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Colloidal quantum dot (CQD) solar cells with a certified power conversion efficiency of 11.28% were char-
acterized using camera-based heterodyne lock-in carrierography (HeLIC) and photocarrier radiometry (PCR).
Carrier lifetime, diffusivity, and diffusion and drift length of a CQD solar cell were imaged in order to investigate
carrier transport dynamics, as well as solar cell homogeneity and the effects of Au contacts on carrier transport
dynamics. Using room temperature HeLIC imaging which has also been demonstrated using PCR measurements,
shorter carrier lifetimes (ca. 0.5 ps) were found in Au contact regions that can be attributed to enhanced non-

radiative recombinations through trap states at Au/CQD interfaces. This imaging methodology shows strong
potential for elucidating the energy loss physics of CQD solar cells and for industrial non-destructive large-area
photovoltaic device characterization.

1. Introduction

Colloidal quantum dots (CQDs) with tunable bandgap through ef-
fective control over CQD sizes have become promising candidates for
fabricating low-cost, large-area, flexible, and lightweight solar cells
[1-6]. Although CQD solar cell efficiencies have been boosted to 13.4%
[71, there is still space for further improvement for commercial appli-
cations. Therefore, understanding of CQD solar cell energy loss me-
chanisms through factors such as film/contact interfaces [2,8], in-
efficient electrode collection of carriers [2,6], various trap states
[9-12], CQD size polydispersity [13-15], and CQD bandtail states
which deteriorate open-circuit voltage and inhibit carrier transport
[1,6], is necessary for future photovoltaic device optimization.

Nowadays, large-area photovoltaic solar cells prevail, the char-
acterization of which fulfills various purposes including shading effects,
fundamental carrier transport dynamics, mechanical and electrical de-
fect evaluation. Therefore, large-area characterization methodologies
are needed for CQD solar cell efficiency optimization. Spatially resolved
photoluminescence (PL) and electroluminescence (EL) constitute pow-
erful methodologies for the characterization of silicon wafers [16-18]

and solar cells [18-21]. They yield measurements of minority carrier
hopping lifetime [16,17,20], open-circuit voltage [18,20,21], current
density [21], series resistance [21], fill factor [18,21], and quality
monitoring in different device fabrication steps [19]. Furthermore, due
to the high signal-to-noise ratio (SNR), synchronous frequency-domain
imaging methodologies are emerging, such as the lock-in thermography
(LIT) [22] that has been used for determining series resistance and
recombination current at a frequency of 20 Hz. However, static (dc) PL
and EL, and low-frequency LIT limited by the low camera frame rate,
cannot monitor electronic transport kinetics and recombination dy-
namics. The latter, however, are key parameters for the determination
of photovoltaic energy conversion and dissipation.

To address these critical issues, here we introduce single detector-
based photocarrier radiometry (PCR), and camera-based homodyne
(HoLIC) and heterodyne (HeLIC) lock-in carrierographies for the char-
acterization CQD solar cells. HoLIC imaging and PCR are the same type
of dynamic spectrally gated frequency-domain photoluminescence
modality and can yield quantitative information about carrier transport
dynamics with accuracy and precision superior to the time-resolved PL
due to their intrinsically high signal-to-noise ratio (SNR) by virtue of
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lock-in demodulation [23,24]. HoLIC has advantages as an all-optical
non-destructive imaging technique for large-area photovoltaic device
imaging, yet it is limited to the low modulation frequency range (<
1 kHz) due to the low frame rates of conventional cameras [25]. Using a
single InGaAs detector, PCR can attain high-frequency characterization
(> 100 kHz), however, the fast large-area imaging capability is com-
promised. Through creating a slow enough beat frequency component,
HeLIC overcomes the high-frequency limitation of conventional
camera-based optical characterization techniques and the poor SNR at
short exposure times associated with high frame rates [26] to realize
frequency-modulated imaging at more than 100 kHz. Therefore, with
higher SNR than dc PL imaging, HeLIC can attain a wide range of fre-
quency-dependent ac carrier diffusion lengths to generate depth-selec-
tive/resolved high-frequency imaging of carrier transport parameters in
large-scale devices. It should be noted that all three techniques (PCR,
HoLIC, and HeLIC) have no low-frequency limitations.

Therefore, to study carrier transport dynamics in CQD solar cells
and the effects of CQD layer inhomogeneity (for example, induced at
various fabrication stages) and contact/film interface effects on solar
cell performance, we combined a J-V model with PCR and HeLIC to
quantitatively produce carrier lifetime, diffusivity, and drift and diffu-
sion length images for a high-efficiency CQD solar cell under frequency
modulated excitation. This methodology has a strong potential impact
on solar cell efficiency optimization and on industrial non-destructive
solar cell quality control.

2. Theoretical methods
2.1. Solar cell under harmonic excitation

The nature of photocarrier generation, discrete hopping transport,
and recombination in CQD-based thin films was found to follow a
hopping diffusion transport behavior [2,27] under frequency-modu-
lated laser excitation that reveals details of carrier hopping transport
dynamics in these photovoltaic materials. Here, in order to extract
charge carrier hopping transport dynamics in CQD-based solar cells
Fig. 1(a), light-matter interaction under modulated-frequency excita-
tion is investigated as an extension of conventional current-voltage
characterization of CQD solar cells under dc laser excitation [2,6,28].
Reviewing the CQD solar cell structure in Fig. 1, due to the larger
bandgap energy of ZnO than the incident excitation photon energy and
the thicker CQD layers than ZnO, charge carriers and excitons are
considered to be generated only in CQD layers, thus contributing to the
primary current within this type of solar cell. In a manner similar to the
carrier hopping transport model under static excitation [2], as electrons
are injected from CQD layer to the electron-accepting ZnO nano-
particles [1], the rate equation for electrons in the CQD layers under
dynamic illumination can be written as

dAn(x, t) _ dL(x, 1) _ An(x, t)
T
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An(x, t) is the excess electron density and J, (x, ¢) is the electron current
flux; 7 is the electron carrier lifetime, and g(x, t) is the carrier gen-
eration rate. Considering that the ambipolar diffusion coefficient and
mobility, J,(x, t) can be further defined by [29,30]

LG 1) = p,2An& D
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where D, is the diffusivity, y, is the mobility, and E is the electric field
(a constant value given as the difference between the external and in-
trinsic electric fields), Eq. (1) is reduced to a diffusion equation which
can be solved using the Green function method and transferred to the
frequency domain through a Fourier transformation [29]. Upon har-
monic optical excitation, the photoexcited excess carrier distribution
follows the Beer-Lambert Law:
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Fig. 1. Schematic of CQD solar cell sandwich structure (a), and the corresponding band
energy structure (b) that shows the illumination depth profile, the photocarrier density
wave distribution and the intrinsic and external electric fields.
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where 3 is the optical absorption coefficient, 7 is the quantum yield of
the photogenerated carriers, and h and v are the Plank constant and the
frequency of incident photons, respectively. I, denotes the incident
photon intensity. In the one-dimensional geometry, the boundary con-
ditions at x = 0 and d, Fig. 1(b), can be written as functions of surface
recombination velocities (S; and S, at x = 0 and x = d, respectively,)
and the excess carrier density at the corresponding boundaries.
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where AN (x, w) is the Fourier transform An(x, t), a carrier-density-
wave (CDW). Therefore, the final expression of harmonic excess carriers
AN (x, w) can be obtained as follows
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with the following definitions,
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