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Charge carrier dynamics in different crystal
phases of CH3NH3PbI3 perovskite
Efthymis Serpetzoglou 1*, Ioannis Konidakis 1, George Kourmoulakis1,
3, Ioanna Demeridou1,4, Konstantinos Chatzimanolis2, Christos Zervos2,
George Kioseoglou1,3, Emmanuel Kymakis 2 and
Emmanuel Stratakis 1,3,4*

Despite that organic-inorganic lead halide perovskites have attracted enormous scientific attention for energy conversion
applications over the recent years, the influence of temperature and the type of the employed hole transport layer (HTL)
on the  charge  carrier  dynamics  and  recombination  processes  in  perovskite  photovoltaic  devices  is  still  largely  unex-
plored. In particular, significant knowledge is missing on how these crucial parameters for radiative and non-radiative re-
combinations, as  well  as  for  efficient  charge  extraction  vary  among  different  perovskite  crystalline  phases  that  are  in-
duced by temperature variation. Herein, we perform micro photoluminescence (μPL) and ultrafast time resolved transi-
ent  absorption  spectroscopy  (TAS)  in  Glass/Perovskite  and  two  different  Glass/ITO/HTL/Perovskite  configurations  at
temperatures below room temperature,  in order to probe the charge carrier  dynamics of  different perovskite crystalline
phases, while considering also the effect of the employed HTL polymer. Namely, CH3NH3PbI3 films were deposited on
Glass, PEDOT:PSS and PTAA polymers, and the developed Glass/CH3NH3PbI3 and Glass/ITO/HTL/CH3NH3PbI3 archi-
tectures were studied from 85 K up to 215 K in order to explore the charge extraction dynamics of the CH3NH3PbI3 or-
thorhombic and tetragonal crystalline phases. It  is observed an unusual blueshift  of the bandgap with temperature and
the dual emission at temperature below of 100 K and also, that the charge carrier dynamics, as expressed by hole injec-
tion times and free carrier recombination rates, are strongly depended on the actual pervoskite crystal phase, as well as,
from the selected hole transport material.
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Introduction
Organic-inorganic lead halide perovskites have attracted
scientific attention  during  the  last  decades.  Their  ex-
traordinary  properties  made  them,  one  of  the  major
competitors for  next-generation  optoelectronic  applica-

tions,  such  as  photovoltaics1−3,  light-emitting  devices1,
photodetectors4,5,  random  lasers6, and  light-emitting  di-
odes7,8.  In  particular,  the  power  conversion  efficiency
(PCE)  of  lead  halide  perovskite  solar  cells  (PSCs)  has
been increased from ~4% up to 26.7% within a decade or 
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so9−12. This notable evolution of the efficiency of the per-
ovskite  solar  cells  are  among  other  reasons  due  to  the
long-range electron and hole diffusion lengths in the per-
ovskite layer,  spontaneous exciton dissociation and tun-
able  bandgap13,14.  Despite  the  impressive  increase  in  the
PCE, a very crucial and unexplored area remains the in-
traband  transition  (hot  carrier  cooling  process)  in  the
perovskite  layer  and the  charge  carrier  dynamics  within
the different crystal phases that the CH3NH3PbI3 can be
transformed depending on temperature. There are many
strategies for engineering slow hot carrier cooling of the
lead  halide  perovskites15−18,  but  the  exploration  of  this
process is out of the scope of this manuscript and, is lim-
ited by  our  pulse  duration.  For  the  latter,  the  under-
standing of  this  effect  is  extremely  crucial  for  low  tem-
perature applications,  such  as  the  use  of  PSCs  in  satel-
lites or in space stations and to have clear view of the be-
havior of the perovskite layer at these conditions.

In  particular,  the  lattice  of  the  CH3NH3PbI3 is or-
thorhombic  below  160  K,  tetragonal  from  160  K  up  to
327 K, and cubic above 327 K19. It is well known, that the
methylammonium cations in the perovskite A-site, in the
tetragonal and  cubic  phases,  show  free  rotation,  result-
ing in the increase in the dielectric function, while in the
orthorhombic  phase,  the  organic  cations  are  not  free  to
rotate20,21. This free rotation is attributed to exciton bind-
ing  energy22,23, charge  carrier  transport  and  recombina-
tion22−30,  and  to  intraband  relaxation16,31−35.  The  open
question is  how all  these structural  parameters  correlate
with  the  charge  extraction  dynamics.  Remarkably,  it  is
demonstrated in previous studies that the charge extrac-
tion  properties  from the  perovskite  light  absorbing  film
correlate directly with the PCE of the fabricated solar cell
devices33−39. Based  on  the  above,  it  will  be  of  great  im-
portance  to  address  the  evolution  of  charge  extraction
dynamics with temperature variation, and among crystal
phase  changes,  while  taking  into  account  the  nature  of
the  employed hole  transport  layer  (HTL)  substrate.  The
latter is considered of great importance as there is still  a
significant lack  of  understanding  of  how the  HTL poly-
mers affect  the  charge  extraction  processes  and  the  re-
combination  dynamics  within  the  different  crystalline
phases of the perovskite layer. In a set of excellent recent
studies  at  variable  temperatures,  Milot  et  al30.  and
Diroll31 have investigated the charge carrier dynamics of
perovskite films  deposited  on  bare  glass  and  thick  sap-
phire  substrates,  however,  without  taking  into  account
the influence of the HTL on the charge carrier dynamics,

and  thus,  charge  extraction  from  the  perovskite  film
to  the  HTL,  i.e.  a  critical  process  for  PSC  device
performance.

In  this  work,  the  charge  carrier  dynamics  of  Glass/
ITO/HTL/CH3NH3PbI3 configurations  are  studied  at
variable temperatures  by  means  of  microphotolumines-
cence (μPL) and ultrafast time-resolved transient absorp-
tion spectroscopy (TAS),  while using a typical  glass as a
reference substrate and two different types of HTL poly-
mers for the sake of comparison. This approach allows us
to explore how the different perovskite crystal phases, as
well as, the employed HTL polymer affect the charge car-
rier dynamics,  transport,  and recombination rates  with-
in  the  developed  architectures.  In  particular,  the  μPL
emission of the perovskite is studied from 85 K up to 215
K  in  glass/perovskite  configuration,  while  two  types  of
HTL polymers were employed, i.e. the more hydrophilic
and  rough  poly  (3,4-ethylenedioxythiophene)-poly
(styrenesulfonate),  known  as  PEDOT:  PSS  (Fig.  S1(a)
and Fig.  S2(a)),  and  the  less  hydrophilic  and  smoother
poly  (triarylamine)  semiconductor,  known  as  PTAA
(Fig.  S1(b) and Fig.  S2(b)).  It  is  well  known  that  a  very
crucial  parameter  is  to  select  the  appropriate  HTL  film
for the perovskite  solar  cells  because it  is  vital  to  have a
perfect  interface  for  an  efficient  carrier  extraction  from
the perovskite  layer  to  the  transport  layer  and  the  elec-
trode. A key parameter for the selection of the HTL is the
minimum  energy  difference  between  the  work  function
(WF) of the HTL and the HOMO level of the perovskite,
to have easier and more efficient hole injection from the
perovskite layer  to  the  HTL.  Moreover,  the  hydrophili-
city  of  the  HTL  is  also  an  important  parameter.  If  the
HTL is  hydrophobic,  the  drag  force  tension of  the  HTL
to the perovskite will be decreased and thus, the crystal-
lization  of  the  perovskite  layer  will  lead  to  larger  grains
size that are attributed to faster charge carrier dynamics,
better electrical  characteristics,  and  more  efficient  per-
ovskite solar cell devices33. It was demonstrated recently,
that upon using the latter polymer the quality of the per-
ovskite  film  is  enhanced  (Fig.  S1(d)),  and  consequently
the photovoltaic performance of the fabricated PSCs im-
proved significantly as an outcome of faster charge carri-
er  dynamics  and  slower  recombination  processes,  even
though  the  crystal  quality  of  the  perovskite  was  similar
for  the  studied  configurations  (Glass/CH3NH3PbI3, PE-
DOT:  PSS/CH3NH3PbI3 and  PTAA/CH3NH3PbI3)  (Fig.
S1(e))33.  However,  it  remains  unknown  and  critical,  if
this  holds  throughout  all  crystalline  phases  of
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CH3NH3PbI3 at  lower  temperatures,  or  if  that  is  solely
the case for the tetragonal  phase that  exists  at  operating
temperatures nearby room temperature. 

Temperature dependent μPL
Figure 1(a–c) show  the  PL  spectra  of  the  studied
Glass/CH3NH3PbI3,  Glass/ITO/PEDOT:  PSS/
CH3NH3PbI3 and Glass/ITO/PTAA/CH3NH3PbI3 archi-
tectures, as recorded from 85 K up to 215 K. It is neces-
sary to mention that the intensity of PL peaks do not fol-
low any trend, i.e. the intensity of the PL peak of the or-
thorhombic to decrease and of the tetragonal phase to in-
crease as the temperature increases. This is a result of dif-
ferent roughness of the surface of the perovksite layer, as
well  as  the  inhomogeneous  transform  of  the  tetragonal
phase  to  the  orthorhombic  phase  and  vice  versa,  as  the
PL  measurements  are  performed  in  different  spot  into
the perovskite layer in every temperature to prevent any
degradation  effect.  The  μPL spectra  at  85  K  exhibit  two
characteristic emission  peaks,  namely,  for  the  or-
thorhombic  phase  and  the  tetragonal  phase,  located  at
1.67 and 1.59 eV, respectively. The high-energy emission
peak which  is  attributed  to  the  orthorhombic  phase  ex-
hibits blueshifts of ~ 7 meV (from 1.673 to 1.680 eV) for
Glass/CH3NH3PbI3,  ~5  meV  (from  1.668  to  1.673  eV)
for  Glass/ITO/PEDOT:  PSS/CH3NH3PbI3 and  ~  8  meV
(from  1.674  to  1.682  eV)  for  Glass/ITO/PTAA/

CH3NH3PbI3,  before  disappearing  above  120  K  (Fig.
2(a–c) red solid circles).

The  obtained  bandgap  widening  of  the  high-energy
peak,  as  extracted for  the PL spectra,  is  in disagreement
with the Varshni behavior of  standard tetrahedral  semi-
conductors,  in  which  as  the  temperature  increases  the
band-gap  presents  a  redshift41.  In  addition,  the  low-en-
ergy emission peak which is  attributed to the tetragonal
phase exhibits redshifts of ~ 17 meV (from 1.592 to 1.575
eV)  for  Glass/CH3NH3PbI3,  ~  16  meV  (from  1.590  to
1.576 eV) for Glass/ITO/PEDOT: PSS/CH3NH3PbI3 and
~19 meV (from 1.604 to 1.585 eV) for Glass/ITO/PTAA/
CH3NH3PbI3 as the temperature increases up to 120, 115
and 120  K,  respectively.  Then  as  the  temperature  in-
creases  further  up  to  215  K,  exhibits  blueshift  of  ~  15
meV (from 1.575 to 1.590 eV) for Glass/CH3NH3PbI3, ~
14 meV (from 1.576 to 1.590 eV) for Glass/ITO/PEDOT:
PSS/CH3NH3PbI3 and ~11 meV (from 1.585 to 1.596 eV)
for  Glass/ITO/PTAA/CH3NH3PbI3.  It  is  also  necessary
to  mention  that  the  μPL  behavior  for  the  three  studied
architectures  seems  to  be  independent  of  the  employed
substrate (Glass) or the HTL polymer (PEDOT: PSS and
PTAA). The origin of this unusual blue shift is due to the
thermal expansion of the CH3NH3PbI3 lattice. Therefore,
the  overlap  between  Pb-6s  and  I-5s  antibonding  atomic
orbitals,  forming  the  valence  maximum,  is  reduced  due
to this expansion.
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Fig. 1 | μPL  spectra  following  excitation  at  543  nm  of  the  (a)  Glass/CH3NH3PbI3,  (b)  Glass/ITO/PEDOT:PSS/CH3NH3PbI3 and  (c)

Glass/ITO/PTAA/CH3NH3PbI3 architectures.
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Figure 3 shows  the  evolution  of  the  Full  Width  Half
Maximum  (FWHM)  of  the  PL  emission  peaks  for  all
studied  architectures  as  extracted  from  the Fig. 1(a–c)
and  corresponds  to  the  orthorhombic  and  tetragonal
phases.  We  can  fit  our  data  by  taking  into  account  the
temperature-independent  inhomogeneous  broadening
(Γ0) and the interaction between charge carriers and LO-
phonons,  described  by  Fröhlich  Hamiltonian  equation
(Eq. (1))42: 

Γ (T) = Γ0 + γACT+ γLO/(exp (ELO/kBT )− 1) . (1)

The extracted fitting set values (Γ0, γLO, ELO) are (17.7,
38.3, 8.82) meV for Glass/CH3NH3PbI3, (19.8, 42.9, 9.47)
meV  for  Glass/ITO/PEDOT:  PSS/CH3NH3PbI3 and
(23.4, 31.0, 8.68) meV for Glass/ITO/PTAA/CH3NH3PbI3.
The  extracted  values  for  all  studied  architectures  are  in
agreement with the values in the literature, even though
the  energy  of  the  optical  phonons  in  organic-inorganic
perovskites is still unclear42.

Moreover,  the  broadening  of  the  PL  spectra  as  the
temperature increases is strongly correlated with the trap
states. The energetics of the trap states are affected by the
phase transition of the perovskite layer, which affects the
alteration in electronic band structure that could lead to
different energy band edges and trap levels30. As the tem-
perature increases the mobility of the excited electron is
lowered43 and thus are unable to reach the non-radiative
recombination centres  (perovskite  defects)  and  recom-
bine radiatively. This poses a plausible explanation of the
broadening of  the  PL  FWHM  as  the  temperature  in-
creases,  while  is  in  agreement  with  the  slower τ1 as ex-
tracted from  the  TAS  findings,  i.e.  as  thoroughly  dis-
cussed  in  a  later  section.  Namely,  for  both  phases  of
Glass/ITO/PTAA/CH3NH3PbI3 architecture  and  for  the
tetragonal phase of Glass/ITO/PEDOT: PSS/CH3NH3PbI3

configuration.  In  the  orthorhombic  phase,  for  the  latter

configuration, the broadening of the FWHM as the tem-
perature  increases  is  in  disagreement  with τ1,  possibly
due to the higher density of traps as a result of the hydro-
philicity of the PEDOT: PSS polymer33.

Furthermore,  the  origin  of  the  dual  emission  peak  is
still controversial as one would expect the distinct PL sig-
nature of each phase to be absent within the temperature
range that the other phase is dominant. However, simil-
ar findings as the ones of the present study are reported
in  the  literature.  Namely,  Wehrenfennig  et  al.  have
already shown that  phonon-interactions  have  a  signific-
ant  impact  on  the  luminescence  and  charge  transport
properties of  these perovskites40,44.  Moreover,  Phuong et
al.45, Xing et al.6 and Fang et al.46 have suggested that free
and bound exciton generate high- and low- energy emis-
sion peaks. Kong et al.47 acknowledged that the high-en-
ergy peak can be attributed to the transitions of the free-
excitons,  but  he  assigned  the  low-energy  emission  peak
to the defects. Finally, Wehrenfennig et al.48 ascribed the
obtained two emission peaks to coexisting tetragonal in-
clusions and the orthorhombic matrix at the lower tem-
peratures.  We believe  that  for  the  temperature  below of
120 K we can detect the orthorhombic and the tetragon-
al  phases,  as  well,  because  of  the  trapped  tetragonal
phases in the low temperature orthorhombic phase. 

Temperature dependent TAS
In  order  to  extract  useful  information  about  the  charge
carrier dynamics at low temperatures and the so formed
different crystal phases of the perovskite, we studied the
Glass/ITO/PEDOT:  PSS/CH3NH3PbI3 and  Glass/ITO/
PTAA/CH3NH3PbI3 architectures because  the  extrac-
tion of the holes to the glass on Glass/CH3NH3PbI3 con-
figuration  is  not  possible.  At  this  point,  we  have  to
mention that we studied the orthorhombic and tetragonal
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phase and not the cubic phase,  because we have already
explored the influence of the employed HTL polymers in
the  cubic  phase  in  our  previous  publication49. Figure 4
and Fig. 5 display the typical TAS spectra of delta optical
density  (ΔOD)  as  a  function  of  wavelength  at  various
delay  times,  for  Glass/ITO/PEDOT:  PSS/CH3NH3PbI3

and  Glass/ITO/PTAA/CH3NH3PbI3, configurations  re-
spectively (see Fig. S1), following photoexcitation at 1026
nm  and  a  pump  fluence  of  1  mJ  cm–2. In  order  to  ex-
clude any degradation effect throughout the duration of
experiments,  samples  of  this  study  were  placed  in  a
handmade sealed holder with nitrogen for the room tem-
perature  TAS  measurements.  For  the  low  temperature
TAS and PL measurements  were quickly  transferred in-
side  a  commercially  available  cryostat  and  maintained
under  vacuum  for  the  total  duration  of  the  experiment.
However,  upon  using 1026 nm  as  a  pump  wavelength
which results in two-photon absorption process, we were
extremely  cautious  to  minimize  the  undesired  effects
upon employing the minimal required fluence at 1026 nm.

The  main  ΔOD  peaks  at  the  vicinity  of  735  nm  (Fig.
4(a, b) and Fig. 5(a, b))  are  attributed  to  the  transient
photo-induced  bleaching  of  the  band  edge  transition  of
the orthorhombic phase of CH3NH3PbI3, while the cor-
responding peaks at ca. 760 nm (Fig. 4(b, c) and Fig. 5(b,
c))  emerge  due  to  the  tetragonal  phase.  Meanwhile,  a
photo-induced transient absorption (PIA) in the range of
550–700 nm is additionally observed at all temperatures

for both studied configurations.
We  consider  first  the  obtained  shifts  of  the  optical

density (ΔOD) peaks at the zero-time delay (t=0 ps). Fig-
ure 6 shows  the  delta  optical  density  (ΔOD)  peaks
wavelength at t = 0 ps as a function temperature for the
studied architectures. It becomes apparent that both con-
figurations exhibit similar trends for both orthorhombic
and tetragonal phases. In particular, the peak wavelength
of  the  orthorhombic  phase  drops  from  737  nm  to  730
nm for Glass/ITO/PEDOT: PSS/CH3NH3PbI3 configura-
tion and from 727 nm to 724 nm for Glass/ITO/PTAA/
CH3NH3PbI3 architecture, when  the  temperature  in-
creases from 85 K to  120  K.  Notably,  at  120  K both  or-
thorhombic and tetragonal perovskite crystal  phases co-
exist  (Fig. 4(b) and Fig. 5(b)).  This  widening  of  the
bandgap  is  in  contrast  with  the  Varshni  behavior  that
standard tetrahedral semiconductors show, in which the
bandgap presents a redshift with the increase in temper-
ature44,50. However, in the present case the obtained blue-
shift,  i.e.  widening  of  the  band  gap,  can  be  explained
plausibly by the fact that upon cooling the perovskite be-
low  the  transition  temperature,  the  methylammonium
(MA) cations could be kinetically  trapped in disordered
configurations  in  an  ordered  orthorhombic  phase  of
CH3NH3PbI3,  resulting  to  lowering  the  bandgap  of  the
perovskite layer50,51.

Additionally,  when  the  temperature  increases  further
from  120  K  to  155  K,  the  wavelength  of  the  absorption
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peak that is attributed to the tetragonal phase, shifts from
766  nm  to  770  nm  for  the  Glass/ITO/PEDOT:  PSS/
CH3NH3PbI3 configuration, and from 760 nm to 767 nm
for the Glass/ITO/PTAA/CH3NH3PbI3 architecture. The
obtained initial  redshift  is  indicative of  the change from
the orthorhombic to the tetragonal phase and is a result
of changes in methylammonium disorder and spin-orbit
coupling51−53.  Moreover, when the temperature increases
from 155 K to 215 K, the absorption peak wavelength de-
creases from 770 nm to 757 nm for the first architecture,
and  from  767  nm  to  753  nm  for  the  latter.  Dar  et  al.50

have  shown  that  the  MA-ordered  domains  (T < trans-
ition temperature) have larger bandgap than the MA-dis-
ordered  domains  (at  the  tetragonal  phase),  which  is  in
agreement  with  our  experimental  results  (Fig. 6)  when
comparing the orthorhombic with the tetragonal phase48.
Also, the obtained blueshift of the absorption peak in the
tetragonal phase  is  rationalized  due  to  the  thermal  ex-
pansion of the CH3NH3PbI3 lattice54.
  

770
Orthorhombic Tetragonal

760

750

740

ΔO
D

 p
ea

k 
w

av
el

en
gt

h 
(n

m
)

730

720
50 100 150

Temperature (K)
200 250

PEDOT: PSS/CH3NH3Pbl3
orthorhombic

PTAA/CH3NH3Pbl3
orthorhombic

PEDOT: PSS/CH3NH3PbI3
tetragonal

PTAA/CH3NH3PbI3 tetragonal

Fig. 6 | Optical density (ΔOD) peaks wavelength as a function of
temperature  for  Glass/ITO/PEDOT:PSS/CH3NH3PbI3 architec-
ture and Glass/ITO/PTAA/CH3NH3PbI3 configurations, as extrac-
ted from TAS spectra at t = 0 ps (see Fig. 4 and Fig. 5 blue lines).
 

In  order  to  probe  the  charge  extraction  dynamics
within the  two  HTL/perovskite  architectures,  we  per-
form  a  fitting  analysis,  using  the  two  well  established
models. Namely,  a  three-exponential  fitting  model  al-
lows  us  to  determine  critical  time  components  of  the
charge carrier  transport  processes  between  the  per-
ovskite film and the employed hole transport layers33−37,49,

55,56; The high-order polynomial model provides import-
ant kinetic  rates  for  charge  carrier  recombination  pro-
cesses that occur within the perovskite film35,38,39,57−62. The
first model is based on the equation ΔOD = A1exp(–t/τ1)
+A2exp(–t/τ2) + A3exp(–t/τ3), and all kinetic parameters
for  the  three  studied  temperatures,  i.e.  85  K,  120  K and

180  K,  are  summarized  in Table 1. Figure 7(a) and 7(b)
show the  three-exponential  fittings  for  the  or-
thorhombic  phase,  while Fig. 7(c) and 7(d) depict  the
corresponding  fittings  of  the  tetragonal  phase  for
Glass/ITO/PEDOT:PSS/CH3NH3PbI3 and  Glass/ITO/
PTAA/CH3NH3PbI3 configurations.  The  insets  of Fig.
7(a) and 7(d) have  shown  the  initial  time  range  of  the
Glass/ITO/PTAA/CH3NH3PbI3 architecture,  which
looks like a vertical line in the full-time scale range, due
to the fact that the carrier trapping and hole injection for
this architecture are extremely fast.

Table 1 lists  values  of τ1 time component,  which rep-
resents  the  time  for  the  charge  carrier  trapping  at  the
perovskite grain  boundaries  and  perovskite/HTL  inter-
faces33,49,57.  In  the  case  of  Glass/ITO/PEDOT:  PSS/
CH3NH3PbI3, the τ1 increases  as  the  temperature  rises
for  the  orthorhombic  phase,  meaning  that  the  trapping
becomes slower  and/or  the  density  of  the  traps  has  in-
creased  and  is  in  disagreement  with  the  broadening  of
FWHM  of  the  PL  emission  peaks.  Furthermore,  in  the
case  of  Glass/ITO/PTAA/CH3NH3PbI3, the τ1 is  found
to decrease slighter as the temperatures increases, which
is in agreement with the broadening of the PL FWHM as
has already  discussed  and  also  implies  that  it  is  less  de-
pendent  on the  perovskite  crystal  phase  and the  density
of  the  traps.  Moreover,  at  120  K  where  the  two  phases
coexist, it appears that in the case of the former configur-
ation,  the  orthorhombic  phase  exhibits  slightly  faster
trap  filling.  Once  again,  when  the  PTAA  is  employed,
both  phases  show  similar  trap  filling  times.  It  has  thus
emerged, that  when the  more hydrophobic  PTAA poly-
mer is  used  as  HTL  material,  the  trap  filling  time  re-
mains  mostly  unaffected  by  the  temperature  variation,
and thus, independent of the existing phase types.

The  second-time  component  (τ2)  represents  the  time
required for a hole injection from the perovskite film to
the HTL polymer33,49,57. Inspection of Table 1 reveals that
for both phases (orthorhombic at ~730 nm and tetragon-
al  at  ~760  nm)  the  hole  injection  time  component  (τ2)
decreases as the temperature increases. In particular, for
the Glass/ITO/PEDOT:PSS/CH3NH3PbI3 architecture in
the orthorhombic phase, τ2 decreases by almost a factor
of three, from 562 ps to 171 ps, when the temperature in-
creases  from  85  K  to  120  K.  While,  in  the  tetragonal
phase,  the  hole  injection  time  is  reduced  around  two
times from 449 ps to 266 ps, when the temperature rises
further from 120 K to 180 K. Notably, similar trends are
also observed in Glass/ITO/PTAA/CH3NH3PbI3 config-
uration.  For the peak of  the orthorhombic phase,  the τ2
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is decreased by a factor of five, from 296 ps to 64 ps, and
for the  tetragonal  phase,  the  hole  injection  time  is  de-
creased by almost a factor of three, from 137 ps to 57 ps.
These findings suggest that the hole injection for studied
architectures  in  both  crystal  phases  becomes  faster  and
more efficient as the temperature increases.

Table 1 also lists the third-time component (τ3), which
is  representative  of  the  electron-hole  recombina-
tion33,49,57. Table 1 reveals that τ3 increases as the temper-
ature rises,  in  the  case  of  PTAA  and  for  the  or-
thorhombic  phase  in  the  case  of  PEDOT:PSS,  meaning
that  the  free  carriers  are  available  for  longer  periods  in
the  perovskite  film  in  order  to  approach  the
perovskite/HTL  interface  and  inject  into  the  transport

layer polymer.  While in the tetragonal phase in the case
of  PEDOT:PSS, τ3 remains  approximately  constant,
when  the  temperature  increases  from  120  K  to  180  K,
meaning that the τ3 is unaffected by rising temperature.

The second fitting model that we used, is the high-or-
der polynomial, based on equation 

dn(t)/dt = −k3n3 − k2n2 − k1n ,

where n is the charge carrier density, k1, k2 and k3 indic-
ate  the  rate  constants  corresponding  respectively  to,
trap-assisted recombination, bimolecular recombination,
and  Auger  trimolecular  recombination  processes35,38,39,57,

58−62.  Ιn the present study, we focus on the k2 parameter,
as it is the one that is strongly related to the performance
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band  edge  bleach  kinetics,  while  solid  lined  present  the  decay  exponential  fitting.  Insets  are  shown  the  initial  time  scale  for

Glass/ITO/PTAA/CH3NH3PbI3.

Table 1 | Time  components  and  bimolecular  recombination  rate  (k2)  for  the  Glass/ITO/PEDOT:PSS/CΗ3NΗ3PbΙ3 and
Glass/ITO/PTAA/CH3NH3PbI3 architectures.
 

Temperature
(K)

PEDOT: PSS PTAA

λmax

(nm)
τ1 ± 2
(ps)

τ2  ± 8
(ps)

τ3 ± 13
(ps)

k2±0.2×10–10

(cm3s–1)
λmax

(nm)
τ1 ± 2
(ps)

τ2  ± 8
(ps)

τ3 ± 13
(ps)

k2±0.2×10–10

(cm3s–1)
85 737 6.1 562 562 9.9×10–10 727 6.2 296 296 9.1×10–10

120
730 12 171 962 9.9×10–10 724 5.7 64 324 3.8×10–10

766 16.7 449 995 1.3×10–9 760 7.3 137 362 6.6×10–10

180 752 14.7 266 933 1.2×10–10 766 5.7 57 1839 1.0×10–10
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of the devices and is the key component for this model as
reported  by  Wehrenfennig  et  al.39. Table 1 includes  the
bimolecular  recombination  rate, k2,  and Fig.  S6 shows
the polynomial fittings for the orthorhombic phase (Fig.
S6(a,  b))  and  for  the  tetragonal  phase  (Fig. S6(c, d))  for
Glass/ITO/PEDOT:  PSS/CH3NH3PbI3 and
Glass/ITO/PTAA/CH3NH3PbI3 configurations.  For  the
Glass/ITO/PEDOT:  PSS/CH3NH3PbI3 configuration,  in
the  orthorhombic  phase, k2 is equal  for  both  temperat-
ures  (85  K  and  120  K)  at  9.9×10–10 cm3s–1,  while  in  the
tetragonal  phase  it  decreases  by  an  order  of  magnitude,
from 1.3×10–9 cm3s–1 to 1.2×10–10 cm3s–1, as the temperat-
ure increases from 120 K to 180 K. Rather differently, in
the  orthorhombic  phase  of
Glass/ITO/PTAA/CH3NH3PbI3 architecture, k2 is found
to decrease from 9.1×10–10 cm3s–1 to 3.8×10–10 cm3s–1,  as
the temperature rises from 85 K to 120 K, whereas in the
tetragonal  phase  is  decreased  six  times  from  6.6×10–10

cm3s–1 at  120  K  to  1.0×10–10 cm3s–1 at 180  K.  Further-
more,  another  interesting  observation  from Table 1, re-
veals  that  the  Glass/ITO/PTAA/CH3NH3PbI3 architec-
ture  exhibits  faster  hole  injection  (τ2)  and  slower
bimolecular recombination rates (k2) for all studied tem-
peratures  when  compared  to  the  Glass/ITO/PEDOT:
PSS/CH3NH3PbI3 configuration.  Notably,  these  trends
are in total agreement with our previously reported room
temperature  findings  on  the  same  architectures30.  The
first  implies  more  efficient  charge  extraction  from  the
perovskite  to  the  HTL,  while  the  latter  is  evidence  of
longer diffusion lengths of the free charge carriers with-
in the perovskite film. Nevertheless, both of these factors
are known to favor power conversion efficiency when it
comes to PSC devices33,39.

In particular,  at  room temperature,  it  was shown that
the  obtained  shorter  hole  injection  times  and  slower
bimolecular  recombination  rates  for  PTAA  samples,
were  correlated  with  the  considerably  larger  crystal
grains (Fig. S1(d)), and better energy alignment between
the  perovskite  and  the  HTL33.  Herein,  we  also  observe
that the  effect  of  the  temperature  on  the  obtained  dy-
namics is notable for both HTL configurations, in agree-
ment with Milot et al.28 where they have shown that the
bimolecular recombination rate reduces as the temperat-
ure  rises,  as  a  result  of  electron-phonon interactions.  In
general,  the  bimolecular  recombination  rate  (k2) is  ex-
pected to reduce with decreasing the charge-carrier mo-
bility, because  in  affected  by  the  average  velocity  of  ap-
proach  into  the  Coulomb  capture  radius.  Based  on  the

above, the present studies reveal that the influence of the
employed hole  transport  layer,  as  well  as  the  temperat-
ure  induced  phase  transitions,  are  of  equal  significance
for the hole injection dynamics,  the bimolecular recom-
bination  rates,  and  thus,  for  the  performance  of  PSC
devices in which such HTL/perovskite configurations are
employed. 

Conclusion
By means of μPL and TAS, we monitor the charge carri-
er dynamics of CH3NH3PbI3 films at low temperatures in
order to extract useful information about the effect of the
different crystal structures of the perovskite on the carri-
er dynamics. Moreover, the perovskite films were crystal-
lized  on  the  surface  of  the  glass  and  two  well-studied
HTL  polymers,  the  hydrophilic  PEDOT:PSS  and  the
more  hydrophobic  PTAA,  in  order  to  explore  for  the
first time the effect of the HTL on the perovskite charge
extraction  properties  at  low temperatures.  In  particular,
through the μPL measurements, it is observed an unusu-
al blueshift of the bandgap with temperature which is in
discord with  the  Varshni  behavior  of  the  typical  semi-
conductor  below  120  K  for  the  orthorhombic  phase  of
the perovskite and the dual emission at temperature be-
low of 100 K. Moreover, in three studied temperatures by
means  of  TAS,  at  85  K  (orthorhombic  phase),  at  120  K
(coexistence  of  the  orthorhombic  and  the  tetragonal
phase) for each peak, and at 180 K (tetragonal phase) the
Glass/ITO/PTAA/CH3NH3PbI3 architecture  exhibits
faster hole injection from the perovksite layer to the HTL
and  slower  recombination  rates  (k2)  when  compared
with the Glass/ITO/PEDOT:PSS/CH3NH3PbI3 configur-
ation. Furthermore, as the temperature increases for each
perovskite  crystal  phase  (orthorhombic  and  tetragonal),
the τ2 time  components  and k2 bimolecular recombina-
tion  rate  decrease,  for  both  configurations.  Thus,  it  was
found that the charge carrier dynamics at low temperat-
ures, are  not  only  affected  by  the  employed  hole  trans-
port layer,  as  we have already shown for the room tem-
perature measurements but are strongly correlated to the
different perovskite crystal phases.
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