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ABSTRACT

THz thin film total internal reflection (TF-TIR) spectroscopy is shown to have an enhanced
sensitivity to the vibrational properties of thin films in comparison to standard THz
transmission spectroscopy. This increased sensitivity was used to track photo-induced
modifications to the structure of thin films of methylammonium (MA) lead halide, MAPbI3xBrx

(x=0, 0.5, 1, 3). Initially, illumination strengthened the phonon modes around 2THz,

associated with Pb-I stretch modes coupled to the MA ions, while the 1THz twist modes of
the inorganic octahedra did not alter in strength. Under longer term illumination the 1THz
phonon modes of encapsulated films slowly reduced in strength, while in films exposed to
moisture and oxygen these phonons weaken more rapidly and blueshift in frequency. The
rapid monitoring of environmentally-induced changes to the vibrational modes afforded by
TF-TIR spectroscopy offers applications in the characterization and quality control of
perovskite thin-film solar cells and other thin-film semiconductors.
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The rapid development of organic-inorganic halide perovskite materials has facilitated their
use in photovoltaic solar cells (PSCs)1-3, LEDs4 and lasers5. However, concerns about the
stability of halide perovskites have been raised as a major issue that obstructs their practical
applications: water, oxygen, light and heat can cause halide perovskites to degrade.1-2 The
degradation of perovskites can be slowed down by proper encapsulation or by partially
replacing MA with formamidinium (FA).1
Above bandgap illumination can alter the structural and functional electronic properties of
halide perovskites, even while remaining within the perovskite phase. In MA perovskites
photo-induced carriers reduce the binding energy and increase the rotational freedom of the
MA cation6, inducing a giant dielectric response7. UV illumination was found to alter the
Raman lines and photoluminescence intensity of MAPbI3 reversibly, attributed to changes in
the inorganic octahedra to adapt to light-induced rotations in the MA cations.8-9 In mixed
halide perovskites, where the bandgap can be tuned via the iodine to bromine ratio,10 light
can stimulate the halide ions to segregate into Br-rich and I-rich domains with different bandgaps11-12.
Common vibrational spectroscopy methods such as Raman, Fourier Transform Infrared
Spectroscopy and terahertz (THz) time-domain spectroscopy have been widely utilized to
study the vibrational modes of the perovskite crystalline lattice, and the organic cation13-16.
THz time-domain spectroscopy in particular is attractive, as it probes the low-frequency
vibrational modes that dominate the electron-phonon scattering rate, and thus the room
temperature mobility13, 17. Previously, THz-TDS was used to study the vibrational modes in
the orthorhombic, tetragonal and cubic phases of MAPbX3 perovskites16-17, and to investigate
the kinetics of MAPbI3 crystal formation from precursors during annealing18. In these
experiments standard THz-TDS transmission setups were utilized, typically yielding less than
10% amplitude change between sample and reference measurements for typical film
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thicknesses.16 In order to obtain sufficiently precise spectrally-resolved data, long integration
times (>10 minutes) are often needed, restricting the usefulness of THz-TDS transmission
spectroscopy to monitor environmentally-induced changes in the vibrational modes of
perovskite thin films on shorter timescales.
In this Letter, we report that THz thin film total internal reflection (TF-TIR) spectroscopy
is a sensitive probe of the vibrational modes of perovskite thin films, and validate the high
sensitivity of this method. Utilizing this advance, we studied light-induced modifications to
the vibrational modes of single and mixed halide MAPbX3. Time-dependent changes in the
vibrational mode strength, frequency and linewidth were tracked under different
environmental

conditions.

A

thin

film

encapsulation

layer,

made

of

poly(perﬂuorobutenylvinylether) (CYTOP), was optionally used to mitigate against the
effects of exposure to moisture and oxygen. Complementary X-ray diffraction (XRD) and
photoluminescence (PL) measurements of the perovskite thin film samples under the same
environmental conditions were used to monitor the structure and band edge emission.
Enhanced THz responsivity by TF-TIR. The THz time domain signals of a pristine
MAPbI3 perovskite sample measured in transmission and in the TF-TIR geometry are shown
in Figure 1 (a-b). In transmission the THz pulse amplitude reduced by 5.4% in comparison to
the reference substrate, while in the TF-TIR geometry the signal change was larger, at 9.1%.
The higher sensitivity of the TIR geometry to the conductivity of thin films in comparison to
the transmission method has been previously established for graphene,19-21 and is expanded
upon below.
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Figure 1. THz time domain signals of a MAPbI3 perovskite sample and the bare substrate
measured in the (a) Transmission system; (b) TF-TIR system. The sample signals are shifted
horizontally for clarity. (c) The spectra of the pristine perovskite samples. Dashed lines were
measured in transmission while solid lines were measured by TF-TIR. (d) Dove prism setup
for THz TF-TIR and schematic of multi-layered system in this setup. Green arrows show the
optical paths of the THz light. (e) Normalized and (f) absolute THz amplitudes as a function
of sheet conductance calculated by Eqn (2), assuming the reference has a sample conductance
of zero. ‘T’, ’R’ and ‘TIR’ correspond to transmission, ordinary reflection and total internal
reflection geometry.

The THz spectra for four samples of MAPbX3 are shown in Figure 1 (c), as obtained from
Eqns (1-2). The absorbance, A, was small (less than 0.1 for the four perovskite samples),
which can be a challenge to measure accurately in lower signal-to-noise ratio systems. For
the TF-TIR data we plot the logarithmic reflectance, 𝑅log (see Methods), which was ~4 times
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stronger (peaking at ~0.4) and matched the spectral shape of A. While the height of A and Rlog
depend on the thickness of the film, the data presented were obtained on the same films and
thus offer a direct comparison between the performance of the different geometries.
For MAPbI3 a clear peak is evident at 0.96 THz in both A and Rlog, which can be assigned
to I-Pb-I bond bending, creating distortions and twists of the inorganic octahedra13, denoted
here as the “octahedral” mode. The increased absorbance/reflectance at higher frequencies is
created by a second set of vibrational modes around 2 THz, attributed to the stretching of the
Pb-I bond coupled to MA cations16, 22 referred to as the “lurching” mode13. These vibrational
modes have been reported previously using transmission THz-TDS16, 18, 22-23. The observed
increase in mode frequency (0.96, 0.99, 1.05 and 1.38 THz) with Br substitution is likely due
to the lower average mass of the X site when Br replaces I13. However, the resonance
frequency did not scale linearly with Br content: even with the bromine concentration
increasing to 1/3, the resonant frequency only had a small blue shift and was still close to that
of MAPbI3, while there was an abrupt change to 1.38 THz for the pure bromine MAPbBr3.
This may be a result of the differing crystal system for pure MAPbBr3 at room temperature,
which is cubic with space group Pm3m, while MAPbI3 is tetragonal with space group
I4/mcm13.
To provide insight into the enhanced sensitivity in the TF-TIR geometry, consider the
schematic of the experimental geometry for TF-TIR shown in Figure 1(d). Here, the sample
layer is a conductive thin film that is sandwiched by a rarer medium (lower refractive index,
in this case air), and a substrate that is index-matched to the prism. The sample has an optical
conductance 𝜎𝑠𝑎𝑚𝑝𝑙𝑒 including contributions from both free charge motion and vibrational
absorption. THz light penetrates the sample to the top interface with the rarer medium, as the
sample thickness is smaller than the penetration depth. The reflection coefficient (s-polarized)
of this three-phase system can be written as:20
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r

nsubstrate cos  substrate  nrarer cos  rarer  Z 0 sample
nsubstrate cos  substrate  nrarer cos  rarer  Z 0 sample

(1)

where 𝑍0 is the impedance of vacuum and  are the angles in the media. To compare the
sensitivity of transmission, ordinary reflection (10°) and TIR geometry (37°), the THz
response is given in Figure 1(e-f) as a function of 𝜎𝑠𝑎𝑚𝑝𝑙𝑒 . The real part of 𝜎𝑠𝑎𝑚𝑝𝑙𝑒 for
MAPbI3 peaks at 0.6mS at the phonon resonance around 1THz,16 and hence the shaded range,
Re [𝜎𝑠𝑎𝑚𝑝𝑙𝑒 ] < 2mS, was representative of the vibrational modes of MAPbX3. The slope
marks the relative sensitivity: the ordinary reflection geometry (10°) has the best sensitivity,
corresponding to the most rapid change in the measured Rlog with changes to 𝜎𝑠𝑎𝑚𝑝𝑙𝑒 , while
the transmission geometry has the worst sensitivity. However, the least signal is collected in
the ordinary reflection spectroscopy (Figure 1(f)), whilst TIR yields greater amplitude,
improving the signal to noise ratio (SNR). The high sensitivity and SNR make THz TF-TIR
geometry particularly suitable to characterize the vibrational phonon modes in perovskites
during environmentally-driven changes.
Illumination alters the “lurching” vibrational modes. The THz spectra before, after
5 minutes of illumination and after resting in the dark for 5 minutes were measured with TFTIR for encapsulated MAPbI3, MAPbI2.5Br0.5, MAPbI2Br1 and MAPbBr3, with the results
shown in Figure 2. In all samples, short-term illumination increased the strength of the
‘lurching’ modes, evident from the increase in Rlog at high frequencies, without changing the
strength of the ‘octahedral’ modes. After resting in the dark for 5 minutes 𝑅log recovered
partially towards its shape before the light soaking, apart from the spectrum of MAPbBr3,
which overshot the original shape. Since our TF-TIR cannot measure above 1.7THz, a
CYTOP encapsulated MAPbI2.5Br0.5 sample was measured in the transmission geometry on
an alternative THz-TDS system with higher bandwidth (2.5THz), before illumination and
after 5 minutes of rest in the dark after the 5 minutes illumination. The results (Figure S1)
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show that the ‘lurching’ modes at 2 THz became stronger after 5 minutes rest in the dark after
light soaking. Supplementary PL spectra following the same illumination protocol are
reported in Figure S2. However, apart from strong phase segregation in MAPbI2Br1, PL
spectra failed to reveal any effects of 5 minutes light soaking on the perovskites.

Figure 2. THz TF-TIR spectra before (black), after 5 minutes of illumination (red) and after
5 minutes rest in the dark (green) of CYTOP encapsulated (a) MAPbI3, (b) MAPbI2.5Br0.5, (c)
MAPbI2Br1 and (d) MAPbBr3. (e) Crystal structure of MAPbI3, showing the ‘octahedral’ and
‘lurching’ modes.
We now consider possible explanations for the change in the ‘lurching’ mode’s strength.
Phase segregation11 cannot be the dominant cause, as it was observed for the two single
halide perovskites. The combined effects of oxygen and light were ruled out by further tests
on samples encapsulated in glass instead of CYTOP (since CYTOP has perfect isolation to
moisture but not to oxygen24) reported in the Supplemental Information Figure S3. Partial
decomposition of the perovskites was excluded using XRD spectra measured before and after
5 minutes of light soaking (Supplemental Figure S4). Having ruled out these other
mechanisms we conclude that short-term illumination deforms the perovskite lattice.
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Illumination can rotate MA cations and reduce their binding strength to the inorganic
octahedra, as evidenced by DFT calculations6 and experiment8. Consequently, we presume
that after illumination the MA cations decreased its binding to the octahedra, enhancing the
oscillator strength of the ‘lurching’ modes. When the light was switched off, this structural
distortion recovered slowly, as the MA cations return to their original orientation and
position.
Stability of encapsulated films under longer-term illumination. In contrast to the spectra
after short-term illumination, where the ‘lurching’ modes strengthened and the ‘octahedral’
modes were unchanged, on longer timescales (up to 300min) both the ‘octahedral’ and
‘lurching’ absorption became moderately weaker, as reported in Figure 3 (a-d).
Representative errorbars are given in Figure 3(a): the light induced spectral changes are very
small even after 5 hours, improving the sensitivity by TF-TIR spectroscopy made it possible
to track these subtle changes in oscillator strength. To further track these changes, the spectra
were fitted by Lorentz Oscillator model (LOM, see METHOD section) with two Lorentzian
oscillators, and the fitted frequency f0, amplitude A and linewidth  are shown in Figure 3(eg) for the ‘octahedral’ mode, the details of LOM fitting can be found in Supplemental
information. MAPbI2Br1 has the most significant (29%) drop in oscillator strength over 300
minutes, compared to 12%, 13% and 18% for MAPbI3, MAPbI2.5Br0.5 and MAPbBr3,
respectively. The faster degradation speed of MAPbI2Br1 was likely caused by ion
migration25 in MAPbI2Br1 as there is a more severe lattice mismatch with increasing bromine
concentration11-12,

26

. The PL results in Figure S2 also confirmed this: the peak shift of

MAPbI2Br1 is more significant than that of MAPbI2.5Br0.5 spectra.
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Figure 3. THz spectra from 0.4 THz to 1.6 THz of the CYTOP encapsulated (a) MAPbI3 (b)
MAPbI2.5Br0.5 (c) MAPbI2Br1 (d) MAPbBr3 sample varying with exposure times.
Representative errorbars are given in Figure 3(a): the inset highlights the error bars around
the peak. Black color indicates the spectra before the illumination. Markers are measured
data, curves are fits using two Lorentzian oscillators. Fitted (e) resonant frequencies, (f)
strengths and spectral widths of the ‘octahedral’ peaks. The resonant frequencies of
MAPbBr3 in (e) were shifted vertically (minus 0.25 THz) for clarity.
To establish whether the LED illumination was the dominant cause of the long-term
reduction in vibrational mode strength, a control group was stored in the dark under the same
atmospheric conditions. The visual images, XRD pattern and THz TF-TIR spectra of a
MAPbI2Br1 control sample after 300 minutes in the dark are presented in Figures 4 (a-c). The
control exhibited no clear difference visually or in the THz spectra. The XRD peaks lowered
in intensity slightly for the control sample, indicating a reduction in crystallinity irrespective
of illumination. The sample illuminated for 300min had a more marked reduction in
crystallinity, and broader peaks, resulting from a reduced crystallinity of the perovskite thin
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film and a decreased grain size, respectively27. The reduction in strength of the THz
vibrational modes is commensurate with the structural changes observed in XRD.
Furthermore, this photo-induced change was partially reversible, as evidenced in Figure 4
(d), for an encapsulated MAPbI2Br1 sample before, after 300 minutes illumination, and after
recovery in the dark for 40 minutes. This reversible effect was observed for the three other
compositions. The reversibility suggest that it was not the degradation into PbI2 and PbBr2
that caused the reduction of the peak strength8.

Figure 4. (a) visual images (b) XRD patterns (c) THz TF-TIR spectra of the encapsulated
MAPbI2Br1 before, after 300 minutes illumination (experimental group), after 300 minutes
being kept in dark (control group). The color of the sample turned brown slightly after
300 minutes of light soaking, which could be barely seen by the naked eye. (b) THz TF-TIR
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spectra of the encapsulated MAPbI2Br1 before, after 300 minutes of illumination and after
recovering for 40 minutes in dark.
Stability under moisture, oxygen and long-term illumination
To explore the effects of moisture and oxygen on the vibrational modes, we conducted
measurements on perovskite thin films made without encapsulation. Figures 5 (a-d) show the
photo-induced spectral changes in the perovskites during 0-280 minutes of illumination with
exposure to moisture, oxygen, heat and light. In the presence of moisture, the perovskites
were more sensitive to light and heat and were photo-modified much quicker than the
encapsulated ones.
MAPbI3 presented the fastest change: after 30 minutes, the ‘octahedral’ mode had totally
disappeared. At this time little of the perovskite phase remains owing to its decomposition
into PbI2, MAI, CH3NH2, and I228-29 as evidenced by visual inspection and XRD
(Supplemental Figure S5). The control samples did not degrade: in fact 𝑅𝑙𝑜𝑔 of the control
was marginally enhanced by 30 minutes in the dark, as explained by exposure to humid air
for short time18. This portrays the highly unstable nature of MAPbI3 when exposed to
moisture, oxygen and light. In contrast, for the two mixed halide perovskites, it took around
100 minutes before the phonon modes had vanished. After 110 minutes illumination there
was no clear difference visually for MAPbI2Br1, and while the XRD intensity decreased, no
PbI2 peak had emerged (Supplemental Figure S5).
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Figure 5. THz spectra from 0.4 THz to 1.6 THz of the non-encapsulated (a) MAPbI3 (b)
MAPbI2.5Br0.5 (c) MAPbI2Br1 (d) MAPbBr3 sample varying with exposure times. Black color
indicates the spectra before the illumination. Dots are measured data, curves are the twooscillator Lorentzian fits. Fitted (e) resonant frequencies, (f) strengths and (g) spectral widths
of the ‘octahedral’ peak over 120 minutes of illumination. The resonant frequencies of
MAPbBr3 in (e) were shifted vertically (minus 0.25 THz) for clarity.
The spectra were fitted using the same model as above, yielding the parameters given in
Figures 5 (e-g). During illumination, a subtle blue shift of the lowest vibrational mode with
time was observed, apart from MAPbBr3 where the oscillator strength reduced marginally.
For MAPbI3, MAPbI2.5Br0.5 and MAPbI2Br1, over the 30/80/110 minutes of the illumination,
the resonant frequencies of the spectral peaks shifted from 0.96, 0.99 and 1.05 THz to around
1.11 THz (frequency shifts 0.15, 0.12 and 0.06 THz, respectively). This blueshift with time
may result from the light-induced formation of iodide vacancies, which would lower the
average mass and increase the frequency of the Pb-I buckling modes. The Pb-I bond is fragile
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in comparison to Pb-Br:29 the decomposition energy in MAPbI3 is as low as 0.1 eV30. The
spectral widths similarly increased with time due to the increased structural disorder.
The huge difference in deterioration rate between the encapsulated (Figure 3) and nonencapsulated (Figure 5) MAPbI3 samples demonstrates that moisture accelerates the
breakdown of the structure, whereas the rate for MAPbBr3 was comparable with and without
encapsulation. The better stability of Br compound in the presence of moisture is explained
by reduced lattice constant and the transition to cubic phase, which is more stable than
tetragonal phase 31.
Herein we demonstrated for the first time that THz TF-TIR spectroscopy is a sensitive
method to study the vibrational modes of thin films of lead-halide perovskites. The increased
sensitivity afforded by the TIR geometry allowed subtle changes in the vibrational modes
associated with the inorganic octahedra and coupled Pb-X-MA modes to be explored in
different environmental conditions and in-situ under illumination. From the experimental
results, we deduce there was a two-step structural change in the perovskite thin films under
illumination: firstly the intensity of the ‘lurching’ modes was enhanced after 5 minutes of
illumination; secondly long-term light soaking induced a decrease in the intensity of both
‘octahedral’ and ‘lurching ’phonon modes, and the ‘octahedral’ modes had a blue shift in the
presence of moisture. Our results give direct experimental evidence for the hypothesis
proposed by Gottesman et al.8: inorganic octahedra realign to adapt to the rotated MA cations
induced by illumination. A thorough knowledge of the vibrational modes is increasingly
identified as important because the LO-phonon modes are thought to control the room
temperature charge mobility 16, 32. THz TF-TIR provides a novel way to study the stability of
perovskites in situ and can also be used to characterize other conductive materials of interest.

METHODS
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The details of sample preparation, THz TF-TIR spectroscopy setups and measurements,
XRD and PL measurements can be found in Supplemental information. The thickness of the
perovskite samples was about 300 nm. The absorbance spectrum A of the sample is
calculated from:
A  2log10

FFT (Tsample (t )  f (t ))
FFT (Treference (t )  f (t ))

,

(2)

where 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 (𝑡) and 𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑡) are the measured THz transmission time-domain signals
of the sample and the bare substrate respectively, and FFT() denotes the Fourier transform.
The filter function f(t) removed small reflections caused by the substrate and prism interface
(contact was imperfect). Similarly, we define the logarithmic reflectance Rlog to process the
THz TF-TIR time-domain signals R(t) using:
Rlog  2log10

FFT ( Rsample (t )  f (t ))
FFT ( Rreference (t )  f (t ))

.

(3)

The measured A and Rlog are plotted in Figure (1) for comparison. Rlog is fitted by LOM to
extract the oscillator strength and resonant frequency. Differently from ordinary ATR, the
total reflection happens at the upper surface of the sample, and thus in TF-TIR there is no
restriction on the refractive index of the sample. The effects of the CYTOP encapsulation
layer can be ignored, the detailed calculated results are given in the Supplemental Figure S6.
A Lorentz oscillator model (LOM) was used to fit the 𝑅𝑙𝑜𝑔 spectra directly, in the form
shown below33:
N

Rlog  
i 1

Ai
(2 f 0i )  (2 f ) 2  j 2 f  i
2

 Aoff

(4)

where f 0i is the resonant frequency of the ith resonance, Ai is the strength of the ith
A
resonance and  i gives the information of spectral width. off is a constant offset. N is the

number of the resonances, and here we choose N=2

16, 22

but only look at the first peak

considering the spectral limitation of our TIR system. We fit the spectra in the range of 0.4-
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1.6 THz. Physically, in LOM fits to the permittivity of materials, Ai is positively correlated
with the bound electron density of the ith resonance and  i is the phonon scattering rate33.
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