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Abstract. We have found that the long wavelength fundamental absorption edge of CdS,Se;
nanocrystals grown in an oxide glass follows to the generalized Urbach rule that takes into account both

the dynamic (phonon induced) and static (defect induced) disorders of nanocrystal lattice. Tempera-
ture intervals with the dominant influence of both disorders on the absorption edge were determined.

We have also estimated Urbach rule constants comparing them with the bulk ones. Using various
Urbach's rule theories we analyzed the most considerable changes of nanocrystal parameters when
their sizes are decreased down to the quantum scale. It was found that the exciton-phonon coupling
constant and exciton localization one are increased; the average electric fields induced by phonons and

charged point defects are also increased.
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1. Introduction

In bulk semiconductors, impurities and defects cause the
static disorder of the lattice while phonons induce the
dynamic disorder. Both disorders contribute to the tails of
the density of states near the main edges of the bands [1,2].
Optical transitions assisted by the tails give rise to the long
wavelenth fundamental absorption edge. The near IR lumi-
nescence is indicative for the presence of impurities in
CdSxSe;.x nanocrystals [3-5], while the volume CdS-like
and CdSe-like LO modes in Raman spectra clearly demon-
strate their lattice vibrations [6]. It means that both types of
disorders are also present in CdSxSe;_x NCs inducing similar
broadening of their absorption edge. For the first time this
effect was pointed out in [7], but it was not studied in detail
yet. Therefore, here we report the first detail investigation
of the LW absorption edge of CdSxSe;.x NCs within a wide
temperature interval. Two typical cases are considered:
I >agand I <ap(where [ is the mean radius of NCs and
ap is the Bohr exciton radius in bulk). The findings are
analyzed using the most recognized Urbach rule (UR)
theories.

2. Samples

The oxide glasses containing CdSxSe;.x NCs were investi-
gated. Absorption spectra were measured using the standard
method with an error less than 5% in the interval 4.2+500 K.
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The fixed temperature was kept as a constant with an error
less than 2K during the specific measurement. Main NCs
parameters were determined by optical methods proposed
earlierin [8] (Table 1).

3. Absorption edge spectra

Forlarge NCs (T > ap) the absorption coefficient, K, as a
function of photon energy /iw , is well described by the
ordinary 1/2 degree dependence

K = Alhow-Eg 2 (1)

at hw > E,, where E, is the band gap energy, 4 is a con-
stant (Fig. 1a), while for the small NCs (1 <ap)itis fitted by
the formula
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in the same spectral region. In (2)k = ¢, /1 , s are the
roots of the Bessel function, / and n are the orbital and
radial quantum numbers, AcR so are the crystal field and
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Table 1. Parameters of CdS,Se;_y NCs.

Parameter CdSy 135€q.g7 CdSy 325¢ep 68 CdSg ¢45€0 36
Meanradius I ,nm 7.63 2.90 3.00
NCvolume, cm? 1.86 x1018 1.02x10°1° 1.13x101?
Concentration of the lattice atoms, cm™ 1.83x10% 1.29x10%2 9.20x102!
Number of atoms in NC 3.41x10* 1.32x103 1.04x103
Number of NC atoms per one impurity atom 4.37x103 2.79x103 1.38x10°
Number of impurity atoms in NC 7.8 0.47 0.75
Electron effective mass, mg/ Mg 0.140 0.154 0.178
Hole effective mass, my /ng 048 0.54 0.61
Low frequency dielectric constant, £g 9.56 9.50 9.41
High frequency dielectric constant, &, 598 5.81 5.52
Reduced dielectric constant, &, 10.39 10.06 9.55
100 100
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r=7.63nm p
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Fig. 1. LW absorption edge of CdS,Se; y NCs with I >ag(a)and T <ag(b).

spin-orbital splittings of the valence band, m is the reduced
effective mass, P(u) is the size distribution function, the
sum on k = 1, 2, 3 accounts of three valence bands, By,
values describe optical transitions probabilities. According to
the formulae (1) and (2) that neglect both aforementioned
disorders, the LW edge has to fall down like the dotted
lines in Fig. 1, while it falls down exponentially in our
experiments even at 4.2 K (solid curves in Fig. 1). That tes-
tifies at least about the static disorder of NCs lattice. At
high temperatures the edge is additionally broadened by
the dynamic disorder of the lattice.

Static lattice disorder

In bulk semiconductors, local changes of E, are resulted
either from the impurities with the different charges and
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radii or from the non-stoichiometry defects. Thus, a poten-
tial relief appears in the real space. The deformed lattice
volume around the impurity atom does not exceed two or
three coordinate spheres, as a rule. The averaging over a
lot of the crystalline cells due to the light absorption at the
optical transitions between the levels in the density-of-state
tails broadens the edge of the fundamental absorption spec-
tra. Inlarge NCs (T > ap, i.e. without confinement effects)
the same tails are also formed. Each of the small NCs
(T <agp,i.e.in the strong confinement regime) can contain
either one or a few impurity atoms. Moreover, some of the
small NCs can be absolutely pure. Thus, the band gap de-
termined as the distance between the lowest quantum con-
finement levels will be different even for monodisperse NCs
doped with the different number of impurities. In this case,
the density-of-state tails (only for the NCs ensemble as a
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whole) are formed due to the averaging over the size distri-
bution.

Dynamic lattice disorder

Phonon assisted optical transitions additionally broaden
the absorp]tion edge in the bulk crystals and NCs.

4. Urbach’s rule peculiarities

From the analysis of the spectra in Fig. 2, we have found
that the fan of the absorption lines presented in [gK vs.
hw coordinates meets the point (Ky;E) independently on
I and X. At low temperatures, the edge is displaced in a
parallel manner with the temperature decrease that
unambiguously results from the static disorder of NClattice,
while at high temperatures the broadening of the edge is
clearly observed demonstrating the dynamic disorder. Thus,
the long wavelength absorption edge can be described by
the form [1,2]:

O O
Oheo - En O

K =Kp expgrlz_(;_)iEOD 3)
L+WS 0
Ho |

where Kjand Eare the temperature independent constants;

W describes the broadening of the edge due to the static
disorder; W,; = kT/0 describes the broadening by the
dynamic disorder; and 0 depends on the temperature as
follows:
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Here, gy constant does not depend on temperature; the
value of iy is like the phonon energy 7@ pp . Comparing
the experimental dependencies o( 7) (Fig. 3) with the data
calculated by the formula (4) we can estimate 7wgand gy
(Table 2). From the formula (3), the equation

K %h%'ng%g

how = Eg+Ws|
v ) nHKO 20 thEMB ©
0 02kT O

Using W estimated above and the equation (7) we have
then estimated 7 (Table 2). Figures 2, 3, and 4 testify that
the generalized UR is well materialized in CdS,Se;_,-doped
glasses. Table 2 demonstrates the constants obtained from
the analysis of the edge. The values of £ and the exciton
energy E,, are presented there, too.

5. Results and discussion

All of the data shows the following changes of the UR
constants under transition from bulk to NCs. The constant
Ky is about 3-4 orders of magnitude smaller in NCs than in
bulk. The value of Efor large NCs (I > ap) is similar to that
in bulk, but for small NCs (i <agp) it is about of the confine-
ment energy greater. The values of 7cwygare essentially dif-
ferent. In bulk they are similar whatever optical or the acous-
tic phonon energies are (Table 2) and depend on X [10]. In
NCs, they are greater and does not practically depend on
i and X. Table 2 and Fig. 3 demonstrate considerable dif-
ferences between 0, constants.
To clear up the question about correlations of Ey and g
values with the CdS,Se;_, NC parameters, we have analyzed
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Fig. 2. Typical fans of absorption curves for CdS,Se;_x NCs at different temperatures.
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Fig. 3. Temperature dependence of o parameter.
Table 2. Constants of the Urbach rule.
Parameter CdS()_13SC()_g7 CdSo_3QSCO.68 CdSo_64SCO.36 CdS CdSe
bulk NGs bulk NGs bulk NGs bulk bulk
EgeV@E2K) [17540) 1878 [1842(0) 2273 | 2.046(D)[9] 245 2.58(0) 1.85(0)
[9] 9] 2.607() 1.891(|)
E..eV@2K) |1.736 1955 |1822 2273 | 2022 2456 25527(0) | 1.825(D)
2.5840(|) 1.866(]))
Ep,eV 201(O)[10] 206 |2.15(0)[10] 237 237(D)[10] 2527 2,650 (O)[10] | 1.833(D)[11]
200([10] 2.07(|)[10] 2.28(|)[10] 2.662(D[10] | 1.862(|)[11]
Ko, cn! — 363104 — 730104 — 663103 — 1.5107 (D)
2.5108(|))
% 234@0) 130 |1.620) 118 1.20(0)[10] 094 2.80(D)[10] | 2.15(D)[11]
[10] [10] 113 () [10] 2.60(p[1or | 2.50(p[11]
1.98 () 1.54()
[10] [10]
ey, meV 2850 57 30.6(0) s5 34(0)[10] 2 38(O)[10] |21 (O)[11]
[10] [10] 34(p o] 38(Ip[10] 21(Ip[11]
28.5(I) 30.6(])
[10] [10]
hwrg,em™ | — — — — — — 242.0(0)[12] | 171.0(0)[12]
(300K) 235.0(|D[12] | 168.0()[12]
hwp,em™ | — — — — — — 244.0(0)[12] | 173.5(0)[12]
(15K) 235.0(D[12] | 170.04)[12]
W, meV — ) — 3 — 27 — 34(0)(290K)
[11]
14(D(290K)
[11]
7.K — 256 — 267 — 313 — —
K,cm! — ~04-7.5| — ~04-75| — ~0475 | 5+310%0) | 310+310%(D)
(interval of UR 5+3102(|)  [3-10'+3-10% ()
observation)
TK, 4300(0) 4473 |4300(0) 4473 | 4-300(0) 4473 4-300(0)) 4-413(0)
(interval of UR | 4-300 ([]) 4-300(|)) 4-300 (||) 4-300 (||) 4-413(|))
observation)
12 500, 5(1), 2002
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Fig. 4. Typical sets of isoabsorption curves for CdS,Se;_-doped glass.

them using the well-known UR theories. Main differences
between the models are only concerned with the mecha-
nism of the energy deficit fillingup at 1w < Eg . In unalloyed
semiconductors this deficit is filled up by phonons. In solid
solutions it is satisfied by the local changes of Ej resulted
from the local deformations of the crystal potential and
electric fields around impurities. All the models can be
separated into three groups in accordance with the
functional dependencies of E and g, on semiconductor
parameters.

Toyozawa’s model [13] assumes only the dynamic
disorder and exciton-phonon filling mechanism of the en-

ergy photon deficit at 71 < Eg . In this case,
(ha)?
X

00 =2/3G, ©)

Eo = Bex*

) ®)

where E,, is the exciton energy in absorption spectra at
4.2 K; m,, =m, +my,is the exciton translational mass; m,(11,)
is the electron (hole) effective mass; ay describes the exciton
localization; G is the exciton-phonon coupling constant.

In Redfield’s model [14, 15] the energy deficit is pro-
vided by the electron tunneling forcing by the local electric
field near the point charged defects or due to LO phonons.
The average value of the field induced by LO phonons can
be estimated by the formula:

Frms = <F2> =

= (Zsohwo)(ﬁs * eaexny1 cotl‘(hmo / 2kT), 10)

where €* =1/gg+1/ €, & and &u are the low and high

frequency dielectric constants. In this model, E is associ-
ated with E, at T=0 K while gy is given by:

500, 5(1), 2002

00 = Cy3e* agy/ 4eg (11)

where C'is a constant.

Bonch-Bruevich’s model [16] takes into account only
the static disorder that smoothes the potential relief. The
latter is characterized by the so-called optimal fluctuations,
and the absorption edge spectra is given by:

K =Kp ex%%
Wsg i

The strength of the electric fluctuated field is written
through W as follows:

1 [36mg,,,3
Es=- /—W

In the case when the potential relief is formed by the
point charged defects, Wg depends on their concentration
N;as follows [16]:

12

Ws = 2.2EB(Ntagx)O'4, (14)

where Ep =€2/2¢,acx, and e, is the reduced dielectric

constant.

We have used these models to analyze the influence of
NC sizes on the UR parameters (Table 3). CdS,Se;_x NCs
are chaotically oriented in a glass. Therefore, the long wave-
length edge is formed by transitions in E [C polarization
and NC parameters can be compared with the bulk con-
stants corresponding to the component E C. Analyzing
the data listed in Table 3, we have revealed the following
peculiarities.
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Table 3. NC parameters obtained from the UR analysis

CdSy,135¢0.87 CdSy325¢0.68 CdSy.645¢€0.36 GdS CdSe
parameter | NCs bulk (0) NGCs bulk (C7) NGs bulk (O) bulk (0) bulk
G 0.51 028 0.56 041 0.71 0.56 0.24 031
g, cm! 8.01-10° 7.46-10° | 198107 1.08-107 | 1.81-107 1.63-107 226:107 520 -10°
N, cm3 4.19-108 — 4631018 — 6.65-1018 — 4.00 -10'6 D
Njpem3 3.52-1017 — 5141017 — 9311017  — 1.74-1018 265 -10'7
hows ,meV | 57 285 55 30.6 2 4 38 21
Fppss Viem | 1.74-10°  7.75-10° 1.96 .10 1.02:10° | 1.91-10° 1.42-10° 1.88:10°  6.10 '10°
Fg, Viem 280100 — 313105 — 4.29-10° — — 1.38 -10*
Dat T=290K

(a) The exciton localization is increased in NCs. It is
obvious because the exciton is confined by the NC surface
a priori.

(b) The exciton-phonon coupling constant is increased.

(c) The most probable source of the absorption edge
broadening in the bulk is the shallow donor-like defects. In
NCs their relative concentration N, is greater because NCs
are synthesized in an oxide multicomponent matrix that con-
tains a lot of “potential” impurities. According to Mott cri-
terion

ag(Nw JY320.25, (15)
where N, is the critical concentration which is necessary
for the impurity band appearance to start. In CdS,Se;_,,
NCs N, exceeds greatly the critical value which results in
the impurity band growth in bulk. It means that the carriers
are not frozen and N, does not depend on temperature, i. €.,
the absorption edge broadening does not depend on tempera-
ture in the cryogenic region, too. In bulk CdSe N, <N, and
the carriers are frozen. As a result N, is decreased with the
temperature decrease, i. €., Wyis decreased [1]. Using the value
of N; we have then estimated a number of NC atoms corre-
sponding to a single impurity atom in it (Table 1).

For example, one CdS,Se;_y NC with I =7.63 nm con-
tains about 8 impuriy atoms while at I =3.00 nm, it contains
less then one similar atom, i.e. at 7 =3.00 nm, there are some
quantity of non-doped NCs in glass.

(d) The electric field induced by the point charged
defects is risen in NC because of their greater relative con-
centration in comparison with the bulk one.

(e) Some exceeding of the phonon induced electric field
F,,,,in comparison with the bulk one seems to be related to
the polarization effects in a glass matrix and hydrostatic
glass pressure.

The conclusion that the LW absorption edge of
CdS,Se;_x NCs is described by the generalized UR is sup-
ported: (a) by the meeting in a single point of the absorp-
tion curves for fans presented in /gK vs. fiw coordinates;
(b) by the typical temperature dependence of o parameter;
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(c) by the typical behavior of the isoabsorption curves for
the simultaneous effects of both the static and dynamic
disorders of the lattice (see Fig. 4). All the peculiarities of
UR constants can be explained as follows.

Decreasing of Kjis related to the small fraction volume
of CdS4Se;_x compound in an oxide matrix (~0.1%). The
greater value of E(in small NCs (7 <ap) results from the
quantum confinement of exciton motion. In bulk CdS,Se;_,
solid solution, 0y depends on X [10] being resulted from
the structural disorder at the relative increasing one of the
anion component that induces exciton localization effects.
In CdS,Se;_«, NC excitons are greater localized a priori,
which correlates with further lowering gy and lead to the
exciton-phonon coupling constant increasing. In NCs, the
value of ficgconstant exceeds that of the bulk. It seems
reasonable to be explained by broadening the edge due to
additional effects of both glass matrix phonons and surface
NCs phonons. The role of the static disorder (W constant)
was estimated for CdS,Se;_, NCs for the first time. Its high
value in NCs results from their relatively high doping level
by the charged point impurities. Finally, characteristic tem-
perature 7 corresponding to the equal contributions of
the static and dynamic disorders was determined, and the
electric fields induced by both types of the disorders were
estimated.

6. Conclusion

The LW absorption edge of CdS,Se;_ NCsis well described
by the generalized UR. All the aforementioned UR models
have to be defined more precisely because of the following.
The potential relief induced only by a single impurity atom
in NC can not be considered as the smoothed one. It is also
not clear yet how such potential can be introduced for the
structure with the size dispersion. The confinement effect
on the phonon spectra as well as on the exciton motion
should be taken into account in the theories. Then, the
effect of the NC surface on the phonon induced electric
field is not yet sufficiently understood. All of these items
do not obviously break the UR complicating only its
analysis. Their accounting will allow to determ more
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precisely the correlation between the UR constants and NC
parameters and may be to observe new peculiarities in fu-
ture.
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