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Size-Dependent Temperature Variation of the Energy Gap in Lead-Salt Quantum Dots
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We observe that the temperature coefficients of electron-hole pair enddfi¢dT) 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 enéfgy dT 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 electronianaterials, both the electron and hole are individually
states of semiconductors have been studied extensively gtrongly confined in lead-salt QD’s. The exciton Bohr
the past 20 years. Excellent introductions and overviewsadiusag = 46 nm in PbSe, 8 times larger than in CdSe.
of the physics of confinement in 2-, 1-, and O-dimensionalThe electronic [6] and vibrational [7] spectra of lead-
systems can be found in [1]. Recently, much attention hasalt QD’s are simple and sparse. The coupling of the
turned to the properties of semiconductor quantum dotEHP to polar phonons goes nearly to zero at small
(QD’s). The electronic and optical properties of QD’s sizes [8], as expected theoretically for an ideal QD
were derived from basic theoretical considerations angR] but not observed in 1I-VI or IlI-V QD’s owing to
contrasted with those of 1- and 2-dimensional systemsveak confinement of the hole and the complicated wave
by Schmitt-Rinket al. [2]. The dominant features of the functions that result from valence-band mixing.
electronic structure are reasonably well established: The We studied high-quality PbS QD’s with diamet2R
continuum states of the bulk semiconductor transform tdetween 3 and 15.5 nm in oxide glass [9], phosphate
the discrete states of the QD, and the shift of the interbandlass [10], and polymer [7] hostsag = 20 nm in PbS,
transitions with QD size is thoroughly studied. so the samples span the range from nearly bulk material

Given the importance of the energy gap of a semiconto the strong-confinement limit. The EHP energies are
ductor, it is perhaps surprising that the variation of elec-determined from peaks in the optical absorption spectra
tronic energies with temperature is not well establishedneasured at temperatures from 12 to 300 K. Typical
for QD’s. [As is typical, we define the energy gdfy  experimental data are shown in Fig. 1. Three to five
as the energy of the lowest electron-hole pair (EHP) trandistinct peaks are observed in the spectrum from each
sition.] Studies generally report that the gap depends osample. For the temperature coefficient of each transition
temperature similarly to the energy gap of the bulk ma-energy we take the slope of a linear fit over the range 70—
terial [3]. The variation may be slightly stronger [4] or 300 K, where the variation af(T) is linear.
slightly weaker [5] in QD’s of varying size, but the coef- The measured values afE,/dT are plotted versus
ficientdE,/dT is within ~30% of the bulk value. QD size in Fig. 2. dE,/dT approaches the bulk value

Here we report a study of the size and temperature dg-—~500 weV/K) in the largest QD’s. In 4.5-nm QD’s the
pendence of the EHP transition energies in PbS and PbSeagnitude ofdE,/dT is a factor of 10 smaller than the
QD’s. The temperature coefficient of the lowest excitedoulk value, anddE,/dT becomes slightly negative for
statedE, /dT exhibits a dramatic size dependence: in thesmaller QD’s. This is the first observation that the tem-
smallest QD’s the value ofE,/dT is reduced by an or- perature coefficient of the energy gap of a semiconductor
der of magnitude from the bulk value, and even changedepends strongly on size. The fact that results from dif-
sign. Atomiclike energy levels are expected to be indeferent samples follow the same trend indicates that it is
pendent of temperature, but this is the first observatiomot peculiar to a specific host or synthesis. The lines are
of this property in a semiconductor. For a given tran-the results of calculations to be discussed below.
sition (including higher excited statedf/dT is deter- The values ofdE/dT for all transitions observed in
mined primarily by the energy of the transition. The sizethe PbS samples are shown in Fig. 8E/dT decreases
dependence and energy dependencémfdT can be un- roughly linearly with energy to~-1 eV, and then flattens
derstood as consequences of quantum confinement. out at slightly negative values for higher energies. This

IV-VI semiconductors such as PbS and PbSe providérend is largely irrespective of size.
unique access to the limit of strong quantum confinement A theoretical treatment of the size and temperature de-
and are excellent for investigation of the properties ofpendence of the spectrum of a QD has not been reported,
a size-quantized system. In contrast to II-VI and 1lI-V and a rigorous approach to the problem will be difficult.
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‘ ' ‘ limit the self-energy and Debye-Waller terms cancel to
04 & 1B 8.5-nm PbS ’ give an energy level independent of temperature, as ex-
pected for an isolated atom [12]. Additional contribu-
tions from mechanical strain and thermal expansion of
the wave-function envelope are expected in the QD, and
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 would
! predict the same temperature dependence as bulk mate-
0.6 0.7 0.8 0.9 1 rial. However, there is no logical basis for inserting the
Encrgy (V) temperature dependence of the bulk parameters into a cal-
culation of the temperature dependence of QD properties.
Here we will estimate the magnitude of each contribution
4.5-nm PbS /2 to dE,/dT, focusing particularly on the size dependence
and making simplified arguments wherever possible.
We write the temperature dependence of the energy
levels of the QD in terms of contributions from distinct
] effects,
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FIG. 1. Absorption spectra of 8.5 and 4.5-nm PbS QD's inThermal expansion of the QD contributes #&,/dT
oxide glass recorded at 12, 100, 200, and 300 K. Bars indicatthrough both the lattice and the wave-function envelope,
E?aens'é’iﬁg;]'g igoggg)hnia%f] pt||?ee tggeggﬁéalﬁgg'zg?\)’vvggn O:Ir?eof aggd additional contributions come from mechanical strain
. - = d electron-phonon coupling.
are ty-forbidden t t 6]. . . . .
re parity-forbidden transitions [6] (i) Thermal expansion of the latticesWe obtained
the thermal-expansion coefficient of PbS QD’s as small

The temperature dependence of the ener a0 of bufes 7 nm from x-ray diffraction traces and found it to
b P gy gap e equal to the bulk value. Any size dependence of

semiconductors was the subject of substantial theoreticrtl Eo/0T hauice = [0E,/da][9a/9T ] therefore originates

effort [11]. For bulk materials the quantigiz, /4T has in the dependence of energy on lattice constantn bulk

contrlbut_lons fro_m lattice thermal expansion and eIectron-PbS’ lattice dilation contributes340 weV/K to dE,/dT
phonon interactions. Allen and Heine analyzed the cas

of a very narrow energy band, and showed that in tha 3]. Sge-quantl_ze_zd energies depend_ weakly on lattice
constant; the confining potential determines a wave vector,

and the corresponding energy from tlik) relation.
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FIG. 2. dE,/dT for PbS QD’s. Symbols are experimental

values. Squares: phosphate glass host; triangles: oxide glaB$G. 3. dE/dT plotted versus transition energy for PbS QD'’s.
host; circle: polymer host. Calculated contributionsito, /dT Symbols have the same meanings as in Fig. 2. Inset: Schematic
are shown as dotted lines, and the solid line is the sum of albf energy levels in lead-salt QD’s, with intraband couplings to
contributions. the 1p, state indicated.
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Nomura and Kobayashi estimat@dE,/dT Jiaiice < terms as decreasing linearly from the bulk value for
1 neV/Kin CdS;Se -, QD’s [5]. Thus,[dE,/dT Jiatice diameters belowsz. In QD’s the intraband self-energy
is known in the bulk and small-radius limits. As a first can be approximately related to the electron-phonon
approximation we interpolate linearly between thesecoupling strengths (the interaction energy in units of the
values, and assume that the bulk value is reached whegyhonon energy) and the Bose factor
2R = ap. This should be reasonable because the ef-
fects of confinement begin to appear when the diameter AE/AT = —S(R) (fiw,) ——n(T) '— —S(R)kg.
approachegsp. dr

(i) Thermal expansion of the wave-function envePolar coupling to optical phonons must be consid-
lope—When a QD undergoes thermal expansion, theered along with deformation-potential coupling to

d T—x

guantum-confined energy levels shift, with acoustic phonons. In the strong-confinement limit the
dE  90E R  OE a 1 deformation-potential coupling to acoustic mod&s
g aRoT  arRE m R (2)  should dominate over the coupling to optical modes

o [2] and this is confirmed experimentally in 3-nm PbS
where « i_s the ther_mal expansion coefficient of the QD's [8]. Deformation-potential coupling to acoustic
QD material andm, is the reduced mass of the EHP. hhonons produces a temperature-linear contribution to the
The last form is obtained assuming a simple parabolicse|f_energy WIithAE ~ —1/R? [17]. In 3-nm PbS QD’s
band model. TakingdE/dR from experiment yields \ith s5,. ~ 0.1 [8], we finddE, /dT = —20 ueV/K.
dE,/dT =~ —40 ueV/Kin 3-nm QD's, which accounts  The individual contributions taE, /dT are indicated in
for ~10% of the observed variation. Fig. 2 as dotted lines (the contribution from mechanical
(i) Mechanical strain—QD's in rigid hosts expe- strain is omitted for clarity). The sum of these terms
rience stress owing to mismatch between the thermak shown as the solid line, and agrees reasonably well
expansion coefficients of the dot and host, as well agith experiment. The quantitative agreement should not
pressure arising from surface tension [14]. The resulthe taken seriously, but we can safely conclude that the
ing strain produces energy shifts that we estimate directlgjze-dependence afE,/dT is dominated by the lattice-
from the pressure coefficient of energg/aP, assuming gjlation and interband electron-phonon terms. The effect
that the QD’s are spherical and under uniform pressuresf |attice thermal expansion is weaker than in the bulk
SincedE/dP depends on the volume of the unit cell [11], material because the QD energy levels are determined
it should be reasonable to use the bulk valu&)sf/dP  py size quantization rather than the lattice constant, and
for the QD. For PbS QD's in glass the difference inthe electron-phonon self-energy term decreases because
thermal-expansion coefficients produ¢eg, /a7 Juin =  the spacing between these quantum-confined energy levels
—70 peV/K, varying little with size. We estimate the increases. (The increased spacing is evident in the spectra
contribution from surface tension following Scamarcio of Fig. 1 and systematic data are compared to theory in
et al.[14] and obtaidEy /0T Jurface =~ 10 neV/K. [6].) The overall behavior can thus be understood in
(iv) Electron-phonon coupling—The self-energyAE  terms of elementary arguments of quantum mechanics and
due to electron-phonon coupling was calculated for a bU”berturbation theory.
semiconductor using second-order perturbation theory by analogous reasoning accounts qualitatively for the
Fan [15], and several refinements of this calculation ariation ofdE /4T with transition energy. Higher-energy
followed [11,16]. The change in the self-energy due tostates arise from the confining potential and so depend in-
the promotion of an electron from occupied to unoccupiedtreasingly less on lattice constant. Equation (2) shows
levels in a QD is a sum of terms of the form that envelope thermal expansion contribuié&/dT «
[(n'(€" — €,); €, | Hei-phon In€; 0)]? —E; for E=2¢eV,dE/dT = —50 ueV/K. The effect
AE = Z E,c ’ of strain evaluated above applies to excited states, and
¢ " should be approximately independent of energy for fixed
where £ is the angular momentum of the electrom, size. Nothing is known experimentally about the coupling
represents all other quantum numbers for the electrorgf higher excited states to phonons, but given the simi-
and{, andw, are the angular momentum and frequencylarity of electron and hole wave functions connected by
of the phonon. Intraband (coupling to like-carrier states)ipole transitions [6], we expect that the electron-phonon
terms are always negative, while interband (couplingcoupling will not vary rapidly with energy. As discussed
to opposite-carrier states) terms are always positive foabove, interband electron-phonon terms will be negligible
the lowest-energy transition. Interband terms in theat high energies. For higher excited states the intraband
self-energy are responsible fetE,/dT =~ 150 ueV/K  terms can be positive (coupling to a lower-energy state) or
in bulk PbS [13]. With decreasing size (increasingnegative (coupling to a higher-energy state), as indicated
energy denominators), these interband contributions wilin the inset of Fig. 3. For a given QD size, the intraband
decrease. The energy gap increases-agR!? for R =  energy differences are approximately constant: e.g., in the
2.5 nm [6]. Therefore, we approximate the interband8.5-nm dots the lowest splittings are 100 and 75 meV,

- E”/(g/_fp) - Pia)p

P

3541



VOLUME 81, NUMBER 16 PHYSICAL REVIEW LETTERS 19 O©TOBER 1998

a strongly size-quantized system, but we hope that the
] experimental results will motivate a rigorous theoretical
] treatment.
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