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ABSTRACT 

To gain insight in the properties of photovoltaic and light-emitting materials, detailed information 

about their optical absorption spectra is essential. Here, we elucidate the temperature dependence 

of such spectra for methylammonium lead iodide (CH3NH3PbI3), with specific attention for its sub 

bandgap absorption edge (often referred to as Urbach energy). Based on these data, firstly, we find 

clear further evidence for the universality of the correlation between the Urbach energy and open-

circuit voltage losses of solar cells. Secondly, we find that for CH3NH3PbI3 the static, temperature-

independent, contribution of the Urbach energy is 3.8 ± 0.7 meV, which is smaller than that of 

crystalline silicon (Si), gallium arsenide (GaAs), indium phosphide (InP) or gallium nitride (GaN), 

underlining the remarkable optoelectronic properties of perovskites.  

 

TOC GRAPHICS 

 

 

  



 3 

 

Perovskites have attracted in recent years tremendous attention for their potential for high-

performance photovoltaics and optoelectronics at affordable cost. Since the fabrication of the first 

solar cells in 2009,1 this material class has become a topic of intense research, leading to reported 

solar cell power conversion efficiencies (PCE) now exceeding 23%.2 This rapid surge in device 

performance can largely be attributed to the remarkable optoelectronic properties3–5 of the 

organometallic halide perovskite crystal (with typical structure YPbX3, Y = monovalent cations, 

X = halogen), used as photovoltaic absorber in perovskite solar cells.  Earlier, to investigate these 

properties in detail, we used Fourier-transform photocurrent spectroscopy (FTPS)6 in combination 

with photothermal deflection spectroscopy (PDS) to measure the optical absorption properties of 

methylammonium lead iodide (CH3NH3PbI3). Our studies revealed a sharp onset of its absorption 

coefficient,  as well as a steep slope of its sub-bandgap absorption edge, expressed by7, 8  

𝛼(𝐸) =  𝛼0 exp (
𝐸−𝐸𝐶

𝐸𝑈
) ,                                                                                                                      (1) 

where α is the absorption coefficient, α0 and EC are material constants, and E is the photon energy. 

The slope of this exponential decrease in absorption is often referred to as the ‘Urbach energy 

(EU)’.  Generally, small EU values are indicative of a high structural quality of the material 9, which 

often also implies excellent electronic properties, such as a high carrier mobility10. On a device 

level, we found that EU also strongly dictates the minimal voltage deficiency (WOC, defined as the 

difference between bandgap voltage, EG/q, and open-circuit voltage, VOC), reachable with an 

optimized cell design; q is the elementary charge.7 This relation seems to hold for most 

photovoltaic absorber layers, even though the link between EU and the minimal reported WOC value 

has remained so far mainly empirical. Nevertheless, it is clear that by considering the EU value a 

more realistic device efficiency limit may be obtained, compared with the Shockley-Queisser 

one11. These empirical findings motivate the search for a deeper, more fundamental understanding 
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of the relation between EU and VOC. Notably, both of these parameters depend significantly on the 

temperature,12–14 which may offer an opportunity to gain further insight into their correlation. Here, 

we presents a detailed study of such temperature dependencies of EU and VOC for perovskites and 

compare obtained results with those of more established semiconductors used in optoelectronics.  

Quite generally, beyond perovskites, EU can be seen as a metric for the energetic ‘sharpness’ of 

the band edge. Assuming the presence of a low density of localized active modes (which are 

associated with structural disorder), its temperature dependence can be expressed in terms of lattice 

vibrations.15 However, for highly disordered materials such as ternary compounds, additional 

parameters are required to describe the shift of the average phonon mode frequency.13,16  EU’s 

temperature dependence is for CH3NH3PbI3 accurately described by two additive components:14,17 

𝐸𝑈(𝑇) = 𝐸𝑈(0) +
2𝐸𝑈(0)

𝑒𝑥𝑝(𝜃𝐸 𝑇⁄ )−1
.                           (2) 

In this expression (2), EU(0) is temperature-independent, and referred to as the static component 

of  EU; its value scales with the intrinsic disorder of the material. The second term in (2) describes 

the phonon contribution to the measured value of the EU, in other words, how the vibrations in the 

probed material influence its electrical properties; we refer to this term as the dynamic component 

of EU. Here, T is the absolute sample temperature, and ΘE is the Einstein phonon temperature18 

(i.e. the temperature with half-filled active phonon states). The Einstein phonon temperature is 

directly proportional to the energy of those phonons (vibration states) that interact substantially 

with free charges, thus limiting their mobility.16 The temperature dependence of EU has been 

characterized in detail for a number of semiconductors used in photovoltaics and optoelectronics, 

including GaAs,19 InP,12 GaN20, and hydrogenated amorphous silicon (a-Si:H).13 Only recently, a 

few studies have reported temperature-dependent absorptance measurements of perovskite films, 

and discussed changes in the absorption edge.21–24 However, higher-precision absorption 
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measurements, beyond the range of three orders of magnitude are needed in order to provide an 

accurate evaluation of the EU. This requirement cannot be met by direct calculation of the 

absorption spectra from transmission/reflection data. Therefore, in our study, we use indirect 

techniques based on photon interactions with the probed material, such as FTPS and contactless 

photoluminescence (PL) spectroscopy. In the case of FTPS, the photocurrent is used to determine 

the number of absorbed photons. Conversely, PL spectroscopy takes advantage from the 

reciprocity relation between photon emission and absorption, allowing us to use PL spectra to 

calculate the absorption coefficients down to 10-15 cm-1.25  

 Here, we specifically investigate the temperature dependence of CH3NH3PbI3 absorption 

spectra, either directly measured by FTPS or derived from PL spectra. From the temperature 

dependence of the EU for CH3NH3PbI3 we find that the cage phonon modes cause a broadening of 

the absorption edge, and that the density of electronically active static defects is extremely low, 

confirming the high optoelectronic tolerance of CH3NH3PbI3 for defects.  

Fig. 1 shows the plots of the temperature-dependent FTPS absorption spectra of CH3NH3PbI3 

films. The inset in Fig. 1, which shows an SEM top-view image of the CH3NH3PbI3 thin film used 

in our experiments, confirms the presence of a highly homogenous, smooth and compact film. The 

deposited films are ~300 nm thick with grain sizes of ~ 50-300 nm.  The following paragraphs 

discuss the key conclusions that can be drawn from the data presented in Fig. 1. 
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 Fig. 1: Temperature dependence of the FTPS absorption spectra of CH3NH3PbI3 films.  

Temperature decreases, and the bandgap energy decreases, the absorption edge sharpens. All 

spectra intersect at one point, the so-called Urbach focus. The inset figure shows an SEM image 

of the CH3NH3PbI3 film prepared on a glass substrate  

Firstly, the bandgap energy blue-shifts (i.e. widens) with increasing temperature. Generally, the 

electron-phonon coupling and thermal dilatation of the lattice are the two main underlying 

competing physical mechanisms that dictate the narrowing and broadening of the bandgap of a 

semiconductor with temperature, respectively.13,26 For most semiconductors, the latter effect is 

negligible, explaining why the bandgap energy usually decreases with temperature.12,13,23 The case 

of perovskites contrasts markedly with this: for these materials, the thermal dilatation of the lattice 

is extraordinarily high and, in fact, overrules the electron-phonon coupling effect, similarly to 

some chalcogenides.27 As a consequence, their bandgap actually broadens with increasing 

temperature. This blue-shift has important implications for photovoltaic device operation, under 

real outdoor conditions.28 With increasing temperature, VOC of solar cells usually decreases.29 

However, for CH3NH3PbI3 solar cells, this trend is partially compensated by a broadening of the 

bandgap24,30–33, in agreement with our results. 
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Secondly, the absorption edge sharpens with decreasing temperature, i.e. EU decreases. An 

earlier reported temperature-dependent FTPS measurement24 did not reveal this trend; the EU 

appeared to be independent of temperature in this case. However, all other experimental data 

confirm the sharpening of the absorption edge with decreasing temperature.22,23,25,34 Therefore, this 

earlier measurement was most probably partially affected by other effects, associated with 

measurements artifacts under vacuum conditions. As described earlier, the temperature 

dependence of EU is given by the second, dynamic term in equation (2). Essentially, this term 

explains how an increasing phonon density leads to the broadening of the absorption edge, due to 

dynamic disorder (i.e. lattice vibrations) in the probed material. Notably, both the band gap blue-

shift and the broadening of the absorption edge are only dictated by the phonon density in the 

CH3NH3PbI3 film; the latter increases with temperature. Both effects (band gap blue-shift and edge 

broadening) shift the band edge with temperature but in opposite directions. As a consequence, all 

spectra intersect at one point, the so-called Urbach focus. Interestingly, the Urbach focus of 

CH3NH3PbI3 is located in a region that is experimentally accessible (contrasting with most other 

semiconductors). As shown in Fig. 1, we find (from FTPS) that it corresponds to a value of 1 % 

of the absorptance, at a photon energy of 1.52 eV. The latter value is a general lower limit for the 

optical band gap of this material, and also the upper general limit for the VOC.23 

In order to measure the absorption spectra with even higher precision, we used PL micro-

spectroscopy. The main advantages of this technique are its contactless nature and sensitivity over 

more than ten orders of magnitude, which make it especially suitable for detecting sub-band gap 

absorption, and thus for precisely evaluating EU. As already stated, the evaluation of the 

absorptance spectrum AB(E) is based on the reciprocity between absorption and emission in both 

direct and indirect bandgap semiconductors25,35,36. The reciprocity theorem is expressed by 25 
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 𝑃𝐿(𝐸)~𝐴𝐵(𝐸) 𝐸2 exp (−
𝐸

𝑘𝐵𝑇
),                                                                                          (3) 

where PL(E) is the photoluminescence spectrum, E is the photon energy, kB is the Boltzmann 

constant and T is absolute temperature.  From this expression, it is seen that the shape of the PL 

spectra is given by the number of photon absorption states (E2) and their occupancy (the 

exponential term in equation (3)). Reabsorption and reflection have to be accounted for when using 

this technique to measure absorption spectra of a semiconductor above its absorption edge.36 

However, for the low absorption region, well below the bandgap, the absorption and absorptance 

spectral shapes are identical. The value of EU is calculated from this part of the spectra. Fig. 2 

shows the measured PL spectra and corresponding calculated absorptance spectra of CH3NH3PbI3 

as a function of temperature. 

  

Fig. 2: Temperature dependence of the CH3NH3PbI3 PL spectra (a) and PL based absorptance 

spectra (b). All absorptance spectra intersect at one point, the so-called Urbach focus. PL spectra, 

as well as the absorptance spectra, are normalized.  

The PL shift to higher photon energies and the observed spectral broadening with increasing 

temperature is in agreement with the trends observed by Wright et al.34 and Barugkin et al.25 This 
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is the combined effect of absorption-band broadening and the change in the energy distribution of 

the free carriers in the CH3NH3PbI3 film with increasing temperature. The temperature evolution 

of the                                                                                                                                                                                                                                                                                                                                                                                                                        

absorptance spectra (Fig. 2.b) is very similar to that measured by FTPS (Fig. 1). A similar shift in 

bandgap energy and sharpening of the band edge is also observed. All absorption spectra intersect 

at the Urbach focus, which position is very similar to that obtained from FTPS measurements 

(absorptance of roughly 1 % at a photon energy of 1.53 eV).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Fig. 3.a compares the temperature dependence of EU, extracted from FTPS and PL 

measurements. The same plot also includes values derived from PL spectra reported by  

Barugkin et al.25  

  

Fig. 3: (a) Temperature dependence of EU in CH3NH3PbI3 derived from FTPS (red dots) and PL 

(black squares) absorptance spectra. The black line is the EU dependence based on equation (2), 

the estimated error for EU calculated from PL spectra is 0.2 meV.  Additionally, three blue triangles 

show EU values calculated from PL absorption measurements published in Ref. 25 (b) 

Corresponding WOC and EU values, extracted from a CH3NH3PbI3 solar cell (squares). Each data 

pair is measured at the same temperature, the highest and lowest temperatures are marked in the 
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graph, the temperature difference between neighboring points is 20 K (color code as in Fig.2). For 

comparison, room temperature data for GaAs,37 c-Si38 and CH3NH3PbI3
39–45

 minimal WOC cells 

have been added (diamonds).  

First, the EU of 14.3 meV measured at room temperature by FTPS is consistent with the values 

reported earlier for CH3NH3PbI3 (15 meV,7 16 meV24 and 14.8 meV6), and measured using the 

same technique and under the similar conditions. All data clearly show an increase in EU with 

temperature, consistent with the increase of the dynamic component in equation (2).  We find that 

our PL-extracted EU data match very well with those calculated from the PL spectra obtained by 

Barugkin et al.,25 despite using different CH3NH3PbI3 deposition processes (two-step deposition25 

vs. one-step in our study), as well as PL excitation wavelengths. Next, we find that the EU obtained 

from FTPS data are consistently approximately 1.5 meV higher than those obtained from PL. This 

discrepancy is even more striking when we compare the shapes of the FTPS and PL absorption 

spectra, at a given temperature (see Supplementary Information Fig. S1). Both spectra are shifted 

by 20 meV, but feature a very similar shape. This implies that this difference in EU is not 

fundamental, but must originate from the evaluation procedure. In the PL case, very low absorption 

values (below the Urbach focus) are used to extract the EU. However, the FTPS absorption spectra 

below the Urbach focus are very noisy. Therefore, absorption values above the Urbach focus were 

used to extract the EU. In this absorption range, the effect of band-to-band absorption starts to play 

a non-negligible role, which leads to higher extracted EU values. Notably, the same (higher) EU 

values are obtained from PL, when using the same part of the spectra as we used for the FTPS 

case. From this, we conclude that in general the values obtained from PL spectra measurements 

are more accurate, as they are unaffected by band-to-band absorption.  
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The dependence of EU on temperature (extracted from PL) can be analyzed in greater detail by 

fitting the theoretical dependence (2) to the experimental data. From this, we can determine the 

constants describing the defect nature in the CH3NH3PbI3 films. First, the value of the ΘE in (2) 

defines the energy of electronically active phonon modes, responsible for the electron-phonon 

scattering. In the case of CH3NH3PbI3, we find its value to be (160 ± 20) K, i.e. corresponding to 

a phonon energy of (110 ± 20) cm-1. This value matches very well the Pb-I cage vibration modes 

situated at 50-120 cm-1 and the bound cage - organic cation phonon modes at 120-160 cm-1 

obtained from Raman spectroscopy.46–49 This confirms an earlier PL study, based on the electron-

phonon coupling modeled by Froehlich coupling.34 The Raman shift of longitudinal optical 

phonons that play a dominant role in this interaction was calculated to be (93 ± 10) cm-1.  

Therefore, we conclude that the electrical properties of CH3NH3PbI3 are mainly driven by cage 

vibrations. On the other hand, the organic cation vibration modes (vibrational as well as rotational, 

situated at 900 cm-1and 2900 cm-1) do not substantially increase the electronically-active disorder 

in CH3NH3PbI3 films. Therefore, the movement of the organic cation does not lead to degradation 

of the CH3NH3PbI3’s electronic quality.  

From material characterization point of view, an even more important term in (2) is the number 

of electrically-active static defects, EU(0). Localized defects, such as vacancies, interstitials etc., 

may act as deep recombination states in the bandgap of the probed material, which heuristically 

explains the relation between EU and WOC. Here, we find that this number is extraordinary low (3.8 

± 0.7meV), underlining the high electronic tolerance to defects in CH3NH3PbI3, given by very low 

density of deep-defects (i.e. recombination-states) in ionic crystals in general. This is likely the 

key reason for the very high optoelectronic quality of perovskites.  
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Furthermore, in Fig. 3.b we have plotted the dependence of the voltage deficiency, WOC, on EU, 

for different temperatures. All data are for the same solar cell and its corresponding film, 

respectively. Following a trend similar to that reported in Ref. 4 for the most important 

photovoltaic materials, WOC increases with EU in a linear fashion, highlighting the impact of EU on 

the final properties of the optimized solar cell.  

As benchmarks to our results, three more data points (blue), showing the best cell results at room 

temperature for GaAs,37 c-Si38 and CH3NH3PbI3
39–45 (all cells with different compositions but 

almost identical voltage deficit of 0.4 V) are added to the graph. The right-most black point added 

to the graph belongs to the VOC record perovskite cell,50 featuring an extraordinary low voltage 

deficit of 0.34 V. Based on the published absorption curve we calculated its EU to be 13.5 meV. 

This cell does not fit the linear trend of the other semiconductor. This may be caused by the PL 

measurement on the finalized cell (not on the stand alone film), where the perovskite material 

could be affected by its selective contacts, or voltage bias preconditioning before the current-

voltage measurement; more work may be needed to clarify this discrepancy.  

 We can clearly see that our CH3NH3PbI3 cell has a slightly higher WOC (at room temperature) 

compared with the group of high quality CH3NH3PbI3 cells. This is not due to the properties of our 

CH3NH3PbI3 film, but rather because of the slight band misalignment at the electron and hole 

contacts in our specific device architecture. For lower temperatures, the EU of CH3NH3PbI3 

decreases to the level that c-Si and GaAs reaches at room temperature. The same WOC was obtained 

for these record solar cells as well as for our CH3NH3PbI3 solar cells. This means that the band 

alignment in the probed cell at lower temperature is almost ideal. Based on these results, we can 

conclude that the WOC of an optimized cell (from VOC point of view) is generally directly dictated 
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by the EU of its photovoltaic absorber, independently of the temperature or other specific cell 

parameters. 

Finally, we compare the temperature dependence of EU of polycrystalline solution-prepared 

CH3NH3PbI3 (as already show in Fig. 3a) shown in Fig. 4 with those of a number of typical 

semiconductors used in solar cells and optoelectronics, namely single crystals of GaN,20 InP,12 

GaAs19 and Si (calculation based on data from36).   

 

Fig. 4: Comparison of the EU temperature dependences for selected standard bulk crystalline 

semiconductors and CH3NH3PbI3 thin films. The temperature scale is split into two parts with a 

different range. Lines are fits of equation (2) to the data. 

 

It is important to underline that all semiconductors from Fig. 4 (except CH3NH3PbI3) are highly 

ordered crystalline materials, prepared under demanding purification and crystallization 

conditions, often involving high temperatures well above 1000 K.19,20,36 Therefore, the higher 

value of the static part of the EU (EU(0)) for the latter materials (between 5.2 and 6.3 meV), 

compared to the value for CH3NH3PbI3 is surprising. Most standard thin-film semiconductors such 
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as a-Si:H,13 ZnO,51 and CuIn3Te8
18 have EU(0) values that are higher by one order of magnitude. 

Another interesting observation is the very similar slopes of EU vs. temperature for CH3NH3PbI3, 

c-Si and GaN. This is given by the lower phonon energy in these materials, leading to electron-

phonon scattering and, consequently, to higher EU values at room temperature.  All extracted 

values are presented in supporting information Table S1. 

To conclude, we have measured temperature dependence of CH3NH3PbI3 EU by two independent 

methods, PL spectroscopy and FTPS. We find that PL spectroscopy allows for the extraction of 

more accurate EU values, compared to FTPS or PDS. Based on the EU temperature dependence fit, 

we show that CH3NH3PbI3 has an extremely low number of active static defects, even lower than 

crystalline silicon or GaAs. The value of the phonon frequency describing the dynamic defect 

component (electron-phonon scattering based) of the EU is (110 ± 20) cm-1. This means that the 

main contribution to the dynamic defects comes from the cage vibration part of the phonon 

spectrum and that the movement of the large cation in the perovskite cage plays only a minor role 

in the CH3NH3PbI3 electronic properties. Finally, we have shown that the minimal obtainable WOC 

of an optimized solar cell are largely dictated by the EU. Our work underlines how PL micro-

spectroscopy offers a contactless and fast measurement, to reveal the potential usage of new 

materials in solar cell applications. 

 

Experimental Methods 

The temperature dependence of the absorption spectra is obtained using FTPS.3 This method 

detects a photoconductivity response upon illumination modulated by a Thermo Nicolet 8700 

FTIR spectrophotometer, at scan speed of 0.16 cm/s. The probe beam illuminating the sample is 

the white light from a halogen lamp (intensity of approximately 50 mW/cm2, i.e. 0.5 sun). PL 
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spectra are measured using a HeCd 442 nm excitation laser in a Renishaw REFLEX micro-

spectroscope. The intensity of the laser light is reduced to the equivalent of about 4 suns, in order 

to prevent any structural degradation occurring during  measurements.36 
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