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I. Solutions of the single level SRH model

In this part, we demonstrate the effect of shallow vs. deep recombination centers on the 

phototransport properties of the photoconductors studied, by using the single level Shockley-

Read-Hall (SRH) model. We note here that the use of a single effective recombination level is 

well justified as long as the light intensity exponent1 and the μτ(T) dependence are monotonic, 

whether this is, or is not, the actual electronic structure of the material.  In fact from the 

photovoltaic point of view what counts are the observed μτ(T) dependence and not the 

recombination kinetics and transport that lead to its values2.  Then, the simplest physical picture 

that accounts for these values is clearly the one that is preferable in enabling the observer to 

capture the basics of the recombination kinetics and transport of the system. 

In our calculation we use the procedure that we have applied before3. We stress that 

although the material parameters used in the simulations may differ slightly from the exact 

properties of the MAPI and MCHP films studied here, the important parameters, relevant for this 

study, are Ec-Er (or Er-Ev) for the shallow level case, and Er-EF for the deep level case (as defined 

in the main text). Furthermore, in the two cases which were considered in the simulations, only 

these parameters are changed, to illustrate the effect of shallow vs. deep recombination centers 

on the phototransport properties. We further note that the specific position of EF (as long as it is 
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deep, i,e, Ec-EF > EF-Ev >> 12 kT), do not affect the results. The results of the model are obtained 

by simultaneously solving the kinetic equations for the holes and electrons 4–6:

G = Chpnr-Chp1pr                                                                            (S1)

G = Cenpr-Cen1nr                                                                            (S2)

and the charge neutrality requirement:

(p-p0)-(n-n0) = (nr-nr0)                                                                     (S3)

Here 

 G is the electron and hole generation rate, 

 Ch and Ce are the capture coefficients of holes and electrons by the recombination 

centers, 

 p and n are the concentrations of holes in the valence and electrons in the conduction 

bands, resp. nr is the concentration of the electron-occupied centers 

 pr = Nr-nr is the concentration of the hole occupied centers pr where 

o Nr is the total concentration of the recombination centers at the level Er.  

The subscript ”0” in equations S2 and S3 indicates the equilibrium (dark) concentration of the 

corresponding quantity (e.g., nr0 = Nrf(Er) where f(Er) is the Fermi-Dirac electron occupation 

function) and pr0 = Nr–nr0.  

Also, 

 p1 = Nvexp[-(Er-Ev)/kT], and 

 n1 = Ncexp[-(Ec-Er)/kT], where 

o Nv is the effective density of states at the valence band edge, Ev, and 

o Nc is the effective density of states at the conduction band edge, Ec.  

 n0 and p0 are then the equilibrium concentration of the electrons and holes in the dark 

which will be assumed below to be negligible compared to n and p.  

We further use the common definitions of the corresponding carriers’ lifetimes (or the trapping 

time by (or recombination time with) the opposite charge carrier in the recombination level) of 

the holes and the electrons as4,7: 

τh = p/G                                                      (S4)
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and 

τe = n/G.                                                     (S5)

In the numerical solutions, we have solved the parameters n, p, and nr, by providing reasonable 

parameter values for all other parameters in these equations (shown below and in Figures S1 and 

S2).  We have described the numerical analysis used here in ref.8 following the procedure of 

ref.9.

Before turning to our calculations, we note two issues:

First, in our considerations of the kinetics we ignore the relatively small bimolecular 

process (as it appears to contribute little to the G values that are relevant to the phototransport 

regime that we consider here4,10).  

Second, since in real materials the model of Fig. 2.1 can serve only as an effective 

presentation of a much more complicated electronic structure of levels in the band gap11, it is 

expected to provide only semi-quantitative effective information regarding the behavior of the 

phototransport properties of the real system that is under study. However, such predicted 

behavior will be enough for the conclusions that we derive in Sec. IV of the main text. The great 

advantage of the simple model is that it can provide understanding of some basic trends in the 

phototransport behavior and, thus, enables us to interpret corresponding features in the 

experimental data11–13 merely by using the minimal known values of the parameters included in 

equations S1-S3.

We note in passing that while mathematically the equations that describe the 

recombination process in this system, as given above, are simple and well-known4,5,12, the 

corresponding analytic solution is very lengthy6,11. Thus, the analytic solutions can be derived, 

but they are non-transparent in the sense that without the reduction of many parameters, as can 

be done only in extreme cases7, and/or the use of a graphic visualization of the solution11, it is 

quite impossible to evaluate the effect of a particular parameter. This is the case for the effect of 

Nr, Ch, Ce, Er and EF, as well as for external-controllable parameters such as the temperature (T) 

and the carrier generation rate G13, on the actual behavior of the photoconductivity, σph(G,T)4 

and the ambipolar diffusion length, LD(G,T)14,1 (see below). The usual way to understand the 

basic physics of the phototransport processes is to apply the a priori known information (say, the 

position of EF) and/or to consider extreme cases (say, very low or very high G for a given Nr)4,7.  
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Correspondingly, in trying to understand the observed experimental results in detail one needs to 

compare these results with the graphically plotted results of the numerical solution3,11–13.  Below 

we will assume constant values (independent of T and G) for the carrier mobilities and capture 

coefficients, in order to focus our attention on the recombination kinetics that are relevant to our 

conclusions regarding the MAPI and the MCHP films that we study.  

Turning to the parameters used in the solution, we note that as there are many parameters 

in the model.  To make the model more amenable for comparison with experimental results, we 

would like to narrow down the possible reliable microscopic scenarios that can account for the 

given experimental data12.  In the present case (see Sec. IV) we know from theoretical 

calculations15–17, experimental results of others18–20 and our present STS data, that the band gap 

of the materials of interest is ~1.6 eV, and that when they are not intentionally doped, EF lies 

deep in the band gap and the material is p-type21–23. From the present STS data and other 

studies22,24, we could evaluate the corresponding position of EF to be in the 0.4 ≤ EF-Ev ≤ 0.6 eV 

range for MAPI and MCHP.  There were numerous reports on the mobility values in solution-

processed halide perovskite films25,26, from which mobility values that we use can be safely 

assumed to be in the 0.1 ≤ μ ≤ 10 cm2/Vsec range, i.e. μe = 5 cm2/Vsec and μh = 0.25 cm2/Vsec. 

In fact, as we are concerned here with the kinetics, we will assume constant mobility values 

(independent of G and T) in our solutions of Eqs. S1-S3.  Hence, the μτ solutions, to be 

presented below, reflect essentially only the temperature dependence of the lifetimes, τ.  

The other reasonable parameters could be chosen based on accepted values that were 

derived in the literature.  In particular, the capture coefficients Ce and Ch were reported to be in 

the 10-7-10-9 cm3/sec range25,27 and the density of recombination centers, Nr, is generally 

accepted to be in the 1015-1016 cm-3 range19,24,25. Nc and Nv values in MAPI are in the ~1018 cm-3 

range19,27.  As seen below, the exact values of these parameters are not critical for our 

conclusions and they are quite generally acceptable for the present materials and other 

semiconductors.  

As for the parameters values used in the simulations, also listed in the legends of Figs. S1 

and S2, the values used were: Ec-Ev = 1.6 eV. Ce = Ch = 10-7 cm3/sec, Nr = 1015 cm-3, G = 1021 

cm-3sec-1 and Nc = Nv = 2.4x1018 cm-3 (@ 300K). Hence, for the depth of Er, which is the critical 

parameter that we will change, we took its value in the deep level case to be Ec-Er = 0.8 eV (>> 
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12kT, noting that around this value the results are not too sensitive to the position of Er) while 

for the shallow level case we took the value of Ec-Er = 0.2 eV (≈ 7.5 kT).  The latter value is 

consistent with some theoretical predictions15–17, experimental results of others28,29 and the direct 

STS result that we obtained in the present study on the MCHPs.  

Before we turn to our numerical solutions of the SRH equations we will briefly consider 

the simple physics that one would expect for the temperature dependence of the phototransport 

properties with change of the energy Er.  In particular, let us consider the two cases, one where Er 

is deep and another one when Er is shallow with respect to the conduction band edge.  We start 

with an intuitive physical picture and then turn to the visual exhibition of the solution of the SRH 

equation with the above-mentioned values for the microscopic parameters. 

If Er is well-removed (many kTs) from the band edges, Ec and Ev, but Er is close to EF, 

the level Er, at T → 0, will be occupied only by holes.  As the temperature increases, the electron 

population will increase at the expense of the initial (i.e. T = 0) density of the Nr holes.  Thus, at 

very high temperatures (above 300 K, therefore irrelevant for our case), the equilibrium 

population of both holes and electrons will approach Nr/2 for a given G.  Correspondingly, the 

lifetime of the electrons will increase more rapidly at high temperatures and, even then, at most 

by a factor of 2. Therefore, over the temperature-range studied here (170-300K), this will only 

amount to a negligible increase. In contrast, for the holes, the density of the effective 

recombination centers for the capture of holes, nr, will increase from 0 to Nr/2, i.e., µhτh will 

decrease by orders of magnitude with even a relatively small increase of temperature.  In practice 

however, in the temperature range of interest in our case, 167K-300K, the change in µhτh is also 

negligible (a significant increase of µhτh is expected to occur at T > 350K). These simple 

expectations are confirmed by the results of our SRH solutions that are shown in Fig. S1.  
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Fig, S1. Temperature dependence of μτ for a p-type semiconductor in which the recombination level is deep (i.e., Er-EV >> 

12kT).  The parameters used to derive these solutions, are given in the figure.

Turning to the shallow level case, we expect that in contrast to the above case, there will 

be now an increase of the two μτ products with increasing temperature.  This increase follows 

the thermal excitation rate of the electrons that occupy states in Er, to Ec, as manifested by the 

ge(T) = Cen1nr term in Eq. S2 and the ge(T) arrow in Fig. S2.  In parallel, this decrease with 

temperature of nr, (due to the thermal excitation of the electrons) will increase the hole lifetime.  

The results of the solution, calculated with the same parameters that were used for Fig. 

S1, but now with a shallow (rather than a deep) position of Er, are shown in Fig. S2.  These 

results confirm the above-suggested physical scenario and clearly indicate that the increase of the 

µτ products with temperature is a signature of a shallow Er.  This result is in marked qualitative 

contrast with the relatively constant µhτh product that was shown in Fig. S1 in the studied 

temperature range, which, as we saw above, is the signature of a deep lying Er. The important 

point for the present study is that this different qualitative temperature dependence can indicate 
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whether Er is a deep or shallow recombination level.  In practice, the change from T-decreasing 

(or nearly T independent) µτ products (Fig. S1) to T-increasing µτ products (Fig. S2), indicates 

the difference in the temperature dependence in the cases of a deep and a shallow level. In 

passing we remark that the temperature-dependent trends will be the same if the shallow 

recombination level is adjacent to Ev; the difference will be in the assignment (holes or electrons) 

of the μτ of the opposite carrier. 
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Fig. S2. Temperature dependence of μτ of a p-type semiconductor where the recombination level is close to the conduction 

band edge (Ec-Er ≤ 12kT, see legend).  Note the increase of the µτ products of both types of carriers with increasing 

temperature.  The parameters used here were the same as in Fig. S1, except that the position of the recombination level Er is 

0.2 eV (~ 7.5 kT @ RT, 300 K) below Ec compared to 0.8 eV (mid-gap) in Fig. S1.

In summary, as can be appreciated from Eqs. S1 and S2, the difference between the 

results of Figs. S1 and S2 is due to the ge(T) (i.e., Cen1nr) term in Eq. S2 that is negligible in the 

deep level case.  While the more detailed physics of that will be discussed elsewhere, for the 

purpose of this study, the differences exhibited in the behaviors shown in the two figures is 
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enough to make the connection between this indirect determination of the level position and the 

STS results.  In other words, the increase with temperature of both µτ products with temperature 

is a convincing indication that recombination in the system takes place via a shallow 

recombination level.  This is of course important in light of the states, revealed by the STS 

measurements, which can now be considered as those responsible for the phototransport 

behavior.  

II. Experimental Details 

Sample preparation 

Single cation MAPI films were prepared by following a previously reported method30.  In short, 

~40 wt% of the perovskite precursor solution was prepared by dissolving MAI and 

Pb(Acetate)2:3H2O (Sigma Aldrich) in anhydrous DMF in a 3:1 molar ratio.  Then, 4.5 µL of 

hypophosphorous acid (HPA) solution was added to the DMF solution containing the precursors. 

The solution was spin-coated on the substrates in one step (2000 rpm for 40 sec) inside a glove 

box. After spin-coating the samples were annealed at 100°C for 5 minutes inside the glove box. 

The typical thickness of the MAPI film was around 300 nm.

Mixed cation MAPI, FA0.79MA0.16Cs0.05Pb(I0.83Br0.17)3 (MCHP) films were fabricated as 

described elsewhere31.  In short, the precursor solution was prepared in the following 

stoichiometric ratios: FAI [1 M] (Dyesol), PbI2 [1.1 M] (Sigma Aldrich), MABr [0.2 M] 

(Dyesol), and PbBr2 [0.22 M] (Sigma Aldrich) in anhydrous DMF:DMSO 4:1 (v:v) (anhydrous, 

Sigma Aldrich);  CsI (Dyesol), (predissolved as a 1.5 M stock solution) was added to the 

MA+FA solution in a 5:95 molar ratio.

The triple cation solution was spin-coated in an N2-filled glove box using a two-step program 

(1000 rpm for 10 sec, 4500 rpm for 20 sec). During the second step, 500 μL of chlorobenzene 

(anhydrous, Sigma Aldrich) was poured onto the substrate 10 sec prior to the end. The substrates 

were then annealed at 100 ºC for 1 hour inside the glove box.  The typical thickness of the films 

was also around 300 nm.

Electrical contacts for transport measurements: For the STS measurements, 100 nm thick gold 

contacts were deposited on pre-cleaned microscope slides with a pre-deposited 10 nm Cr 
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adhesion layer, using an E-beam evaporator, under 5x10-6 mbar base pressure, at a rate of 

2Å/sec. The contact configuration for the PCS, PC and SSPG measurements was as described 

previously32 with a 0.4 mm gap between the two electrodes. 

Optical absorption was determined by measuring transmission and reflection of the thin films on 

glass using a Jasco V-570 spectrometer equipped with an integrating sphere. Transmission was 

corrected for reflection by Tcorr = T/(1−R), The absorbance is derived from the optical 

transmission measurements by A= 2-log (T%). 

The photoluminescence spectra were excited at 640 nm with a picosecond pulsed diode laser 

(Picoquant LDH-P-C-640B).  The energy of the pulse was ~5 1010 photons/cm2 and the pulse ×

duration was ~ 2-5 ns.  The PL emission spectra and the PL decay characteristics were recorded 

using a photomultiplier tube (PMT Hamamatsu model H10721-01).  

Photocurrent spectroscopy (PCS) measurements were done using a standard lock-in amplifier 

technique and the results (raw data) were normalized to the impinging photon flux.  The 

measurements were taken in ambient and in vacuum (~ 10-5 mbar) conditions in an optical-

cryostat as described in33. We note that these were measurements of photoconductivity (i.e. 

symmetrical contact configuration) and not photovoltaic currents (i.e. full cell configuration). 

Scanning tunneling spectroscopy (STS) measurements

Local I-V characteristics were measured between the STM tip and the back electrode, at different 

locations on the sample surface34,35.  During the measurements, the STM feedback loop was 

disconnected for a short period of time and the tunneling current was acquired with a constant 

tip-sample separation.  The energy gap and features related to the local density of states, such as 

the band gap and the position of the Fermi level, were then deduced from the dI/dV-V spectra. 

Atomic force microscopy:  The topography of the studied sample was determined by topographic 

and friction scans of an atomic force microscope34.  

Steady-state photocurrents were measured as function of temperature and light intensity (i.e., 

carrier generation rate) in an optical cryostat33.  The photo-excitation was generated by using a 

red laser, at 658 nm, with a maximum intensity of 0.04 W/cm2. We estimate24 the maximum 

generation rate to be (depending on the experimental set up) between 3.2·1021 and 1.2 1022 



10

(cm3.s)-1. From the photocurrents (the dark current was negligible) we derived the 

photoconductivity σph.

Ambipolar diffusion lengths were obtained from steady-state photocarrier grating, SSPG, 

measurements36,37 using a HeNe laser with λ = 632 nm, 10 mW intensity, with a beam diameter2 

of 3 mm. In the SSPG method, described in more detail in14,36,37; two coherent light beams from 

the same laser, one of a much (20 x) higher intensity than the other, are made to coincide on the 

sample. Their coincidence is made to be coherent or incoherent by changing the light 

polarization of the more intense beam.  Experimentally one determines the parameter  which is 𝛽

the ratio between the decrease of the photocurrent (with respect to the photocurrent induced by 

only the higher intensity beam), when the photograting is present (the coherent beams case) and 

the increase of the photocurrent (with respect to the photocurrent induced by only the higher 

intensity beam) when the grating is absent (the incoherent beam case). The β parameter is related 

to , the ambipolar diffusion length, via the “Balberg plot” relation37,38: 𝐿𝐷

                                   (S6)

2
1 ‒ 𝛽

=
1

𝛾𝛾0
2( 1

Λ2)(2𝜋𝐿𝐷)2 +
1

𝛾𝛾0
2

where  is the power law exponent of the photoconductivity  is the grating quality factor, 𝛾 𝛾0

which is usually taken close to 1, Λ is the period of the grating, and  is the ambipolar  𝐿𝐷

diffusion length24,39.  Thus, by plotting the left-hand term of Eq. S6 vs.  , LD is obtained from 

1

Λ2

the linear fit according to:

 (S7)
   𝐿𝐷 =

1
2𝜋

𝑠𝑙𝑜𝑝𝑒
𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

Having σph and LD we then derived the above-mentioned mobility-lifetime products from the 

experimental measurements of the photoconductivity σph 4,9 and the ambipolar diffusion length 

LD 1,24 (see Sec. III), by simply solving the well-known relations between these measurable 

quantities and the microscopic µτ properties24,36,37,39:

                    σph = q(μeτe+μhτh)G,                                                    (S8)
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and

                         LD = [(2kT/q)(μeτeμhτh)/(μeτe+μhτh)]1/2,                              (S9)

where q is the electronic charge, kT is the thermal energy, μe(μh) is the electron (hole) mobility 

and τe (τh) is the electron (hole) recombination (or trapping) time.  In our work, the above two 

equations were solved for some values of the controllable parameters G and T.  The results of 

this analysis are shown in Figs (3.6) and (3,7).  The error in the values of the mobility-lifetime 

products was calculated based on the experimental error in the determination of LD. The error for 

the LD values was calculated according to the resulting error in the intercept and slope of the 

linear fit of Eq. S7, for every temperature. In passing we note here that because of the symmetry 

of the two µτs in the two equations, one can only distinguish between majority and minority 

carriers.  To identify which one is associated with the electrons and which one is associated with 

the holes, one has to know a priori which carrier is the majority one. As mentioned above this 

information is derived from independent theoretical or experimental considerations.  In our case 

of the MAPI and the MCHP, we assumed throughout that the majority carriers in the dark and 

under illumination are the holes following our measurements, the theoretical consideration and 

the overwhelming evidence in the literature on solution-processed films25.

III. Comparison of the PCS and optical absorption results 
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Fig. S3. Semi-log plot of the PCS (dashed lines) vs. the optical absorption results (full lines) for MAPI (black) and mixed 

MCHP films (red).

Table S1: Comparison between the extracted band gaps of the MAPI and MCHP samples from the various 

methods used in this study (for the PCS method, where near gap states are likely to contribute, the real bandgap 

may be higher, apart from the given experimental errors)). 

Optical absorption PL PCS STS

MAPI 1.60 1.60 1.47 1.53

MCHP 1.64 1.62 1.52 1.50
*The error in the optical absorption, PL and PCS methods is ~0.02eV, while for the STS the error is ~0,.05-0.10eV.

We note that although the STS-derived bandgap should in principle be larger than the optical bandgap 

by the e-h binding energy, the binding energy in our case is less than 20 meV, which is much smaller 

than the experimental error in the STS bandgap measurements, and hence we ignore it here.
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