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Based on the polaron effect, we have provided a theoretical explanation for the photoluminescence
(PL) spectra of a single InP/GalnP quantum dot, the characteristic features of which are a set of equally
separated peaks and large linewidth. The phonon band required for our theory has recently been dis-
covered as the disorder activated longitudinal acoustic band around 20 meV. Our theoretical predictions
on the temperature dependence and the light polarization dependence of the PL spectra have initiated

new experiments, which have confirmed our theory.
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As characteristic features of a confined zero dimen-
sional system, electron energies in a quantum dot (QD)
are well-separated discrete levels. Then, the light emitted
from a QD should be extremely sharp, which is impor-
tant for optical devices. From a sample with high QD
density, fabricated with the standard Stranski-Krastanow
mechanism, the measured finite linewidth of photolumi-
nescence (PL) was attributed to the variation of QD sizes.
Recently, PL spectra of asingle InP/GalnP QD have been
obtained [1] from fully developed dots with awell-defined
shape. The base areais45 X 60 nm? with the elongation
in the [110] direction and the height is typically between
12 and 18 nm. Regardless from which QD in a sample
the spectrum is taken, in every PL spectrum one observes
sets of peaks. In each set the peaks are equally sepa-
rated by an energy of about 20 meV. While the emission
spectra from different dots are quite similar with respect
to energy spacing between the peaks, the intensity ratio
of the peaks varies. Furthermore, every sharp PL peak
has a finite linewidth of about 2 meV, which is substan-
tialy larger than the thermal energy kgT for the experi-
mental temperature T = 5 K. One typical experimental
measurement is shown in Fig. 1, where the PL spectrum
exhibits two sets of peaks. The main set has three peaks
marked as A, B, and C, and the second set of three weak
peaks is shifted from the main set by about 12 meV. The
proposed interpretation in terms of hot carriers lumines-
cence process [1] has failed to explain the ratio of peak
intensities and the 2 meV linewidth.

Using a six band Luttinger Hamiltonian and taking into
account the observed geometry of the dot, the electronic
structure of a strained InP/InGaP QD, calculated recently
by Pryor et al. [2], yields only two PL peaks, correspond-
ing to peaks A and B in Fig. 1. As the QD height in-
creases from 12 to 18 nm, the peak separation drops from
18 to 13 meV, which is much smaller than the observed
20 meV in al dots. Above the energy of the higher peak,
the electronic structure predicts absolutely no PL inten-
sity. Pryor et al. [2] have aso redlized that in a highly
symmetric QD, other observed peaks in Fig. 1 cannot be
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produced by an asymmetry effect. Furthermore, the elec-
tronic structure cannot explain the observed 2 meV PL
linewidth. Consequently, Fig. 1 can hardly be explained
by electronic structure effects.

In this Letter we present a theoretical understanding of
the measured PL spectrain terms of electron-phonon inter-
action and demonstrate the polaron effect as the origin of
the interesting features shown in Fig. 1. Our theory pre-
dicts a characteristic temperature dependence of the inten-
sity of each PL peak in any PL spectrum, regardless from
which QD the spectrum is taken. New experiments moti-
vated by our theory have confirmed this prediction. Our
theory has been further checked by the latest experiment on
polarization dependence of the PL spectrum. The 20 meV
phonon mode which is crucia to our theory has been
discovered in a recent Raman experiment [3]: a disorder
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FIG. 1. PL and photoluminescence excitation (PLE) spectrum

of a single InP/GalnP QD (from Ref. [1] with permission of
the authors).
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activated longitudinal acoustic (DALA) band with energy
around 20 meV appearsin the measured vibration spectrum
of GalnP layer on which InP QDs are grown epitaxialy.

To illustrate unambiguously the essential physics of the
polaron effect, we will extend the theory of the electron-
phonon interaction for localized electronic states in the
bulk [4] to the electron-hole system in a quantum dot [5]
within the one mode approximation. As in the theory of
multiphonon transitions[4] the local vibration is character-
ized by an effective mass M, afrequency », and a configu-
ration coordinate x. From the measured peak separation in
Fig. 1 whichisequal to the measured energy of the DALA
band [3], we have iw = 20 meV. Since the phonon dis-
persion has been ignored in our model, in this Letter we
will not calculate the PL linewidth but instead will provide
a satisfactory explanation of its origin.

Within the adiabatic approximation, the adiabatic po-
tential U;(x) = Mw?x?/2 describes the local vibration
in the absence of an electron-hole pair. Before switch-
ing on the electron-phonon interaction, the presence of
an electron-hole pair with energy eq raises U;(x) to
Uy(x) = g9 + U;(x). Then, due to the electron-phonon
interaction, ey becomes x-dependent £(x). Inits simplest
form e(x) = g9 — ax, e(x) islinear in x, where the con-
stant « is proportiona to the electron-phonon coupling
strength. Hence, the adiabatic potential is further modi-
fied to

U,(x) = g9 — ax + Mw?x*/2

=gy + Mw’x*/2)(x — x0)* — Mw?x}/2,
D

where xog = a/M w? isthe equilibrium position of shifted
oscillator, and Ag,o = Mw?x3/2 is the polaron energy.
All these energy profiles are shown in Fig. 2. The energy
difference e, = U2(0) — U,(0) is the photoexcitation
energy of the electron-hole pair, and the separation 7 =
Us(xo) — U,(0) is its thermal excitation energy. Their
difference Aepo1 = eopt — &7 gives the polaron shift.

The values of «a, w, and M depend on the material
and geometrical constants of the QD through the DALA
eigenmode. Unfortunately, there exists no concrete theo-
retical study on a DALA band, athough it has been
detected in numerous disordered materias in the last
20 years. Because of this, we do not have information
to include the nonadiabatic effects in the model. As
will be shown below, for our simple model, these three
parameters «, w, and M will be combined into a single
variable . While iw = 20 meV, ¢, will be fixed by
fitting the measured intensity ratio of PL pesks.

In the low temperature limit, only the ground vibration
level is populated. Hence, the radiative recombination
of electron-hole pair is due to the transition from the
ground vibration state Wo(x — xo) in the potential U (x)
to the nth vibration state ¥, (x) in the potential U,(x).
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FIG. 2. A schematic plot of various energies which appear in
the theoretical model. The transitions A, B, and C give the
three corresponding pesksin Fig. 1. See text for details.

The so produced luminescence spectrum will consist of a
series of peaks equally separated by the phonon energy
hw. We follow the Condon approximation to neglect the
dependence of electron wave functions on the configura-
tion coordinate. Then, the optical transition probability
Wo., between Wo(x — xo) and ¥, (x) is

o -1
W(),n = In(Z In) > (2)
n=0

wherel, = | [Z . dx ¥ (x)Wo(x — x0)|>. Since ¥, (x) is
the nth eigenfunction of the harmonic oscillator potential
U,(x) = Mw?x?*/2, andlytical results can be readily de-

rived. In terms of the dimensionless coordinate variable
{o = xov/Mw /I, we obtain Ag,o = (iw/2){;, and
&
In - 211 ’exp( §O/2) (3)
n

Thus, the relative peak intensities in a PL spectrum,
given by Eq. (3), are determined by the parameter ¢y, the
value of which depends on the electron-phonon coupling
in the QD. We should point out that ¢5/2 is just the
Huang-Rhys parameter which appears in the theory of
multiphonon transition. Equations (2) and (3) indicate
that the pattern of distribution of the normalized peak
values in a PL spectrum is rather sensitive to the value
of /3. As an example, two sets of calculated PL peak
intensities are shown in Fig. 3for /¢ = 1.5 (8) and 3 =
2.5 (b). Hence, the value of ¢, will be determined by
fitting the measured PL spectrum as demonstrated below.

The increase of n in Fig. 3 corresponds to the decrease
of photon energy in Fig. 1. We notice that in the PL
spectrum shown in Fig. 1, the peak B in the main set
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FIG. 3. Two caculated distribution patterns of PL peak
intensities for /¢ = 1.5 (a) and & = 2.5 (b).

overlaps with the middle peak in the second set of peaks
with much weaker intensity. After deconvolution, the
pattern of relative peak intensities of the main set is very
similar to the one shown in Fig. 3(b). Hence, the QD
parameter is so determined as ¢ = 2.5. From Fig. 2 it
is clear that a set of equally separated peaks in the PL
spectrum will shift uniformly in energy if €., and/or
Aepo vary. Since different electron-hole pair excitations
give different values of €., and Ae,o, more than one
set of equally separated peaks may appear in a single
PL spectrum. However, peak separations in all sets are
the same because they al originate from the same DALA
band. For a given set, since al peaks correspond to the
radiative recombination of the same electron hole pair,
their intensities should have the same time dependence
which is determined by the decay of the electron hole
pair. Thisisindeed the experimental observation [1] that
al three peaks A, B, and C in Fig. 1 have the same value
of time constant 0.6—0.7 ns. Our theoretical calculation
has then explained the measured PL spectra in terms of
polaron effects. In the measured phonon spectrum of
Ref. [3], the DALA band has a width of about 2 meV.
Hence, if we introduce a phonon dispersion of about
2 meV and then perform a complete theoretical analysis
accordingly, the & peaks in Fig. 2 will be broadened
and the linewidth will be about 2 meV. Such detailed
calculation will not be presented in this Letter.

In order to check whether our theory of polaron effects
is correct, we have suggested two new experiments to the
group who measured the PL spectrum in Fig. 1. The first
is the temperature quenching of PL intensity. The tem-
perature dependence of multiphonon assisted nonradiative
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recombination of electron-hole pairs can be readily cal-
culated with our theory. The nonradiative recombination
process is determined by the thermally stimulated tunnel-
ing. Within the semiclassical approximation the probabil-
ity 1/7,1(T) for this process is given by [4]

1 1
Tph(T) - ?exp[_(b(T)],
_ | e 1+ 1+ &2
¢<T>—[ e+t @

how er
— 1 + 2 + | ==
i+ ¢ fcomszT} ho’

where &= Aspol/[sT Slnh(ha)/2kBT)]

Since the probability of radiative recombination is
insensitive to temperature, while the probability of non-
radiative recombination is enhanced rapidly with increas-
ing temperature, the PL intensity J(7') will be reduced
when the temperature israised. Let 7,4 be the lifetime of
the radiative process. Using a reference temperature Ty
(usually the lowest experimental temperature), we define
Y = Traa/Tpn(Tp). FOr agiven peak in the PL spectrum,
in terms of its reference intensity I (7)), the PL intensity
at higher temperature T is readily obtained as

](T)=|: 1+

1+ yexpl¢(To) — ¢(T)]

The intensity ratio J(T)/I(Ty) depends only weakly on
Aep,1 as compared to its dependence on the phonon en-
ergy hw. Hence, Eq. (5) should represent the character-
istic temperature dependence of all peaksin all PL spectra
taken from all QDs in one sample.

Using the same samples from which the PL spectra
were taken earlier, new experiments have been performed
[6] to measure the temperature dependence of the PL in-
tensity of a number of peaks in different QDs, in a tem-
perature range from 5 to 85 K. The reference temperature
is then set at Ty, = 5 K. The measured values of rela-
tive intensity, expressed in the form IN[J(T)/1(5 K)], are
plotted in Fig. 4 with different symbols for different PL
peaks. To caculate In[I(T)/I(5 K)] from Eq. (5), we
need to know the values of ¢ and y. From the position
of peak C in Fig. 1, we obtain e7 = 1.665 eV. Treating
v as afitting parameter, our theoretical result calculated
with v = 0.075 is shown in Fig. 4 as the solid curve.
The very small value of vy is expected because at very
low temperature 5 K, the electron-hole recombination is
amost entirely radiative. This experimental confirmation
of our theory clearly indicates that the polaron effects play
a very important role in the optical properties of a single
InP/GalnP QD.

It is important to point out that if one believes that
the observed interesting features in PL spectra are caused
by the electronic structure effects, and uses the elec-
tronic structure of Ref. [2] to calculate the temperature

}I (To). (9
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FIG. 4. Temperature dependence of individual peak intensity
I(T)/I(5K) in a PL spectrum of a single InP/GalnP QD.
Different symbols are for different peaks, and the data are
collected from more than one QD (Ref. [6]). The solid curve
is the theoretical result calculated from Eg. (5).

dependence of PL peak intensity, the so-obtained result
differs drastically from the measured data at the qualitative
level.

It was conjectured in Ref. [2], in connection to its
electronic structure calculation, that besides peaks A and B,
al other PL peaksin Fig. 1 are due to the QD asymmetry.
We then suggested the second experiment to measure
the polarization dependence of the PL intensity, which is
determined by the symmetry properties of the electron-hole
pair wave function, but not by the eigenfunction ¥, (x) of
the harmonic oscillator potential. If that conjectured in
Ref. [2] iscorrect, different PL peaks of agiven QD cannot
have the same polarization dependence. If our polaron
model is correct, then all equally separated PL peaks in
the same set measured from a given QD should have the
same polarization dependence.

The suggested experiment has also been performed
[6] on the same samples from which the PL spectra
were measured earlier. The polarization direction of the
incident light is fixed, and the PL spectrum is taken for
a given polarization direction of the emitted light. Let
6 be the angle between the two polarization directions
and J(6) the corresponding PL intensity. The data from
a QD exhibit a maximum intensity for all PL peaks
a 0 = 110°. The normalized intensities 7(0)/1(110°),
measured along the radial direction, are plotted in Fig. 5
as functions of 6, where each symbol represents a PL
peak. It is clear that al data taken from different PL
peaks in a given QD have exactly the same symmetry.
Consequently, the prediction based on the polaron effects
is consistent with the experimental results shownin Fig. 5,
while the conjecture based on the electronic structure
effects contradicts the observation.

The PLE spectra were measured together with the PL
spectra, as shown in Fig. 1. Although the 20 meV PLE
line separation also appears in PLE spectra in the energy

Intensgity

FIG. 5. Polarization dependence of the normalized intensity
(with respect to the intensity at # = 110°) in a PL spectrum
of asingle InP/GalnP QD, with different symbols for different
peaks (Ref. [6]).

region around 1.7 eV, at the moment we have no intention
to interpret these extremely complicated PLE spectra for
the following reason. According to the electronic energy
level structure of astrained InP/InGaP QD [2], the energy
level spacing is about 10 meV for electrons and about
2 meV for holes, which are comparable to the electron-
phonon interaction energy. Thus, there are sophisticated
dynamical and nonadiabatic processes embedded in the
PLE spectra. In this connection, we should also mention
that perhaps similar processes are required to explain the
effect of external electric field on the PL spectrum [7].

While our simple polaron model explains very well the
PL spectra of a single InP/GalnP QD, there exists no
work on the formation of such polaron.
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