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We have investigated the third-order optical nonlinearities of high-quality colloidal InP/ZnS

core-shell quantum dots (QDs) using Z-scan technique with femtosecond pulses. The two-photon

absorption cross-sections as high as 6.2� 103 GM are observed at 800 nm (non-resonant regime) in

InP/ZnS QDs with diameter of 2.8 nm, which is even larger than those of CdSe, CdS, and CdTe

QDs at similar sizes. Furthermore, both of the 2.2 nm and 2.8 nm-sized InP/ZnS QDs exhibit strong

saturable absorption in near resonant regime, which is attributed to large exciton Bohr radius in this

material. These results strongly suggest the promising potential of InP/ZnS QDs for widespread

applications, especially in two-photon excited bio-imaging and saturable absorbing. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4776702]

Semiconductor quantum dots (QDs) have attracted great

interest for nonlinear photonic applications, including two-

photon excited bio-imaging and saturable absorbing, thanks

to their unique third-order nonlinear optical properties.1

Two-photon excited bio-imaging has several advantages

compared to conventional one-photon excited bio-imaging,2

such as larger penetration depth into thick tissues, higher

spatial resolution, and higher signal-to-noise ratio. As a

result of their size-controlled absorption and emission spec-

tra, large two-photon absorption (TPA) cross sections and

high photostability,1 semiconductor QDs excel over the com-

monly used bio-imaging probes including organic dyes,3 flu-

orescent proteins,4 rare-earth doped nanoparticles,5 and

semiconductor bulk crystal.6 Furthermore, semiconductor

QD-based saturable absorbers exhibit much better perform-

ance than their quantum well and bulk counterparts owing to

their large saturable absorption (SA) induced by quantum

confinement effect.7 Up till now, the third-order nonlinear-

ities of II-VI QDs including CdSe, CdS, and CdTe QDs have

been studied in detail.1,2,8 However, the inherent cytotoxicity

of cadmium-based QDs casts doubt on their practical appli-

cations, especially in biological and biomedical areas. In

contrast, indium phosphide (InP) QDs possess similar prop-

erties but without cytotoxicity due to the sturdiness of the

covalent bond in III-V semiconductors instead of the ionic

bond in the II-VI counterparts.9 A further advantage of InP

QDs is the large exciton Bohr radius (15 nm) compared to

that of CdS (5.8 nm), CdSe (5.3 nm), and CdTe (7.3 nm),10

which makes them promising for exhibiting strong SA in

near resonant regime according to the theoretical analysis by

Koch et al.11

Unfortunately, the much stronger coordinating strength

of indium ligands than that of cadmium ligands makes the

synthesis of high-quality colloidal InP QDs extremely diffi-

cult.12 Therefore, the previous reported InP QDs always pos-

sessed broad size distribution and low emission efficiency,

and the optical studies of InP QDs were mostly limited

within the linear part.9,13 Recently, by employing non-

coordinating solvent and capping InP with ZnS shell of opti-

mized thickness, high-quality InP/ZnS core-shell QDs were

synthesized with a narrow size distribution and high emis-

sion quantum yield (QY) comparable to CdSe QDs.14 In this

letter, we present our investigation of the optical nonlinearity

on these QDs, and it is shown that the colloidal InP/ZnS

QDs exhibit strong SA in near resonant regime and signifi-

cant TPA in nonresonant regime indicating they are of great

interest as nonlinear optical materials.

The detailed synthesis process of the high-quality colloi-

dal InP/ZnS QDs can be found in Ref. 14. Figure 1 shows

the one-photon excited photoluminescence (PL) and the UV-

visible absorption spectra of two differently sized InP/ZnS

QDs at room temperature. We denote them as QD606 and

QD548, respectively, referring to their emission peak wave-

lengths. The diameters of QD548 and QD606 are estimated

to be 2.2 nm and 2.8 nm, respectively, based on their first

exciton absorption peaks.15,16 The narrow emission line-

width and pronounced first exciton absorption peaks indicate

that InP/ZnS QDs are uniform in size distribution. The inset

in Figure 1 is the transmission electron microscopy (TEM)

images of QD548 and QD606, which illustrate their good

size uniformity. The QY was measured to be 58% and 39%

for QD548 and QD606, respectively, relative to Rhodamine

6 G in ethanol (QY¼ 95%).

The single beam Z-scan technique17 was utilized to

measure the third-order nonlinearities of InP/ZnS QDs in
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both near resonant and nonresonant regimes utilizing a fem-

tosecond amplified-pulsed laser system with wavelength tun-

able. The laser pulses with pulse-width of 100 fs and

repetition rate of 1 KHz were employed so that the thermal

effects can be neglected. The validity of our Z-scan system

was confirmed by performing calibration measurement with

CS2 liquid, the nonlinear refractive index of CS2 was deter-

mined to be 3.5� 10�6 cm2/GW, which was in accordance to

the value measured by Ganeev et al. at similar conditions.28

The near resonant third-order nonlinearity of InP/ZnS

QDs was measured at 527 nm within the absorption band.

Figure 2(a) shows the open aperture Z-scan curves of QD548

and QD606 at intensity of 5.5 GW/cm2. The peak-shape

response indicates that SA or photoinduced transparency

occurred in InP/ZnS QDs. Under the excitation of high power

intensity, the available ground state carriers were depleted. On

the other hand, the excited states became almost occupied, thus

the Pauli exclusion principle came into play since QDs were

similar to atoms or molecules.18 Therefore, the probability of

optical transitions reduced significantly and SA occurred. The

Z-scan theory17 was employed to fit the data to derive the non-

linear absorption coefficient a2. From the best-fit of the

normalized transmittance, a2 is extracted to be �0.59 cm/GW

(or Im v(3)¼�9.17� 10�13 esu) and �1.93 cm/GW (or Im

v(3)¼�28.01� 10�13 esu) for QD548 and QD606, respec-

tively. Schrof et al.19 introduced jImvð3Þ=a0j, where a0 is the

linear absorption coefficient, as the figure of merit (FOM) to

characterize saturable absorption property. We found that the

FOM of jImvð3Þ=a0j for QD548 and QD606 are 8.0� 10�14

esu cm and 11.3� 10�14 esu cm, respectively, both of which

are larger than that of 15 nm gold nanoparticles (3� 10�14 esu

cm) measured at the surface plasmon resonance (SPR).19

In order to derive the saturation intensity Is of InP/ZnS

QDs, the intensity-dependent Z-scan measurements were

also performed, where the input intensity was tuned from

3.3 GW/cm2 to 37.5 GW/cm2. Figure 2(b) depicts the nor-

malized transmittance change DT/T0, where T0 is the linear

transmittance at low intensity, as a function of input intensity

I0. This reveals that DT/T0 undergoes saturation at high input

intensities. Similar phenomena have been observed in semi-

conducting single-walled carbon nanotubes (SWNTs) by

Ostojic et al.20 In Figure 2(c), the natural logarithm of trans-

mittance T at the focus plane in the intensity-dependent

Z-scan measurement was plotted versus the input intensity

I0. From the best-fit of the data using formula LnT ¼ �a0L=
ð1þ I=IsÞ, where a0=ð1þ I=IsÞ is the intensity-dependent

absorption coefficient21 and L the optical path, we deter-

mined Is to be 19.8 GW/cm2 and 10.9 GW/cm2 for QD548

and QD606, respectively. These values were only slightly

larger than that of SWNTs (�7 GW/cm2),20 which were

already demonstrated to be good saturable absorbers.

According to the theoretical analysis by Koch et al.,11 the

absorption change Da or a2I, where I is light intensity, of

semiconductor QDs in near resonant regime is only propor-

tional to the cube of the bulk exciton Bohr radius aex when

the size of QDs and light intensity I are fixed: Da ¼ 24p1013

a3
exI=ðc2R3Im~v3Þ, where c is the speed of light, R is the

radius of the QDs, and ~v3 is the normalized third-order

susceptibility which is independent of material parameters.

Therefore, InP/ZnS QDs with large exciton Bohr radius

(15 nm) make the best candidates for strong third-order non-

linearities as demonstrated in our experiments.

Thanks to their intrinsic cytotoxicity-free property, InP

QDs are better bio-imaging probes than cadmium-based QDs.

However, to date, the TPA cross-section of InP QDs has

never been reported yet, which may be due to the low TPA

and broad size distribution of InP QDs with poor quality.8

Here, the TPA cross-section and two-photon excited PL

FIG. 1. UV-visible absorption spectra and normalized one-photon induced

PL spectra of QD548 (2.2 nm) (black) and QD606 (2.8 nm) (red). The inset

shows the corresponding TEM images of QD548 and QD606.

FIG. 2. (a) Open-aperture Z-scan curves of QD548 (�) and QD606 (�) at

the optical wavelength of 527 nm and the input intensity of 5.5 GW/cm2.

The solid lines in (a) are the fits according to Z-scan theory. (b) Normalized

transmittance change versus the input intensity tuning from 3.3 to 37.5 GW/

cm2 of QD548 (�) and QD606 (�). (c) A plot of natural logarithm of the

transmittance at the focus plane in intensity-dependent Z-scan as a function

of input intensity of QD548 (�) and QD606 (�).
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properties of InP/ZnS QDs at 800 nm, a widely used wave-

length in two-photon excited bio-imaging,1 are reported.

Figure 3(a) presents the two-photon excited PL spectra of

QD548 and QD606 excited at 800 nm, which are almost the

same as the one-photon excited PL spectra indicating that the

hot carriers under both one- and two-photon excitation relax

to the same lowest exciton level, from which the radiative

recombination occurs.22 The schematic diagram for the whole

process of the one- and two-photon excited PL is illustrated

in Figure 3(b). Similar phenomena were observed in CdSe

(Ref. 22) and CdTe (Ref. 2) QDs. The corresponding two-

photon excited PL images are shown as the inset in Figure

3(a). Figure 3(c) depicts the log-log plot of the PL intensities

as a function of excitation intensity at 800 nm, the nearly

quadratic intensity dependence of the PL signals verifies the

two-photon absorption induced PL process, rather than

Auger-type upconversion PL.2 The open aperture Z-scan

curves of QD548, QD606, and toluene at intensity of 45 GW/

cm2 are shown in Figure 4(d). The nearly flat response of tol-

uene indicates that the nonlinearity of solvent was negligible

and the nonlinear absorption response of QD548 and QD606

completely arose from the pure InP/ZnS QDs. The normal-

ized transmittance of QD548 and QD606 was fitted well with

the theoretical formula for TPA according to Z-scan theory.17

The TPA coefficients for QD548 and QD606 are extracted to

be 0.009 cm/GW and 0.012 cm/GW, respectively. The TPA

cross-section r2 per InP/ZnS QD can be deduced by:1

r2 ¼ bhc=N, where hc is the photon energy and N is the par-

ticle concentration in the solution. Here, N is determined to

be 6.6� 1019/l and 4.8� 1019/l for QD548 and QD606,

respectively, employing the empirical relationship between

the first exciton absorption peak, molar extinction coefficient,

and size.16 The corresponding r2 are inferred to be 3.5

� 10�47 cm4 s photon�1 (or 3.5� 103 GM) and 6.2� 10�47

cm4 s photon�1 (or 6.2� 103 GM) for QD548 and QD606,

respectively, which are comparable or even larger than that of

CdSe (5.1� 103 GM), CdTe (2.1� 102 GM), and CdS

(4.4� 103 GM) QDs at similar sizes.1,8,23 Interestingly, the

TPA cross-sections of CdS and CdSe QDs were found to

increase with size,1,23 while those for ZnS and ZnSe QDs to

decrease.24,25 The opposite trend of TPA cross-sections of

QDs with size arises from the competition between decreased

quantum confinement effect and increased density of state

(DOS) when the sizes of QDs increase.1,25 The larger TPA

cross-section of QD606 than that of QD548 indicates the

increased DOS prevails over the decreased quantum confine-

ment effect for InP/ZnS QDs. By taking into account the

volume fraction and local field effect, the intrinsic TPA coef-

ficient of InP/ZnS QDs bQD can be deduced by:23 bQD

¼ b=ðf 4Vf Þ, where f ¼ 3es=ðeQD þ 2esÞ is the local-field fac-

tor, es is the dielectric constant of solvent, eQD is the dielectric

constant of InP/ZnS QDs, and Vf is the volume fraction of

QDs relative to solvent. The dielectric constants eQD are

inferred to be 9.72 and 9.92 for QD548 and QD606, respec-

tively, using formula (15) in Ref. 10. The value of bQD for

QD548 and QD606 is calculated to be 516.9 cm/GW and

487.3 cm/GW, respectively, which are greatly enhanced com-

pared to that of bulk InP.26 The enhancement of TPA can be

attributed to the enhanced oscillator strength induced by

quantum confinement effect.11,18

FIG. 3. (a) Normalized two-photon excited PL of QD548 (black) and

QD606 (red) excited at 800 nm. The corresponding two-photon excited PL

images are shown in the inset. (b) Schematic diagram for the whole process

of the one- and two-photon excited PL for QDs. (c) Log-log plots of the PL

intensities as a function of excitation power at 800 nm. The red lines are the

linear fittings. The slopes for QD606 and QD548 are 2.03 and 1.93, respec-

tively. (d) Open aperture Z-scan curves of QD548 (�), QD606 (�), and tol-

uene (�) at the wavelength of 800 nm and the input intensity of 45 GW/cm2.

The solid lines are the fitting curves using Z-scan theory.

FIG. 4. CA/OA curves of Z-scan of QD548 (�), QD606 (�), and toluene

(�) at the wavelength of 800 nm and the input intensity of 100 GW/cm2.

The dotted lines are the fitting curves using Z-scan theory.
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In addition, we found that the colloidal InP/ZnS QDs

also exhibited high third-order nonlinear refraction. The

third-order nonlinear refractive index of InP/ZnS QDs at

800 nm was obtained by fitting the close aperture Z-scan

curves divided by the corresponding open aperture Z-scan

curves (CA/OA) so as to eliminate the influence of nonlinear

absorption. Figure 4 shows the CA/OA curves of QD548,

QD606, and pure toluene at intensity of 100 GW/cm2. The

high intensity (100 GW/cm2) was chosen in order to magnify

the difference between QD548 and QD606. The decreased

magnitude of DT ¼ TPeak � TValley compared to pure toluene

indicates the opposite signs of nonlinear refraction between

InP/ZnS QDs and toluene. According to Z-scan theory,17 the

third-order nonlinear refractive index n2 of QD548, QD606,

and toluene is determined to be �0.57� 10�6 cm2/GW,

�0.71� 10�6 cm2/GW, and 1.3� 10�6 cm2/GW, respec-

tively. Similarly, when taking into account the volume frac-

tion and local field effect, the intrinsic nonlinear refraction

of InP/ZnS QDs are given by:23 nQD
2 ¼ ðn2 � ð1� Vf Þ

nsol
2 Þ=ðf 4Vf Þ, where nsol

2 is the nonlinear refractive index of

toluene. nQD
2 are extracted to be �3.1� 10�2 cm2/GW and

�2.9� 10�2 cm2/GW for QD548 and QD606, respectively,

which are one order of magnitude larger than that of bulk

InP.26 The large enhancement of third-order nonlinear

refraction should result from the enhanced TPA because the

dominant contribution to the third-order nonlinear refraction

in nonresonant regime arose from the TPA term according to

the analysis by Sheikbahae.27

In conclusion, the third-order nonlinearities of high qual-

ity colloidal InP/ZnS QDs were investigated. The intrinsic

TPA is greatly enhanced compared to that of the bulk coun-

terpart due to quantum confinement effect. Subsequently, the

increased TPA gives rise to a significant enhancement of

third-order nonlinear refraction. We also show that InP/ZnS

QDs with large exciton Bohr radius present strong SA within

absorption band. Our results indicate that colloidal InP/ZnS

QDs are extremely promising in a wide range of nonlinear

optical applications.
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