of a

C16PI crystal is performed across 1 mm2 areas with 20 lm

resolution at temperatures 25 �C and 70 �C (experimental

details are given in Sec. II).

Fig. 7 shows the PL spectra scanned along a single crys-

tal (indicated by a broken line in Fig. 7(a)) with a step size of

0.02mm. The PL line scan has been performed at 25 �C,

70 �C and again after cooling at 25 �C (Figs. 7(c)–7(e)). As

seen, four kinds of PL spectra are observed which are peaked

at 497, 520, 545 and 615 nm, named as I, II, III and IV,

respectively (Fig. 7(b)). While phase-I PL is related to the

room-temperature phase (25-60 �C), other peaks, II, III and

IV, are from high temperature phases. Phase II and III are

close to each other and spectrally overlap. We note that the

phase-I exciton emission is almost an order of magnitude

stronger than II and III and two orders of magnitude stronger

than phase-IV. While the spectral widths of I, II and III are

quite narrow (FWHM� 30 nm), the PL corresponding to IV

is much broader with an FWHM of �100 nm.

The notable observations from these temperature de-

pendent studies are:

(i) The narrow and intense PL (�500 nm) observed at

room-temperature is related to the room temperature

excitons and of phase-I, similar to C12PI.

(ii) Another narrow PL line observed at 520 nm at high

temperature, which is related to the phase II exciton,

is an order of magnitude weaker than phase-I

intensity.

(iii) High temperature (78 �C) exciton PL is composed of

two overlapping distinct narrow peaks at 520nm and

540 nm. The narrow linewidth at 540 nm could possibly

be from the excitons from another higher-order meta-

stable phase (phase-III), in accordance with earlier ther-

mal and structural studies.8,16 However, this phase is

associated with a melting transition (�95 �C) and there-
fore can show loss of crystallinity as well as dilation of

the crystal lattice. The possibility of structural deforma-

tions within phase-II structures might also result in

these red-shifted high temperature excitons.

(iv) PL exciton switching is clearly visible as in the case

of other CnPI crystals, similar to that of thin films.

(v) The PL at 615 nm is of very low intensity (almost

two orders of magnitude weaker than phase-I) and

spectrally broad (FWHM� 100 nm). This PL could

be due to crystal defects, caused by uneven packing

of inorganic-organic layers at the crystal edges.14

The confocal microscope image and the spatial PL mor-

phology of C16PI crystals extracting the PL spectra of all

FIG. 7. (Color online) (a) Confocal image of C16PI crystal. (b) Normalized

exciton PL spectra at different temperature-dependent phases I, II, III and

IV. Dotted line (blue) shows the co-existence of phase-II and -III. (c) - (e)

Normalized PL spectra scanned along the white dotted line (shown in Fig.

7(a)), with step size 0.02mm, recorded at (c) 25 �C, (d) 70 �C and after cool-

ing to (e) 25 �C. Spectra recorded at various distances are shifted up the

Y-axis for clarity.
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these phases are presented in Fig. 8. The crystal color

changes (Fig. 8(a)), visible to the naked eye, between light

yellow to orange color when the temperature is increased

from 25 �C to �78 �C (vice versa on cooling) reveals the

switching of optical excitons from phase-I (kPL¼ 497 nm) to

phase-II/III (kPL¼ 520 nm and 540 nm, and vice versa). At

25 �C, the PL is completely in phase-I, and similarly at

78 �C, the PL from phase-I completely disappears and the PL

arises only from phase-II and III excitons. When the temper-

atures are reduced back to room-temperature, the PL

switches back to phase-I. Weak PL at k�520 nm at 25 �C

(Fig. 8(c)) is not from high temperature phase excitons but is

only due to the extended spectral wings of the 500 nm peak

which has a finite intensity at 520 nm.

IV. CONCLUSION

In conclusion, exciton switching in phase-change

hybrids (CnH2nþ1NH3)2PbI4 (n¼ 12, 16 and 18) and

(NH3C12H22NH3)PbI4 was systematically explored. Two

structural phases found between 15 �C and 90 �C, based on

orthorhombic and monoclinic unit cells, show different opti-

cal excitons which are demonstrated to arise from the revers-

ible crumpling of the quantum well layers. Thermal cycling

experiments on exciton PL and transmission reveals com-

plete reversibility of the phase transitions in these phase

change hybrids. However, depending on structural features

such as the length of alkyl chains and available amino

groups, they show distinct thermal hysteresis behaviors.

Such detailed understanding of the exciton behavior is essen-

tial for optoelectronic devices, such as switchable microcav-

ity strong-coupling devices and nonlinear optical switches.5

Further controlling the exciton switching by external electric

fields can potentially pave the way to new generations of

electro-optic and all-optical devices.20
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FIG. 8. (Color online) (a) Confocal images of

C16PI crystals recorded at 25 �C and 78 �C again at

25 �C after cooling. (b)-(e) are PL mappings

recorded at exciton PL wavelengths (b) 500 nm, (c)

520 nm, (d) 540 nm, and (e) 615 nm for correspond-

ing temperatures.
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