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Quenching processes of the self-trapped exciton luminescence were studied analyzing the shape of
X-ray luminescence decay kinetics curves of SrF, nanoparticles of different sizes. To describe the
curves of luminescence decay kinetics, an equation was obtained which is based on the model
which takes into account the diffusion of self-trapped excitons and which considers the case of
strong surface quenching. The obtained relation was shown to describe the shape of the experimen-
tal curves of X-ray luminescence decay kinetics of StF, nanoparticles if their size distribution is
bi-modal, i.e., a log-normal distribution about a mean size in the tens of nanometers range plus a
distribution of particles larger than 130 nm. The presence of large particles is implied in this model
by the single-exponential decay with time constant of 1.2 us. From the fitting of kinetics curves
using the proposed relation, the average diffusion length of self-trapped excitons in SrF, was
estimated to be (15 = 2) nm. Published by AIP Publishing. https://doi.org/10.1063/1.5005621

I. INTRODUCTION

Presently, the effect of nanoparticle sizes on their lumi-
nescence intensity is being deeply studied for the cases of
impurity and intrinsic luminescence.'™ In the case of the
intracenter excitation, the luminescence intensity decreases
with a decrease in the nanoparticles size. In small-sized
nanoparticles, it is explained by the growing influence of sur-
face effect, which leads to non-radiative relaxation of excited
luminescence centers due to the interaction with surface
defects." When the luminescence is excited by the photons in
the region of band-to-band absorption transitions or by X-ray
quanta, in addition to quenching, resulting from interaction
of excited centers with quenching centers, the decrease in
the luminescence intensity due to excitation energy losses
during migration of free charge carriers is observed. It was
shown for a number of nanoparticles possessing both the
intrinsic and the impurity luminescence,”” including SrF,.°

Besides the intensity decrease with a decrease in the size
of the nanoparticles, the shape of luminescence decay kinet-
ics curve changes as well.°® In the luminescence decay
kinetics of nanoparticles, a “fast component” appears and its
relative contribution increases with the nanoparticle size
decreasing. The appearance of the “fast component™ is asso-
ciated with the processes of non-radiative relaxation of lumi-
nescence centers caused by the interaction with surface
defects. The processes of non-radiative relaxation of self-
trapped excitons (STE) due to the interaction with the sur-
face defects in SrF, nanoparticles can be studied properly
using an X-ray excitation, since the luminescence decay time
measurements in the case of direct optical formation of exci-
tons require excitation with photon energies in the vacuum
ultraviolet (VUV) range (hv =~ 10.2eV).

In this paper, the variation of the shape of X-ray lumi-
nescence decay kinetics in SrF, nanoparticles depending on
their sizes is analyzed. For this purpose, a model for exciton
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luminescence decay including the influence of exciton diffu-
sion has been developed, assuming that non-radiative exciton
relaxation occurs when the latter are located on the nanopar-
ticle surface. A similar approach has also been used for bulk
materials, where the deviation of the shape of luminescence
decay kinetics from exponential one is explained by the
migration of the excitation to the near-surface region within
the frames of semi-infinite space (x > 0) model representing
a crystal.”

Il. EXPERIMENT

The luminescence properties of SrF, different-sized
nanoparticles obtained by the method described in Ref. 6 are
analyzed. The average size of the nanoparticles obtained as a
result of synthesis by the co-precipitation method is 20 nm.
The nanoparticle samples with larger average sizes were
obtained by annealing at various temperatures. The average
sizes of investigated nanoparticles of 20, 30, 45, 65, and
85nm were determined by the broadening of diffraction
peaks.®

Measuring the luminescence spectra and luminescence
decay kinetics of SrF, nanoparticles upon pulse X-ray excita-
tion was carried out using the facility based on the LOMO
MDR-2 monochromator. The facility allows to carry out
the luminescence-kinetic measurements in a time range of
107°-10"°s in the 200-800 nm spectral region. The anode
voltage of the X-ray tube was equal to 40kV, the average
current—100 mA, and the pulse duration—2 ns.® The average
energy of X-ray quanta was about 20keV. The attenuation
length of such X-ray quanta for SrF, is about 77 um, which is
considerably less than the thickness (2mm) of the studied
powder nanoparticle samples.

Luminescence studies of SrF, nanocrystals upon photo-
excitation were performed in SUPERLUMI station at
HASYLAB (DESY, Hamburg)."’

Published by AIP Publishing.
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lll. EXPERIMENTAL RESULTS

The SrF, nanoparticles excited by the synchrotron
radiation quanta in the region of optical exciton formation
(hv =10.2eV) reveal luminescence spectra (Fig. 1, curves 1,
2) similar to the spectra of their bulk analogues.''™"® The
spectra consist of asymmetric emission band with a maxi-
mum peaked at 1=305nm (4.06eV). Measurements of
the luminescence spectra with time resolution at room tem-
perature show that only a slow decay component of micro-
second range is present. The luminescence is identified as
n-component of self-trapped exciton emission.""

The photoluminescence intensity of nanoparticles
becomes approximately 5 times lower as the nanoparticle
size decreases from 85 to 20nm (Fig. 1, curves 1, 2, and 5).
The intensity of exciton luminescence decreases in this case
due to the quenching as a result of interaction with the near-
surface defects, whose role increases with nanoparticle sizes
decreasing.

As can be seen from the normalized luminescence exci-
tation spectra (Fig. 1, curves 3, 4), the luminescence inten-
sity decrease with a decrease in the nanoparticle sizes
varies for different excitation energies. Thus, under direct
optical formation of excitons (hv.,. = 10.2 eV), the intensity
decrease rate with decreasing nanoparticle sizes is much
less than the one in the case of excitation in the band-to-
band absorption region [hve >E,=11.3 eV (Ref. 14)].
The latter can be explained by the STE luminescence
quenching due to the interaction with surface defects com-
bined with an additional quenching mechanism caused by
the excitation energy losses at the stage of free charge car-
rier migration (hvey. > E,). Since the thermalization length
becomes comparable to the size of the nanoparticles, free
charge carriers reach the nanoparticle surface without exci-
ton formation.”® The same considerations can explain a
more pronounced decrease in the luminescence intensity of
SrF, nanoparticles with the decrease in their sizes observed
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FIG. 1. Emission (curves 1, 2) and luminescence excitation (3, 4) spectra of
SrF, nanoparticles with mean grain size of ag = 85nm (1, 3) and ap = 20nm
(2,4) at 300 K. Emission spectra measured at the same conditions reflect the
difference in the luminescence intensity for nanoparticles of different sizes.
The luminescence excitation spectra are normalized. Inset: the comparison
of luminescence intensity dependence on the nanoparticle sizes upon photo-
(curve 5, hve,. = 10.2eV) and X-ray excitation (6). T=300K.
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in the case of X-ray excitation as compared with that under
optical excitation (Fig. 1, curves 5 and 6).

The luminescence quenching at the stage of free charge
carrier migration should not affect the exciton luminescence
decay kinetics, since these losses of excitation energy take
place before the formation of excitons. Therefore, the change
of X-ray luminescence decay kinetics with nanoparticle sizes
decreasing can be considered as a consequence of quenching of
excitons due to their interaction with the near-surface defects.

X-ray excited STE luminescence decay kinetics for the
single crystal and SrF, nanoparticles with different sizes are
shown in Fig. 2. The decay kinetics curve of the single crys-
tal (curve 1) is close to the exponent with the decay time
constant T = 1.2 us. The exponential form and fast lumines-
cence rise suggest that the X-ray excited luminescence decay
kinetics of SrF, is not distorted by the capture of charge
carriers by traps during their migration. The insignificant
deviation of X-ray-luminescence kinetics of the SrF, single
crystal (curve 1) from the exponential form at the initial
stage of the decay is possibly due to the presence of defects
or uncontrolled impurities in the crystal, resulting in the
quenching of the exciton luminescence.

X-ray STE luminescence decay kinetics in SrF, nanopar-
ticles (Fig. 2, curves 2—6) in addition to the exponential com-
ponent, which corresponds to the exciton decay time at room
temperature, exhibits pronounced fast component and its con-
tribution increases with a decrease in the nanoparticle sizes.
We suggest that this fast component appears due to the
quenching of STE involving near-surface defects. To analyze
the decay kinetics of X-ray STE luminescence in nanopar-
ticles, a model taking into account the diffusion of excitons
toward the surface was developed.
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FIG. 2. X-ray excited luminescence decay kinetics of SrF, single crystal
(curve 1) and nanoparticles of different average grain sizes (2-6). T=300K.
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IV. KINETICS FOR SURFACE LOSSES IN
NANOPARTICLES

For simplicity, we regard a nanoparticle as a rectangular
parallelepiped with the length of edges equal to ay, a,, and
a, correspondingly: 0 <x<a,, 0<y<a, 0<z<a..
The excitation light falls along the x-axis. The concentration
of excitons (probability density of finding an exciton) is
denoted as n(t,x,y,z). After the instant excitation with the
light intensity of /,, photons per unit square, this concentra-
tion is controlled by the equation

on(t,x,y,z)  [0*n 0°n On n
—a  Plaeteyter) o W

where D is the exciton diffusion coefficient, and 7 is the exci-
ton radiation lifetime. This equation can be easily solved by
Laplace transformation over time and Fourier transformation
over space coordinates. We are going to discuss the case
of strong surface quenching. In this case, excitons are instan-
taneously killed at the surfaces of the nanoparticles, and
the boundary conditions are n(z,0,y,z) = n(t,a,,y,z) =0,
n(t,x,0,z) = n(t,x,ay,z) = 0, and n(t,x,y,0) = n(t,x,y,a)
= 0. Therefore, this model is suitable for nanoparticles and
single crystals having a strong nonradiative relaxation of
excitons on their surface.

The initial condition is 7(0,x,y,z) = Ik, %, where
key 1s the absorption coefficient for the excitation l1ght. This
condition is suitable for single crystals both in optical and
X-ray excitation. In the latter case, k., is the extinction coef-
ficient of X-ray quanta. In the case of nanocrystals ak,, < 1,
the initial exciton distribution can be considered to be uni-
form n(0,x,y,z) = L.k.x = const, which is a partial case of
the previous initial condition.

Solving the boundary value problem (see the detailed
description the in Appendix) for the case of nanoparticles in
the form of a cube (¢ =a, = a, = a,) with the size less than
the absorption length (ak., < 1), one can obtain the follow-
ing expression for luminescence decay intensity:

Lin (1) = L (0)exp (—i_) (R (2:))3 @)

8 o0
:_22

and L—mean diffusion length of self-trapped excitons.

The luminescence decay Kkinetic curves constructed
according to the relation (2) are shown in Fig. 3. As it can be
seen from the figure, the increase in the rate of luminescence
decay kinetics is observed if diffusion of excitons to the
nanoparticle surface is accounted for, especially at the initial
stage of luminescence quenching.

where

5 exp (—(2n + 1)°7%x),
2n + 1

V. FITTING THE X-RAY LUMINESCENCE DECAY
KINETICS BASED ON THE DIFFUSION MODEL

The fitting parameters in formula (2) are: T—decay time
of STE, L—the mean migration length of STE during time 7,

J. Appl. Phys. 123, 034306 (2018)
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FIG. 3. Decay curves for L/a=0 (upper curve), 0.1, 0.2, 0.3, and 0.4 (bot-
tom curve).

and ap—nanoparticle size. Experimental curves of X-ray
luminescence decay kinetics (Fig. 2) cannot be fitted with Eq.
(2) if parameter a, takes on the values of experimental aver-
age sizes of the nanoparticles (20, 30, 45, 65, and 85nm).
This is caused by the fact that nanoparticles have a certain
size distribution. In order to take it into account, we introduce
the distribution function of the nanoparticles size N(a). Then,
considering the contribution of nanoparticles with different
sizes in the test sample, the experimental kinetics curve /()
would be described by the relation

Amax

1) = J

0

Lum(t,a)N(a)da, 3

where I, (t,a) is the decay kinetics for nanoparticles of the
same size from relation (2).

As the first step to the analysis of kinetics curves (Fig. 2),
Eq. (3) was solved in order to determine the possible form of
the function N(a). Equation (3) is Fredholm equation of the
first kind. This equation was solved by numerical methods,
according to the algorithm described in Ref. 15, substituting
the function I(f) by the experimental decay kinetics data.
Regularization by Tikhonov method was used in calculations.
The mean diffusion length L was chosen from a range of
4-15nm as it is presented in Refs. 6 and 11. The decay time
of the exciton 7=1.2 us was taken from the fitting of the
kinetics of SrF, single crystal (Fig. 2, curve 1). The function
N(a) as a typical solution of the integral equation (3) is shown
in Fig. 4.

As can be seen from Fig. 4, the obtained curve N (a) con-
tains the contribution of nanoparticles with sizes @ > 130nm
in addition to the distribution of nanoparticle sizes in the vicin-
ity of average value (20nm). This result indicates that the
sample contains nanoparticles with the ratio L/a « 1. Particles
with such large sizes have the single-exponential decay kinet-
ics characteristic of SrF, single crystals. Therefore, the size
distribution is considered only for small nanoparticles, and the
presence of large particles is taken into account by adding the
one-exponential term in Eq. (3)
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FIG. 4. The size distribution of nanoparticles obtained from the solution of
Eq. (3) for the X-ray excited luminescence decay kinetics in SrF, nanopar-
ticles of ay = 20 nm average grain size. L = 10 nm.

Amax

J Lium(t,@)N'(a)da + Ae™™, )
0

I(6) = (1 - A)

where the value of A determines the contribution of lumines-
cence from the large nanoparticles. The log-normal distribu-
tion was chosen to fit the experimental kinetics using relation
(4) for the size distribution of nanoparticles (N'(a))

RS Y )

V2maln(o) R ) In(o) ’

2

where a; is the average nanoparticle size, c—parameter that
determines the distribution width. The optimal value of o =2
was chosen during the fitting procedure of the decay kinetics.
The distribution of nanoparticles with different average sizes
is shown in Fig. 5.

Using the distributions shown in Fig. 6 as N (a) functions
and decay time of STE t = 1.2 us, the approximations of the
experimental luminescence kinetics decay (Fig. 2) were car-
ried out. The mean diffusion length of STE (L) and the contri-
bution to the emission from large nanoparticles (A) were used
as fitting parameters. The examples of fits are shown in Fig. 6,

0.04 T T T

—20nm

0.03

S0.02
c

0.01

0 50 100 150 200
a, nm

FIG. 5. Log-normal distribution in case ¢ =2 and ay = {20, 30, 45, 65, and
85nm}.
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FIG. 6. X-ray excited luminescence decay kinetics of SrF, nanoparticles
(black curves) and fitting curves (red) using Eq. (4) for samples with the
average grain size of ap = 85 nm (a) and ay = 20 nm (b).

and the corresponding parameters are given in Table I. The
best fits of the experimental data were obtained using the
mean diffusion length of STE in the range of 13—17nm and
the relative emission contribution of large nanoparticles of
about 10% (Table I).

The proposed model of diffusion quenching of STE
luminescence allows one to describe well the experimental
curves of exciton luminescence decay kinetics in nanopar-
ticles of different sizes. In addition, the implementation of
this model gives an opportunity to determine the particle size
distribution or the diffusion length of STE by indirect
methods.

VI. CONCLUSIONS

A model of STE luminescence quenching in nanopar-
ticles is proposed taking into account the diffusion processes
of STE inside the nanoparticle volume and the interaction
with surface defects. Fitting of the experimental curves by
the proposed relation that accounts for the nanoparticle size
distribution makes it possible to obtain the estimation of the
mean diffusion length L of STE. The estimated value of L
for StF, is in the range of 13—17 nm. If the value of diffusion
length of STE L is known for a certain material, then using
this model, the size distribution of nanoparticles can be

TABLE 1. Fitting the parameters of X-ray excited luminescence decay
kinetics using Eq. (4) for nanoparticles with different average grain sizes.
L—the diffusion length of STE; A—the relative contribution in emission
intensity from “large” nanoparticles in the samples.

Nanoparticles average size (nm) L (nm) A

20 13 0.11
30 14 0.13
45 15 0.13
65 17 0.08
85 17 0.13
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calculated by solving the Fredholm integral equations of the
first kind.

The proposed model allows us to analyze the kinetics of
exciton luminescence in nanoparticles and single crystals that
have a strong nonradiative relaxation of excitons on their surface.
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APPENDIX: LUMINESCENCE DECAY KINETICS WITH
REGARD TO SURFACE LOSSES

To obtain the expression for luminescence intensity time
dependence according to the above-described model (Sec. IV),
it is necessary to solve the following boundary value problem:

on(t,x,y,z) Pn Pn n n
U EA R Y (i T

ot Ox? + 0y? + 0z% T
n(0,x,y,z) = I kope Fert (Al)
n(t,0,y,z) = n(t,ax,y,z) =
n(t,x,0,z) = n(t,x,ay,z) =
n(txy, )—”(Exa% )

These boundary conditions are satisfied if we take only Fourier
terms w1th wavevector components k, = n, -, k, = ny -, and
k. = n. L. It can be shown that terms with even Ny, Ny and n,
dlsappear after the integration of emission intensity over nano-
particle volume, so significant wavevector components are

k= 2no+ D2 k= 20y + 1) = ke = (20, + 1) =
dy ay a;
(A2)

We can express the initial conditions using equalities

< 4
=2 gy S (ERn+ Nxja), Y
n=0
R 2nm(1 e R(=1)"
et =>" nn(cﬂkZi—Tﬂ(nZ ") sin(nnx/a). (A4

n=1

Each mode with wavevector components from Eq. (A2)
will decay with rate

1 2n,+1)° 72 2+ 1)22
/lnr.nv.n,.:—+D<( it 1)'m : +(n_+ Y
T

2 2
az a: ay

Lo 1’2

(A5)

After some algebraic transformations, one can obtain
the intensity of luminescence emitted by the nanoparticle
after instantaneous excitation
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(S e el o}

B, 35S

n,=0n,=0n,=

256ara
I/um( ) y

1
X
(a2I2, 472 (2n,+1)%) (20, +1)2(2n,+ 1)

—Zny.ny.nzt
7€ .

X Tex

(A6)

The amplitude of the luminescence just after excitation
can be simplified and it equals to

L (0) = 256;’% (1 + e~ ) ko
o0 I o g
- (Z 2K+ (2, + 1) > (ZO m+ 1)2>
= D () _ ek (A7)

This value equals the total number of excitons created in
the nanoparticle divided by the radiation lifetime.
The decay kinetics can be rewritten in the form

]lum(t) _ _£ g g &
[]um(o) = exp ( ‘[)P<a)2( ,axkeX)R (a)%)R <a?>7 (Ag)

where we introduce two auxiliary functions

8 & 1
R(x) == 7exp( (2n+1)n x) (A9)
22(271—# 1)’
and
l+e? & 1 2 o
P(x,y)=4y exp(—(2n+1)"n"x).
N =05 D )
(A10)
It can be checked that
Z 1, (All)
P (2n+1
l+er & 1
P(0,y) =4y
0) 1-*?*ynz:;y2+n2(2n+1)2
_L1+e” Y\ _
=1 eytanh(§> =1, (A12)
P(x,0) = R(x), (A13)
8 2
R(x — o0) :pexp(—ﬂ: x). (A14)

Figure 7 Tllustrates the function P(0,y) on y parameter
[y =0 (blue curve), 1 (red), 3 (green), and 10 (cyan)] and the
corresponding asymptotics [Eq. (A14)] (shown as dashed
lines).

The solution (A8) is exact for any values of parameters
Dt and a,k,,. It is useful to introduce the diffusion length
over the radiation lifetime L = v/D7. In the case of bulk
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FIG. 7. The function P(0,y) for some values of y parameter [y=0 (blue
curve), 1 (red), 3 (green), and 10 (cyan)] and the corresponding asymptotics
[Eq. (A14)] (shown as dashed lines).

sample, we have to take the limits a k., > 1, a, > L,
ay > L, a; > L. Taking the sums over n, and 7 and passing
to the integral over n,, we can get the kinetics for the surface
quenching for the case of bulk sample

.
2aya, 1 o
o) = 2 [ e gt
ex
0

= Dy DR (ko /D). (A15)
T

Integrating this kinetics over time, we can get the known
formula for bulk crystal surface quenching

T 2aya, T 1 1
L (t) dt = ¢Iexkex x 5—————>5—
Jl (1) . Jxkgx+x21+le)f
0 0
ayaloe  aya:l,

= = . Al6
1+ kex\/ Dt 1+ kexL ( )

J. Appl. Phys. 123, 034306 (2018)

The surface quenching in other limits (nanowire, nano-
well) can be also obtained. Here, we are going to discuss
mainly the quenching for cubic nanoparticles (the case
ay = ay, = a, = a.

When the nanoparticle size is less than the absorption
length, ak., < 1, Eq. (A8) can be rewritten as

L (1) = L (0)exp ( %) <R ([;—jg) ) }
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