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ABSTRACT

In this article, InP quantum dots (QDs) are synthesized with a green method-

ology. The preparation of the InP QDs is demonstrated by varying the ratios of

the precursors used such as InCl3 and trioctylphosphine (TOP). These QDs are

fabricated through the application of TOP (as phosphorous source and reducing

agent for the In salt) for forming indium and to develop the targeted InP QDs,

which are characterized using HRTEM, XRD, PL, FTIR, UV–Vis, and time

resolved spectroscopy. A rapid reaction time (* 30 min) procedure in a single

pot at a temperature of * 310 �C is developed. InP QDs with particle sizes

varying from 4 to 6 nm have been measured with different concentrations of

InCl3 and TOP. InP QDs yield reached 23%. Zincblende crystal structure is

recognized for InP with high orientation plane of (220) as confirmed with XRD

and confirmed with SAED. Solar cell devices are built by anchoring the InP QDs

onto a TiO2 layer and measure the photovoltaic performance and spectral

response of the device built on FTO/glass substrate. TiO2/InP QDs solar cell

devices are fabricated with high fill factor of 0.86 and open circuit voltage value

of 501 mV and overall efficiency of 0.48%.

1 Introduction

Semiconductor quantum dot nanomaterials (QDs)

have unique nanocrystalline structure (nano-sized)

which boost their electrical and optical properties

[1, 2]. The size of the nanoparticles is in the range of

QDs that can be 2–10 nm [3]. Generally, there are

many groups such as II–VI, III–V, and IV–VI to

compose wide varieties of QD compounds. Quantum

confinement is the key to produce nanomaterials

with this unique size which makes them have a

tunable bandgap [4]. The quantum confinement is a

special one of the electron–hole pairs (excitons) in one

or more dimensions through some types of materials.

3D confinement (QD), 2D confinement as (quantum

wire), and 1D confinement (quantum well) have
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attracted many researchers around the world for

their great variety of applications [5]. QDs are syn-

thesized by physical [5, 6], chemical [7], and biogenic

approaches [8]. Chemical approaches are used in

QDs fabrication and applied in many optoelectronic

devices [9]. Many synthesis procedures are used to

provide QDs such as colloidal methods [10] and

epitaxial growth [11].

InP QDs have attracted a great interest due to being

environmentally friendly in the applications of light

emitting diodes, used as fluorescent probes in bio-

logical labeling, QD solar cells and other fields [12].

In general, the prepared InP QDs have low lumi-

nescence value due to the existence of non-radiative

channels originating from surface states [13]. But, it is

a promising compound due to its tunable band gap

from bulk material (1.35 eV at 300 K) to be a wide

band gap with values varying from 1.5 to 3.5 eV for

the QDs structure [14]. Colloidal InP QDs are known

to be of high quality that having semiconductor

behavior due to their low ionic lattice value, higher

value of Bohr radii and less toxic when compared to

other QDs such as CdS, CdTe, and CdSe. Conse-

quently, they have attracted great interest in many

applications such as photovoltaic solar cells, light

emitting diodes, and other photoelectric devices [15].

InP QDs are difficult to be fabricated through the

conventional chemical methods that have failed to

match with the needed high quality of the QDs such

as narrow size distribution and crystallinity [16, 17].

Indium precursors choices have many varieties, but

phosphorus precursors are not familiar [15]. The

most known phosphorous precursor is

Tris(trimethylsilyl)phosphine [P(SiMe3)3]. However,

it is known to be with high toxicity, flammable, high-

priced, and banned in Europe [15].

New synthesis methods utilized alternate sources

of phosphorous. They used phosphine gas (PH3) as

the source of phosphorous but it is considered also as

high toxic and scarce [8]. So, an alternative source of

safe phosphorous should be explored.

Recently, trioctylphosphine (TOP) is considered as

a promising precursor [18]. It is used to fabricate

many metal phosphides such as Rh2P [19], PdP2 [20],

Ni2P [21], and InP [15]. InP nanoparticles were syn-

thesized using TOP with many impurities that have

been found and large size nanoparticles from 15 nm

to micron size [22]. Recently, prepared InP QDs from

InCl3 and TOP have been obtained with 2.05 nm [15].

In this work, various concentrations of TOP and

InCl3 are used to synthesize InP QDs in octadecene as

non-coordinating solvent and optimizing the prepa-

ration conditions of this green methodology. This

method introduced a rapid reaction time (* 30 min)

procedure in a single pot at a temperature of *
310 �C. The produced QDs with Zincblende crystal

structure have small size distribution, which is

greatly affect the efficiency and quantum yield of its

photoluminescence (PL) efficiency because it

depends on the surface to volume ratio of the QDs.

Also, TiO2/InP solar cell devices are fabricated and

evaluated.

2 Experimental work

InP QDs are synthesized through a methodology of

applying a one pot procedure through the hot injec-

tion technique that is applied to the growth of the

QDs at high temperature (* 310 �C).

2.1 InP QDs synthesis

For InP QDs synthesis: four samples of InP QDs are

prepared with varying the ratios of indium chloride

to TOP as shown in Table 1. Figure 1 shows the steps

of InP QDs fabrication procedure with all experi-

mental parameters. In a three neck round flask, a

certain weight (wt%) of indium chloride and octa-

decene are mixed together in the round flask under

an argon atmosphere (gas purity of 99%) as indicated

in Table 1. The mixture is heated up to 310 �C and

TOP is rapidly injected into the flask. The produced

InP QDs are grown at a temperature of * 270 �C for

a time interval of\ 5 min. The resulted QDs are

cooled down to room temperature under argon gas

atmosphere.

For QDs cleaning, the synthesized InP QDs are

washed in a mixture of methanol and n-hexane with

a ratio of 1:1 at RT. This mixture is heated to a tem-

perature of 60 �C and few drops of acetone are

added. The cleaning process is done several times to

remove the excess of the existed organic ligands.

After cleaning, the solution is centrifuged for 20 min.

at 6000 rpm with n-hexane to remove the unreacted

TOP, then the nanopowder of InP QDs is separated

and dried at a temperature of 70 �C for 2 h and a

yield of 23% is achieved for the net InP QDs.
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2.2 Manufacturing of InP QDs embedded
in TiO2 for solar cells applications

TiO2/InP QDs solar cell device is fabricated as fol-

lows: a substrate of FTO/glass has a measured sheet

resistance value of 7 X/sq is cleaned with distilled

water then in acetone and using an ultrasonic bath for

20 min. to remove any undesired substances on its

surface. TiO2 nanopowder is prepared according to

Kashyout et al. [9, 23] with particle size in range

between 20 and 30 nm. A thin layer of TiO2 paste is

applied on the FTO glass by using the doctor blade

technique and heat treated to form successive 3–4

thin layers at 450 �C for 30 min. A total thickness of

TiO2 reached * 14 lm [24–26].

TiO2 films are dipped in the InP colloidal solution

which is dissolved in toluene and left for 24 h until its

color changed from white to black (Fig. 1), then

washed by toluene to be used in the solar cell devices

measurement [27].

Pt counter electrode is prepared on FTO/glass

substrates using DC sputtering technique [28]. It is

applied directly on the top of QDs/TiO2 working

electrode. Both electrodes are clamped tightly toge-

ther as shown in Fig. 1. To connect the working and

the counter electrodes, an electrolyte has the chemical

formula of 0.5 M LiI/50 mM I2 in (3-methoxypropi-

onitrile) is dropped between the two electrodes.

Table 1 InP QDs preparation parameters, calculated crystallite size and determined band gap from UV–Vis and PL data

Sample InCl3
(g)

Octadecene

(ODE)

TOP (tri-n-octyl phosphine)

(ml)

Crystallite size,

D (nm)

Injection temperature

(�C)
Band gap (Eg)

(eV)

UV–

Vis

PL

S1 0.48 6 ml 4 2.39 310 2.08 2.33,

2.54

S2 0.16 4 2.9 2.51 2.32,

2.51

S3 0.16 6 2.92 2.4 2.31,

2.53

S4 0.16 8 2.37 2.1 2.33,

2.54

Fig. 1 Experimental set-up for the hot injection InP synthesis and the resulted nano powder and their TiO2/InP solar cell device
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2.3 Characterizations

The structure of the InP QDs are confirmed by X-ray

diffractometer (XRD) (Shimadzu 7000, Japan), Four-

ier transform infrared spectroscopy (FT-IR) spectra

(Shimadzu FTIR-8400 S, Japan). Morphology and

particle size of the InP QDs are observed and mea-

sured by high-resolution transmission electron

microscopy (HRTEM; JEOL-JEM-2100, Japan). PL

and absorption spectra are analyzed by using double-

beam UV–Vis spectrophotometer (LABOMED) with

spectrum ranging from 190 to 1100 nm. In order to

determined the life time of emission of InP QDs is

measured using the imaging microscope (FLIM sys-

tem Alba with v5 from ISS) for determining the

electron lifetime. For the excitation process, a laser

diode of is excite at a wavelength of 640 nm, which is

coupled with scanning module of (ISS) through

multi-band dichroic filter to epifluorescence micro-

scope (Model IX73, Olympus, Tokyo, Japan).

The external quantum efficiency (EQE) of the fab-

ricated InP QDs solar cell is determined using a

monochromator utilizing a PVE300 system in a Ben-

tham TMc300 with a 300 nm focal length

monochromator.

The solar cell performance of the TiO2/InP QDs is

measured using PET Photo Emission Tech, Inc., USA

as solar simulator device. The efficiency (g) can be

calculated from Eq. 1 [8].

g % ¼ JscVocFF=I0ð Þ � 100%; ð1Þ

where Jsc is the short circuit current density (mA/

cm2), Voc is the open circuit voltage (V), and FF is the

fill factor.

3 Results and discussion

3.1 Structural analysis

3.1.1 XRD analysis

The XRD patterns of InP synthesized QDs for the four

samples as illustrated in Table 1 to produce indium

phosphide QDs are shown in Fig. 1. According to

JCPDS card of InP QDs, the main peaks are detected

at 2h of (21�, 32�, 43.6�, 54.1�, 56.1�, and 63.8�). These

peaks’ positions match with InP Zincblende structure

(JCPDS Card No. 03-065-2889) for the planes (111),

(200), (220), (311), (222), and (400), respectively. Also,

XRD of Indium metal (JCPDS Card No. 03-065-9682)

[26] is detected in samples S1 and S4 with lower

intensities than the InP structure. The inserted

table in Fig. 2 shows the 2h values with their corre-

sponding planes for both InP and In structures. By

applying Scherrer’s equation, the InP QDs crystallite

size is calculated as follows [29]:

D ¼ kk
b cosh

: ð2Þ

The average crystallite size is D, the X-ray wave-

length is k, the width of the X-ray peak on the 2h axis

is b, which is defined from the full width at half

maximum (FWHM), the Bragg angle is h, and K is the

Scherrer’s constant. K depends on the crystallite

shape and the size distribution, indices of the

diffraction line, and the actual definition used for b
whether FWHM or integral breadth [30, 31]. In this

work, K = 0.9 is used. Further, microstrain in the

crystallites or nanocrystals also affects the width b,

which needs to be considered in an accurate analysis.

Spatial fluctuations in the alloy composition can also

affect the width. In this work, the calculated values of

D values ranged from 2.37 nm (S4) to 2.39 nm (S1),

2.9 nm (S3), and 2.92 nm (S2) as shown in Table 1.

3.1.2 FTIR analysis

FTIR spectra of the produced compounds are shown

in Fig. 3. Number of characteristic peaks are observed

at 2854 cm-1, 2915 cm-1, 801 cm-1, and 715 cm-1,

corresponding to C–H stretching modes for the CH2

and CH3 groups, which may be originated from the

alkane molecules from TOP adsorbed on the surface

of the InP QDs [32]. Peaks at 1456–1452 cm-1 corre-

spond to the vibrational frequencies of –CH2Cl or for

–CH3 [29]. Other peaks at 801–715 cm-1 may be

attributed to C–Cl conformational sensitive stretch

modes of chlorooctane (C8H17Cl) [32], which resulted

from the reaction of chlorine ions with C8H17 ion

(resulted from P–C cleavage of TOP). The strong

bands appeared at 1054–1128 cm-1 associated with

InP capped with TOP [22]. A peak at 1620 cm-1 that

appeared in the spectra of S2 and S3 is corresponded

to C–C in chlorooctane which assure the reaction

mechanism as shown in Eqs. 3–7.

InCl3 �!Octadecene ð310 �CÞ
Inþ þ 3Cl�; ð3Þ

843 Page 4 of 12 J Mater Sci: Mater Electron (2023) 34:843



Fig. 2 XRD patterns of the

prepared InP QDs samples

(according to JCPDS of InP:

03-065-2889 and JCDPS of In

metal: 03-065-9682)

Fig. 3 FTIR spectra of the

prepared InP QDs using

different TOP concentrations
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3C8Hþ
17 þ 3Cl� ! 3C8H17Cl (Chlorooctane); ð5Þ

P� þ Inþ ! InP: ð6Þ

Overall Reaction:

InCl3 þ PðC8H17Þ3 �!
ODE

InP þ C8H17Cl: ð7Þ

3.1.3 HRTEM analysis

Figure 4 shows HRTEM images of sample S3 in

Table 1. They clearly indicate well crystallized

homogeneous QD nanoparticles with an average

particle size ranging from 4 to 6 nm (Fig. 4a, b, e),

which is comparable with the calculated crystallite

size for the same sample of 2.9 nm as shown in

Table 1. Selected area electron diffraction (SAED) in

Fig. 4c shows the polycrystalline nature of the InP

QDs with the (111), (200), (222), and (400) planes,

with a d spacing value of 3.1 Å as shown in Fig. 4d.

3.2 Optical analysis

PL refers to the peaks obtained when the samples are

excited at a certain wavelength [32]. For the prepared

InP QDs, the excitation process is occurred using

laser beam with an excitation mode at a wavelength

of 365 nm. Figure 5 displays the PL spectra of InP

samples, where they exhibit the impact of quantum

confinement in the absorption spectra. With an onset

that corresponds to the particle size, these particles

absorb light in the visible spectrum. As shown in

Fig. 5, each sample have two peaks one at k of

475 nm (Eg = 2.61 eV) and another at k of 530 nm

(Eg = 2.34 eV). This means that the QDs have two

different particle sizes as confirmed and observed

from HRTEM measurement.

Figure 6a shows the UV–Vis absorbance spectra of

InP QDs samples which dissolved in toluene

ð4Þ

Fig. 4 HRTEM micrographs

of the prepared InP QDs (a, b,

e), SAED (c), and d-spacing

(e)
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solution. It shows the peaks which are centered at

about 590 nm. The calculated band gap using the

UV–Vis spectrum of S3 has been calculated from the

straight line that cut the X-axis and gives a band gap

of 2.4 eV as shown in Fig. 6c, which matches with the

results from PL measurements. The InP QDs has a

direct band gap transition and this means that the

crystal momentum of electrons and holes is the same

in both the conduction and valence bands [13].

The optical transmittance of sample S3 is measured

and shown in Fig. 6c which shows a low value of

about 10%.

Figure 7a, b shows the fluorescence lifetime imag-

ing (FLIM) which presents the differences in the

excited state decay rate from the InP sample (S3) and

it shows the raw FLIM data with PL intensity decay.

This decay curve is fitted by the sum of exponential

functions and having 1.9 ns lifetime [33].

Figure 8 shows the measurement of the relative

quantum efficiency of the fabricated InP solar cell at

room temperature (sample 3). The peak is observed at

the region of 700 to 800 nm with a value of relative

quantum efficiency of about 3.34% compared with

the previous published work which indicate the high

sensitivity of the produced InP to the incident

photons. But, the appearance of the EQE peak at high

value of wavelength indicate the carrier generation is

not very high and the recombination of the generated

carriers on the surface of TiO2 surface may be

occurred [29, 34].

3.2.1 I–V curve of TiO2/InP QDs solar cell

For the fabricated solar cell using sample S3 of InP,

the efficiency (g) is measured by using solar simula-

tor instrument as shown in Fig. 9. The solar cell

output values of TiO2/InP QDs solar cell device

are Jsc of 1.04 mA/cm2, Voc of 501 mV, FF of 86.4, and

cell efficiency of 0.48%. From the literature, the best

TiO2/InP QDs solar cell which using the same cell

component has Jsc of about 8.3 mA/cm2, Voc about

237 mV, FF of 33, and efficiency of 0.64% [35]. By

comparing these data with the literature, the prepa-

ration technique that is used is a promising method.

We get a good open circuit voltage and fill factor. But,

the short circuit current density is not high. It may be

attributed to the low value of InP QDs life time and

this value can be modified by increasing the purity of

the InP QDs by more washing which will enhance the

efficiency. The high fill factor of the cell means that it

is stable and the good open circuit voltage of the cell

Fig. 5 PL spectra of prepared

InP QDs with different TOP

concentrations
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Fig. 6 a UV–Vis absorption spectra of all samples, b calculated band gap energy of InP QDs (S3) and c transmission spectrum of sample

S3

Fig. 7 a Fluorescence lifetime

imaging (FLIM) and b the

measured and fitted decay time

for sample 3
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means good connection in the cell. The low value of

the short circuit current density may be attributed to

number of reasons such as capping ligand is not

applied in the synthesis procedure, which may

improve the adsorption of the QDs on the surface of

TiO2 particles as well as we applied iodide/triiodide

electrolyte which generated lower values of pho-

tocurrent [36].

4 Conclusion

Successful synthesis of InP QDs with a green and fast

way by using hot injection technique and non-toxic

precursors of TOP. InP QDs are used for QDSC

applications. High quality narrow range InP QDs of

particle size varying from 4 to 6 nm is synthesized.

Zincblende crystal structure with high orientation of

Fig. 8 Quantum efficiency

measurements for InP (S3)/

TiO2 QDs solar cell

Fig. 9 Current density–

voltage (J–V) curve of the

prepared InP/TiO2 QDs solar

cell
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(220) plane is detected, which is also confirmed from

SAED measurements. A high yield InP QDs reaching

23% and good InP QDs/TiO2 solar cell device is built

up (as the working electrode) and measured to yield

high fill factor (0.86) and open circuit voltage

(501 mV) and efficiency of 0.48%. Lower values of

short circuit current density is attained, which need

further work on more QDs purification, capping

ligand application and changing the ion electrolytes

for higher charge mobility. EQE of 3.34% is measured

in the visible range with a life time of 1.9 ns for the

electrons in the fabricated InP QDs.
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