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ABSTRACT: Aminophosphine precursors were used to synthesize
copper-doped indium phosphide nanocrystals (InP NCs) via direct
doping in a slow-injection bottom-up method and postsynthetic
cation exchange. By both methods, the amount of copper
incorporated into the NCs could be tuned simply by varying the
molar ratio during synthesis. Common postsynthetic surface
modifications such as Lewis acid treatment and zinc chalcogenide
shelling were performed on these samples, resulting in an
enhancement of the copper-based emission from 10% to 40%.
For samples with thick shells, the copper-based photolumines-
cence quantum yield reached over 60%, a record value for doped
InP NCs. Time-resolved photoluminescence spectroscopy showed
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increasing carrier lifetimes after surface treatments concurrent with the disappearance of a 2 ns decay process previously
attributed to surface trapping in native InP NCs, showing the broad applicability and consistent impacts of the surface
treatments. In this way, we have successfully developed a route to obtain high-quality near-infrared emitters utilizing less toxic
alternatives to the popular lead- and cadmium-containing materials.

have been of great fundamental interest over the past

few decades because of their solution processability and

size, shape, and composition tunability. These features also
make them attractive for commercial applications, including
displays, lighting, photovoltaics, and biological sensing.'™"
Copper-doped NCs, however, have captured recent attention
because they exhibit Stokes-shifted emission and long
photoluminescence (PL) lifetimes, properties that reflect
copper’s presence as a dopant in the NC lattice.”™"" These
features are particularly attractive for the design of near-
infrared emitters for use in luminescent solar concentrators
because of the NCs’ low reabsorption and the advantageous
location of the copper-based PL relative to the band gap of
traditional silicon photovoltaics.'”'* The PL in copper-doped
semiconductors is attributed to localization of photogenerated
valence-band holes at the Cu® dopants following interband
photoexcitation, formally forming Cu** in a luminescent mid-
gap charge-transfer (CT) excited state.”'* The nuclear
reorganization associated with hole localization gives the
copper-based PL its characteristic broad line width, and the
CT nature of the excited state contributes to its long lifetime.
Understanding charge-carrier traps is fundamental to
developing the highly luminescent materials needed for a

S emiconductor nanocrystals (NCs), or quantum dots,
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range of semiconductor technologies, including displays and
photovoltaics. To be industrially relevant, NCs must have high
PL quantum yields (PLQYs) and narrow PL line widths.
Although cadmium selenide (CdSe) NCs with near-unity
PLQYs have been obtained and are now fundamentally well-
understood, synthesizing NCs of non-toxic alternatives (e.g.,
III-V materials) that possess similar physical properties has
proven challenging.” Indium phosphide (InP) NCs are an
exciting and commercially proven alternative to cadmium-
based materials, given their inherently lower toxicity and
similar optical properties.'”'” Recent developments in InP NC
syntheses have separately produced ensembles that are
monodisperse and highly photo- and electroluminescent, albeit
with broader PL line widths than their CdSe analogues.'®™*°
Despite these advances, the underlying principles governing
the increase in PLQY are still under question. Various
literature reports highlight the passivation of electron or hole
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traps, but the extent to which each traEping mechanism
impacts the PL of InP NCs is debated.”' ™

Using copper as an “engineered” hole trap offers a unique
opportunity to examine carrier dynamics in NCs that is
complementary to the study of undoped NCs. By preparing
Cu*:InP NCs, we can analyze the charge-carrier dynamics as a
function of different postsynthetic surface treatments and
correlate increases in PLQY with reduction in surface carrier
trapping. Copper can be incorporated into the InP NCs either
through a bottom-up method during synthesis or via a
postsynthetic cation exchange reaction. The copper-doped
cores can then be treated with Lewis acids, specifically zinc
carboxylate, to increase the PLQYs using a method pioneered
by our lab, while maintaining dopant incorporation.”**’
Similar to prior literature reports, shelling the doped cores
proved challenging because of copper migration from the NCs
under traditional shelling conditions.” However, we were able
to postsynthetically incorporate copper into thinly shelled InP/
ZnSe NCs, inspired by an approach used for doping of CdSe/
CdS NCs.'"* All of the samples were then spectroscopically
probed utilizing time-resolved photoluminescence spectrosco-
py (TRPL) to study the recombination dynamics of the
conduction-band electron and copper-localized hole.

Aminophosphines have recently generated interest as
relatively environmentally benign phosphorus sources for the
synthesis of a range of metal phosphide NCs.”*"*' Changing
the identity of the indium and cadmium halide precursors, for
example, produces size-tunable InP or Cd;P, NCs.””*° Given
the previously established reactivity of aminophosphines with
transition metals, we hypothesized that this system may
provide an excellent synthetic platform for generating doped
InP NCs. Prior experiments in our lab showed the formation of
crystalline Cu;P platelets from CuCl, and tris(diethylamino)-
phosphine (Figure S1). Although this result indicated the
amenability of the system to the formation of Cu—P bonds, it
also presented a challenge of preventing preferential formation
of separate crystalline phases of Cu;P and InP. This was
recently seen under synthetic conditions where the presence of
copper diverted significant amounts of phosphorus and
allowed the formation of small InP NCs.”* Although other
reports gave no indication of the formation of Cu;P under
doping conditions, we found that this impurity persisted when
the aminophosphine was injected into a solution containing
both the indium and copper halides.””** To circumvent this
detrimental reactivity, we delayed the introduction of the
copper halide by 5 min to allow the InP to nucleate.
Operationally, we used a syringe pump to add a solution of
copper chloride in oleylamine over 30 min. The dropwise
addition also maintained a relatively low concentration of
copper to prevent monomers from reaching a critical
concentration and separately nucleating Cu;P.

With our procedure established (Scheme 1), we successfully
synthesized Cu™:InP NCs. As shown in Figure 1A, the NCs
synthesized with Z = 0.2 equiv of copper and InCl; exhibit the

Scheme 1
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Figure 1. (A) TEM image of Cu*:InP NCs derived from
aminophosphines and InCl; showing d = 3.2 + 0.3 nm NCs. (B)
Powder X-ray diffraction pattern of the same NCs showing the
only crystalline phase present to be InP (pdf 01-070-2513 ICSD).
(C) UV-—vis absorption spectra of reaction progress and final
steady-state PL spectrum of a representative synthesis of Cu’:InP
NCs (10% PLQY). (D) Normalized steady-state PL spectra of
copper-doped InP NCs synthesized with different halide
precursors to tune the size of the NCs and the resulting emission
energy.

characteristic tetrahedral morphology and 3.2 nm diameter
associated with aminophosphine-derived InP NCs. The
powder X-ray diffraction pattern (Figure 1B) is consistent
with InP as the sole crystalline phase, and inductively coupled
plasma optical emission spectroscopy (ICP-OES) confirmed
the presence of copper in the NCs. The optical spectra strongly
support copper doping (Figure 1C). Addition of copper results
in the appearance of a broad red-shifted PL band with its
maximum at ~850 nm and the emergence of weak near-band-
edge absorption at ~650 nm that has been attributed to direct
photoexcitation of the luminescent CT excited state.’’
Photoluminescence excitation (PLE) measurements monitor-
ing the emission at 825 nm showed that the NIR emission
arises from NC photoexcitation (Figure S2). Together, these
data constitute strong support for the incorporation of copper
ions into the NC lattice. These NCs exhibit high PLQYs
directly out of synthesis, ranging from 8 to 25%. We found that
the PLQY decreases when the reaction scale is increased, likely
as a result of variations in the heating profile that lead to less
uninform copper incorporation.

We investigated the tunability of this reaction with regard to
NC size and amount of copper incorporated. By alteration of
the amount of copper added to the reaction (Z in Scheme 1),
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the In:Cu ratio in the final products could be modestly tuned
(Table S1). We found that the upper limit was an In:Cu ratio
of 17:1 (5.6% replacement of In), achieved with a starting
In:Cu ratio of 10:1 or 20:1 in the reaction mixture. This NC
doping level corresponds to incorporation of approximately 12
copper atoms per NC. When the starting In:Cu ratio was
changed to 40:1, the corresponding In:Cu ratio was decreased
to 33:1, corresponding to six copper atoms per nanocrystal.
Higher levels of copper incorporation could be attained by
changing the copper source to the more reactive copper(II)
bromide, which gave an In:Cu ratio of 4:1 while maintaining
the InP crystal phase (Figure S3). However, this synthesis did
not result in an increased PLQY or a dramatic shift in the PL
peak position, which may suggest the presence of significant
surface-bound copper.

The NC size could be tuned by following established
literature procedures for aminophosphine-derived InP NCs.””
By replacing InCl; with either InBr; or Inl; as the indium
source and utilizing our standard slow-injection procedure, we
also synthesized 3.0 and 2.8 nm diameter Cu”:InP NCs with
PLQYs of 15% and 18%, respectively (Figure S4). These
changes in size were accompanied by a corresponding blue
shift in the copper PL peak for the smaller NCs, as can be seen
in Figure 1D. Our data agree with prior reports of the
tunability of both the copper PL and host NC size.” The size
changes were accompanied by increases in the level of copper
incorporation, which could be attributed to increased reactivity
of the copper precursor due to partial ligand scrambling at
elevated temperatures.*®*”

An advantage of Cu":InP NCs as a material for photo-
physical studies is the localization of the hole at the copper.’
Recent work by our group has posited that both hole trapping
and electron trapping are present and account for the typically
low PLQY of as-synthesized InP NCs.”" It is hypothesized that
the electron traps can be addressed by exchanging under-
coordinated indium atoms at the surface via treatment with
lower-valent Lewis acids, specifically for M** carboxylates.

Despite prior reports of moderate copper stability within InP
NCs, excitonic PL re-emerged under traditional shelling and
Lewis acid treatment conditions, signaling copper loss from a
subset of NCs (Figure SS). This instability necessitated the use
of a lower temperature, 100 °C compared to 200 °C, for the
Lewis acid treatment with zinc stearate. At 100 °C, treatment
with zinc carboxylate maintains the In:Cu ratio as determined
by ICP (Table S1) while inducing an increase in PLQY from
10% to 20% for Cu":InP/Zn NCs with no evidence of
excitonic luminescence (Figure S6). The standard amino-
phosphine reaction contains an excess of zinc in the nucleation
pot, which has been shown to increase the monodispersity of
the final NCs and likely creates a zinc-rich surface that
facilitates shell grow’ch.zg"?’1 However, the treatment that we
perform with the zinc carboxylates clearly alters the surface
chemistry and passivates defects in a way the zinc halides
cannot.

Prior reports have shown that cadmium carboxylates
strongly interact with the InP surface and are highly successful
agents for passivating electron traps.”"** In this study, we
found that cadmium treatment is incompatible with the doped
materials; at temperatures high enough for PLQY enhance-
ment, we observed that the dopant leaves the NCs, as
confirmed by PL and ICP analysis (Figure S7). This might be
due to alloying of cadmium into the surface, disrupting the
lattice and accelerating copper loss.”***

578

Shelling of previously doped NCs resulted in partial
migration of copper from the lattice under a range of
conditions, as reported in the literature.””** Such samples
demonstrated extremely high PLQYs, over 60% for the copper
peak alone, but the presence of both doped and undoped NC
populations in the sample limited their usefulness for
spectroscopic study (Figure S8). To our knowledge, this
quantum vyield is the highest reported for Cu®:InP, as prior
studies reported copper-based PLQYs of up to only 40%,
making this a dramatic 20% increase in PLQY.“”'"% As
mentioned above, copper can be postsynthetically doped into
InP NC cores and has been previously shown to incorporate
postsynthetically into II-VI NCs with thin shells.”'* Using
this established precedent, we explored copper incorporation
in thinly (~1 monolayer) ZnSe-shelled InP NCs via cation
exchange.”'* A copper chloride solution was added after
shelling, and within 2 h the excitonic PL disappeared and the
characteristic copper PL dominated the spectrum, with a
PLQY of 40% (Figure 2). An initial 10:1 In:Cu molar ratio
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Figure 2. (A) UV—vis absorption spectra of reaction progress and
final steady-state PL spectrum of a representative synthesis of
Cu*:InP/ZnSe NCs (40% PLQY). (B) TEM of Cu*:InP/ZnSe NCs
showing d = 4.2 + 0.4 nm. (C) Powder X-ray diffraction pattern of
the same NCs showing the crystalline phase present to be
primarily InP (pdf 01-070-2513 ICSD) with slight shifts toward
ZnSe (pdf 01-071-5977 ICSD).

produced NCs with a final In:Cu ratio of 14:1, similar to the
upper limit seen in the bottom-up synthesis. Thick-shelled InP
NCs were also doped via the same method, but the time
needed for copper diffusion exceeded 12 h (Figure S9) with no
comparative increase in PLQY relative to the thinly shelled
materials. This may be due to distribution of copper
throughout both the nanocrystal core and shell in these
samples.

Previous work showed that native carboxylate-ligated InP
NCs exhibit electron trapping at undercoordinated indium
sites within ~10 ns and subnanosecond hole trapping.”"**
These trap states can be passivated by various surface
treatments; in the case of our aminophosphine NCs, a zinc
carboxylate treatment passivates electron traps by exchanging
with either undercoordinated indium ions on the NC surface
or datively bound Lewis bases like primary amine, while zinc
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chalco§enide shelling can passivate both electron and hole
traps.2

As discussed above, upon introduction of Cu" into the InP
NC lattice, the PLQY increases from ~1% to 10%, suggesting
that the Cu* competes effectively with native surface traps for
capture of the photogenerated hole. However, it is likely that a
PLQY of only 10% still indicates the presence of significant
carrier trapping at the NC surface. Therefore, the aforemen-
tioned surface treatments should help remove potential trap
sites and increase the sample PLQY. We used TRPL
spectroscopy to study recombination of the photogenerated
delocalized conduction-band electron with the copper-
localized hole as a function of these NC surface treatments.

Figure 3 shows PL decay curves measured for Cu*:InP,
Cu":InP/Zn, and Cu":InP/ZnSe NCs, plotted on a 1 pus
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Figure 3. Normalized PL decay dynamics of the copper PL for
Cu”:InP NCs (red), Cu’:InP/Zn NCs (blue), and Cu*:InP/ZnSe
NCs (black). The inset shows the first 20 ns of data collected in a
100 ns window (Figure S10). In addition, normalized TA (—AA)
data are shown for Cu":InP/ZnSe NCs (gray). All of the data were
collected at room temperature on NCs suspended in dry toluene.
The untreated Cu*:InP NCs (red) show the fastest decay and have
the lowest PLQY of 10%, followed by the Cu*:InP/Zn NCs (blue,
PLQY of 20%), and finally, the shelled Cu*:InP/ZnSe NCs (black)
show the longest lifetime and highest PLQY of 40%. PL data were
acquired using an excitation wavelength of 365 nm, and PL decay
curves were obtained by integrating between 780 and 880 nm. TA
data were acquired using a 365 nm pump pulse followed by a
continuum white-light probe pulse. The dynamics was obtained by
integration of the TA bleach between 654 and 714 nm.

window. Fitting the PL decay of the untreated Cu”:InP NCs to
a biexponential function gives a weighted PL lifetime of 272 ns
(see the Supporting Information for fitting parameters). This
result aligns well with previous reports of long luminescence
lifetimes in copper-doped NCs, but the decay lifetime here is
slightly shorter than the ~500 ns lifetime reported for
Cu":InP/ZnS/InP/ZnS NCs.”” This discrepancy could be
due to a difference in the physical structures of the two
materials, or it could indicate that our system still has
competing carrier trapping pathways.'” The PL decay of the
Cu":InP/Zn NC sample is nearly identical (Figure 3), with a
weighted lifetime of 313 ns. The Cu*:InP/ZnSe NC sample,
however, has a much longer lifetime of 383 ns, indicating the
efficiency with which even a thin layer of ZnSe can eliminate
surface traps.

Despite similarities in the decay dynamics of the Cu*:InP
and Cu*:InP/Zn NC samples, the PLQY of the Cu":InP/Zn
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NCs is 20%, double that of the Cu*:InP NCs. Therefore, we
also examined the PL decay dynamics on a 100 ns time scale
(Figure 3 inset and Figure S10) to attempt to observe faster
processes. The Cu™:InP and Cu™:InP/Zn NCs appear to have
very similar decay dynamics on this time scale as well, but the
Cu":InP NCs decay almost twice as much as the Cu*:InP/Zn
NCs in the first ~2 ns. This result shows that the zinc
carboxylate surface treatment doubles the PLQY by eliminat-
ing trapping processes that occur on this time scale. The
Cu™:InP/ZnSe NCs also exhibit less ~2 ns decay than the
Cu":InP NCs, and their slower decay on the 1 us time scale
accounts for their higher PLQY compared with the Cu*:InP/
Zn NCs. Moreover, examination of the excitonic bleach
recovery dynamics of Cu':InP/ZnSe using transient absorption
(TA) spectroscopy shows significant deviation from the
corresponding TRPL data at early times (Figures S14—S16).
The observation of faster dynamics in the TA spectra provides
strong support for hole localization at copper prior to other
trapping processes and suggests that any differences in the
decay dynamics we observe among surface-treated samples are
due to differences in electron trapping. Since the TRPL
specifically monitors the copper luminescence, the hole must
be localized at copper for that signal to be observed. The
presence of a faster component in the TA dynamics, however,
indicates that trapping contributes to faster decay of the
conduction-band electron (and hence the TA signal),
consistent with the 40—45% PLQY. While fast hole trapping
due to nonluminescent surface-bound copper ions has been
previously implicated in Cu*:InP,** we find this to be an
unlikely explanation in the present system because of the
fast-time TRPL data and the
comparison with the TA dynamics.

In summary, we have developed a synthetic route to access
highly luminescent copper-doped InP NCs from amino-
phosphine and metal halide precursors. The copper content
can be tuned by altering the initial molar ratio or through
postsynthetic cation exchange, and the copper PL energy can
be shifted by changing the indium precursor, which controls
the size of the final NCs. Upon surface modification, either by
Lewis acid treatment with zinc carboxylate or by growth of a
thin ZnSe shell, the PLQY increases. This PLQY increase is
correlated with the decrease of an ~2 ns PL decay component
and, in the case of the Cu*:InP/ZnSe NCs, also with slower PL
decay over the subsequent hundreds of nanoseconds. This
work demonstrates that similar trapping processes occur in
doped and undoped InP NCs and that surface treatments first
developed for undoped InP NCs are effective in eliminating
competing trap pathways in doped InP NCs as well. We are
able to synthesize highly luminescent Cu™:InP NCs and
demonstrate the applicability of postsynthetic surface mod-
ification for doped NC emitters.

observed trends in the
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