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We propose a simple scenario where the superimposed phonon modes on the photoconductive
spectra are experimental artifacts due to the invalid formula used in data analysis. By use of
experimental and simulated data of CH;NH;Pbl; perovskites as a case study, we demonstrate that
a correction term must be included in the approximated thin-film formula used in the literature; oth-
erwise, parts of the spectra with high background permittivity near the phonon-mode resonances
might interfere with the transient photoconductivity. The implication of this work is not limited to
perovskites but other materials with strong vibrational modes within the THz spectral range.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978688]

In the past few years, time-resolved terahertz spectros-
copy (TRTS) has helped advance the development of organ-
ometallic halide persovskite photovolatics.'™ It is among the
key techniques for investigating the photophysics of the
charge carriers, providing direct measurements of charge
carrier density, mobility, recombination rate kinetics, diffu-
sion length, disordered-induced back-scattering parameters,
and intra-excitonic transition energy.’ "> Previous investiga-
tions of perovskites focus on the measurement of photocon-
ductivity, defined as the transient change in conductivity
spectra after an optical excitation. One can extract the mate-
rial parameters related to the intrinsic properties of the pho-
togenerated carriers, by fitting the photoconductivity spectra
to physical models such as Drude or Lorentz models.

Beside the standard analysis, there were also reports of
phonon modes superimposed on the real part of the photo-
conductivity spectra.s’f”lo’ll The overlaid phonon modes
coincide with the steady-state (i.e., without any optical exci-
tation) THz-phonon absorption profile due to the vibration of
metal-halide bonds in the perovskites.'® The magnitude of
the phonon features also correlates with the strength of pho-
non absorption.'' These observations led to a legitimate pos-
tulate that the appearance of phonon modes in the
photoconductive spectra is related to the strong intrinsic cou-
pling between the phonons and charge carriers in the perov-
skites. The argument has been used to support the phonon-
assisted homogenous broadening in the photoluminesence
spectra.'”'®

However, in this work, we argue that one needs to per-
form a more vigorous analysis of the THz time-domain data,
in order to properly determine the existence of charge-
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phonon coupling in the perovskites. The phonon structure
could artificially appear on top of the photoconductivity
spectrum due to the invalidity of the standard formula for
TRTS data analysis
- ¢ _ AE
Ath:7€()E(1+nsub)E~—o, (1)

that was used to convert a measured quantity %—E, to the com-
0

plex photoconductivity A of the thin film (¢f). Here, AE is
the pump-induced change in the transmitted THz electric
field, Eo is the THz transmission on an unexcited sample,
ngup 1S the complex refractive index of the substrate, d is the
sample thickness, c is the speed of light, and ¢ is the permit-
tivity. The formula is applicable to free-standing dielectric
slabs without any substrate.'*2° However, at the end of this
article, we show that it is also applicable to low-k dielectric
films (small equilibrium dielectric constant €,,) on a typical
THz-transparent substrate (e.g., quartz or sapphire) by omit-
ting the first-order correction, 24 (€., — "f”TH), which is small
compared to the leading-order term, (1 + 7). This condi-
tion is normally satisfied in the perovskites due to the low
background dielectric nature of the film, except at the parts
with high permittivity, i.e., near the phonon-mode resonan-
ces. Consequently, the phonon structure could artificially
appear in the calculated photoconductivity spectrum.

As a demonstration, we analyze three of our own experi-
mental data sets from a perovskite thin film measured at 15,
80, and 180K.” We compare the results from (1) the thin-
film equation (Egs. (1)) and (2) the numerical inversion from
the transmission equation®'** (Eq. (3)). The complex optical
conductivity calculated directly from the transmission func-
tion is susceptible to phase errors due to the determination of

Published by AIP Publishing.
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FIG. 1. The phonon spectral features overlaid on the photoconductivity of perovskite measured at 15, 80, and 180K. (a), (c), and (e) The thin-film approxima-
tion used in the literature (Eq. (1), solid lines) underestimates the actual photoconductivity (dotted line) by the amount proportional to the phonon conductivity
(shaded area). (b), (d), and (f) The errors in the real part of the photoconductivity (shaded area) are displayed alongside the corresponding steady-state phonon
spectra (black line). The arrows indicate the modulations in photoconductivity at the phonon mode frequencies.

the substrate thicknesses.”'>> However, we have shown in
the supplementary material that only the imaginary part suf-
fers from such an uncertainty, and the real part of the optical
conductivity can serve as a benchmark for the quality of the
approximated expressions.

We noticed significant deviations from the exact photo-
conductivity at all temperatures. The errors in the real part of
the photoconductivity indeed follow the feature of phonon
modes and scales with the magnitude of stead-state phonon
conductivities, as shown by the shaded areas in Fig. 1(b). The
imaginary part of the photoconductivity shows a ~50% devia-
tion around 2 THz (Fig. 1(a)). The deviation is understandable

from the fact that the first-order correction, wd;"", is no longer a

negligible fraction (~20%) of the photoconductivity expres-
sion due to the resonant behavior of the dielectric constant
near the phonon modes (see Fig. 2).

Since our overlaid phonon features are embedded in the
background structure of the photoconductivity as well as the
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FIG. 2. The ratio of first order to zeroth order contributions of the photocon-
a2 41
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o —22 ] . .
0 +lﬁmh . The thickness of the film (d) is

230 nm, and the substrate refractive index (71,) is 2.1 for z-cut quartz. The
analysis is performed on 15K data (Fig. 1(a)). Phonon modes are indicated
by the arrows.
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ductivity expression, F =

measurement noise, we clarify our assertion by performing a
numerical simulation based on a perovskite-like THz mate-
rial. We set its conductivity as a sum of Lorentzian profiles
centered near 1 and 2 THz with a transmission of about 90%
at the peak (Fig. 3(a))—a realistic condition for the perov-
skites.'® Physically, the Lorentzian function represents pho-
non absorption.’ As a response to an optical pump, we
model the photo-generated free carriers in a material with a
Drude-Smith-type photoconductivity, which is a conse-
quence of carrier backscattering.”** With the help of the
exact transmission equation (Eq. (3)), we calculate both the
equilibrium and transient electric fields with the knowledge
of the transmitted THz pulses through the substrate (obtained
experimentally). We model two photoconductive responses
from the experimental Drude-Smith parameters at 15K and
180K (compatible with Figs. 1(a) and 1(c)). The parameters
are presented in the supplementary material.

The simulation shows a noticeable deviation near the
phonon peaks as expected (Fig. 3(c) in comparison to Fig.
3(b)), indicating that the thin-film approximation (Eq. (1)) is
not necessarily a good representation of the transient photo-
conductivity near the phonon resonance frequencies. The
extra feature appears as a modulation at the phonon mode
frequency that was used as evidence of strong carrier-
phonon coupling in the perovskites.>'%11:17

Next, to minimize the phonon artifact but keeping the
simplicity of the algebraic formula in data analysis, we intro-
duce a thin-film formula with a first-order correction term

~2
Msub + 1:| }
{1 + =5 @

where €., = fz% is the equilibrium (i.e., no pump) refractive
index of the film that is governed by phonon absorption. The
new formula indeed improves the calculated conductivity espe-
cially near the phonon peaks (see Figs. 1(a), 1(c), and 1(e)).
The drawback of the formula is that the film’s equilibrium
dielectric constant €., has to be predetermined. Due to the

cAE
_60_..—

~(1)
Ao—lf ~ d EO

Nsub — €eqg —

~ iwd [~
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FIG. 3. Reconstructing THz phoconductivity from perovskite-like materials
modeled after the experimental data at 15 and 180K (Figs. 1(a) and 1(c)). (a)
The phonon spectra are calculated from the sum of Lorentzian conductivity
profiles. The corresponding THz transmission functions (inverse of the
absorption) are shown in the inset (b) The photoconductivity responses of the
material are given by a Drude-Smith model. (c) The thin-film approximation
(Eq. (1)) shows artifacts near the phonon modes (vertical dashed lines). (d)
These features are removed by introducing a correction term (Eq. (2)).

phase errors, there will still be a remnant deviation from the
exact formalism as seen in Figs. 1(a), 1(c), and 1(e). Without
such an error, the phonon modes now disappear from our
simulation (see Fig. 3(d)) and the compensation term recov-
ers the original photoconductivity completely.

Finally, the issue presented here is not limited only to
our perovskite systems but relevant to other semiconductors
that have phonon absorption in the background. Therefore,
we model two general materials with Drude-like carriers
with large (Figs. 4(a) and 4(b)) and small scattering rates
(Figs. 4(c) and 4(d)) representing the THz photoconductivity
from low and high mobility carriers, respectively. We
include two phonon peaks in the background dielectric func-
tion as in the previous simulation. In both cases, using Eq.
(1), the real part of the photoconductivity displays modula-
tions at the phonon mode frequencies, similar to what we see
in Fig. 3 and reported by other groups.s’6’10’”’l7 Moreover,
in the case of large scattering rate, the imaginary part of the
photoconductivity shows a sign change near the phonon

Appl. Phys. Lett. 110, 123901 (2017)
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FIG. 4. A simulated material with (a) and (b) large and (c) and (d) small
Drude scattering rate without Smith’s term. In the former, due to the artifact,
the real part of the complex photoconductivity displays modulations at the
phonon mode frequencies (vertical dashed lines), while the imaginary part
becomes negative leading to a possible confusion between (a) Drude-like
(positive imaginary part) and (b) localized transports (negative imaginary

part).

mode resonances (Fig. 4(b))—this sign change will dramati-
cally affect the physical interpretation of the data, as a nega-
tive imaginary part of the photoconductivity usually implies
the presence of localized carriers in contrast to free Drude-
like carriers that have a positive imaginary part.

Both simulations also show that the phonon artifacts due
to the missing correction factor appear only locally near the
phonon modes (Fig. 4(b)); therefore, it will be problematic
only when considering spectral features in photoconductiv-
ity. A frequency-averaged photoconductivity (or 1D-TRTS
technique) used to determine the lower bound of carrier
mobility and recombination rate constant™®'" does not suffer
significantly from this error as the spectral averaging
smoothens out this phonon feature.

We have shown that features due to phonon resonances
can appear spuriously over the photoconductivity spectrum
when the inappropriate thin-film formula is used. A strong
charge-phonon coupling might have been erroneously sug-
gested. We present a method to circumvent this issue by the
use of a more accurate thin-film approximation. Our intention
is not to discount the possibility of the presence of carrier-
phonon coupling in the perovskites but to send a message that
a proper data analysis must be carried out before proceeding to
any physical interpretation. Note that we are presenting a very
common scenario, not limited to the perovskites, but including
other materials that have phonon modes that coincide with the
Drude-type photoconductivity below 5 THz, such as organic
polymers,” DNA,**?7 and high-permittivity materials.

This article concludes by the derivations of the two
involved thin-film formulas for the optical constants of a thin
film deposited on a substrate. First, one needs to assume the
complex THz electric field through the film-on-substrate
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E(w), as well as through the uncoated substrate as reference
E (). The resulting transmission function T'(w) = E/E g

is given by*'~?

f(w) = 271 (figup + 1)e_i°‘
(I)s(a)) B (1 + fl)(fl + flmb)e*iﬁ“ + (}71 — 1)<ﬁxub _ ﬁ)eiﬁx’
(3)

where o = wd/c, 71 is a refractive index of the film, 7, is
the refractive index of the substrate, and d is the film thick-
ness. The phase term @, = exp|—iwAL(7igp — 1)/c] takes
into account the difference in the sample and reference sub-
strate thicknesses AL, and ¢ is the speed of light.

In the case of a thin film where inoa < 1, we expand the
exponential explina| ~ 1 + ifia — /1?0 /2 and solve for the
dielectric constant, 7> = €. The numerator of Eq. (3) is
expanded to first order in o, while the denominator must be
expanded to second order in o, because the denominator fac-
tors (1 +7) (7 + figyp) and (77 — 1)(7ig, — 71) are quadratic in
n. If the second-order expansion is not included consistently,
the factor (1 — a2/ 2) below will be missed out. The
resulting expansion and taking the reciprocal result in

() 1
(1 - lOC)(l + ﬁsub)

T(w)
ﬁ2a2
(1520 i ] 0

Next, we derive the complex optical conductivity of the

thin film, 6£fl), from its well-known relation with 7: 6t(f1>

= iwey(1 — /%) (¢f = “thin film™), to get

N . GR
~(1) _ 606(1 + ) (1 - la)(l T)
T o ~

1—3(1 +nsub)

€0 % (1 + ﬁxub)
+ )

a b
1 —iZ(1 + iy,
12( + Aup)

where the superscript “(1)” denotes the expression that is
expressed to first order in «. Note that the second term of Eq.
(5) does not change during the transient—the substrate is
chosen such that its complex refractive index is not affected
by the pump pulse.

Next, we calculate the photoinduced change in the com-
plex optical conductivity (or photoconductivity transient)
from its definition, A&,(fw = 65;) — &gfl}), where the subscript
“0” denotes the equilibrium (i.e., no pumP) value. The equi-
librium optical conductivity of the film 60}_2) can be obtained

from Eq. (5) by replacing T with T (the equilibrium trans-

mission), yielding
D,
(1 + ﬁsub)(l - l“) <1 - 7:_>

1—%(1+ﬁmh)

€oC

——. (6)
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Then, we subtract Eq. (5) by Eq. (6) to write

1+ figy) (1 —io)®, (1
AGY) = ei’j_c( * ”l?;”)( i) dy <—> 7 )
1—— (1 + ﬁmb)
2
where A (%) = % — Tio can be written in the form of the elec-
tric field transients
1 1 1 AE
A(T)Eﬁ—,v—:—~~. (8)
T To+AT Ty EoTy

Here, AT = AE /Emb = (E - Eo) /E~m;, is the photoinduced
change in transmission function from the equilibrium value
To=E, /Es,,b, with Eq being the transmitted THz electric
field through the sample (film + substrate) in the absence of
a pump pulse. In deriving Eq. (8), we assumed the low-
excitation limit (AE < E 0) and that the transmission through
the reference is the same with or without pump (i.e., E b 1sa
constant).

In the absence of a pump pulse, we replace, in Eq. (4), T
by T, and n by the equilibrium refractive index of the film
ng, to get

1
T = i) (1 + i)

n2o?
X 1-— = (1 + ﬁsuh)fiaﬁ% - iaﬁs“b . (9)

o,
Ty

Finally, after subs~tituting~Eqs. 4), (8), and (9) into Eq.
(7), terms involving T and @, cancel out, resulting in the
modified thin-film equation for THz photoconductivity

A~(1) - c AE 1+ gy
dE() 1 _lfx( +nmb)

2

N PO L W

14+ ngw 2

cAE iod 2 +1}
N €5 = 1 Mup) ——— | €e — b ’
EOdEU (1 + figup) p [E,q 3

Ist—order correction

(10)

after keeping terms up to the first order in o = wd/c and
using the definition of the equilibrium dielectric constant
€og = ﬁ%. This is the modified thin-film equation (Eq. (2)).
We can reduce Eq. (10) to the commonly used thin-film
formula in the THz literature. For low-k dielectric materials
(with small €,.,) on typical THz-transparent substrates like
quartz or sapphire, we can neglect the first-order terms,
(1 + figup), resulting in

[T .
—%), in comparison to the zeroth-order terms

c AE
A~ == —€)—; 1 ~vu =, 11
aif €od( + 17, h)EO (11)

which is Eq. (1) of the main text.
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See supplementary material for a discussion of phase
errors of THz measurements and material parameters used
for the simulations.
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