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ABSTRACT: (Ga,_,Zn,)(N;_,O,) is a visible absorber of
interest for solar fuel generation. We present a first report
of soluble (Ga;_,Zn,)(N,_,O,) nanocrystals (NCs) and
their excited-state dynamics over the time window of
1073—107* 5. Using transient absorption spectroscopy, we
find that excited-state decay in (Gay,,Zny73)(Ng270073)
NCs has both a short (<100 ps) and a long-lived
component, with a long overall average lifetime of ~30
us. We also find that the strength of the visible absorption
is comparable to that of direct band gap semiconductors
such as GaAs. We discuss how these results may relate to
the origin of visible absorption in (Ga,_,Zn,)(N,_,O,)
and its use in solar fuel generation.

onverting and storing solar energy in chemical bonds is a

desirable approach to renewable energy available on
demand." Solar fuels can be generated photoelectrochemically
using semiconductors that harvest sunlight and allow photo-
excited electrons to reduce H" or CO, and holes to oxidize
water.” One of the major challenges in the quest for solar fuels is
finding semiconductors that absorb visible light, have appropriate
band edge energies for the reduction and oxidation half-
reactions, and are resistant to photo-oxiclation.z’3 Furthermore,
a semiconductor that satisfies these requirements should have a
sufficiently long excited state lifetime so that the photochemical
pathways can compete with energy-wasting relaxation.

The oxynitride (Ga,_,Zn,)(N;_,O,) has intriguing optical
properties relevant to solar fuel generation. This solid solution of
GaN and ZnO absorbs visible light, with the band gap
determined by the value of x, even though both of the
constituent semiconductors have band gaps >3 eV.* When
functionalized with a H* reduction co-catalyst, bulk (Ga,_,Zn,)-
(N,_,0,) is capable of overall water-splitting under visible
excitation.* Moreover, this material is stable for months under
water-splitting conditions.” The origin of the composition-
dependent visible absorption is not well understood. Proposed
explanations include valence-band edge upshift due to mixing of
ZnO and GaN orbitals, impurity level absorption, and interfacial
absorption.™"* This is a challenging question in part because
electronic structure depends on compositional disorder (i.e.,
atomic-level connectivity of the four elements), which may
depend on synthesis temperature and is difficult to measure
experimentally.>'**!
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We recently synthesized single-crystalline nanoparticles of
(Ga,_,Zn,)(N,_,0,) with a broad composition range (0.3 < x <
0.87) and absorption onsets that range from 2.7 eV for x = 0.30 to
2.2 eV for x = 0.87."* A band gap of 2.2 eV corresponds to a
maximum solar-to-H, conversion efliciency that approaches a
highly desirable 15%, assuming a quantum efficiency of 100%.
However, the highest reported apparent water-splitting quantum
efficiency achieved with (Ga,_,Zn,)(N,_,0,) is under 20%."
The relaxation dynamics of the ghotoexcited carriers in this
material are not well understood.'® Thus, it is not clear whether
the low water-splitting quantum efficiency is a consequence of
short carrier lifetimes inherent to this semiconductor or a
reflection of materials properties, such as crystallinity and defects,
that could be controlled via synthesis and processing.

Here, we report the measurement of excited-state dynamics in
(Ga;_,Zn,)(N;_,0,) nanocrystals (NCs) with x = 0.73 using
transient absorption (TA) spectroscopy over a wide time
window (1073—=107*s). (Gay,,Zny73)(Np2700-3) was chosen
because ZnO-rich (Ga,_,Zn,)(N,_,O,) compositions have
smaller band gaps and are therefore more interesting for solar
fuel generation.H_16 To enable the TA studies, we first
solubilized (Gay,7Zng73)(Np270073) NCs in toluene using a
long-chain organosilane. We directly measured the molar
absorptivity in the visible and found it to be in the range of
direct band gap absorption in semiconductors such as GaAs. TA
spectra of solubilized (Gay,;Zny73)(Ng2;0073) NCs had two
main features: a UV bleach centered at 365 nm and a broad
visible bleach centered at 425 nm. Both features had similar decay
kinetics at early times (100 fs—3 ns), suggesting that they have
similar electronic character. The decay of the visible bleach had
both a fast (<S50 ps) component and a long-lived component,
with a very long average lifetime of ~30 ys. Along with the strong
visible absorption, TA data are consistent with the theoretical
predictions that visible absorption in ZnO-rich (Ga,_,Zn,)-
(N,_,0,) originates from a transition between a valence band
that arises from intermixing of ZnO and GaN and a conduction
band that contains mostly Zn and O orbitals.*"® We conclude
with a discussion of how the optical properties reported here
relate to potential applications of (Ga,_,Zn,)(N,_,0,) in solar
fuel generation.

The synthesis method that we developed for (Ga,_,Zn,)-
(N,_,0,) NCs produces a powder of insoluble particles with no
surface-capping ligands."* Absorption spectra of such particles
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Figure 1. (a) Schematic representation of solubilization of (Ga,_,Zn,)-
(N,_,0,) NCs using ODTMS. (b) Photograph of ODTMS-solubilized
(Gagp7Zny73)(Ng270073) NCs in toluene, illustrating that the solution is
transparent and suitable for TA spectroscopy.

Figure 2. Characterization of solubilized (Gay,,Zny ;) (Ny,,073) NCs
by TEM. (a) Low-magnification bright-field TEM image showing
particles with diameters of 15 + 4 nm. (b) High-resolution STEM image
of a selected NC, imaged along the [2110] zone axis orientation. The
scale bar is S nm. (c) Fourier transform pattern of the particle in (b),
showing that the particle is a single wurtzite crystal.

can be determined by diffuse reflectance spectroscopy, but these
samples are not transmissive and thus do not lend themselves
easily to TA spectroscopy. To overcome this challenge, we first
solubilized the particles in toluene using surface functionalization
with octadecyltrimethoxysilane (ODTMS)'” (Figure 1a). The
experimental details are described in section I of the Supporting
Information (SI). We also used this method to solubilize ZnO
NCs for the purposes of spectral comparisons. The solution of
(Ga,_,Zn,)(N;_,0,) NCs remains transparent for weeks to
months (Figure 1b). Powder X-ray diffraction (XRD) shows a
wurtzite crystal structure before and after solubilization with no
significant change in particle size (~15 nm) (Figure S1).

Characterization of solubilized (Gag,,Zny73)(N270073) NCs
by transmission electron microscopy (TEM) is shown in Figure
2. The low-magnification TEM image (Figure 2a) shows well-
dispersed particles with diameters of 15 + 4 nm (Figure S3). The
annular dark-field scanning TEM (STEM) image of a single
(Gagp7Zng73)(Ng270073) particle imaged along the [2110] zone
axis (Figure 2b) and its Fourier transform (Figure 2c) confirm
the single-crystalline wurtzite structure. Thus, the solubilized
particles resemble the as-prepared NCs both in crystallinity and
in size."* We note that the sizes of both (Gag,Zn,73) (Ng2,00.73)
and ZnO particles (~10 nm) are too large for quantum
confliélement effects, as Bohr radii in both ZnO and GaN are <3
nm.

Spectral shape analyses have suggested that (Ga,_,Zn,)-
(N,_,0,) is a direct band gap semiconductor,">"® but the
strength of the visible absorption has not been quantified. Access
to solubilized particles allowed us to directly measure molar
absorptivities (¢) of (Gag,;Zng73) (Ny270073) and ZnO NCs by
combining UV—vis absorption spectroscopy and elemental
analysis. We report € on a per metal cation basis (units of
em™! Myion ') to remove particle size as a variable (Figure 3).
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Figure 3. Molar absorptivities as a function of wavelength for solubilized
(Gaga7Zng73)(Np270073) and ZnO NCs. The strength of the visible
absorption is comparable to that of GaAs near the band gap.

ZnO and (Gagy,,Zng;3)(Ny,70073) NCs have comparable &
values of ~1100 cm™ M_0,~" at ~360 nm. (Gayy,Zng53)-
(Ny270073) absorption in the visible is in the range of 100s of
em™ Mion ' and at ~450 nm is only a factor of 4 weaker than
UV absorption. As another point of comparison, nanorods of
CdS, a direct band gap semiconductor, have ¢ = 700 cm™
Myon " at the quantum-confined band gap peak at 470 nm.* To
compare the visible absorption strength in soluble (Gay,,Zn3)-
(Np2700.73) NCs to that of bulk semiconductors, we convert & to
the absorption coefficient « for a solid crystal (see section IV of
SI). At 450 nm, & = 227 cm™ ! M0, corresponds to a = 36 000
cm™", This is comparable to GaAs, the direct band gap gold
standard for photovoltaic devices, which has a value of & near the
band gap on the order of 10* cm™.*! Thus, the strength of visible
absorption of (Gay,;Zny73)(Np;0g73) is consistent with a
direct band gap absorption rather than indirect or impurity-based
transitions. In fact, the value of & measured here is similar to the
theoretically predicted values for the direct band gap visible
absorption in (Ga,_Zn,)(N,_,0,).%*

To describe the dynamics of photoexcited states in solubilized
(GagyZngy3) (Ny270073) NCs, we now turn to TA spectrosco-
py. As shown in Figure S4, the NC solution was stable, with no
change in the absorption spectrum, for the duration of the TA
experiments. Figure 4a shows TA spectra of (Gay,;Zng73)-
(Ng270073) NCs at several delay times after pumping at 340 nm.
We observe two strong features: an UV bleach peak centered at
365 nm and a broad bleach peak in the visible part of the
spectrum, centered ~425 nm. For comparison, TA spectra of
ZnO NCs pumped at 340 nm are shown in the inset of Figure 4a.
ZnO exhibits the band gap exciton bleach centered at 365 nm
and no features in the visible. The visible bleach in the
(Gag,7Zng73)(Ng,70073) can also be induced with visible
pump wavelengths. TA spectra with a 405 nm pump are
shown in Figure 4b, and the visible bleach looks very similar to
the one in Figure 4a.

To analyze the kinetics of excited-state relaxation, we first
focus on the early times, 100 fs—3 ns. These kinetics were
independent of pump power (Figure SS). Figure Sa shows the
decay kinetics of (Gay,,Zny73)(Ng27,0073) NCs at the peak of
the UV and visible bleaches after pumping at 340 nm. Both the
UV and the visible bleach show instrument-limited rise times
(Figure S6), meaning that both bleach signals arise in <500 fs.
Remarkably, the UV and the visible bleaches decay in a very
similar fashion. The kinetics of the visible bleach pumped at 405
nm are similar as well, as shown in Figure Sa. Each of these
kinetics traces can be fitted with a biexponential decay with a fast
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Figure 4. (a) TA spectra of (Gag,;Zng73)(Ng270073) NCs at several
delay times after pumping at 340 nm. Inset: equivalent TA spectra for
ZnO NCs. (b) TA spectra of (Gag,;Zny73)(N,70073) NCs at several
pump—probe delay times following pumping at 405 nm.
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Figure S. Excited-state relaxation in (Gay,;Zng73)(Nj,70073) NCs. ()
Normalized kinetics out to 3 ns probed at 365 and 425 nm following a
340 nm pump, and probed at 425 nm after a 405 nm pump. The decay
traces for the UV and the visible bleaches are similar. (b) TA decay at

455 nm (pump = 340 nm) in the 1 ns—100 us time window. Inset:
average lifetimes as a function of wavelength.

decay component ranging from 15 to 30 ps, comprising ~55% of
the total bleach amplitude (35% when pumped at 405 nm), and a
longer component of several ns. The fitting parameters are
shown in Table S2. The bleach decay kinetics of the
(Gagy,Zng 73) (Ng,,0473) sample are qualitatively similar to the
decay of the UV bleach of ZnO NCs (Figure S7), where the fast
component is slightly longer, with a decay constant of 110 ps.

We next examine the fate of the visible bleach in the
(GagyrZng73)(Ng,70-3) sample that remains after the fast
decay by considering the TA signal in the 1 ns—100 us window
(Figure Sb). Our white light probe in this time window does not
extend into the UV, making the UV bleach not spectrally
accessible. The decay kinetics of the visible bleach over this broad
time window are nonexponential, as commonly observed with
semiconductor NCs.** To calculate the average lifetime (7), we
combined the short time scale and long time scale kinetics into
one kinetic trace (Figure S8) and calculated (z) by integrating
the TA signal using the definition:**
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The values of (z) vary from 25 to 40 us over the visible range,
as shown in the inset of Figure Sb. Because the definition of (z)
weighs the long-lived decay components more heavily than
short-lived ones, the fast 15—30 ps decay does not contribute
strongly to (7). Compared with reported excited-state lifetimes
in other materials of interest for solar fuel generation, such as
BiVO, (~40 ns),® Fe,0; (<100 ps),*® and Cu,0O (<200 ps),”’
the average lifetime of (Gay,,Zng,3)(Ny270073) is longer by
orders of magnitude.

We next address a possible assignment for the UV and visible
bleach signals in (Gay,;,Zng73)(Np270073) NCs (Figure 4). The
similarities in the decay kinetics of the two bleaches (Figure Sa)
suggest that the two signals share an electronic state. The
instantaneous (within instrumental time resolution) population
of both bleaches supports this assignment. A charge or energy
transfer slower than 500 fs from the state corresponding to the
UV bleach to the state corresponding to the visible bleach would
manifest as a slower rise in the visible bleach. Because both
bleaches correspond to strong absorption in the steady-state
absorption spectrum (Figure 3), they most likely probe
interband transitions, rather than impurity or defect states.
Thus, the kinetics of the features in the TA spectra of
(Gagz7Zny73) (Ny270073) NCs suggest that the visible bleach
shares the valence band or the conduction band with the UV
bleach. It has been predicted theoretically that the conduction
band in ZnO-rich (Ga,_,Zn,)(N,_,O,) consists primarily of
orbitals that originate from Zn and O, while the valence band
arises from mixing in of Ga and N and lies higher in energy than
the valence band of ZnO.~® Within that context, the absorption
spectra in Figure 3 and bleach signals in Figure 4 would
correspond to excitation of electrons into a conduction band that
consists primarily of Zn and O orbitals, from a valence band that
arises from the compositional mixing (transitions in the visible)
as well as deeper lying levels (transitions in the UV). Based on the
information currently available, this is a plausible assignment for
the spectral signatures in (Gag,,Zng73) (Ng270073) NCs, though
we cannot completely rule out other possibilities at this time.

Further work is needed to reveal the relaxation mechanisms
that correspond to the short 15—30 ps component comprising
55% of the excited-state decay in (Gag,,Zng73)(Ng270073) NCs
and the long-lived ({z) ~ 30 ps) component making up the
remaining 45% (Figure S). These relaxation kinetics may play an
important role in particle-based (Ga,_,Zn,)(N,_,0,) architec-
tures for solar water-splitting. In such systems, it is necessary to
deliver the photoexcited electrons to the H* reduction co-
catalyst, and the holes to the particle surface, where they oxidize
water.* Excited-state decay competes with these processes. If the
productive pathways are slower than the fast decay process, the
photochemical quantum efficiency is limited to the fraction of the
excited states that decay by the slow process. It is possible that a
fast excited-state decay component similar to the one observed
here is responsible for the relatively low water-splitting quantum
efficiencies observed with (Ga,_,Zn,)(N,_,0,) materials.">?®

The optical properties described here can also inform the
design of photoelectrochemical (PEC) devices involving oxy-
nitrides. Bulk (Ga,_,Zn,)(N;_,O,) shows n-type behavior
suitable for PEC water oxidation.”® Let us suppose that single-
crystalline (Ga,_,Zn,)(N,_,0,) with variable thickness can be
synthesized, and has absorption strength and excited-state
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behavior similar to those of the (Gay,,Zng73)(Ng,70073) NCs
described here. Based on the strength of the visible absorption,
the absorption length (1/a) of (Gay,;Zny73)(Ng2;0073) at 4 =
450 nm is 280 nm, so >95% of the incident light can be absorbed
in a film that is <1 pm thick. Space-charge regions, in which
separation of electrons and holes is fast and efficient, are normally
on the order of 100s of nm wide.” This means that a PEC device
that would absorb most of the incident light could consist mostly
of the space charge region, in which mobile carriers can be
separated as fast as picoseconds.*® In this case, it is conceivable
that even the short-lived excited-state components could be
usable for PEC water oxidation. Provided that the photoexcited
carriers probed here are reasonably mobile, PEC devices made of
single-crystalline (Ga;_,Zn,)(N,_,0,) with thickness of <1 ym
may be of interest for solar fuel generation.

In conclusion, we present a first report of the excited-state
decay in solubilized (Gag,,Zng73)(Np,70073) nanocrystals,
examining a broad time scale spanning 107*—107* 5. We
found the strength of the visible absorption in (Gag,;Zng73)-
(Np270073) to be comparable to band gap absorption of direct
semiconductors such as GaAs. This strong absorption is a
positive attribute for PEC devices. Transient absorption spectra
showed both a UV and a visible bleach. Both decayed with a fast
(<100 ps) component and a long-lived component that resulted
in an average lifetime of ~30 us for the visible bleach. Our
observations are consistent with theoretical predictions that
visible absorption in (Ga,_,Zn,)(N;_,0,) arises from band gap
narrowing due to mixing of GaN and ZnO. The availability of
soluble (Ga,_,Zn,)(N,_,0,) NCs will enable further studies on
the excited-state dynamics in this material, which we anticipate
will provide insights into material design for solar fuel generation.
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