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ABSTRACT

Enargite (ENG) Cu;AsS, is a promising material for photovoltaic applications due to its constituent earth abundant elements of differing
ionic radii, ideal predicted optoelectronic properties, and demonstrated use in a working thin-film solar cell. However, little is known about
ENG’s defect properties; such knowledge is necessary to assess its potential for future use in high-efficiency devices. One indicator of a
material’s quality is its photogenerated carrier lifetime, which can be related to its bulk defect properties. Here, we use a combination of
time-resolved terahertz spectroscopy and time-resolved photoluminescence to assess carrier dynamics in ENG thin films processed from
nanoparticle precursors. The Shockley-Read-Hall (SRH) lifetimes are on the multi-nanosecond scale, which exceed those reported in more
mature systems and represent promising values for a candidate photovoltaic material. These results suggest that ENG is worthy of further

research and development effort with an eye toward future photovoltaic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023246

Thin-film photovoltaic (PV) devices have received intense
research attention over the past few decades due to the potential of
low-cost electricity production with minimal greenhouse gas emis-
sions. PV modules incorporating CdTe and Cu(In,Ga)Se, (CIGSe)
absorber layers have been commercialized, but their ultimate market
penetration may be limited due to uncertainty regarding the long-term
availability and price volatility of Te and In."” As a result, materials
containing earth-abundant elements have been studied, with the most
notable being Cu,ZnSn(S;_Sey)4 (CZTSSe).” Unfortunately, efficien-
cies of CZTSSe-based devices have stalled since IBM’s record 12.6%
solar cell was reported in late 2013, in part because Cu and Zn readily
form antisite defects due to their similar ionic radii and charge
states.” * The resulting disordered structure leads to band tailing and
electrostatic potential fluctuations, which limit the open-circuit voltage
and, hence, efficiency of PV devices.” ! Such intrinsic flaws may prove
too challenging to overcome in a meaningful timeframe, and so alter-
native options must be explored.

Copper arsenic sulfide (CuzAsS,) in the orthorhombic enargite
(ENG) crustal structure is one promising alternative material for PV
applications due to the crystal abundance of Cu, As, and S, as well as a
low likelihood of cation disorder because of the differing ionic radii

and charge states of its constituent elements. Basic optoelectronic
properties of ENG were measured several decades ago,'” and more
recent computational studies revealed ideal optoelectronic properties
and the potential for high efficiencies in thin-film ENG PV
devices.”™"” In addition, solution-based synthetic protocols for
various Cu-As-S nanoparticles (NPs) and thin films have recently
been developed.'®*’ Using CusAsS, NPs as a precursor, our group
fabricated the first PV devices with a large-grained ENG absorber
layer, but the power conversion efficiencies were modest.”" Several fac-
tors, including poor band alignment with n-type CdS™ and film
porosity, likely contributed to low efficiencies and are the subject of
parallel research effort.

As is the case with any emerging material, it is imperative to rap-
idly gauge ENG’s potential to determine if extensive research and
development efforts are warranted or if intrinsically limiting issues
(e.g., large defect populations, band tailing, etc.) will hinder its long-
term development. One indicator of a material’s quality is the photo-
generated carrier lifetime, which is strongly correlated with defect
properties. High populations of mid-gap defects can result in high
recombination rates for excess carriers, which reduce the average car-
rier lifetime and, hence, PV device performance. In this study, we use
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time-resolved terahertz spectroscopy (TRTS)” " and time-resolved
photoluminescence (TRPL)***’ to study photogenerated carrier
dynamics in ENG thin films grown on a variety of substrates. In all
cases, the Shockley—Read-Hall (SRH) recombination lifetime is on the
order of nanoseconds, suggesting that carrier dynamics in ENG are
favorable for PV applications.

ENG thin films were fabricated using our previously developed
methods;”' full details are provided in the supplementary material.
Briefly, Cu;AsS, NPs in the luzonite phase were synthesized' ' and
coated onto four substrates: quartz, soda-lime glass (SLG),
molybdenum-coated soda-lime glass (Mo-SLG), and molybdenum-
coated borosilicate glass (Mo-BSG). Quartz facilitated the study of
ENG films without extrinsic alkali dopants, while the other three were
chosen due to their higher alkali content and use in established CIGSe
and CZTSSe PV device architectures.””’ "> Samples were vacuum
sealed in glass ampoules with As,Ss powder and annealed for 30 min
at 425 °C. The treatments yielded thin films with a bilayer structure:
relatively dense grains sit on top of a small “fine-grain” layer com-
monly reported in other NP-derived systems (Fig. S1, supplementary
material).

Grazing incidence x-ray diffraction (GIXRD, Fig. 1(a),
/. =1.5406 A) confirms that ENG is the only crystalline phase in all
four samples. Each pattern has sharp peaks (signifying large crys-
talline domains) that align with an ENG single crystal standard.”
In the quartz spectrum, a broad stretch centered near 22° 26
is attributable to the amorphous substrate. In the spectra of
Mo-containing samples, the peak near 40° 20 results from an over-
lap of diffraction peaks from the ENG (212) plane and the (110)-
oriented Mo substrate. Some evidence of crystallographic texture is
present, as the SLG and Mo-SLG samples display exaggerated
(002) peaks, while the Mo-BSG sample displays a diminished (002)
peak. The factors controlling preferred orientation of ENG are not
clear at this point, but it is noteworthy that alkali metal (e.g.,
sodium) doping has been linked to the growth of textured films of
CIGSe and CZTSSe.”'”**° Computational work suggests that
ENG has an anisotropic effective hole mass,'” suggesting that films
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with variable crystallographic texturing may differ in their carrier
transport properties.

Raman spectroscopy [Fig. 1(b), 4 =633 nm] further confirms the
formation of ENG in all four samples. Each spectrum displays a domi-
nant transverse optical (TO) mode at 340 cm ™, a longitudinal optical
(LO) mode around 380 cm Y, and another mode around 270 cm ™}, in
agreement with a mineral reference and previous reports.””**
Additionally, each spectrum has peaks near 494 cm ™', 565 cm ™, and
360 cm ™ that correspond to an amorphous secondary phase originat-
ing partially from carbonaceous ligands on the NP precursors.”' X-ray
fluorescence (XRF) measurements (Table SI, supplementary material)
indicate that the as-treated samples were arsenic-rich, likely due
to condensation of excess As-S vapors on the films’ surfaces. Near-
stoichiometry was restored after a 1min immersion in (NH,),S
solution, which is known to dissolve As-S compounds.” *' This etch
caused films on quartz to delaminate and flake off almost completely,
and so carrier dynamics measurements were conducted on unetched
quartz samples. The degree of delamination was much lower on SLG
and nonexistent on Mo-SLG and Mo-BSG.

Transmission-mode TRTS was used to probe carrier dynamics in
ENG thin films fabricated on quartz [Fig. 2(a)]. Samples were photo-
excited by ~50 fs laser pulses of tunable wavelength and intensity and
then probed with a terahertz pulse as a function of pump—probe delay
time to obtain insight into transient photoconductivity.”” > TRPL
[Fig. 2(b)] was also used to probe carrier dynamics in ENG thin films
on quartz, but by means of transient photoluminescence. Samples
were photoexcited by 447 nm ~50 ps laser pulses, and the PL resulting
from radiative recombination was monitored. For both TRTS and
TRPL, incident photon densities corresponding to high injection levels
(NIOIS—IO19 cm >, vs a hole concentration of ~10'® cm ™ determined
from Hall effect measurements) were intentionally chosen to quantify
radiative and Auger recombination rate constants.

The TRTS response shows that photoconductivity persists
beyond the ~1.4 ns detection range, suggesting that carrier lifetimes in
ENG films are at least on the nanosecond scale. The TRPL response
decays significantly faster than the TRTS response, with less than 5%

(b) Raman Spectroscopy
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FIG. 1. (a) GIXRD and (b) Raman spectra of enargite thin films fabricated on various substrates. The GIXRD peaks match with JCPDS reference 01-082-1464, and the
Raman peaks align well with RRUFF reference R050373, with additional Raman peaks attributed to a secondary phase originating in part from carbonaceous ligands on the

nanoparticle precursors.
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(a) Time-resolved Terahertz Spectroscopy
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(b) Time-resolved Photoluminescence
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FIG. 2. (a) Transmission-TRTS dynamics as a function of pump wavelength and incident photon flux for an ENG film on quartz. The change in the terahertz electric field (AE)
is normalized by the magnitude of a reference pulse (E). (b) TRPL dynamics at a wavelength of 447 nm and an incident photon flux of 2.4 x 10" cm=2 (inset: extended TRPL
data on the logarithmic scale). The solid lines are the global fit of Eq. (1) simultaneously to the TRPL and TRTS experimental data.

of the original signal remaining after 1 ns. The apparent discrepancy
arises because TRTS and TRPL signals are proportional to different
quantities—TRTS is sensitive to the sum of electrons and holes (since
each contributes independently to conductivity), while TRPL is sensi-
tive to the product of electrons and holes at the high injection levels
used here (since one of each is required for PL). The electron-hole
product decreases quickly as carriers diffuse to relieve concentration
gradients arising from the initial Beer’s Law generation profile, result-
ing in a decrease in the signal even without recombination. TRPL sig-
nals, therefore, decay inherently faster than TRTS signals, and careful
modeling is required to extract carrier lifetimes.

The time-dependent continuity equation [Eq. (1)] was used to
model the photoexcited carrier dynamics, with recombination rate
equations in the high injection limit,

2
%:DgfksRankmdnz 7kAugn3- (1)

In Eq. (1), n is the excess carrier density upon photoexcitation
and ksggp Krags and kg are the SRH, radiative, and Auger recombina-
tion coefficients, respectively. Due to high injection levels, we assumed
that p(x,t) = n(x,t) (where p and n are the hole and electron concentra-
tions) and that carriers move by ambipolar diffusion with coefficient
D, with no extended electric fields.

The TRTS and TRPL signals depicted in Fig. 2 were simulta-
neously modeled using Eq. (1) to extract rate constants and the ambi-
polar diffusion coefficient. The TRTS signal is proportional to
| n(x,t)dx, and the TRPL signal is proportional to [ n(x,t)*dx. The
initial distribution of carriers was modeled using Beer’s Law [Eq. (2)]
with absorption coefficients (o) at 400, 447, and 600 nm estimated to
be 1.15x 10°cm ™", 1.3 x 10°cm™ !, and 6.2 x 10* cm ™", respectively."”
Front surface recombination velocity (SRVj,,) was considered
[Eq. (3)], but back surface recombination was ignored [Eq. (4)]
because the optical penetration depths (1/a) for wavelengths of 400,
447, and 600nm (87, 77, and 161 nm) and the diffusion length
(~270 nm, see the supplementary material) are much smaller than
the film thickness (~1 pum),

n(x,t = 0) = npexp(—ax), (2)

On(x =0,t)  SRVjopu
Ox - D
(’9n(x = Lyim , t)

Ox

Table I shows the best fit parameters for two cases: one where D
is a free parameter and another where D = 0.05cm” s~ ", correspond-
ing to an ambipolar mobility of 2.0cm* V™' s (further details are
given in the supplementary material). Due to challenges in measuring
D, a “reasonable-fit” range is also provided, resulting from a sensitivity
analysis in which D was varied from 0-2cm® s~ (the details are pro-
vided in the supplementary material, Figs. S2-S4 and Tables SII-SIII).
The small kggy values correspond to SRH lifetimes well beyond the
temporal range of the THz spectroscopy stage (1.4 ns), indicating that
SRH recombination proceeds on at least the nanosecond timescale in
ENG films on quartz. Table I also shows that at these testing condi-
tions, all four modes of recombination occur in appreciable quantities
(see the supplementary material for calculation details). However, the
relative contributions of radiative and Auger processes will decrease at
lower injection levels more relevant to PV operation, whereas both
SRH and surface recombination will still occur in appreciable amounts
due to their linear scaling with carrier density. Regardless, the SRH
lifetime is significantly longer than 1.4 ns, which exceeds the reported
lifetimes (hundreds of ps to 1-2 ns) of materials in the well-established
CZTSSe™” system. The lifetime also compares favorably with more
recently explored materials—CuSbSe, films incorporated into a 4.7%
efficient device exhibited a lifetime of 190 ps,”* and Sb,Ses films in an
8.2% efficient device possessed a lifetime of 1339 ps."” The lifetime
>1.4ns for ENG, thus, represents a promising initial benchmark for a
candidate material.

To compare carrier dynamics in ENG films grown on quartz,
SLG, Mo-SLG, and Mo-BSG substrates, TRTS was used in reflection
geometry (Fig. 3) because of the small transmitted THz signals
through the latter three materials. To verify the applicability of reflec-
tion measurements, data were collected in both transmission and
reflection geometries on a quartz sample; the responses (Fig. S5 in the
supplementary material) were similar in both modes. Furthermore,
the SLG, Mo-SLG, and Mo-BSG samples were etched in (NH,),S to
remove excess surface residue; TRTS and TRPL measurements on

n(0, 1), (3)

—0. o
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TABLE I. Best-fit values for variable D and fixed D=0.05cm? s~", the reasonable-fit range for parameters in Eqgs. (1)-(4) using TRTS and TRPL data from an ENG film fabri-
cated on quartz, and the fraction of recombined carriers at a photon flux of 0.6 x 10 cm™, a wavelength of 400 nm, and a fixed ksgy value of 108 s~". The fraction of radiative

and Auger recombination will be significantly lower at PV-relevant intensities.

Parameter Variable D D=0.05 Reasonable-fit range Carrier fraction
ksrr (s71) < 6.5 x10° < 6.5 x10° < 6.5 x10° 22%

Kyaa (cm® s 46x1071° 23x1071° (1.5-7.0) x 1071° 25%

Kaug (cm®s™") 41x107%8 40x10"%8 (3.5-5.9) x 10728 20%
SRV} (cms™") 9.8 x 10° 6.1 x 10° (5.0-11) x 10° 33%

D (cm*s™h) 0.54 0.05 0.03-0.8

Mo-SLG samples suggest that this etch has a minimal effect on the
overall carrier dynamics (Fig. S6 in the supplementary material). The
photoconductivity decays more slowly in the SLG sample than in the
quartz one, suggesting longer lifetimes for photogenerated carriers.
Two differences between the films are that the SLG sample is more
highly textured along the (002) plane and that alkali diffusion from the
substrate may have occurred. Carrier lifetimes in both CIGSe and
CZTSSe thin films have benefitted from increased texturing’"” and
sodium incorporation;"”** similar mechanisms may affect ENG and
will be investigated in a future study. The slower photoconductivity
decay is consistent across wavelengths from 400-800 nm, covering
both surface and bulk regimes (Fig. S7 in the supplementary material).

The TRTS data from the Mo-SLG and Mo-BSG samples are ill-
suited for fitting to Eq. (1) because the large refractive index of Mo sig-
nificantly reduces the signal-to-noise ratio of the reflected TRTS sig-
nal.”” To compare lifetimes across all four substrates, TRPL data were
fit using Eq. (1) to extract rate constants (Fig. S9, Table SIV in the sup-
plementary material). The extracted SRH rate constants demonstrate
that the ENG film on quartz has the lowest SRH lifetime (~3 ns), con-
sistent with the TRTS data. The effect of the substrate on recombina-
tion coefficients requires further study; however, the fact that the SRH
lifetime is on the order of nanoseconds for all substrates is promising
for the future of ENG as a photovoltaic material.

We stress that our carrier dynamics results are preliminary.
Developments in ENG film synthesis will facilitate additional
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FIG. 3. Normalized reflection-TRTS dynamics at incident photon fluxes of
5.9 x 10" cm=2 (for quartz and SLG) or 2.3 x 10™cm=2 (for Mo-SLG and Mo-
BSG) for a pump wavelength of 400 nm. The kinetics for the Mo-SLG and Mo-BSG
samples were smoothed in OriginPro using the Lowess method with a 0.15 span;
raw data are shown in the supplementary material (Fig. S8).

measurements and modeling using TRTS and TRPL. The TRPL spectra,
in particular, will benefit from higher signal resolution and additional
temperature-, intensity-, and voltage-dependent measurements”’ on thin
films and completed devices to determine the origins of the substrate-
dependent decays seen in this work. The time-resolved experiments will
be supplemented by electronic and materials characterization techniques
aimed at determining the distribution of defects throughout the films
and their impact on carrier lifetimes.

In summary, we have characterized the carrier dynamics in enar-
gite CuzAsS, thin films with a combination of time-resolved terahertz
and time-resolved photoluminescence spectroscopies. In ENG thin
films, Shockley—Read-Hall recombination occurs on the timescale of
nanoseconds or longer, corresponding to lifetimes that exceed those in
the well-studied CZTSSe system and are well comparable to those in
other emerging materials such as Sb,Ses. The carrier dynamics will
likely improve as further advances are made in ENG fabrication proce-
dures, resulting in high-quality thin films for device applications.
These exciting results motivate further research into enargite CusAsS,
as a material for earth-abundant photovoltaic devices.

See the supplementary material for further details regarding experi-
mental procedures, supplemental characterization of enargite thin films,
calculation details pertaining to mobility and relative rates of recombina-
tion mechanisms, sensitivity analysis of the diffusion and recombination
coefficients, and additional plots related to TRTS and TRPL.
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