Pulsed chemical vapor deposition of Cu,S into a porous TiO, matrix
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Chalcocite (Cu,S) has been deposited via pulsed chemical vapor deposition (PCVD) into a porous
TiO, matrix using hydrogen sulfide and a metal-organic precursor. The precursor used is similar to
the more common Cu(hfac)(tmvs) precursor, but it is fluorine free and exhibits increased thermal
stability. The simultaneous exposure of the substrate to the copper precursor and hydrogen sulfide
resulted in nonuniform Cu,S films with a temperature independent deposition rate implying gas
phase reaction kinetics. The exposure of mesoporous TiO, and planar ZnO to alternating cycles of
the copper precursor and hydrogen sulfide resulted in a PCVD film that penetrated fully into the
porous TiO, layer with a constant deposition rate of 0.08 nm/cycle over a temperature range of
150-400°C. The chalcocite (Cu,S) stoichiometry was confirmed with extended x-ray absorption
fine structure measurements (EXAFS) and x-ray photoelectron spectroscopy. Calculations of the
EXAFS spectrum for different Cu,S phases show that EXAFS is sensitive to the different phase
stoichiometries. Optical absorption measurements of CVD thin films using photothermal deflection
spectroscopy show the presence of a metallic copper-poor phase for gas phase nucleated films less
than 100 nm thick and a copper-rich semiconducting phase for thicknesses greater than 100 nm
with a direct band gap of 1.8 eV and an indirect bandgap of 1.2 eV. © 2011 American Vacuum

Society. [DOI: 10.1116/1.3609772]

. INTRODUCTION

The extremely thin absorber (ETA) cell is a solar cell con-
cept that utilizes a highly structured heterojunction to scatter
light, thus increasing the effective thickness of the absorbing
layer." By allowing for thinner absorbing layers, these devi-
ces also reduce the transport path for excited charge carriers.
A challenge in the development of solid state ETA devices is
finding an effective technique for the deposition of semicon-
ducting materials within nanoporous structures to form an
interpenetrating junction. Chemical vapor deposition (CVD)
is a gas-phase deposition process that can penetrate into pores
as small as 4 nm in diameter,” making it a promising tech-
nique for fabricating ETA solar cells. This article character-
izes Cu,S films deposited via pulsed chemical vapor
deposition (PCVD) on porous nanocrystalline TiO, and pla-
nar ZnO for future applications in photovoltaics.

Cu,S was a leading thin-film solar cell material in the
1980s due to its indirect band gap near 1.2 eV and its relative
abundance and nontoxicity. Cu,S/CdS devices achieved an
efficiency of 9.1%.” However, the diffusion of copper ions
across the Cu,S/CdS boundary severely limits the lifetime of
this device structure.* Porous nanocrystalline TiO, has been
established as an effective dye sensitized solar cell material.
In addition, TiO, exhibits superior chemical stability and is
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expected to form a robust junction when paired with
CuZS.5 © 7n0 is another stable semiconductor that has also
been proposed as a window layer material in Cu,S devices.
Theoretical work has shown that Cu,S/ZnO devices should
have higher open circuit voltages and collection efficiencies
than comparable Cu,S/CdS devices.’

PCVD is a variant of CVD in which substrates under
vacuum are exposed to gaseous precursors containing the
constituents of a desired deposition product. A chemical
reaction is initiated at or near the substrate’s surface, produc-
ing the desired material on the substrate. Unlike CVD,
PCVD uses a stepwise injection process in which the sub-
strate is separately exposed to each precursor in a series of
pulses and purges inside a deposition chamber. PCVD is
analogous to atomic layer deposition (ALD) except for the
fact that the purge steps are relatively short and it is possible
that the reaction chamber still contains gaseous precursor af-
ter the purge steps. If the purge steps completely removed all
excess precursor, leaving only the chemisorbed species, then
this process would be ALD. For PCVD, a single exposure
cycle results in the precursor- limited deposition of material
that can still be highly conformal, film thickness is deter-
mined by the number of cycles used in the process. For all
CVD processes, the morphology of the deposited material is
largely affected by the nature of the chemical reaction, the
conditions inside the deposition chamber, and the surface
chemistry of the substrate.
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Copper sulfides are known to have at least eight stoichio-
metric phases ranging from copper-rich Cu,S (chalcocite) to
copper-poor CuS (covellite).®’ Aside from the chalcocite
phase, these crystal phases are too conductive to be used as
absorbing layers in solar cell devices. Previous work using
ALD and Cu(thd), as the copper precursor yielded Cu,gS
and CuS, with the phase of the deposited material determined
by the substrate temperature during the deposition.'®'? Other
ALD work successfully produced Cu,S using bis(N, N’'-di-
sec-butylacetamidinato)dicopper(I) as the copper precursor.'
In this article, K15 was utilized for the fabrication of CuxS
materials. KI5 has previously used for the deposition of cop-
per. KI5 is a fluorine-free molecule based on the common
Cu(hfac)(tmvs) precursor also known as CupraSelect®.14
The chemical structure of KI5 contains a seven member ring
that imparts greater thermal stability, allowing for high
vapor pressures (>2 Torr at 140 °C) and deep penetration
into highly structured surfaces.'* In addition, this precursor
avoids fluorine impurities resulting from precursor
decomposition.

Il. EXPERIMENT

A custom built reactor was used for the deposition of
Cu,S. The reactor was a single wafer chamber with two sep-
arately controlled injectors used to introduce KI5 and hydro-
gen sulfide either simultaneously for CVD deposition or as
alternating pulses for PCVD deposition. The reaction zone
was confined in a “parallel plate” configuration between a
200 mm heated substrate chuck and a 200 mm heated shield
20 mm above the substrate chuck. The copper precursor was
heated to 90 °C, and all gas lines between the reactor, injec-
tors, and heat shield were heated to temperatures in the range
of 90-100 °C. Outside of the reaction zone was a second
shield at ambient temperature. The substrates were 1 in.
square substrates placed directly under the injectors. The
chamber base pressure prior to deposition was ~10~° Torr.
Nitrogen (> 99% pure) was used as the carrier/purge gas for
both KI5 and H,S. The PCVD timing sequence consisted of
a 3 s N, purge followed by a 5 s H,S exposure, another 3 s
purge, and finally a 12 s KI5 exposure. The chamber pres-
sure was maintained at 0.3 Torr during the KI5 and between
0.3 and 0.6 Torr during the H,S exposure. The chamber pres-
sure during CVD depositions ranged between 0.7 and 0.9
Torr. For both processes, H,S was formed in situ by reacting
Al,S; powder with water. The H,S gas was passed through a
powder desiccant to reduce the residual water content to less
than 1% of the H,S. A quadrupole mass spectrometer was
used to monitor the purity of the H,S reaction gas and reac-
tion byproducts.

A hydrophilic substrate with a suitable electron valence
state was necessary for a successful Cu,S PCVD deposition.
Depositions were attempted on Corning Glass, sol-gel depos-
ited TiO,, sintered 100 nm TiO, nanoparticles, and sol-gel
deposited ZnO. Of these substrates, only the 100 nm TiO,
nanoparticles and sol-gel ZnO yielded Cu,S from the PCVD
process. The PCVD films on ZnO and TiO, were very uni-
form across the 1 in. substrate. Simultaneous flowing of the
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reaction gases for the CVD process yielded Cu,S films on all
substrate types, independent of substrate temperature, due to
a gas phase reaction of the precursor and H,S in the cham-
ber. The CVD films were very nonuniform, forming only
directly below the injectors, indicative of a gas phase reac-
tion rather than a reaction at the substrate’s surface. The
nanostructured TiO, films were made by spin-casting a
commercial solution of suspended TiO, nanoparticles
(Solaronex®), annealing in a vacuum oven for 1 h at 110 °C,
and sintering the film in air for 10 min at 450 °C. The ZnO
sol-gel process was adapted from a process illustrated in
detail by Lee er al." Zinc acetate was dissolved in a mixture
of 2-methoxyethanol and monoethanolamine at room tem-
perature. The mixture was then stirred at 60 °C for 2 h. Films
were then spin cast, and the solvent was evaporated on a hot
plate for 10 min. The sol-gel films were then annealed in a
vacuum at 110 °C for 1 h and sintered in a tube furnace in
air for 1 h at 450 °C.

Ill. RESULTS AND DISCUSSION
A. Pulsed CVD results

In previous work using ALD with Cu(thd), as the Cu pre-
cursor, a drop in the measured growth rate at the transition
temperature (180 °C) distinguished two deposition regimes of
Cu,S crystal phases.'” The PCVD process used here with KI5
copper precursor produced a consistent composition and
deposition rate within the temperature range of 150-400°C
(Fig. 1) when deposited on planar ZnO. The initial thickness
of the ZnO layer was measured at a minimum of three loca-
tions using an atomic force microscope (AFM) and an edge of
the ZnO film patterned with a stainless steel scribe. After CuS
deposition, the combined Cu,S/ZnO thickness was measured
again with an AFM within 1 mm of the previous scribes, and
the Cu,S thickness was deduced from the difference. Approxi-
mate stoichiometry measurements were performed using
energy dispersive x-ray spectroscopy (EDS) and x-ray photo-
electron spectroscopy (XPS). Table I illustrates the XPS ener-
gies used to calculate stoichiometry, as well as the associated
uncertainties. The Cu:S ratio was measured as 1.8 to 2.1 at all
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Fi. 1. Growth rate and substrate temperature using alternating pulses of
H,S and precursor.
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TaBLE I. Typical XPS results used to determine the composition of PCVD
Cu,S deposited at 400 °C in a porous matrix of TiO,.

Peak Energy Width Area Relative
identity €eV) €eV) €eV) concentration
Cu 2p 932 2.62 373 67 = 2%
S 2p 162 2.75 12 32 6%

deposition temperatures, which is within the uncertainty of
the EDS measurements due to the small amplitude of the sul-
fur peak. There are several different phases of Cu,S with stoi-
chiometry between x=1.8 to 2.1, and therefore EDS and
XPS alone cannot be used to identify the chalcocite phase of
the deposited film. The extended x-ray absorption fine struc-
ture (EXAFS) measurements described below are used to
identify the specific phase of the Cu,S film.

Nanoporous films of sintered 100 nm TiO, nanoparticles
were used to study the penetration of PCVD Cu,S. Figure 2
shows cross-sectional SEM images taken of sintered nano-
particle TiO, films with and without PCVD treatment. The
second film, with 900 cycles of PCVD Cu,S deposited
throughout, shows backfilling and a penetration depth of
over 200 nm. The PCVD deposited film appears to show uni-
form coverage throughout the TiO, layer.

The Cu K-edge EXAFS data were collected at the Stan-
ford Synchrotron Radiation Lightsource (SSRL) on beamline
10-2, using a Si (111) double monochromator detuned 50%
in order to reduce harmonics. Slits with an approximate
height of 0.5 mm gave an energy resolution of 1.3 eV. The

Carbon Raste to Prevent Charging

o el

»

3 s
e g
Cleaved TiO2 Layer

=

; & Paan -
o * * "y
Ah e .“‘ o

Cleaved TiO2/PCVD Layer
b)

100 nm —

Fic. 2. Cleaved SEM cross section of a mesoporous TiO, film (a) before
and (b) after Cu,S deposition. The porous TiO, film is successfully filled
with PCVD Cu,S.
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data were collected in fluorescence mode (13-element Ge de-
tector) at a temperature of 6 K, with the x-ray polarization at
either 10° or 80° relative to the film surface.

For these measurements, the Cu,S film was deposited
into a mesoporous TiO, substrate with 1000 cycles (with an
approximate thickness of 80 nm). The EXAFS data were
reduced using standard techniques (RSXAP) [R1]. A Fourier
transform window of 3.5-11.0 A~ was used to transform
the k-space data into r-space. The r-space plots show negligi-
ble variation between data collected for the two different
polarization orientations, and in the rest of the analysis/dis-
cussion we discuss fits for only the 10° data set shown in
Fig. 3(c).

The purpose of the EXAFS measurements was to deter-
mine whether the deposited PCVD films were Cu,S, as
opposed to some other Cu,S phase, as no diffraction peaks
were observable in the thin films formed inside the mesopo-
rous TiO,. EXAFS data for bulk CuS and Cu,S were used in
addition to the simulated data for several compounds
(Cuy 4S, Cuy 94S, and CuS) in order to show how the r-space
scans change with different amounts of copper present. The
simulations were calculated using the known crystal struc-
tures, the FEFF8.2 code [R2], and a small overall broadening
factor for the pair distribution functions, ¢=0.06 A. In
Fig. 3(a) we compare the EXAFS r-space plots for these
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FiG. 3. (Color online) EXAFS r-space simulations for the CuS, Cu, S, and
Cuy 94S phases (a) showing a large variation in spectra for small changes in
stoichiometry. (b) EXAFS r-space data for bulk CuS and Cu,S. (c) Fits of
the thin film data to a Cu,S structure.
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simulations, and in Fig. 3(b) we compare the experimental
data for the two bulk samples. At 6 K, Cu,S has a large dis-
tinct shoulder between 2 and 2.5 A that corresponds to sec-
ond neighbor copper atoms (Cu-Cu).

As the fraction of copper decreases from 2 to 1.94 to 1.7,
this shoulder moves away from the main Cu-S peak (nearest
neighbor S) located near 1.8 A in the EXAFS plot. For
Cu, 7S, the shoulder becomes a well defined second peak
near 2.55 A. In contrast, CuS has a significantly smaller
shoulder (see Fig. 2(b)). These plots show that the various
Cu,S phases can be easily differentiated.

Before fitting the PCVD film data, the bulk Cu,S data
was fitted using two theoretical FEFF functions for Cu-S and
Cu-Cu. The fit over the range of 1.5-2.6 A was excellent.
The PCVD thin film data were then fitted over the same
r-range using the same FEFF functions as used to fit bulk
Cu,S. The excellent fit (solid line) is compared with the data
(dashed line) in Fig. 3(c). This result shows that the thin
films deposited using PCVD are indeed Cu,S films.

In addition to the EXAFS measurements, which look at
the entire film thickness, XPS measurements were used to
isolate the composition at the surface of the PCVD deposited
Cu,S films on TiO,. The electron binding energies of the
copper 2p and sulfur 2p electrons and relative concentration
values (Table I) are consistent with the Cu,S phase of the
material.'®

B. CVD results

In order to study resistance and optical absorption across
a wide range of film thicknesses, CVD films were deposited
on Corning Glass. The CVD process was chosen over PCVD
because a larger range of film thicknesses could be covered
due to the higher film growth rate of CVD. Films over 100
nm were not feasible for PCVD due to the long deposition
times required and depletion of the H,S source. Also, CVD
film could be deposited directly on glass, which simplified
the sheet resistance and optical absorption measurements.
Films deposited via PCVD nucleated only on ZnO and
porous TiO,. It should be noted that EXAFS and energy-
dispersive x-ray spectroscopy (EDX) measurements show no
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FiG. 4. Sheet resistance and thickness for CVD deposited Cu,S films show-
ing the presence of a metallic layer at the glass—Cu,S interface.
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discernible compositional differences between CVD and
PCVD films. Figure 4 shows four-point sheet resistance
measurements of CVD-deposited Cu,S films on glass plotted
versus the film thickness. The sheet resistance is constant
with the thickness, suggesting that a copper-poor material
preferentially formed at the substrate—Cu,S boundary and
effectively shorts out the Cu,S film that forms the bulk of
the film. The resistivity estimated from this sheet resistance
is consistent with some previous studies on Cu,S thin films,
suggesting that x is in the range of 1.9-2.0.'7"'? Other stud-
ies, however, report a widely varying range of resistivity val-
ues for the Cu,S films, clouding the information required in
order to isolate the specific material phase.'*** PCVD films
deposited in the porous TiO, matrix had sheet resistances
that were too high to measure.

Conventional transmission spectroscopy had an insuffi-
cient dynamic range to resolve the low absorption tail and
indirect bandgap of the Cu,S films. Instead, photothermal
deflection spectroscopy (PDS) was used to measure optical
absorption. The PDS technique requires that the sample be
placed in contact with a material with an index of refraction
that is sensitive to temperature. Absorption by the sample
creates a temperature gradient in this surrounding material,
and absorption measurements are achieved by measuring the
deflection of a laser beam that is passed through the sur-
rounding material. Figure 5 contains the absorption data for
films with thicknesses ranging between 63.3 and 310.8 nm
deposited on Corning Glass via CVD. Cu,S films less than
100 nm appear to show a high absorption in the infrared
region due to free carriers. This behavior is consistent with
more metallic copper-poor crystal phases.'® Films greater
than 100 nm in thickness have distinguishable direct and
indirect band gaps consistent with the copper-rich semicon-
ducting crystal phases. Extrapolation of the absorption to the
x-intercepts of the (ehv)? ~hv and (o¢hv)"? ~hv plots for the
310.8 nm film revealed a direct band gap of 1.8 eV and an
indirect band gap of 1.2 eV. Chalcocite is reported to have
an indirect band gap in the range of 1.05-1.21 eV and a
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Fi. 5. (Color online) Optical absorption and thickness for a series of CVD
deposited Cu,S films showing metallic behavior for films less than 100 nm
thick and semiconducting Cu,S for films greater than 100 nm thick.
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direct band gap of 1.7-1.8 eV.'*?! The band gaps of copper-
poor films are shifted higher than those of Cu,S because the
removal of copper ions results in the removal of electrons
from the top of the valence band.??> CuS and Cu, S have
been reported to have an indirect band gap of 1.55 eV,
whereas Cuy 9¢S has an indirect band gap of 1.4 eV.% For x
in the range of 1.935-1.955, Cu,S is reported to have a direct
band gap of 1.3 eV.?! Previous studies have also shown band
gaps 2t(>)etween 1.85 and 2.16 eV for x in the range of 1.89—
1.94.

IV. SUMMARY AND CONCLUSION

PCVD and CVD Cu,S materials were deposited using the
KI5 copper-organic precursor and H,S gas. Consistent depo-
sition rates in the temperature range of 150-400 °C and
EXAFS analysis of the deposited films suggest that film
composition is largely independent of the substrate tempera-
ture during the deposition process. EXAFS was used to
investigate the average compositional analysis of the PCVD
Cu,S films, and XPS was used to study the surface layer of
the deposited films. The majority of the film composition
appears to be largely Cu,S, but the planar resistivity meas-
urements do not scale with film thickness and appear to be
dominated by copper-poor states present in the film. Photo-
thermal deflection spectroscopy was used to measure absorp-
tion at the surface of CVD Cu,S deposited on glass. The
results indicate copper-rich phases for greater thicknesses,
whereas thinner films appear to show metallic copper-poor
behavior. It is proposed that absorption in the thinner films is
dominated by a copper-poor film region located near the sub-
strate boundary, whereas absorption in thicker films is domi-
nated by a copper-rich phase located closer to the surface.
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