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Supplementary Methods 

Materials 

            Methyl acetate (MeOAc; anhydrous, 99.5%), Oleic acid (OA; technical grade, 90%), 

Cesium carbonate (Cs2CO3; 99.9%), Octane (anhydrous, ≥99%), Oleylamine (OAm; technical 

grade, 70%), 1-octadecene (ODE; technical grade, 90%), hexane (reagent grade, ≥95%), lead 

nitrate (Pb(NO3)2; 99.999%), ethyl acetate (EtOAc; anhydrous, 99.8%), formamidinium iodide 

(FAI; ≥98%) was purchased from Sigma-Aldrich. Lead (II) iodide (PbI2; 99.9985%) from Alfa 

Aesar.  

 

CsPbI3 NC synthesis and purification 

The synthesis process follows a method reported by Hazarika et al(1). with slight 

modification. Firstly, to synthesize the Cs-oleate precursor, 0.407 g of Cs2CO3 and 1.25 ml of OA 

were added in 20 ml of ODE. Then the mixture was degassed at 150 °C for 20 min under vacuum. 

The fully dissolved Cs-oleate precursor was kept at 150 °C under N2 atmosphere until needed. 

Subsequently, 0.5 g of PbI2 was added to 25 ml of ODE and heated at 120 °C for 10 min under 

vacuum. A solution of 2.5 ml of OA was mixed with 2.5 ml of OAm (heated at 130 °C) is then 

injected into the PbI2 solution. The reaction flask was kept at 120 °C until PbI2 was fully dissolved. 

Afterward, the solution was heated until 180°C under flowing N2. Once the solution reached 180 
0C, 2 ml of the Cs-oleate precursor was immediately injected into the reaction flask, and the 

mixture was quenched in an ice bath. The resulting colloidal solution is left to cool down to 20°C 

and then mixed with 70-80 ml of MeOAc before being centrifuged at 7500 rpm for 5 min. Then 

the precipitated CsPbI3 NCs were dispersed in 5 mL of hexane and re-precipitated by adding ~5 

ml of MeOAc and centrifuged at 7500 rpm for 5 min again. The obtained precipitate was then 

redispersed in 15 mL of hexane and stored in a refrigerator at 4 °C. This CsPbI3 NC solution was 

centrifuged again at 7500 rpm for 5 min after 24 hours post storage in the refrigerator to remove 

excess Cs-oleate and Pb-oleate. The supernatant was filtered through a 0.45 μm nylon filter before 

use. The synthesized NCs can be seen in Fig. 1a and b. 

 

Ligand exchange 

In this synthesis procedure, we replace the traditional long chain oleate ligand from oleic acid 

(2.5 nm) with short-chain OAc ions by way of MeOAc. The oleate ligand consists of an 18-carbon 

chain; thus, the ligand exchange procedure reduces that to a 2-carbon chain with OAc ligand being 

~0.28 nm. Thus, the average distance between two NCs is ~0.6 nm.   

 

Fabrication of NC films 

The CsPbI3 NC films were deposited according to the method by Zhao et al.(2) with slight 

modifications and within a humidity-controlled box (relative humidity, ~20 to 25%). Firstly, the 

CsPbI3 NC was prepared according to the above wet synthesis method. The films are deposited on 

a 10 mm x 10 mm quartz substrate. Each layer of CsPbI3 QD was deposited by spin-coating at 

1000 rpm for 20 s then 2000 rpm for 5 s. Subsequently, the film was dipped into a solution of 

Pb(NO3)2 saturated in a MeOAc and then rinsed in a pure MeOAc solution. A thin-film with ~250 

nm thickness was produced by repeating the process of spin-coating QDs and soaking in the 

solution three times. Finally, the film was soaked in FAI saturated in EtOAc solution for 10 s and 

rinsed in the neat MeOAc solution. The cross-section of the films is shown in the TEM images 

(Fig. S1c, d) captured via FEI Tecnai F20 electron microscope with 200 kV accelerating voltage. 
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Experimental setup 

The high-speed photoconductive devices are fabricated by integrating a coplanar microstrip 

transmission line waveguide and CsPbI3 NC thin films. The synthesized thin film is integrated 

with coplanar gold (Au) transmission lines which are separated by a 25 μm gap by thermal 

evaporation through a shadow mask. The schematic device structure is illustrated in Fig. 1 of the 

paper. For Si and GaAs, same coplanar microstrip transmission line structure is used as well.  

 

Photocurrent measurement is done by integrating the above device within a custom-built sample 

holder, which is put under a vacuum environment via a cryostat. The cryostat provides a sealed 

environment where the experimental temperature can be varied while keeping the system under a 

vacuum. This setup prevents ionization reactions with air and electrical arcing within the device 

at high electric fields. The required electric field is generated via a source meter, and a 40 GHz 

sampling oscilloscope collects the photocurrent. A 400 nm ultrafast laser with a 130 fs pulse 

illuminates the complete device area. An ultrafast response time of 25 ps was achieved. The 

limiting factors for this fast time resolution were the bandwidths of photoconductive devices, the 

40 GHz sampling oscilloscope, cables, and connectors.  
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Supplementary Notes 

Transport dynamics post 25 ps 

            As seen in Fig. 2 of the main manuscript, the peak photocurrent reduces when the 

temperature is increased. This indicates that prior to the peak (~25 ps), a band-like carrier transport 

process is driven by carrier-optical phonon scattering processes that occur within individual NCs. 

While this process is greatly discussed in the main manuscript, in this section, we clarify the 

transport dynamics post ~25 ps. From the inset of Fig. 2, we see that the decay constants increase 

with temperature according to an Arrhenius relation. Accordingly, Fig. S3b shows ln(τ) vs. 1/T 

behavior for τ1 and τ2 decay constants. This temperature activated decay time is an indication of 

defect scattering. The fitting for the early time decay τ1 shows two distinct behaviors, above and 

below 240 K while this variation is not present at the later time decay τ2. The average activation 

energy can be found by, 

                                                𝐸𝑎 = −𝑚𝑘𝐵                ,                           (S1) 

where m is the slope of ln(τ) vs. 1/T plot. The calculated average energy for carriers at a later time 

is ~4 meV, which indicates the average trap levels carriers fall into. The two distinct behaviors in 

the early time decay are due to charge transport combining both carrier-phonon scattering and 

defect scattering in the range from 25 ps to ~ 100 ps, while defect scattering is the majority 

transport process after 100 ps. The thermally activated behavior is clearly indicated by the initial 

average energy of ~ 21 meV, which contains both trapping energy and phonon energy while it is 

reduced to ~1.8 meV and points to the actual early time trap levels in the absence of optical phonon 

energies at lower temperatures. This behavior is further confirmed through Fig. S10b, where the 

temporal variation in the n indices shows a rapid decline in the n index from ~2.7 near 25 ps to ~1 

at 200 ps and saturation afterward. The n value of 2.7 at the photocurrent peak represents purely 

carrier phonon scattering while the decrease and saturation of the n index at ~1 is in line with n 

indices for impurity scattering, which in our case is due to defects and its increasing influence 

towards carrier transport at longer times. While initially, carriers can tunnel through individual 

NCs, the above characteristics (thermally activated decay time, n index saturation) point to carriers 

moving in a ‘hopping’ motion between traps at longer times. The slight increase in the initial decay 

times of the electric field dependence (inset of Fig. S5a) may well indicate detrapping at higher 

temperatures which is a signature of a multiple trapping and release (MTR) mechanism at play.   

 

Carrier mobility calculations 
           The mobility of the perovskite film can be calculated using the equation,  

                                                      𝐼𝑃 = 𝑒𝜂𝜇𝑃𝑁
𝐸

𝐿
                      ,                         (S2) 

where Ip is the photocurrent peak, e is the electron charge, η is the quantum yield, μP is the mobility, 

N is the effective photon number, E is the electric field, and L is the width of the gap between the 

electrodes. We can write the electric field as, 𝐸 =
𝑉

𝐿
, where V is the bias voltage. Thus, equation 

S2 becomes, 

                                                      𝐼𝑃 = 𝑒𝜂𝜇𝑃𝑁
𝐸

𝐿
                              ,                       (S3) 

To calculate N we require the total photons generated per second. If I is the measured intensity of 

our laser and 
ℎ𝑐

𝜆
 (h is the Planck’s constant, c is speed of light and λ is the wavelength of the light) 

is the energy per photon, then the total number of photons generated per second is, 𝑛 =
𝐼

ℎ𝑐

𝜆

. Then 

the total number of photons per one pulse is, 
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                                                     𝑁 =
𝑛

𝑓
    ,    (S4) 

where f is the frequency of the laser.  

 

To calculate the actual mobility, we require the effective number of photons Neff (the number of 

photons that incident on the device area). In terms of experimental conditions, the laser wavelength 

is 400 nm (3.1 eV), the laser intensity I is 15 μW, the laser beam size is 300 µm x 6 mm, and the 

active device area is 25 μm x 2 mm. Hence, the effective intensity is,  𝐼𝑒𝑓𝑓 =
1.5×10−5×25×2

300×6
≈

416.7 nW. 

 

The optical absorption of the light in CsPbI3 is dependent on the optical density (OD) of CsPbI3. 

The absorbance spectrum is shown in Fig. S4, and for 400 nm light, the absorbance (~ OD) is ~1.5. 

Thus from, 

                                                       𝑂𝐷 = 𝑎𝑏𝑠 = 𝑙𝑜𝑔10 (
𝐼

𝐼𝑇
)                      ,                       (S5)   

where IT is the transmitted intensity, the transmitted effective intensity is then ~ 13.2 nW. Hence, 

the effective absorbed intensity is, 403.5 nW 

Then for 15 μW we have 𝑛𝑒𝑓𝑓 = 8.14 × 1011s-1. Our laser operated at f = 1kHz; therefore, from 

equation S4, we have the effective number of photons: 𝑁𝑒𝑓𝑓 =
8.14×1011

1000
≈ 8.14 × 108. 

If we assume η, or quantum yield, is equal to 100%, the width of the gap 𝐿 = 25 μm, 𝑉 = 25 V,  

𝑒 = 1.6 × 10−19 C, and the resultant peak current at 240 K is, 𝐼𝑃 = 1.3 mA. Mobility is given by, 

                                                       𝜇 =
𝐼𝑃𝐿2

𝑒𝜂𝑁𝑒𝑓𝑓𝑉
       ,                       (S6) 

                    𝜇 =
1.3×10−3×(25×10−4)

2

1.6×10−19×1×8.14×108×25
≈ 2.5 cm2V-1s-1           . 

 

 

 

Mobility of Silicon and GaAs 

             The intensity used for Si and GaAs excitation was 10 W. Thus, Ieff is 19.6 nW. The 

absorption depth for Si is much larger at 800 nm (in comparison to 400 nm); hence it was used to 

excite carriers in Si. In both cases, carrier absorption is high; thus, we assume close to 100% of 

the incident light is absorbed. The width of the gap is 10 m. Hence, 

 

For Si, 

𝑛𝑒𝑓𝑓 = 7.9 × 1010, 𝑁𝑒𝑓𝑓 ≈ 7.9 × 107, 𝑉 = 2 V and the peak photocurrent at 300 K is, 6.67 mA. 

Thus, mobility from equation S3 is, 

                                             𝜇𝑆𝑖 =
6.67×10−3×(10×10−4)

2

1.6×10−19×1×7.9×107×2
≈ 264 cm2V-1s-1 

 

 For GaAs, 

𝑛𝑒𝑓𝑓 = 3.95 × 1010, 𝑁𝑒𝑓𝑓 ≈ 3.95 × 107, 𝑉 = 5 V and the peak photocurrent at 300 K is, 5.61 

mA. Thus, 

                                            𝜇𝐺𝑎𝐴𝑠 =
5.61×10−3×(10×10−4)

2

1.6×10−19×1×3.95×107×5
≈ 177 cm2V-1s-1       . 
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Note: the mobility calculations above are all the lower estimated values because we assume the 

quantum yield is 100 %. Thus, if the quantum efficiency is 10% the values will be one order higher. 

 

Quantum efficiency (EQE) calculations  

           The external quantum efficiency(φ) is the percentage of excited electrons to the number of 

photons and is given by, 

                                                                  𝜑 =
𝑁𝑒

𝑁𝑒𝑓𝑓
                                    ,                      (S7) 

                 

where Ne is the total number of excited electrons.  

To find the total number of electrons, we require the total charge of all the excited electrons Qe 

calculated from the photocurrent vs. time curve area. As the data is initially fitted with a 2 

exponential decay fit, the total charge is then given by 

                                               𝑄𝑒 = ∫ (𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2) 𝑑𝑡
𝑡1

𝑡2
      ,           (S8)    

We know, Ne = 
Qe

e
. From the plot, we find that Q 

e
≈ 3×10-13 C at room temperature (240 K) when 

V = 25 V and I = 15 μW. Thus, the equivalent number of charge carriers is Ne = 1.9×106.     

                                                          𝜑 =
1.9×106

8.14×108 = 0.23 × 10−2 ≈ 0.23%      . 

 

 

Average drift length 

              The drift length (ld) in terms of drift velocity (vd) and drift time (τd) is, 𝑙𝑑 = 𝑣𝑑𝜏𝑑. Thus, 

by substituting this in the drift velocity equation, we have, 

                                                                     𝑙𝑑 = 𝑣𝑑𝜇𝑃𝐸     ,  (S9) 

We consider the drift time as 25 ps. Then for 14P = cm2V-1s-1 and V = 50 V we have a drift 

length of, 

 

𝑙𝑑 = 25 × 10−12 × 25 ×
50

25×10−4 = 125 nm           . 

 

Tunneling time 

            Tunneling between individual NCs can be treated as separate transport events. We can 

apply equation S9 to the distance between two NCs to calculate an approximate tunneling time 

(τt). 

Then we have, 

                                                                    𝜏𝑡 =
𝑙𝑡

𝜇𝑃𝐸
=

𝑙𝑡

𝜇𝑃

𝐿

𝑉
              ,   (S10) 

where lt is the tunneling length which is approximately equal to the ligand separation (~ 0.6 nm) 

between two NCs. Hence, for 25P = cm2V-1s-1 and V = 50 V we have, 

                                                         𝜏𝑡 =
0.6×10−7×25×10−4

25×50
≈ 0.11 ps         . 

 

Average time within single nanocrystal (total scattering time) 

               The size of a single NC (a) is ~12 nm and the inter-nanocrystal distance (b) is ~0.6 nm, 

then we can find the effective number of NCs by, 

                                                   #𝑁𝐶 =
𝑙𝑑

𝑎+𝑏
=

125

12.6
≈ 10  ,         (S11)                  
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The time within the NC is then given by, 

𝜏𝑁𝐶 =
25

#𝑁𝐶
− 𝜏𝑡 ≈ 2.4 ps               . 

 

Carrier-Phonon coupling 

               The carrier phonon scattering process is generally governed by the electron-phonon(e-

ph) coupling. For polar semiconductors such as CsPbI3, strong ionic bonding between the cation 

and halide leads to a dipole p where 𝑝~𝑒𝜔𝑞
0.5𝑍∗𝑓(𝑞)𝑒𝑖𝑞𝑅 within a unit cell, where e is the electron 

charge, q is phonon frequency, Z* is the Born effective charge, which is a measure of polarization 

or dipole per unit cell, and f(q) is the eigenmode that corresponds to vibrational mode. In general, 

the coupling matrix for electrons and phonons consists of a short range and a long-range term 

which correspond to the TO/LO splitting in polar materials(3). As we are only concerned with 

band edge states, due to Coulomb interactions, the LO mode provides a majority contribution to 

phonon coupling only in the long-range limit. Thus, the LO phonon coupling constant can be 

written as(4), 

   𝑔𝑛,𝑚(𝑘, 𝑞) = 𝑖
1

𝛺

𝑒2

𝜀0
(

ħ

2𝑁𝑀𝜔𝑞
)

1
2⁄

(𝑞+𝐺)𝑍𝑘
∗𝑓(𝑞)

(𝑞+𝐺)𝜀∞(𝑞+𝐺)
< 𝛹𝑚𝑘+𝑞|𝑒𝑖(𝑞+𝐺)(𝑟−𝜏𝑘)|𝛹𝑛𝑘 >      ,            (S12) 

 

where Ω is the unit cell volume, N is the number of unit cells in the supercell, k is the atomic index 

within a unit cell, |ψnk> and |ψmk+q> are initial and final electronic states. Hence, we can see that 

the e–ph interactions are proportional to the dipole of a given unit cell (𝑝~𝑍∗𝑓(𝑞)) , i.e., Born 

effective charge Z* and vibrational eigenmode component f(q). This means that in polar lead halide 

perovskites such as CsPbI3 and MAPbI3 the distance d of the A site cation to I‒ (when d decreases 

so does Z*), and the number of A site cations a coordinating to I‒ known as the coordination 

number, (when a decrease, f(q) decreases) defines the strength of the coupling. A comparison of 

the bond lengths, lattice constants, and coordinating numbers of CsPbI3 and MAPbI3 is shown in 

Fig. S11.   

 

Phonon frequency (energy) 

                     In the long range limit, LO phonon energy is found using the following equation by 

Fivaz and Mooser(5) as 

                                                 𝐸𝑝𝑜𝑙𝑎𝑟 =
(

ħ𝜔𝑝𝑜𝑙𝑎𝑟

𝑘𝐵𝑇
)𝑒

ħ𝜔𝑝𝑜𝑙𝑎𝑟
𝑘𝐵𝑇

(𝑒

ħ𝜔𝑝𝑜𝑙𝑎𝑟
𝑘𝐵𝑇 −1)

− 1     ,            (S13)  

 

Case study: At 300 K the thermal energy (kBT) is ~26 meV. The average n index around the peak 

is ~2.7. Then the above equation can be written as, 

𝐸𝑝𝑜𝑙𝑎𝑟 = 26 (
3.7

3.7−
𝐸𝑝𝑜𝑙𝑎𝑟

26

)                   . 

The only real numerical solution for this is, 

𝐸𝑝𝑜𝑙𝑎𝑟 = 93.6 meV                  . 

Similarly, we can map the Epolar values from the peak to 100 ps, as seen in Fig S12. 
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Supplementary Fig. 1. Characterization of CsPbI3 thin films. The TEM images of the 

synthesized CsPbI3 quantum dot solution magnified to (a) 50 nm and (b) 10 nm. The thin film 

cross section is shown through SEM images magnified at (c) 2 µm and (d) 500 nm. 
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Supplementary Fig. 2. Complete photocurrent decay curve. The curve shows two distinct 

decay regions at both 80 K and 320 K with average lifetimes of 293 ps and 459 ps respectively 

found via biexponential fitting. 



 

 

11 

 

  

Supplementary Fig. 3. Decay characteristics. The temperature dependent decay times of the 

CsPbI3 thin film (a) shows an exponential increasing trend. The temperature dependence of decay 

constants (t1, t2) is fitted with the Arrhenius relation (𝝉 ~ 𝒆
−∆𝑬

𝒌𝑩𝑻⁄
). To obtain the linear fit the 

plot is between ln τ vs 1/T (b). The energy (ΔE2) is 4.53 meV at longer times while at shorter times 

it changes from 20.6 meV to 1.8 meV with reducing temperature. 
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Supplementary Fig. 4. UV-VIS absorbance spectrum of CsPbI3. The absorbance spectrum 

shows the optical density or absorbance for 400 nm light is ~1.5. 
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Supplementary Fig. 5. Ultrafast photocurrent dependence on electric field and laser 

intensity. Normalized photocurrent at different bias voltages under (a) 300K and (b) 80K 

temperatures. The laser intensity dependent normalized photocurrent at (c) 300K and (d) 80K. The 

insets of a, b, c, and d show the decay time from 25 ps to 250 ps after excitation. The rise time is 

similar in all instances.    
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Supplementary Fig. 6. Photocurrent vs bias voltage. The peak photocurrent variation with 

respect to applied bias voltage is shown in the insets. At 300 K (a) the peak photocurrent shows a 

linear relation with respect to increasing bias. This changes at 80 K (b), where the relation changes 

into a sublinear behavior which corresponds to a phase change of CsPbI3. 
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Supplementary Fig. 7. Photocurrent vs laser excitation. The peak photocurrent variation with 

respect to the laser excitation intensity is shown in the insets. At 300 K (a) the peak photocurrent 

shows a linear relation with respect to increasing intensity. As with the bias voltage at 80 K (b), 

the relation changes into a sublinear behavior which corresponds to a phase change of CsPbI3. 
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Supplementary Fig. 8. Mobility variation. The change in mobility with respect to the electric 

field (a) is minimal. A similar variation is seen in the mobility variation with respect to different 

laser intensities (b). The above measurements are at 300 K and are at 5 µW intensity for (a) and at 

5 V bias for (b). Note: At high electric fields we have photocurrent saturation due to ion movement 

and/or carrier velocity saturation hence mobility may decrease. 
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Supplementary Fig. 9. Peak photocurrent variations of Si, GaAs at 80 K. The electric field 

dependance of the peak photocurrent shows a linear behavior for (a) GaAs and (b) Si. Similarly, 

the laser intensity dependance of the peak current is also linear for (c), (d) both materials.  
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Supplementary Fig. 10. Ultrafast photocurrent vs temperature. (a) 2D map of the photocurrent 

variation between the 100 ps and 600 ps. The indices at longer times for (b) 240 K – 380 K and 

(c) 80 K – 240 K illustrates two different transport mechanisms. 
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Supplementary Fig. 11. Phonon scattering mechanism. Phonon scattering is dependent on the 

Pb-I and Cs-I bonding within the cell. The B (Pb) metal is contained in [BX6]-4 structure and has 

a T1u vibration mode. The A cation vibration is dependent on the halide bond characteristics i.e., 

Cs-I in CsPbI3 and H-I in MAPbI3.   
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Supplementary Fig. 12. Temporal change in polar phonon energy. Phonon energy at 300 K is 

mapped in the optical phonon scattering region from peak to 100 ps. The magnitude reduces with 

time with average value of ~88 meV.   
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Supplementary Fig. 13. Steady state PL emission. (a) The PL emission spectrum of the CsPbI3 

nanocrystals from 80 K to 320 K. There is a clear blue shift and decrease in PL intensity in the 

spectrum with increasing temperature. (b) The corresponding full width half maximum (FWHM) 

Γ values with fitting with Segall’s expression, 𝜞(𝑻) = 𝜞𝒊𝒏𝒉 + 𝜸𝑨𝑪𝑻 +
𝝋𝑳𝑶

𝒆
(

𝝎𝑳𝑶
𝒌𝑩𝑻⁄ )

−𝟏

+ 𝜞𝒊𝒎𝒑. The 

dotted line is a fitting corresponding to 𝜞(𝑻) = 𝜞𝒊𝒏𝒉 +
𝝋𝑳𝑶

𝒆
(

𝝎𝑳𝑶
𝒌𝑩𝑻⁄ )

−𝟏

  where the second term 

represents optical phonon scattering. 
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Supplementary Table 1. Decay properties. Temperature, decay constant τ1, decay constant τ2, 

and average lifetime* of photocurrent 

 

 *the average lifetime is calculated using, 

( )
2

2

1

2

1

i i

i
avg

i i

i

A

T

A





=

=

=



 where Ai represents fitting amplitudes. 

  

Temperature (K) τ1 (ps) τ2 (ps) Avg lifetime* (ps) 

80 65.8 559.1 292.6 

100 70 710.8 312.0 

120 70.3 727.3 314.1 

140 71.0 747.9 317.6 

160 71.1 787.3 319.5 

180 73.9 816.4 331.0 

200 77.2 850.3 364.8 

220 77.3 863.0 371.6 

240 77.9 868.6 404.4 

260 78.2 884.2 412.4 

280 79.5 885.8 440.7 

300 84.5 923.4 441.1 

320 85.5 938.9 458.6 

340 89.5 941.5 476.6 

360 96.0 1021.6 520.6 

380 100.3 1038.0 529.9 
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