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Size-Dependent Temperature Variation of the Energy Gap in Lead-Salt Quantum Dots

A. Olkhovets, R.-C. Hsu, A. Lipovskii,* and F. W. Wise
Department of Applied Physics, Cornell University, Ithaca, New York 14853

(Received 27 April 1998)

We observe that the temperature coefficients of electron-hole pair energiessdEydT d in PbS and
PbSe quantum dots depend strongly on the size of the quantum dot. With decreasing size the
temperature coefficient of the lowest electron-hole pair energydEgydT decreases by more than an order
of magnitude from the bulk value. The weak temperature dependence found in the strong-confinement
limit is expected for atomiclike levels, but has not been observed previously in a semiconductor.
[S0031-9007(98)07402-X]
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The effects of quantum confinement on the electron
states of semiconductors have been studied extensivel
the past 20 years. Excellent introductions and overvie
of the physics of confinement in 2-, 1-, and 0-dimension
systems can be found in [1]. Recently, much attention h
turned to the properties of semiconductor quantum do
(QD’s). The electronic and optical properties of QD’
were derived from basic theoretical considerations a
contrasted with those of 1- and 2-dimensional system
by Schmitt-Rinket al. [2]. The dominant features of the
electronic structure are reasonably well established: T
continuum states of the bulk semiconductor transform
the discrete states of the QD, and the shift of the interba
transitions with QD size is thoroughly studied.

Given the importance of the energy gap of a semico
ductor, it is perhaps surprising that the variation of ele
tronic energies with temperature is not well establish
for QD’s. [As is typical, we define the energy gapEg

as the energy of the lowest electron-hole pair (EHP) tra
sition.] Studies generally report that the gap depends
temperature similarly to the energy gap of the bulk m
terial [3]. The variation may be slightly stronger [4] o
slightly weaker [5] in QD’s of varying size, but the coef
ficient dEgydT is within ,30% of the bulk value.

Here we report a study of the size and temperature d
pendence of the EHP transition energies in PbS and Pb
QD’s. The temperature coefficient of the lowest excite
statedEgydT exhibits a dramatic size dependence: in th
smallest QD’s the value ofdEgydT is reduced by an or-
der of magnitude from the bulk value, and even chang
sign. Atomiclike energy levels are expected to be ind
pendent of temperature, but this is the first observati
of this property in a semiconductor. For a given tran
sition (including higher excited states)dEydT is deter-
mined primarily by the energy of the transition. The siz
dependence and energy dependence ofdEydT can be un-
derstood as consequences of quantum confinement.

IV-VI semiconductors such as PbS and PbSe provi
unique access to the limit of strong quantum confineme
and are excellent for investigation of the properties
a size-quantized system. In contrast to II-VI and III-V
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materials, both the electron and hole are individua
strongly confined in lead-salt QD’s. The exciton Boh
radiusaB ­ 46 nm in PbSe, 8 times larger than in CdS
The electronic [6] and vibrational [7] spectra of lead
salt QD’s are simple and sparse. The coupling of t
EHP to polar phonons goes nearly to zero at sm
sizes [8], as expected theoretically for an ideal Q
[2] but not observed in II-VI or III-V QD’s owing to
weak confinement of the hole and the complicated wa
functions that result from valence-band mixing.

We studied high-quality PbS QD’s with diameter2R
between 3 and 15.5 nm in oxide glass [9], phosph
glass [10], and polymer [7] hosts.aB ­ 20 nm in PbS,
so the samples span the range from nearly bulk mate
to the strong-confinement limit. The EHP energies a
determined from peaks in the optical absorption spec
measured at temperatures from 12 to 300 K. Typic
experimental data are shown in Fig. 1. Three to fi
distinct peaks are observed in the spectrum from e
sample. For the temperature coefficient of each transit
energy we take the slope of a linear fit over the range 7
300 K, where the variation ofEsT d is linear.

The measured values ofdEgydT are plotted versus
QD size in Fig. 2. dEgydT approaches the bulk value
s,500 meVyKd in the largest QD’s. In 4.5-nm QD’s the
magnitude ofdEgydT is a factor of 10 smaller than the
bulk value, anddEgydT becomes slightly negative for
smaller QD’s. This is the first observation that the tem
perature coefficient of the energy gap of a semiconduc
depends strongly on size. The fact that results from d
ferent samples follow the same trend indicates that it
not peculiar to a specific host or synthesis. The lines
the results of calculations to be discussed below.

The values ofdEydT for all transitions observed in
the PbS samples are shown in Fig. 3.dEydT decreases
roughly linearly with energy to,1 eV, and then flattens
out at slightly negative values for higher energies. Th
trend is largely irrespective of size.

A theoretical treatment of the size and temperature
pendence of the spectrum of a QD has not been repor
and a rigorous approach to the problem will be difficu
© 1998 The American Physical Society 3539



VOLUME 81, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 19 OCTOBER1998

o
x-

f
d

-
ld
te-

al-
s.
n
e

gy

e,
in

ll

of

e
r,

.
tic
FIG. 1. Absorption spectra of 8.5 and 4.5-nm PbS QD’s
oxide glass recorded at 12, 100, 200, and 300 K. Bars indic
the 300-K positions of the two lowest parity-allowed dipol
transitions in each sample. Spectral features between the b
are parity-forbidden transitions [6].

The temperature dependence of the energy gap of b
semiconductors was the subject of substantial theoreti
effort [11]. For bulk materials the quantitydEgydT has
contributions from lattice thermal expansion and electro
phonon interactions. Allen and Heine analyzed the ca
of a very narrow energy band, and showed that in th

FIG. 2. dEgydT for PbS QD’s. Symbols are experimenta
values. Squares: phosphate glass host; triangles: oxide g
host; circle: polymer host. Calculated contributions todEgydT
are shown as dotted lines, and the solid line is the sum of
contributions.
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limit the self-energy and Debye-Waller terms cancel t
give an energy level independent of temperature, as e
pected for an isolated atom [12]. Additional contribu-
tions from mechanical strain and thermal expansion o
the wave-function envelope are expected in the QD, an
it is difficult to isolate the distinct contributions experi-
mentally. The envelope-function calculation of QD eigen
states [6] is based on bulk material parameters and wou
predict the same temperature dependence as bulk ma
rial. However, there is no logical basis for inserting the
temperature dependence of the bulk parameters into a c
culation of the temperature dependence of QD propertie
Here we will estimate the magnitude of each contributio
to dEgydT , focusing particularly on the size dependenc
and making simplified arguments wherever possible.

We write the temperature dependence of the ener
levels of the QD in terms of contributions from distinct
effects,µ

dE
dT

∂
­

µ
≠E
≠T

∂
lattice

1

µ
≠E
≠T

∂
envelope

1

µ
≠E
≠T

∂
strain

1

µ
≠E
≠T

∂
el-ph coupling

. (1)

Thermal expansion of the QD contributes todEgydT
through both the lattice and the wave-function envelop
and additional contributions come from mechanical stra
and electron-phonon coupling.

(i) Thermal expansion of the lattice.—We obtained
the thermal-expansion coefficient of PbS QD’s as sma
as 7 nm from x-ray diffraction traces and found it to
be equal to the bulk value. Any size dependence
f≠Egy≠Tglattice ­ f≠Egy≠ag f≠ay≠T g therefore originates
in the dependence of energy on lattice constanta. In bulk
PbS, lattice dilation contributes,340 meVyK to dEgydT
[13]. Size-quantized energies depend weakly on lattic
constant; the confining potential determines a wave vecto
and the corresponding energy from theEskd relation.

FIG. 3. dEydT plotted versus transition energy for PbS QD’s
Symbols have the same meanings as in Fig. 2. Inset: Schema
of energy levels in lead-salt QD’s, with intraband couplings to
the 1pe state indicated.
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Nomura and Kobayashi estimatef≠Egy≠T glattice ,

1 meVyK in CdSxSe12x QD’s [5]. Thus,f≠Egy≠T glattice
is known in the bulk and small-radius limits. As a firs
approximation we interpolate linearly between thes
values, and assume that the bulk value is reached wh
2R ­ aB. This should be reasonable because the e
fects of confinement begin to appear when the diame
approachesaB.

(ii) Thermal expansion of the wave-function enve
lope.—When a QD undergoes thermal expansion, th
quantum-confined energy levels shift, with

dE
dT

­
≠E
≠R

≠R
≠T

­
≠E
≠R

aR ~ 2
a

mr

1
R2 , (2)

where a is the thermal expansion coefficient of the
QD material andmr is the reduced mass of the EHP
The last form is obtained assuming a simple paraboli
band model. TakingdEydR from experiment yields
dEgydT ø 240 meVyK in 3-nm QD’s, which accounts
for ,10% of the observed variation.

(iii) Mechanical strain.—QD’s in rigid hosts expe-
rience stress owing to mismatch between the therm
expansion coefficients of the dot and host, as well a
pressure arising from surface tension [14]. The resu
ing strain produces energy shifts that we estimate direc
from the pressure coefficient of energy≠Ey≠P, assuming
that the QD’s are spherical and under uniform pressur
Since≠Ey≠P depends on the volume of the unit cell [11]
it should be reasonable to use the bulk value of≠Ey≠P
for the QD. For PbS QD’s in glass the difference in
thermal-expansion coefficients producesf≠Egy≠Tgstrain ø
270 meVyK, varying little with size. We estimate the
contribution from surface tension following Scamarcio
et al. [14] and obtainf≠Egy≠T gsurface ø 10 meVyK.

(iv) Electron-phonon coupling.—The self-energyDE
due to electron-phonon coupling was calculated for a bu
semiconductor using second-order perturbation theory
Fan [15], and several refinements of this calculatio
followed [11,16]. The change in the self-energy due t
the promotion of an electron from occupied to unoccupie
levels in a QD is a sum of terms of the form

DE ­
X
,p

jkn0s,0 2 ,pd; ,pjHel-phonjn,; 0lj2

En, 2 En0s,02,pd 2 h̄vp
,

where is the angular momentum of the electron,n
represents all other quantum numbers for the electro
and,p andvp are the angular momentum and frequenc
of the phonon. Intraband (coupling to like-carrier states
terms are always negative, while interband (couplin
to opposite-carrier states) terms are always positive f
the lowest-energy transition. Interband terms in th
self-energy are responsible fordEgydT ø 150 meVyK
in bulk PbS [13]. With decreasing size (increasin
energy denominators), these interband contributions w
decrease. The energy gap increases as,1yR1.3 for R $

2.5 nm [6]. Therefore, we approximate the interban
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terms as decreasing linearly from the bulk value fo
diameters belowaB. In QD’s the intraband self-energy
can be approximately related to the electron-phono
coupling strengthS (the interaction energy in units of the
phonon energy) and the Bose factorn:

DEyDT ­ 2SsRd sh̄vpd
d

dT
nsT d T!`

! 2SsRdkB .

Polar coupling to optical phonons must be consid
ered along with deformation-potential coupling to
acoustic phonons. In the strong-confinement limit the
deformation-potential coupling to acoustic modesSac
should dominate over the coupling to optical mode
[2] and this is confirmed experimentally in 3-nm PbS
QD’s [8]. Deformation-potential coupling to acoustic
phonons produces a temperature-linear contribution to th
self-energy withDE , 21yR2 [17]. In 3-nm PbS QD’s
with Sac ø 0.1 [8], we find dEgydT ø 220 meVyK.

The individual contributions todEgydT are indicated in
Fig. 2 as dotted lines (the contribution from mechanica
strain is omitted for clarity). The sum of these terms
is shown as the solid line, and agrees reasonably we
with experiment. The quantitative agreement should no
be taken seriously, but we can safely conclude that th
size-dependence ofdEgydT is dominated by the lattice-
dilation and interband electron-phonon terms. The effec
of lattice thermal expansion is weaker than in the bulk
material because the QD energy levels are determine
by size quantization rather than the lattice constant, an
the electron-phonon self-energy term decreases becau
the spacing between these quantum-confined energy lev
increases. (The increased spacing is evident in the spec
of Fig. 1 and systematic data are compared to theory
[6].) The overall behavior can thus be understood in
terms of elementary arguments of quantum mechanics a
perturbation theory.

Analogous reasoning accounts qualitatively for the
variation ofdEydT with transition energy. Higher-energy
states arise from the confining potential and so depend i
creasingly less on lattice constant. Equation (2) show
that envelope thermal expansion contributesdEydT ~

2E; for E ­ 2 eV, dEydT ø 250 meVyK. The effect
of strain evaluated above applies to excited states, an
should be approximately independent of energy for fixe
size. Nothing is known experimentally about the coupling
of higher excited states to phonons, but given the sim
larity of electron and hole wave functions connected b
dipole transitions [6], we expect that the electron-phono
coupling will not vary rapidly with energy. As discussed
above, interband electron-phonon terms will be negligibl
at high energies. For higher excited states the intraban
terms can be positive (coupling to a lower-energy state) o
negative (coupling to a higher-energy state), as indicate
in the inset of Fig. 3. For a given QD size, the intraband
energy differences are approximately constant: e.g., in th
8.5-nm dots the lowest splittings are 100 and 75 meV
3541
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FIG. 4. Experimental and calculated values fordEgydT for
PbSe QD’s.

and in 3-nm dots 500 and 600 meV. Assuming consta
electron-phonon coupling, the resulting near-cancellati
of terms will produce a small negative intraband sum fo
higher excited states. This adds to the contributions fro
strain and envelope expansion to produce the values
dEydT observed at high energies.

Similar results are obtained with PbSe QD’s. Value
of dEgydT obtained for a series of PbSe QD’s with
diameters 2–8 nm [18] are displayed in Fig. 4. In PbS
the Bohr radiusaB ­ 46 nm, so the confinement is
extreme in these QD’s. The solid line is the result o
arguments similar to those made for PbS.

In II-VI materials such as CdS and CdSe, the intraban
energy differences do not approach the bulk energy ga
As a result, the intraband electron-phonon terms a
much larger than the interband terms, sodEgydT , 0
and is similar to the bulk value. The most detailed an
systematic measurements ofEgsR, T d of II-VI QD’s that
we have found were performed on a set of CdS QD
with diameters from 1.3 to 4 nm [4].dEgydT varies
approximately as21yR2 as expected for intraband terms
and coupling to acoustic phonons, and the magnitude
the variation is consistent withSac ø 1.

In conclusion, we report strong size and energy d
pendence of the temperature coefficients of QD electro
hole pair energies. For the highest EHP energiesdEydT
is nearly independent of temperature, as expected
atomiclike states. The approximate analysis presen
here shows that the observed behavior is expected
3542
nt
on
r
m
of

s

e

f

d
p.
re

d

’s

of

e-
n-

for
ted

in

a strongly size-quantized system, but we hope that th
experimental results will motivate a rigorous theoretica
treatment.
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