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ABSTRACT 
 

We present spectroscopic characterization of InP nanocrystals grown through a fast reaction 
in a non-coordinating solvent. The photoluminescence (PL) spectra collected from these 
nanocrystals exhibit a sharp feature associated with the band-edge emission and a broad infrared 
feature associated with deep level surface trap emission. The emission efficiencies of the as-
grown nanocrystals vary between 0.3% and 1% from sample to sample. After undergoing an HF 
etching process, the emission efficiency increases to 18% and the emission associated with 
surface states is eliminated from the PL spectrum. Time-resolved photoluminescence (TRPL) 
experiments conducted at room temperature on the as-grown and HF-etched nanocrystals show 
that before etching the PL intensity decay is multi-exponential, with a fast (3ns) component 
independent of wavelength, associated with the non-radiative recombination processes. The 
etching process effectively eliminates the non-radiative component and the post-etching PL 
decay can be fitted with a single exponential decay characterized by long (45ns) lifetimes. We 
tentatively associate these long lifetimes with the recombination of carriers from spin-forbidden 
states. This assignment is supported by the observation of a significant redshift of the feature 
associated with band-edge recombination in the PL spectrum with respect to the lowest energy 
feature in the photoluminescence excitation (PLE) spectrum.  

 
INTRODUCTION 

 
Semiconductor nanocrystals are very important for potential photonic and optoelectronic 

applications due to the possibility of tuning the wavelength of the emission by varying the 
nanocrystal size [1] and because of the high emission efficiencies measured in most II-VI and 
III-V nanocrystals [2,3]. Historically, II-VI nanocrystals were the first ones to be synthesized due 
to the less restrictive conditions imposed on the growth process and are now the only ones 
readily available in commercial quantities. By comparison, the synthesis of III-V nanocrystals is 
more challenging since the reaction must take place under very strict vacuum and humidity 
conditions. The traditional method of preparing II-VI as well as III-V nanocrystals consists of 
heating the cation and anion precursors in the presence of a coordinating solvent, such as 
trioctylphosphine oxide (TOPO) or dodecylamine (DDA) at high temperatures (~ 150-200oC for 
II-VI nanocrystals and 300oC for III-V nanocrystals) for several (2-5) days [4-8]. The role of the 
coordinating solvent is to arrest the growth of nanocrystals while they are still only a few 
nanometers in size and passivate the dangling bonds on the surface. The products of these 
reactions are solutions containing nanocrystals with large size distributions and a post-growth 
size-selective precipitation is typically necessary in order to obtain samples with narrow size 
distributions (+/-10%) [9,10] . A complication resulting from this growth method is the possible 
presence in the PL spectrum of features associated with emission from heated impurities present 
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in the coordinating solvent [11]. These features can mask the emission from nanocrystals in the 
blue and visible region of the spectrum, if the nanocrystals are characterized by low emission 
efficiencies. 

A recent alternative to the traditional synthesis of InP nanocrystals, proposed by Battaglia et 
al. [12], eliminates the TOPO or DDA from the synthesis and cuts down the reaction time from a 
few days to a few hours. However, a coordinating solvent and/or surfactant is still added to the 
solution in order to achieve surface passivation.  

In this paper we report on the optical properties of InP nanocrystals grown through a fast 
reaction which does not involve any coordinating solvent or added surfactant.  The precursors 
are heated in the presence of a non-coordinating solvent and the surfactant is formed “in-situ”. 
Transmission Electron Microscopy (TEM) and standard UV-VIS absorption measurements 
indicate the nanocrystals grown through this method are characterized by diameters smaller than 
50Å and fairly narrow size-distributions. The PL spectrum of the “as-grown” nanocrystals, 
passivated by the “in-situ” surfactant contains contributions from the band-edge as well as 
surface state-related recombination. After undergoing an HF etching processes the surface state 
recombination contribution to the PL spectrum is eliminated and the emission efficiencies 
increase by a factor of 40. Time-resolved photoluminescence studies were employed to 
determine the nature of the recombination mechanism responsible for the band-edge 
luminescence.  

 
EXPERIMENTAL DETAILS 
 

Indium Phosphide nanocrystals were prepared by  heating 0.199 g (0.25 x 10-3 moles) of 
In(O2C13H28)3 (In(MYR)3) in 40 mL of dry octadecene to 300 °C followed by the rapid injection 
of 0.031 mg (0.125 x 10-3 moles) of P(SiMe3)3. The surfactant is formed “in-situ” and no 
surfactant is added from outside. Immediately upon injection the solution became orange in 
color. The monitoring of the reaction was performed by drawing several 0.5ml aliquots at several 
time intervals during the growth and dispersing them in hexane. Standard UV-VIS absorption 
measurements were performed on these aliquots using a Shimadzu spectrophotometer and the 
reaction was stopped when the wavelength corresponding to the absorption edge of the 
nanocrystals no longer increased as a function of growth time. The reaction was typically 
stopped after 2 to 3 hrs.  

After isolation by precipitation from a hexane solution with acetone, a colloidal solution 
of the nanocrystals was prepared by dissolving 10 mg of nanocrystals in a solution of hexane, 1-
butanol and acetonitrile in a 1:0.1:1 ratio and the solution sonicated for 1 min to completely 
solubilize the nanocrystals.  Next, the 0.1 mL of an HF solution of 5% HF, 10% H20 and 85 % 1-
butanol was added to the colloidal nanocrystal solution and sonicated 1 min.  The colloidal 
nanocrystal/HF solution was allowed to sit for 24 hrs under ambient conditions.  After 24 hrs the 
nanocrystals were isolated by addition of excess acetone to precipitate the nanocrystals. A single 
fraction was then isolated by centrifugation and redispersed in hexane.  

Various precursor ratios and temperature sequences were explored in order to optimize 
the optical properties. The two samples presented in this study were both grown with an In:P 
precursors ratio of 2:1. After the precursors were injected at 300oC, for sample 1 the temperature 
was set to 245oC and the solution was left to gradually cool down. In the case of sample 2 the 
reaction was quenched immediately after the 300oC injection with entire reaction volume 
equivalent of octadecene and then the temperature was set to 245oC. 
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Preliminary continuous wave (CW) photoluminescence (PL) and photoluminescence 
excitation (PLE) optical characterization measurements have been conducted using a Jobin-Yvon 
3-11 Fluorolog spectrofluorometer equipped with a 400W Xenon lamp as an excitation source 
and a Hamamatsu R928 photomultiplier tube as a detector. The PL and PLE spectra were 
measured for 0.5 ml aliquots drawn at different times during the growth process, dispersed in 
hexane and placed in a 1 cm optical path UV transparent quartz cuvette.  Time-resolved 
photoluminescence (TRPL) measurements were performed in a right angle geometry using 400 
nm, 200 fs pulses with a repetition rate of 250kHz obtained by frequency doubling the 800 nm 
pulsed output of a Coherent Rega 9000 regenerative amplifier. The PL spectra were spectrally 
and temporally resolved using a  Chromex 250IS monochromator (spectral resolution 0.15 nm) 
equipped with a Hamamatsu C4334 streak camera with typical jitter of 50 ps. All the time-
resolved measurements were carried out at room temperature with the samples placed in the 
same 1cm optical path quartz cuvettes used in the CW studies. 
 
RESULTS AND DISCUSSION 
 

A summary of the absorption spectra from the two samples under study is presented in 
Figure 1. The feature associated with the InP nanocrystals is present in the absorption spectrum 
measured on the aliquot drawn 5 minutes after the reaction started, indicating the reaction takes 
place on a very fast scale. As time passes, the wavelength associated with the InP nanocrystals 
absorption feature shifts towards longer wavelengths, indicating the particles grow in size. For 
sample 1 (Figure 1(a)) the wavelength remains approximately constant after the first 30 minutes 
of the growth process indicating the particles grow very fast and their size is not controlled by 
the time of the reaction, but rather by the precursors ratio and the temperature conditions. After 
two hours the wavelength associated with the absorption feature in sample 1 corresponds to a 
nanocrystal diameter of approximately 26 Å [13,14], a number which is in very good agreement 
with the results of the X-ray experiments performed on the same sample. The crystalline domain 
size estimated from the Debye-Scherrer formula was found to be 26.3 Å. 
 In order to investigate if several aliquots characterized by different average nanocrystal 
sizes could be obtained from the same reaction, the growth rate was slowed down using the 
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Figure 1 Absorption spectra from (a) sample 1 and (b) sample 2 measured on several .5 ml 
aliquots drawn at different times after the precursors injection.  
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procedure described for sample 2 in the previous section. In contrast to sample 1, the wavelength 
associated with the InP nanocrystals absorption for sample 2 increases continuously as a function 
of growth time until the reaction is stopped. The particle diameter is equal to approximately 18 Å 
after the first 5 minutes of growth time and increases to 30 Å two hours later. In addition, the 
absorption features of sample 2 are considerably sharper than those of sample 1, indicating 
sample 2 is characterized by a sharper size distribution [12]. 
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Figure 2 (a) PL, PLE and absorption spectra from sample 1, measured after the reaction was 
stopped and (b) PL spectra of sample 2 measured as a function of growth time. All 
measurements were performed on the “as-grown” nanocrystals, coated with the surfactant 
formed “in-situ”. 

 The results of the CW photoluminescence experiments are summarized in Figure 2. Panel 
(a) depicts the PL, PLE and absorption spectra from sample 1 measured after the reaction was 
stopped, on the “as–grown” sample. The sharp feature present in the PL spectrum, associated 
with band-edge recombination is red-shifted by 150meV in comparison to the lowest energy 
feature in the PLE spectrum. A similar red-shift has been observed in all PL experiments 
performed on InP nanocrystals [3,13] and its origins can be related not only to the existence of a 
size distribution inside the sample, but possibly to the dark nature of the ground state in such 
nanocrystals. [14,15]. 

In order to investigate the nature of the broad feature extending into the near infrared 
region, which is also present in the PL spectrum of the “as-grown” nanocrystals, we investigated 
the PLE spectrum at several wavelengths across the PL spectrum. As shown in Figure 2(a), the 
PLE spectrum at long wavelengths (714nm and 750nm) contains no features in the 600 to 800nm 
region.  This result implies that the broad emission is not due to larger particles that might be 
present in the solution and indicates that the broad emission is most likely associated with 
surface state recombination. The presence of surface states is expected in these nanocystals since 
they are passivated with weakly bound “in-situ” formed surfactant. In addition, the relative PL 
intensity between the sharp and broad features increases in the favor of the former as a function 
of growth time, as shown in Figure 2(b). This observation is consistent with the assignment of 
the broad feature to surface state recombination. As the particles grow in size, the surface to 
volume ratio decreases and the contribution of the surface state recombination diminishes as 
well. At the end of the growth process the feature associated with band-edge recombination 
dominates the spectrum. Its full width at half-maximum (FWHM) (approximately 60 nm) is 
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comparable to that of the PL spectrum of narrow size distributions obtained as a result of size 
selective precipitation processes [5]. This result indicates that the size distribution can be 
controlled by tuning the growth parameters and a post-growth size-selection is not necessary 
with this method.  

The emission efficiencies measured on the “as–grown” nanocrystals (for example the 
3hrs spectrum in Figure 2(b)) varies between 0.3% and 1% from sample to sample. In order to 
increase the emission efficiency we subjected the samples under study to an HF etching process 
which has been proven to significantly increase the emission efficiencies by passivating the 
surface. The time-integrated PL spectrum of sample 2, taken using the 400 nm pulsed excitation 
described in the experimental section, before and after the sample underwent the etching process 
are shown in Figure 3(a). The emission efficiency increased to 18% after etching, similar to 
reported efficiencies from InP nanocrystals grown by other methods. [3] In addition the broad 
feature associated with surface state emission is no longer present in the spectrum of the etched 
nanocrystals , indicating the surface was passivated through this process.  

 The differences in the photoluminescence decay times measured before and after etching 
at the wavelength corresponding to the peak of the band-edge emission reflect the passivation of 
the surface states as a result of etching. The PL decay as a function of time measured for sample 
2 is plotted in Figure 3(b). Before etching, the decay is multi-exponential and dominated by a 
long-live component characterized by a lifetime equal to 100 ns. Since the decay is measured at 
the peak of the sharp feature associated with band-edge recombination, where the spectrum 
contains a contribution from the surface state emission, the long lived component of the decay 
can be associated with the surface state recombination. After etching, the long-lived component 
is absent from the PL decay, and the longest lifetimes measured are of the order of tens of 
nanoseconds (45 ns for sample 2). These lifetimes are too long to be associated with band-to-
band or excitonic recombination. Our measurements of the PL decay times at different growth 
times indicated these lifetimes are independent of particle size and therefore, the recombination 
cannot be associated with states created by the In-dangling bonds present on the nanocrystal 
surface but rather with spin-forbidden intrinsic states [14]. This result is very similar to the one 
obtained by Micic et. al [13] who studied the PL decay times in InP nanocrystals grown by the 
traditional TOPO method.  
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Figure 3 (a) PL spectrum from sample 2 measured before and after the sample underwent an 
HF etching process and (b) PL decay time measured before and after etching at a wavelength 
corresponding to the peak of the PL spectrum of sample 2. 
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CONCLUSIONS 
 
CW and time-resolved spectroscopy studies of InP nanocrystals grown through a fast reaction 
have shown that nanocrystals with narrow size distributions can be obtained through this method 
without undergoing a size-selective precipitation process. The reaction rate can be controlled 
such that several sizes can be obtained during a given growth sequence. The PL spectrum of “as-
grown” nanocrystals exhibits a feature associated with surface state recombination.  This surface 
state recombination feature can be eliminated by subjecting the samples to an HF etching 
process. The emission efficiency increases by a factor of 40 as a result of the same etching 
process. The long carrier lifetimes indicate that the band-edge recombination is associated with a 
spin-forbidden state. The emission efficiencies, FWHM of the PL feature and carrier lifetimes 
are similar to the ones measured on InP nanocrystals grown through different methods, 
indicating all these parameters are controlled by the intrinsic properties of the nanocrystals rather 
than the surfactants or other parameters of the growth process. 
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