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1. Uncertainty in the calculated loss function 
We performed simulations, and made the following observations: 
 
(a) We found that the frequency of the second peak in the loss function, i.e. 

𝝎𝑳𝑶,𝟐 , depends very sensitively on ∆𝑳 . The correct value of ∆𝐿  was 
measured using a Mitutoyo micrometer with ±0.1 µm resolution. We measured 
∆𝐿 at 5 different positions around the center of the substrate where the THz 
beam passes and calculated the standard deviation of ∆𝐿 (see Figure S1 and 
Table S1). Finally we obtained ∆𝐿 =(4.0±0.5) µm. 
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Figure S1. 𝑍-cut quartz (10×10×1	mm) as substrates in our THz-TDS measurements. Numbers 

indicate the positions that we measured thicknesses, which are listed in Table S1. 
 
  

Micrometer 
resolution 

 Position Mean 
values 

Standard 
Errors 

∆𝐿 (µm) 
1 2 3 4 5 

0.1 µm Ref. 952.9 953.8 954.0 951.9 952.2 953.0 0.4 4.0±0.5 
Sam. 949.0 949.0 949.2 949.0 948.8 949.0 0.1 

Table S1. Measurements of 𝑧-cut quartz thickness. Abbreviations “Ref.” and “Sam.” represent the 
reference substrate, and the substrate where the perovskite film was deposited, respectively. All 
measured values in this table are in µm. 

 
A different value of ∆𝐿 will yield different values of the complex optical 
conductivity [𝜎 𝜔 = 𝜎3 𝜔 + 𝑖𝜎6(𝜔) ], and hence the complex response 

function 3
9 :

. Then, fitting the complex response function to a two-oscillator 

model will yield values of the fitting parameters ¾ 𝜖<, LO mode frequencies 

𝜔=>,? with the respective weights 𝑊=>,?
6 , and scattering rates. Note that the 

positions of the peaks in the loss function, −𝐼𝑚 3
9 :

, give the frequencies of 

the LO-phonon modes1, 2. 
 

Figure S2 shows the loss function spectra −𝐼𝑚 3
9 :

 when 𝑑 = 932 nm 

(obtained from SEM data), for ∆𝐿 = 3.5, 4.0 and 4.5 µm. Note that 𝜔=>,6 
differs significantly depending on the value of ∆𝐿. From Fig. S3, we can see 
that, within this range of ∆𝐿 (3.5 – 4.5 µm), 𝜔=>,6/2𝜋 varies within the range 
3.27 – 4.03 THz. Table S2 gives the values of 𝜔=>,6/2𝜋 for different values of 
∆𝐿. 
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Figure S2.  Extracted data (red squares) and simulations (black solid lines) with same 𝑑 but different 
values of ∆𝐿. The three values of ∆𝐿 ¾ 3.5, 4.0 and 4.5 µm, were chosen because ∆𝐿 was measured 

to be (4.0±0.5) µm. 

 
(b) Related to Part (a) above, we also found that as a fitting parameter, 𝜖< varies 

significantly with ∆𝐿, as shown in Table S2 below. 
   

Parameter Lower-boundary Mean value Upper-boundary 

𝛥𝐿 (µm) 3.5 4.0 4.5 

𝜖< 4.6 6.7 8.8 
𝜔=>,3/2𝜋 (THz) 1.56 1.59 1.62 
𝜔=>,6/2𝜋 (THz) 3.27 3.55 4.03 

Table S2. With 𝑑 = 932 nm, fitting parameters 𝜖<, 𝜔=>,3 and 𝜔=>,6 are determined by the value of 
𝛥𝐿. 

 
As a consequence, 𝜔=>,6 depends very sensitively on the value of 𝜖<. From 
the textbook “Condensed Matter Physics” by Michael Marder3, “a collection of 
absorbing modes whose frequency lies well above the probe frequency acts like 
a high-frequency dielectric constant 𝜖<” (see also Ulstrup4). For two phonon 
modes widely separated in frequency, this 𝜖< value can be approximated by 
the value of 𝜖3 at the upper limit of the experimental frequency window 𝑓JKL. 
Any structure above 𝑓JKL, for example a Lorentz peak, can be treated as a 
dielectric medium of constant 𝜖< in our data analysis. Figure S4, taken from 
Figure 20.4 of Marder’s textbook, illustrates this point. 

 
However, the above approximation is valid only if the two modes are widely 
separated in frequency, because it is only in this case that the real part of 
dielectric function 𝜖3 tends to a constant frequency-independent value. In the 
perovskite MAPbX3, this condition is not satisfied as many phonon modes are 
close to one another in frequency. Therefore, a more valid method of obtaining  
𝜖< is to make it a fitting parameter in our multi-oscillator Lorentz fitting, rather 
than use the value from literature. This is exactly what we did in our present 
work, as shown in Table S2. 

 



4	
	

From Table S2, we see that using 𝛥𝐿 = 3.5 – 4.5 µm and fitting our 300 K 
3

9 :
 data to a two-component Lorentz function, we obtain 𝜖< = 4.6 – 8.8. The 

lower-boundary value of 𝜖< (4.6) is close to the value 4.7 from Sendner et al.5. 
However, this value of 𝜖< in Sendner et al. was not directly measured from 
their work, but was taken from Glaser et al.6 where 𝜖< is a fitting parameter.  
We then noticed that the experimental frequency window in Sendner et al. is 0.9 
– 9 THz, while that of Glaser et al. is 15 – 210 THz. From Marder’s textbook, 
we know that the fitted value of 𝜖< in Glaser et al. takes into account only 
phonon modes that exists above 210 THz. This value of 𝜖< should therefore 
not be applicable to Sendner et al. whose upper frequency is only 9 THz.  

 
We also performed a similar error analysis on the first peak in the loss function 
𝜔=>,3, and obtained 𝜔=>,3/2𝜋 = (1.59± 0.03) THz. 

 
(c) On the other hand, we found that 𝜔=>,6 is NOT sensitive to the film thickness. 

Figure S3 shows the loss function when 𝑑 = 800, 932 (correct value obtained 
from SEM), and 1000 nm, where ∆𝐿 is fixed at 4.0 µm. Notice that 𝜔=>,6 
does not change much with 𝑑 . More importantly, the uncertainty of our 
measured 𝑑 is only 11 nm (see Fig. S4 below), which is one order magnitude 
smaller than the change in 𝑑 that we simulated. 

 

 
Figure S3. Extracted data (red squares) and simulations (black solid lines) with same ∆𝐿 but different 

values of 𝑑. 

  
The SEM measurements are shown in Figure S4. From the measurements of thickness 
at multiple locations, we obtain sample thickness 𝑑 = (932 ± 11) nm. 
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Figure S4. SEM micrograph of MAPbBr3 film (cross section). 

 
In conclusion, we have identified the reason why the frequency of our second peak in 
the loss function, 𝜔=>,6, differs from that of Sendner et al., namely, the uncertainty in 
value of ∆𝐿. The uncertainty in ∆𝐿 will also result in an uncertainty in the value of 
𝜖<. Accounting for the uncertainty in ∆𝐿, we obtain 𝜔=>,6/2𝜋	 = (3.55±0.48) THz. 
Based on our reasoning above, we are now confident of our value of 𝜔=>,6. 
 
2. Consistency with the Cochran-Cowley relation 
In Section 1 above we determined the two lowest-lying LO phonon modes to be 
:ST,U
6V

=(1.59±0.03) THz and :ST,W
6V

 = (3.55±0.48) THz. We now check whether these 

two LO frequencies are consistent with the Cochran-Cowley relation7 

      9XYZY[\
9
∞

= :ST,[
W

:]T,[
W

6
?^3 . 

 

Taking 𝜖_`K`?a  ~ 25 (see Fig. S6 below), 𝜖∞  = 6.7, the two TO-phonon mode 

frequencies  :]T,U
6V

 = 1.35 THz and :]T,W
6V

 = 2.19 THz from our conductivity data, 

and :ST,U
6V

=(1.59±0.03) THz, we calculate :ST,W
6V

 to be 3.59 THz ¾ this value of 

:ST,W
6V

 is in excellent agreement with the value of 3.55 THz obtained from our method 

described in Section 1, hence giving an independent confirmation of the accuracy of 
the two LO mode frequencies. 
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3. The lowest phonon modes dominate the carrier mobility via the 
electron-phonon scattering 

First, according to Hellwarth et al.8, in the presence of multiple scattering channels 
due to different LO phonon modes, one calculates the effective LO mode frequency 
(𝜔=>,bcc) from the relations: 

dST,eff
W

:ST,eff
W = dST,[

W

:ST,[
W

J
?^3  and             ----- (S2) 

𝑊=>,bcc
6 = 𝑊=>,?

6J
?^3 ,            ----- (S3) 

where 𝜔=>,? is the frequency of the ith-LO mode, 𝑊=>,?
6  is the weight of the ith-LO 

phonon mode, and 𝑊=>,bcc
6  is the effective weight from all these modes. From 

Equations (S2) and (S3) we obtain 

𝜔=>,bcc6 = 𝑊=>,?
6J

?^3
dST,[
W

:ST,[
W

J
?^3 .        ----- (S4) 

Finally, from Eqn. (3) of the main text, the carrier mobility 𝜇 is related to the 
effective LO-mode frequency via8 (same as Eqn. 3 in the main text) 
 

𝜇 = hW

iW
jb
Jk

Vlmno	(p/6)
:ST,effqpr/W

3
s(K,t)

          ----- (S5) 

 
 
Note from Eqn. (S4), 

(a) The denominator (
dST,[
W

:ST,[
W

J
?^3 ) is dominated by the lowest-lying phonon modes, 

i.e. modes with the smallest 𝜔=>,? (assuming the same weight 𝑊=>,?
6  for all 

modes). Therefore, from Eqn. (S4), 𝜔=>,bcc6  is primarily determined by the 

frequency of the lowest-lying phonon modes. 

(b) In reality, 𝑊=>,?
6  is not the same for all modes. However, Figure S5, which is 

the loss function of MAPbBr3 at room temperature, shows that the weights 
from phonon modes below 15 THz is much larger than the combined weights 
from phonon modes above 15 THz. This further strengthens our earlier 

assertion that 𝜔=>,bcc6  is primarily determined by the lowest-lying phonon 

modes. 
(c) From (a), (b) and Eqn. (S5), we therefore see that the carrier mobility is also 

primarily determined by the lowest-lying phonon modes. 
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Figure S5. The loss function of MAPbBr3. Below 15 THz: our simulation, which is same as Fig. S3(b); 

above 15 THz: taken from Pérez-Osorio et al.9. 

 
4. The real part of the dielectric function at 300 K 
The real part of 300 K MAPbBr3 dielectric function 𝜖3(𝜔) is shown in Fig.S6 below. 
We take 𝜖3 at 0.3 THz as our 𝜖_ (~25). 
 

 

 
Figure S6. The real 
part of the dielectric 
function of thin-film 
MAPbBr3 at 300K. 
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