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The lifetime of non-equilibrium electrons and holes in semiconductors is crucial for
solar cell and optoelectronic applications. Non-adiabatic molecular dynamics (NAMD)
simulations based on time-dependent density functional theory (TDDFT) are widely
used to study excited-state carrier dynamics. However, the calculated carrier lifetimes
are often different from experimental results by orders of magnitude. In this work, by
revisiting the definition of carrier lifetime and considering different recombination
mechanisms, we report a systematic procedure for calculating the effective carrier
lifetime in realistic semiconductor crystals that can be compared directly to
experimental measurements. The procedure shows that considering all recombination
mechanisms and using reasonable densities of carriers and defects are crucial in
calculating the effective lifetime. When NAMD simulations consider only Shockey-
Read-Hall (SRH) defect-assisted and band-to-band non-radiative recombination while
neglect band-to-band radiative recombination, and the densities of non-equilibrium
carriers and defects in supercell simulations are much higher than those in realistic
semiconductors under solar illumination, the calculated lifetimes are ineffective and
thus differ from experiments. Using our procedure, the calculated effective lifetime of
the halide perovskite CH3NH3Pbl; agrees with experiments. It is mainly determined by
band-to-band radiative and defect-assisted non-radiative recombination, while band-to-
band non-radiative recombination is negligible. These results indicate that it is possible
to calculate carrier lifetimes accurately based on NAMD simulations, but the directly
calculated values should be converted to effective lifetimes for comparison to
experiments. The revised procedure can be widely applied in future carrier lifetime
simulations.



Excited-state carrier dynamics in semiconductors is fundamental to the development
of optoelectronic!, photovoltaic?, photocatalytic® and other functional devices working
under light illumination. The lifetime of the photo-excited non-equilibrium carriers is
an important quantity determining the performance of these devices, e.g., it determines
the diffusion length of the minority carriers in photovoltaic semiconductors and is thus
critical to the efficiency of solar cells. For decades, this important quantity is obtained
mainly through the ultrafast time-resolved photoluminescence spectroscopy* and

transient absorption spectroscopy™.

Theoretically, conventional first-principles molecular dynamics based on adiabatic
approximation does not describe the excited-state carrier dynamics. However, rapid
developments in nonadiabatic molecular dynamics (NAMD)’® based on time-
dependent DFT (TDDFT)’ methods in the past decade has made the simulation of
excited-state carrier dynamics in semiconductors possible. A series of breakthroughs
have been reported recently'®?°. Therefore, the first-principles prediction of carrier
lifetime is attracting wide attention. There are many groups worldwide who have
adopted the NAMD simulations based on Erhenfest or surface hopping schemes to
predict the lifetime of non-equilibrium carriers>!**. In these studies, non-equilibrium
carrier populations were produced by exciting an electron from the occupied level to a
higher-energy unoccupied level in the supercell calculations, e.g., from the valence
band maximum (VBM) level to the conduction band minimum (CBM) level. Then
NAMD simulations were performed and the lifetime t was calculated through fitting
the decay of the electron population on the excited-state level to the function An(t) «
exp(—t/t) 2. For example, the NAMD simulation of Qiao et al. predicted that the
lifetime of photo-excited carriers is 1.5 ns in CH3NH3PbI3*, and similar values were
reported in other studies***’. However, plenty of experiments have reported that the
actual lifetime of photo-excited carriers can be as long as several microseconds in
CH3NH;PbI;*%2, There is a discrepancy between the calculated and experimental

values.

To reveal the origin of the discrepancy, we repeated the NAMD simulation using the
procedures as in Ref. ** and found that our result agrees with theirs, so technical errors
in the simulations can be excluded. Kim and Walsh pointed out that non-adiabatic
coupling matrix elements between the valence and conduction bands may be

significantly overestimated in the NAMD simulations, which results in exaggerated



non-radiative recombination in pristine CH3NH3Pbl; and thus causes the short
lifetime®®. That means the accuracy issues of the current NAMD methods may be one
possible origin of the discrepancy. On the other hand, as noted by Qiao et al.** and Chu
et al.>*, most of the present NAMD simulations used supercells with a limited size, so
the simulations assumed a certain carrier density, defect density, and light intensity,
which might be very different from the conditions in real samples and can thus also be
the origin of the discrepancy. If this is the origin, then two open questions appear: (i)
what is the meaning of the directly calculated carrier lifetime from the NAMD
simulations; (ii) is it possible to use the NAMD simulations to calculate the carrier
lifetime that can be compared directly to the experimentally measured lifetime of the
real semiconductor samples with the actual carrier density and defect density, and

working under solar illumination?

In this work, we started from the fundamental definition of the lifetime of non-
equilibrium carriers and developed a systematic procedure for calculating the effective
carrier lifetime in real samples based on the results from the NAMD simulations and
other calculations. The calculated effective carrier lifetime can be compared directly to
experimental values. Using this procedure, we find that the reported lifetime (1.5 ns) of
CH3NH3Pbl; in previous NAMD studies is the seriously underestimated lifetime
gpon-rad - of band-to-band non-radiative recombination, and the effective Tpon; 744
is actually very long (150 us). The effective carrier lifetime in CH3NH3Pbl; is mainly
determined by the band-to-band radiative and defect-assisted SRH recombination,
while the influence of band-to-band non-radiative recombination is negligible. When
all recombination mechanisms are considered and the effects are summed using the
systematic procedure, the effective lifetime is consistent with the experimental lifetime
and can explain the observed efficient photoluminescence of CH3;NH3Pbls. Besides that,
we also revisited the carrier lifetime of three other optoelectronic semiconductors
reported in recent NAMD studies and found that the conclusions can be changed if all
the recombination mechanisms are considered and reasonable carrier and defect
densities are used in the simulation. We propose that it is necessary to calculate the
effective lifetime using the systematic procedure outlined here in future carrier
dynamics studies to provide the correct understanding of the mechanisms that

determine the experimentally measured carrier lifetime.



Definition of Carrier Lifetime and Systematic Calculation Procedure.

As discussed in many textbooks of semiconductor physics>®, the time derivative of
the non-equilibrium carrier density An(t) is equal to the difference between the

generation rate G and the recombination rate U of non-equilibrium carriers,

Ph=6cw-ue® .

When the generation stops, G(z)=0, An(t) will decay with the rate -U(z). If the

recombination rate U(t) depends linearly on An(t), i.e.,

An(t)

v =2 @
where T is a constant,
_An(®)
then the decay of An(t) will follow,
Ut t
An(t) = An(0)exp (— #(t)) t) = An(0)exp(— ;) 4)

where An(0) is the density of non-equilibrium carriers at the = 0 moment when the
generation stops. As we can see, in this case, the constant T means the time when the
density decays to 1/e of the original value An(0) after the generation stops, so it is

defined as the lifetime of non-equilibrium carriers. Then, Eq. (1) becomes,

dAn(t) _ _ _An(t)
TE=Um=-=2 65).

In standard NAMD studies, the lifetime 7 is calculated through fitting the decay of the
electron population on the excited-state level to the function P(t) « exp(—t/t), which

originates from the decay function Eq. (4).
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Figure 1. The schematic plot of the first-order defect-assisted SRH, the second-order
band-to-band radiative or non-radiative, and the third-order Auger recombination (a),
and the procedure for calculating the effective lifetime with the three major

recombination mechanisms considered (b).

According to Eq. (3), the lifetime 7 is determined by the ratio between the density of
non-equilibrium carriers An(t) and the recombination rate U(?). In semiconductors, as
shown in Fig. 1(a), there are many possible recombination mechanisms, e.g., the defect-
assisted non-radiative SRH recombination, the band-to-band recombination, and the
Auger recombination. Therefore, the recombination rate U(?) is the sum of the rates of

all these mechanisms,

U(t) = USRH(t) + Uband—band (t) + UAuger(t) (6)



Correspondingly, the lifetime that is effective in real semiconductor samples should

also be contributed by all these mechanisms,

S=——p———— 7

TSRH Thand-band TAuger

where Tsgpy » Thand—band aNd Tayger are the lifetime when only one of the three

mechanisms are considered. With this definition, we can also write,

An(t)

TspRH = Usri (3,
_ An(t)
Thand—band = Uband—band (9)9
_ An(®)
Tauger = Unuger (10).

As shown in Refs. [55] for photo-excited non-equilibrium carriers (the densities of
non-equilibrium electrons and holes are equal, An(t) = Ap(t) ), the three
recombination rates depend not only on An(t), but also on the electron carrier density

n, and hole carrier density p, under the equilibrium state, as described by,
Usgu (t) = A~ An(t) (11),
Upand-bana(t) = An(t) - B - [ng + po + 4An(t)] (12),
Upuger(®) = C-An(t)>  (13)

in which, 4, B and C are the SRH defect-assisted non-radiative, band-to-band and Auger

recombination coefficients, respectively; ny and py can be calculated as ny =

Ecem Eypm—

N, exp( ) and py = N,exp(———— ) where T is the temperature, k, is the

Boltzmann constant, Ep is the Fermi level, Ey gy 1s the valence band maximum level,
Ecpum 1s the conduction band minimum level, and N, and N, are the effective density

of states for valence band and conduction band edges, respectively.

The SRH recombination coefficient 4 can be calculated following6-%8,

Nicpcp(ng+po+4n(t))
cn(otny+4An(t))+cp(potp1+4An(t))

(14)

where N, is the density of the recombination-center defects; ¢, and ¢, are the electron

capture coefficient and hole capture coefficient of the defect level, respectively; n, =



E¢— ECBM EVBM

N.exp(———— Y) in which E, is the energy of defect level.

), p1 = Nyexp(——

The Auger recombination coefficient C can be calculated following™,

¢ = JeMot¥nPo)[notPo+An(O]+ (etyn)[mo+po+An(H)lAn(t) (15)
An(t)?

in which y, and y;, represent the e-e-h Auger recombination coefticient (one electron at
the conduction band is excited to higher-level state when one electron-hole pair
recombines) and /s-h-e Auger recombination coefficient (one hole at the valence band

is promoted to lower-level state when one electron-hole pair recombines).

According to Egs. (11-15), we can notice that the recombination rate U(?) (including
Usrr (t), Upand-pana(t) and Ugyger(t)) depends non-linearly on An(t), so t (the
carrier lifetime) is not a constant with respect to An(t). Therefore, in principle, the
decay of An(t) does not follow the simple function in Eq. (4). When 7 was defined as
the carrier lifetime (the time when the density decays to //e of the original value An(0)
after the generation stops) and was calculated through fitting the decay of An(t) to the
function exp(—t/t), we assumed implicitly that 7 is a constant and U(?) depends
linearly on An(t) in the following recombination processes after the generation stops.
Of course, the fitting cannot be good if 7 has a strong dependence on An(t). Therefore,
when we discuss the carrier lifetime 7, we must pay attention to this dependence and
note that 7 can be approximated as a constant only for a small range of ¢ in which An(t)
does not change significantly. In such a small range of ¢, An(t) can be approximated as
An(0) which is the value at the moment when the generation stops. With An(0), the
recombination coefficients 4 and B can thus be determined, then the corresponding

lifetime can be calculated as,

1
TsrH = 7 (16)

1
B-[no+po+4n(0)]

Tpand-band = (17)

1
(Yeno+vapo)[no+po+4n(0)]+¥e+vn)[no+po+41(0)]ANn(0)

(18).

Tauger =

In operating devices under continuous illumination, the density of non-equilibrium
carriers should reach a steady state after the generation and recombination are

counterbalanced, then the steady-state density should be considered as An(0) when



calculating the carrier lifetime according to Egs. (16), (17) and (18).

As shown in Fig. la, the defect-assisted SRH non-radiative recombination occurs
between one carrier (electron or hole) and one defect, so the dependence of Uggy on An
(abbreviation of An(0)) is first order in Eq. (11); the band-to-band recombination
occurs between two carriers (one electron and one hole), so the dependence of
Upand—pana On An is second order in Eq. (12); the Auger recombination occurs
between three carriers (two electrons and one hole, or one electron and two holes), so
the dependence of Uy ger 0n An is third order in Eq. (13). Therefore, when the density
An of photo-excited non-equilibrium carriers is small, Usgy and Upgnd—pana are much

larger than Uyy,ger, thus Tegy and Tpanq—pang determine 7, when An is large, Usgy and

Uband-bana are much smaller than Uyy,ger, thus T4y, g¢ determines 7>,

In order to calculate the total effective lifetime 7 of non-equilibrium carriers in real
semiconductor samples with a certain defect density N, equilibrium carrier density n,
(po), and non-equilibrium carrier density An(0), Tspy, Thana—bana a0d Tayger should
all be calculated and combined. A procedure is plotted in Fig. 1b to show the flow of

the calculations, including:

(1) For a given type of defect with the energy level E;, calculate its electron and hole
capture coefficients ¢y, ¢,. They can be calculated from the NAMD simulation, as
discussed in the following section “Dependence of 75z, on Density of Recombination-
Center Defects”, or using the non-radiative multi-phonon theory®®®!. With E,, ¢, and

Cp, Tsgu can be calculated for given Ny, ng (po) and An(0).

(2) Calculate the band-to-band recombination coefficient B. The detailed methods
will be discussed in the following sections “Non-Radiative Carrier Recombination in
NAMD Simulations” and “Dependence of Tpand—pana o0 Density of Non-Equilibrium

Carriers”. With B, Tpgnd—bana €an be calculated for given ng (p,) and An(0).

(3) Calculate the Auger recombination coefficients y, and y;,. The methods have

been discussed in Ref. [62]. With y, and yp, T4yger can be calculated for given ng (po)

and An(0).

After the calculation of Tsgy, Tpana—bana aNd Tayger, the effective lifetime T can be

derived according to Eq. (7) and the value can be compared directly to the



experimentally measured lifetime in real samples with the given N, ny (py) and An(0).

Non-Radiative Recombination in NAMD Simulations.

With the formulae derived for calculating the effective carrier lifetime, now we can
analyze why the directly calculated lifetime from the recent NAMD simulations differ

from experimental values for CH;NH3Pbls.

These simulations adopted supercells with several hundreds of atoms, and considered
the cases for both the defect-free supercells and those with defects. For the defect-free
supercell, there are no electronic states in the band gap and the recombination occurs
between the electron on CBM and the hole on VBM, so the band-to-band recombination
is simulated and the derived lifetime is Tpgnq—pana- For the supercell with a defect, if a
defect level is produced in the band gap, the defect-assisted SRH non-radiative
recombination is simulated and the derived lifetime is Tsgy . For both cases, the
simulated lifetime (Tpgna—pand OF Tsgy) 18 only a part of the effective lifetime T as
described by Eq. (7). Incomplete consideration of the recombination mechanisms may
cause a large difference between the simulated and experimental results. More
importantly, we should pay attention to the dependence of the results on An(0) and N;
assumed in the simulations. In most simulations, the non-equilibrium electron and hole
carriers are generated through exciting an electron from the VBM to CBM in the
supercell. If the supercell has several hundred atoms, the density An(0) of the non-
equilibrium carriers is as high as 10%° cm™ (for CH3NH;3Pbls supercell with 192 atoms,
the density is 2.6 X 102° cm™). However, under the normal sunlight illumination, the
excited non-equilibrium electron carriers have a much lower density, only around 10'3-
10'° cm (as calculated below). Obviously, the assumed An(0) (similarly for the defect
density N;) in the NAMD supercell simulations is much higher than that of the density
in real devices working under sunlight illumination, as compared in Fig. 2. Egs. (16)
and (17) show that T,4n4—pana and Tsgy depend on An(0) and N, so the simulated
lifetime actually is the result at the very high An(0) and N;, rather than the lifetime in

real samples with lower An(0) and N, which is another origin of the large difference.
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Figure 2. Schematic plot of band-to-band and defect-assisted (SRH) recombination
processes in semiconductors with low and high densities of non-equilibrium carriers:
(a) and (b) in the reciprocal band-structure space with electron carriers on the
conduction band and hole carriers on the valence band; (c) and (d) in the real
semiconductor lattice space. The normal density of non-equilibrium carriers is usually
around 10" cm™ under sunlight illumination, as shown in (a) and (c), while the density
of the non-equilibrium carriers produced in the several-hundred-atom supercell for
NAMD simulations can exceed 10*° cm™, as shown in (b) and (d), which causes fast
electron-hole recombination.

Attention should also be paid to the meaning of the simulated 7p4,,4—pand- As shown
in Fig. la, there are two types of band-to-band recombination: radiative and non-
radiative. For band-to-band radiative recombination, the energy of non-equilibrium
carriers is converted into the energy of an emitted photon. For band-to-band non-

radiative recombination, the energy of non-equilibrium carriers is converted into the



energy of the vibration energy of ions through electron-phonon interactions. The

recombination rate and lifetime are contributed by both types, as described by,
— d -rad
Uband—band(t) - Uggnd—band(t) + Ul?grrlldrgand (t)

=An(t) ’ (Brad + Bnon—rad) ' [no +po + An(t)] (19)

1 1 1
= d +_ non-rad (20)'

T T gra T
band-band band-band band-band

Correspondingly, the recombination coefficient B is also contributed by two parts, B,qq

and Bnon—rad-

In the standard textbook description, band-to-band recombination is considered as a
radiative process,®® while the non-radiative rate is low under normal operation
conditions. The corresponding recombination rate U5%%,_, .. and coefficient B,qq
can be calculated using the Fermi’s golden rule and the transition dipole moment

(momentum matrix elements)®*-°.

21-2531-3537-40 an excitation is modelled

However, in recent NAMD simulations
through a change in occupation numbers of valence and conduction bands of the
supercell. Recombination towards the ground state is then simulated by NAMD and the
band-to-band recombination lifetime 7 is calculated by fitting the decay of the electron
population using P(t) = exp(—t/t). These simulations are in the microcanonical
(NVE) ensemble, so the electronic energy decrease is converted into vibrational (kinetic)
energy through the electron-phonon coupling, which obeys the energy conservation rule.

Emission of light is not considered and the associated lifetime is in fact t}0"7794

This was also pointed out by Kim and Walsh>?.

The contribution T20"7744  is just part of the Tpgng—pand » Whereas Tpand—pand i

just part of the true effective 7, as shown in Eq. (7). Therefore, the meaning of
rpon-rad o calculated in the NAMD studies is different from the effective lifetime that
can be measured experimentally. Only when the lifetimes for other mechanisms, such
as band-to-band radiative 75%¢,_, . and defect-assisted non-radiative Tggy , are
longer, can the calculated /2277794 . be important. Unfortunately, the importance of
the band-to-band non-radiative recombination may be overestimated due to the high

carrier density in small supercell models, as discussed next.



Dependence of Tp4n4-pana ON Density of Non-Equilibrium Carriers.

Eq. (17) shows that Tp,gng—pana (similarly for 072744 3 depends not only on the

density of non-equilibrium carriers An(0), but also on the density of equilibrium
carriers, ny and p, . If the recombination coefficient B,,p_rqq 18 known, the
non-rad

dependence of T ong tong on An(0), ny and p, can be directly calculated. An example

is given in Fig. 3a and Fig. 3b, where we assume B,y —rqq=2.6 X 10712 cm?/s.

Fig. 3a shows the decrease of 797,744 ~ as An(0) increases from 10%° cm™ to

102° cm? for the given ng and p,. Obviously, T29%;794 . can be as long as hundreds
of microseconds if An(0) is on the order of 10'° cm™, while the value decreases
quickly to several nanoseconds if An(0) increases to 102° cm™. The large difference
can be seen more directly in Fig. 3¢ and 3d, which show the simulated decay of the

non-equilibrium carrier density An(t) for different initial density An(0) according to

dan _ : . .
%@ = —U = -ypernrad | To demonstrate the influence of the initial density An(0),

An(0) is set to 2.6 X 1029 cm™ in Fig. 3¢ and 2.6 X 10 cm™ in Fig. 3d, which has a
difference as large as 5 orders of magnitude. As we can see, the decay in Fig. 3¢ is very
fast and it takes only 1-2 ns for An(t) decaying to 1/e of An(0), consistent with the
short t977 794 =1.5 ns at An(0)=2.6 x 102° cm™ in Fig. 3a (for ng=p,=10° cm™).
In contrast, the decay in Fig. 3d is slower and it takes almost 0.1 ms for An(t) decaying
to 1/e of An(0), consistent with the long Tf2"7 794 =0.15 ms according to Eq. (17).
The shorter 70N 794 . for higher An(0) is easy to understand. As shown
schematically in Fig. 2¢, when An(0) is high, there are more non-equilibrium electron
and hole carriers in the structure, so they have more chances to interact and recombine.

In contrast, when An(0) is low in Fig. 2d, there are fewer chances for them to interact

and the recombination rate is reduced.
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Figure 3. Calculated dependence of T19";7%4 . on (a) the density of non-equilibrium

carriers An(0) for the given density of equilibrium carriers n, (py), and (b) ny (p,) for
the given An(0); and the time evolution of An(t) for (c) high initial density
An(0)=2.6 x 102° cm™ and (d) low An(0)=2.6 X 10> cm™, when only band-to-band
nonradiative recombination is considered. In (¢) and (d), three different sets of ny (pg)

are considered.

The short 71977794 . at high An(0) can be used to explain why the NAMD
simulated lifetime is only 1.5 ns in CH;NH3PbI3*, much shorter than the experimental
lifetime of several microseconds. As compared in Fig. 2, An(0) assumed in the NAMD
simulations is high (around 10%° cm™), much higher than typical values (around 10%°
cm™) in semiconductor samples under one-sun illumination. If instead, the simulation
uses a very large supercell with 107 atoms, An(0) decreases to around 10'> cm?, then

non-rad

Tponorad . can be as long as 10° ns, as shown in Fig. 3d. Based on the analysis, the

large difference between the recent simulations and experiments for CH;NH3Pblz can



now be understood, i.e., the short lifetime of 1.5 ns from NAMD simulations is not the

effective T)197;794 . or the total effective T in real samples, so it is meaningless to

compare the value to the experimental lifetime directly. Only after all the contributions

of the effective T} ona 88 1, The% _panas> Tsru and Tayger are considered at the actual

An(0) and the total effective 7 is calculated, can comparison to measurements be made.

non—-rad

A suitable way to predict the effective 7,;,,  pana 18 by adopting Eq. (17) to derive

the supercell-size-independent recombination coefficient B,p,_rqq from the raw

rpon-rad | derived from the NAMD supercell simulations. Eq. (17) is changed into

1
B on— = - 21).
non-rad = ot o tporan] D)

The densities of equilibrium carriers, n, and p,, should be small in the defect-free
(dopant-free) supercell and can be neglected compared to An(0), because the band gap

is above 1.5 eV and the thermal excitation of carriers can be neglected. As a result,

1

B =
non-rad non—-rad .
Tband—band*An(O)

To take one example, Qiao et al. derived a lifetime /97,744 . of 1.5 ns from the

NAMD simulation using a 192-atom CH3NH3Pbl; supercell®®, in which An(0)=2.6 x
102° cm™. Then the derived Bon_rqa = 2.6 X 10712 cm?®/s. With the derived
Bron—raa» We can calculate the effective 72077794 . for low An(0) according to Eq.
(17). For standard An(0) around 10'> cm™ under sunlight illumination, the effective
rpon-rad - should be around 150 s, which is higher than the directly derived value of
1.5 ns by 5 orders of magnitude. As a result, the recombination coefficient By opn_rqd

derived from the NAMD simulations® gives a long 772977794 when An(0) is set to a
g £ Thand—band

reasonable value. Such a long 79,794 s in accordance with longstanding non-
radiative carrier capture theories (which stem from Landau-Zener theory that describes
the probability of transition following a non-adiabatic level crossing, however, the band
gap of CH3;NH3Pbls acts as a substantial barrier that prohibits band-to-band non-
radiative recombination)™. If the effective Tggy or TH2%,_pana is shorter than 10 ps, the
contribution of the long effective t297%;794 ., (150 ps) to the total effective T can be

negligible. The comparison of Tggyy, Th% 1 pang and TR 744 will be discussed later.

With the approach to determine the effective T/0n7 794 . we can revisit other

NAMD studies which reported carrier lifetimes. Ghosh et al. investigated the excited-



state carrier dynamics near the band edges of (BA),PbBr4 and (PEA )>,PbBr4 perovskites

using the NAMD simulation and the calculated lifetime is 668 ps and 2158 ps,
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respectively, for An(0)=10%° cm™ in the supercell’!. Therefore, the corresponding

coefficients B,p_rqq are 1.5 X 10711 cm3/s and 4.6 X 10712 cm?/s. According to Eq.
(17), the effective T2, 794 . should be 66.8 ps and 215.8 ps if the real density of
photo-excited carriers is 10> cm™. Besides, Syzgantseva et al. predicted the carrier
lifetime of pristine Ui0-66-NH> to be 37 ns from NAMD simulation®. With
An(0)=10%° cm™ used in their simulation, the coefficient B,,,,,_,qq can be calculated

as 2.7 X 10713 cm?/s. If the real density of photo-excited carriers is 1015 cm?, the

effective 797,794 . should be 3.7 ms instead. As we can see in the two examples, the

effective /o 744 in the real semiconductors are all very long and much longer than

the values derived directly from the NAMD simulations, so it is highly necessary to

perform the conversion based on Eqs. (21) and (17) to get the effective T19%;7¢4 ..

Furthermore, such large values of effective T/0";7%4 . are consistent it not being a

limiting process in determining the total lifetime, so it is necessary to consider other

mechanisms and compare TH2%,_,ana» Tsrr and Tayger 0 TRoma 0l ..

According to Eq. (17), the densities of equilibrium carriers, ny and py, also influence
Tpand—bana (similarly for t29% 744 3 n Fig. 3a, the dependence of t}207;7%4  on
An(0) for three different set of n, (py) are considered. In Fig. 3b, the dependence of

rpon-rad - onng (po) are explicitly plotted for low and high An(0). As we can see,

when n, and p, are both much lower than An(0), T29%;744 is almost independent of

TP _ 1 i
no and py, because Eq. (17) is simplified into 707,794 = B a0 This is the
non-rad

case for most of intrinsic semiconductors with the Fermi level close to the middle of
band gap, whose ny and p, are usually low (for intrinsic CH3NH3Pblz, n, and p, can
be estimated to be around 10° cm™, much lower than the normal An(0) around 10>
cm under sunlight). However, when the semiconductors are doped or there are high
densities of defects, ny and py can be higher and comparable to An(0). Here they can
reduce the lifetime more significantly, as shown by the shifts of lines in Fig. 3a and the
decrease of T})0"- 744 at the two ends of Fig. 3b. This can also be seen in Fig. 3¢ and
3d, in which the simulated decay of An(t) are obviously faster when n, is very high or

very low (corresponding to very high pg). In the previous supercell simulations, very

large An(0) was assumed, so n, and p, were very small compared to An(0) and their



influences can be neglected. However, the real An(0) in the working photovoltaic
devices is only around 10°> cm™. Doping or intrinsic defects can produce equilibrium
carriers with ny or py as high as 107 cm™ in CH3;NH3PbI3%7%8, then the reduction of
rpon-rad | caused by ng and p, can be dramatic. In such cases, it is necessary to
consider the influences of ny and py when discussing the lifetime of photo-excited

carriers.

Dependence of Tgzy on Density of Recombination-Center Defects.

When there are point defects or dopants in a crystal, they not only produce
equilibrium carriers (influencing n, and p,), but also induce the SRH non-radiative
recombination of non-equilibrium carriers, thus affecting the lifetime. Egs. (6) and (7)
show the contribution of the SRH recombination to the recombination rate (by Usgy)

and lifetime (by Tsgy).

In Fig. 4, we simulate the decay of the non-equilibrium carrier density An(t)

dA;t(t) = —Ugry and Eq. (11) for CH3NH3PbI; containing recombination-

according to

center defects. We assume the electron capture coefficient ¢, and hole capture
coefficient ¢, of the defect in Eq. (14) to be 1077 cm*s!, which are the normal carrier
capture coefficients of defects in semiconductors®®®-7!. Then the SRH recombination
coefficient 4 can be derived at a given defect density N; following Eq. (14). In Fig. 4a
and 4b, the simulated decay of carrier density is shown for the cases when
No=Po=10° cm?, and the defect density N,=2.6 X 10%° cm™ (corresponding to the high
defect density in the NAMD simulations where a defect is put in a supercell with
hundreds of atoms) and N, = 10> cm™ (corresponding to the common defect or
doping density in semiconductors), respectively. The decay is fast for high N; in Fig.
4a, with a short lifetime Tgzy=7.8 X 107> ns. In contrast, Tszy becomes much longer
and increases to 20 ns when N, is 10*°> cm?. The comparison shows clearly that N, has
significant influence on 7gzy, as described by Egs. (14) and (16), which is easy to

understand because a higher density of defects can capture more carriers per unit time.

Considering the dependence of tggy on N;, the derived lifetime from the NAMD

72,73

simulations with one defect in a several-hundred-atom supercell (N, =~ 102° cm™)

should not be interpreted as a true lifetime. An approach for extracting the SRH lifetime



from the small-supercell NAMD simulations is by converting the value to the N,-
independent electron capture coefficient ¢, and hole capture coefficient ¢, of the defect
according to Egs. (14) and (16), then the lifetime in real samples with different N, can

be calculated using the same equations.

In another example, Shi et al. carried out the simulations of the charge trapping
processes in CH3;NH3PbBr; containing the DY center’?. The obtained decay time is 1.9
ns for CBM-to-defect trapping and 4.7 X 1072 ns for VBM-to-defect trapping,
respectively. With the defect density (1.8 X 10%° cm™) in their NAMD simulation, we

3

can extract the electron capture coefficient (ca) of 2.9 X 10712 cm?-s™! and hole capture

. _ . 1
coefficient (cp) of 1.2 X 10719 cm*s™! according to Tgpy = ~—— for electron capture
ttn

1 :
and . for hole capture. The values are low compared to the normal carrier capture
tCp

coefficients of defects in semiconductors (1077 cm*-s1)%0%71 " Assuming N, in real
semiconductors is 10> cm™ and An(0)=10% cm™, gz is 345 us according to Egs.
(14) and (16). Therefore, such a defect should not cause serious limit to the lifetime of
photo-excited carriers in MAPbBr3; when the densities of the defect and photo-excited

carriers are at the medium level.
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Figure 4. Decay of non-equilibrium carrier density when only the SRH recombination
is considered. The non-equilibrium carrier density at t=0 is set to 3.6 X 105 cm™. N,
is 2.6 X 102° cm™3 in (a) and (c) and 1.0 X 10> cm? in (b) and (d). The equilibrium
carrier density is no=py=0.85x 10° =10° cm™ in both (a) and (b). In (c), n, varies
from 102° to 107° cm™ (py from 7.3 X 1072 to 7.3 X 102° cm?). In (d), n, varies

from 1017 to 107 cm™ (p, from 7.3 X 1076 to 7.3 X 1017 cm™).

In Fig. 4a and 4b, only the influence of N, is shown while ny and p, are fixed.
However, according to Egs. (14) and (16), the SRH recombination coefficient 4 and
Tsgry also depend on ng and p,. In Fig. 4c and 4d, the influences of n, and p, are also
simulated. In Fig. 4c different n, and p, are considered for high N,=102° cm™: (i) the
sample is highly n-type with a high n,=102%° cm™ and low py= 7.3 X 1072 cm?, (ii)
the sample is intrinsic with low ny=py=10° cm™, and (iii) the sample is highly p-type
with a high py=7.3 X 102° cm™ and low ny=10"° cm™. The simulation shows that

Tsgy becomes shorter in the highly n-type or p-type samples, so the increase of the



equilibrium carrier densities can facilitate the recombination. However, the values are
still on the same order of magnitude, so the change is small despite the large changes
in ny and py. When N, is not very high (10®> cm™), the simulation in Fig. 4d also
shows that the change of ny or py by 1017 cm™ induces only small changes in Tsgy,
from around 20 ns to 10 ns. From Figs. 4c and 4d, we can see that Tsgy 1s mainly
determined by N;, and the influences of ny and p, are small. This can be understood
according to Eq. (14) in which ny and p, are present in both the numerator and
denominator, so their changes are cancelled largely, giving rise to small influences on

the recombination coefficient 4 and the lifetime tgzy.

Comparison of Different Recombination Mechanisms in CH3;NH3PblIs.

The effective lifetime 7 of non-equilibrium carriers is influenced by all
recombination mechanisms. Our analysis has shown that Tggy , RN 794
7594 1 ana and Tauger depend on the density of non-equilibrium carriers An(0), the
density of equilibrium carriers ny and p,, and the density of recombination-center
defects N;. When calculating 7, these quantities should be obtained as summarized by
the calculation procedure in Fig. 1b. For a semiconductor sample, the density of
recombination-center defect or dopant (N;) and the density of the equilibrium carriers
(ng and p,) are usually fixed by the synthesis or annealing conditions. However, the
density of non-equilibrium carriers An(0) in the real samples depends on the
environment, e.g., the intensity of the light illumination. To calculate the total effective
lifetime 7, e.g., in CH3NH3Pblz samples, we will first show how to calculate An(0)

under illumination.

In the dark, the density of non-equilibrium carriers is 0. If the above bandgap

dAn(t)
dt

illumination starts at t = 0, the density An(t) increases with the rate given by Eq.
(1). After a certain time, the system will reach a steady state because the carrier
generation and recombination is balanced, and the carrier density An(t) will maintain

at a steady value, as given by

din(t)
at

G -U@) =0 (22).

In Fig. 5a, we simulate the increasing process of An(t) in the CH3NH3Pbl3 thin film.



For the solar illumination on thin films with a layer thickness d, the generation rate G(?)
of non-equilibrium carriers is a constant and can be calculated as’!,
G() = (he) ™ [ footar Ma(A) exp(—a()d) AdA (23)

where d is the film thickness of the absorption layer, /4 is the Planck constant, ¢ is the
speed of light, fsoiqr (1) is the ASTM G173-03 Global Tilt reference spectrum for the
solar spectral irradiance distribution, a(A) is the absorbance spectrum of the
semiconductor and A is the wavelength of the light. Using the absorption spectrum
taken from Ref. [74], the calculated generation rate G is 1.3 x 102! cm™-s™! for the 300

nm thick film. The recombination rate U(?) can be calculated using,

U = Usgn + Upanda-bana + UAuger
= A+ An(t) + (Braa + Bron-raa) * [0 + po + An(8)] - An(t) + C - An(t)3 (24),

in which the SRH, band-to-band (radiative and non-radiative) recombination and Auger
recombination are all considered. The SRH recombination coefficient 4 is calculated
assuming the density of recombination-center defect has two representative values N,=
1015 and 108 cm™, electron capture coefficient and hole capture coefficient ¢, = Cp =
1077 cm®s! (normal carrier capture coefficients of defects in semiconductors®®®-"1)
and ny= po= 0.85 X 10° cm™. The band-to-band radiative recombination coefficient
B,qq= 1.1 X 1071% cm?®/s in CH3NH3Pbl; had been calculated by Zhang et al.%*. The
band-to-band non-radiative recombination coefficient B,,pp_rqq= 2.6 X 10712 cm’/s

had been derived above based on the NAMD simulation of Qiao et al.**. With G and U,

An(t) as a function of 7 can be simulated, as shown in Fig. 5a.



(a) T T T (b) 1019 r-l bl ki Bk Il ki Bk I R Mok s Bk Ik Rk | -!
5| G=1.3x102" cms! | g 1
10 :
1
o 1
£ 10"E 5 1
=
£
R . ]
r L
10°
y 1
1012 sl N Ll PPN | PR 1 7 -‘...-I PTRRE [P [PYTO (TR YRt [FPT [PWes [PPOs [Pt [P [P [pyes [Ppves | ...E
10° 10°® 107 10°® 10° 10" 10" 10" 10* 10% 10 10¥ 10%
t(s) G (em3s")

(C) 103 y B B B ks B Bk B Bl Bk B i | l ml E (d) ‘IOS i B B | i Bk | i i ™ o Bk Bk | ™ ™ ]
1 gr 8 -3 -% 103 E_ N _10'\5 -3 i
10 N=10"cm™ = cm™ 4
F E I— -!
107 E 3 10" F 1
E E r 1
_ 1 107 f
= 107 1 1 L
= . ] 2103 1
- F E - E
10° 1 105 | band-to-band :
S F 3 E radiative E
107 F . 107 3
4 - : d
10° band-to-band radiative 3 107 : SRH }

1 -11 r Lo L oL L Lrr—Lrr—Lar—Ln— /_\lugeL 1 -11 ] L Lo Lo L Lo L Loyl Ly B e‘.uger_.
10 107 10" 10°' 10% 10% 10?7 10%* 10" 10" 10" 10*' 10% 10% 10% 10%

G (cm3sT) G (em3sT)

Figure 5. (a) Time evolution of non-equilibrium carrier density under illumination with
generation rate G = 1.3 X 102! cm™-s! and all recombination mechanisms considered.
(b) The steady-state density of non-equilibrium carriers as a function of generation rate.
The shaded area shows the range of the generation rates under sunlight illumination. (c)
Non-equilibrium carrier lifetime as a function of generation rate with N, = 108 cm™3.
(d) Non-equilibrium carrier lifetime as a function of generation rate with N; =

1015 cm™3. The shaded areas in (c) and (d) show the ranges of generation rate with

different dominant recombination mechanisms.

At =0, An(t) is 0, then it starts to increase under the light illumination. As ¢
increases, the system finally reaches the steady state and An(t) plateaus. As shown in
Fig. 5a, An(t) reaches a steady value of 2.5x 1023 cm™3 at ¢+ = 107 s when
N~10%> cm™2 | while it reaches a steady value of 3.3 X 10> cm™3 at t = 107 s for

N; = 108 cm™3. Therefore, the steady density of non-equilibrium carriers and the time



taken to reach steady state are sensitive to the defect density. A higher defect density
facilitates SRH recombination and thus decreases the time to reach the steady state. In
Fig. 5b, we also simulated the steady density of non-equilibrium carriers for varied
generation rate G, which corresponds to different illumination intensity. When G is
below 10%° cm™-s7!, the steady-state density increases almost linearly as G increases.
The generation rate under the sunlight illumination is shown by the shaded area, and
the steady density is around 10*3 cm™ for N, = 10*®> cm™ and 10'® cm™ for N, =
108 cm™, which are much lower than the density of non-equilibrium carriers (around
102° cm™) in small supercells. Only under concentrated light of 10° suns, can the values

reach 102% cm™.

For a CH3NH3Pbls thin film with given N, E¢, ¢y, ¢, N and py, the steady density
of non-equilibrium carriers under the sunlight illumination should be taken as An(0)
when calculating the lifetime of non-equilibrium carriers in solar cells. Since the steady-
state density changes with the generation rate G, the lifetime should also change with
G. When An(0), N¢, E¢, ¢n, Cp, Ng, Do Braa and Byon_rqq are known, Tggy,

Tha i band> Thomar s and Tayger can be calculated directly, as shown in Fig. 1b.

Figs. 5c and 5d show how G influences the calculated Tsry, T5%% 4 pand> Toon rad .

and Tyyger-

In Fig. 5c, the density of recombination-center defects N, is set at a low level N,=
108 cm, because most of the deep-level defects in CH3NH3Pbls have high formation
energies and thus low densities”>"”°. The results showed that tsy is always around 0.1
s, which is almost independent of G because the influences of An(0) on the SRH
recombination coefficient A are cancelled partially in the numerator and denominator
of Eq. (14). In contrast, 7524, _, .. and 709" 794 are sensitive to G and decrease
quickly as the light intensity and G increase, because the band-to-band radiative and
non-radiative recombination coefficients B,.,4 and B;,on—rqq depend on An(0) almost
linearly and thus also on G. Comparing Tsgy, Thewd—pands Thond. tena and Tayger,
band-to-band radiative recombination is the fastest recombination mechanism and

determines the total effective T when G is lower than 10%° cm™-s’!

, and the Auger
recombination dominates at very high generation rates (corresponding to high carrier
densities). In contrast, the SRH and band-to-band non-radiative mechanisms only cause

slower recombination and thus just decrease t slightly according to Egs. (7) and (20).



3

For one-sun illumination, G is around 102! cm™-s™!, and the steady-state density of non-

equilibrium carriers is around 10%° cm?>, so the total effective lifetime T ~
Tp8d . ma ~1 ps. The dominance of the band-to-band radiative recombination and the
predicted long effective lifetime t are consistent with the experimental finding of

efficient photoluminescence and measured long carrier lifetime around 1 ps in the

CH;NH;3PbI; thin films®.

If the density of recombination-center defects N, is increased, the dominant
recombination mechanism can be changed. Fig. 5d shows the case for higher N,= 10%°
cm, which is common for the deep-level defects in many semiconductors. Tggy is now
shorter, around 10 ns. The SRH recombination determines the total effective lifetime T
when the light intensity is low and G is lower than 1025 cm-s”!, while the band-to-
band radiative recombination determines T only in a small range of G around 10%® cm’
3-s"l. When the light intensity is high and G is higher, Auger recombination becomes
dominant. Therefore, there is a transition of the dominant recombination mechanism as
the light intensity and G increase. For the sunlight illumination, the steady-state density
of non-equilibrium carriers is around 103 cm™ (Fig. 5b), so SRH recombination is

dominant.

Our analysis confirms that the lifetime of non-equilibrium carriers in CH3NH3Pbl3
solar cells should be mainly determined by the band-to-band radiative recombination
and is usually very long. Only when thin films have high density of recombination-
center defects or dopants, can SRH recombination appreciably decrease the lifetime.
Across whole range of G, T 794 is always longer than 7%, . . by two orders
of magnitude, so the influence of band-to-band non-radiative recombination on the
effective 7 is negligible in the CH3NH3PbI; thin films, no matter under strong or weak
light illumination. Therefore, changes in to";7%4 . alone should not be
overinterpreted, e.g., 1.5 ns for the pristine CH3NH3Pblz compared to 4-11 ns for doped
or defective crystals[43]. The experimentally improved performance of CH3NH3Pbl;
solar cells after the alkaline metal treatments should result from the significantly

increased sy, because the alkaline metal dopants passivate the recombination-center

level of the I interstitial and thus give a clean band gap.



Concluding Remarks

This study is motivated by the development of more quantitative predictions of
carrier recombination processes and the lifetimes of non-equilibrium carriers in
semiconductors. From the recent literature, there is a striking discrepancy between the
carrier lifetimes derived directly from the NAMD simulations using small supercells

under periodic boundary conditions and the experimentally measured carrier lifetimes.

By revisiting the fundamental definition of carrier lifetime and considering four
recombination mechanisms, we were able to develop a systematic procedure for
calculating the effective lifetime of non-equilibrium carriers in semiconductors. Within
this procedure, the NAMD and other methods are combined to calculate the effective
lifetime that can be compared directly to the experimental values. The calculated results
reinforce fundamental concepts in the field, and demonstrate that two factors have
significant influence on calculated lifetimes: (i) the consideration of radiative and non-
radiative recombination mechanisms, and (i1) the density of equilibrium carriers, non-
equilibrium carriers, and recombination-center defects. Recent calculations of carrier
lifetimes in CH3NH;3Pblz and other optoelectronic semiconductors were limited by (i)
the neglect of band-to-band radiative recombination, and (ii) an exaggerated density of
non-equilibrium carriers and defects due to the small supercells, which cause the
obvious discrepancies between calculations and experiments. Using our procedure,
these discrepancies are overcome and the calculated effective lifetime of CH3;NH3Pbl3
can agree well with experiments. Furthermore, our analysis revealed that the effective
lifetime is determined by band-to-band radiative and defect-assisted non-radiative
recombination, rather than the band-to-band non-radiative recombination (t}:0";7%4 .
whose influence is always negligible. Previous conclusions based on the interpretation
of changes in T))9";794 . should be revisited. These results demonstrate that it is
possible to calculate the carrier lifetime in agreement with experimentally measured

values based on the NAMD simulations. The systematic procedure reported here can

enable more accurate future studies of carrier dynamics in semiconductors.
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