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Anti-Stokes luminescence in the light of second order perturbation theory
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Anti-Stokes photoluminescence is measured in high-quality GaAs quantum wells. The primary
pathway for interband optical absorption and hence emission under subbandgap photoexcitation is
the optical phonon-mediated second-order electric dipole transition. This conclusion is drawn from
the remarkable agreement between predictions of second-order perturbation calculation and the
measured intensity of anti-Stokes photoluminescence, both as function of the detuning wavelength
and temperature. The results are of direct relevance to laser cooling of solids where phonon-
assisted upconversion is a necessary condition. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901075]

Anti-Stokes photoluminescence (ASPL) or lumines-
cence upconversion refers to a blue-shift in the spontaneous
emission with respect to the excitation energy. Two-photon
abs.orption,1 Auger recombination,2 and absorption of pho-
nons® are among the many pathways, which may lead to
upconversion. Of lively interest is the upconversion mecha-
nism where the carriers absorb phonons from the system and
efficiently release the extra energy through photons, possibly
cooling the lattice.*™"!

We experimentally study ASPL in high quality GaAs
quantum wells. Although ASPL has been previously studied
in semiconductors, including GaAs quantum wells,>'* ! ex-
perimental data have so far been analyzed without a generic
theoretical framework. The mechanism of ASPL has been
shown to be two-step absorption'?'®?* by localized car-
riers,13’16’20 including excitons,12 involving defect states"?
and other intermediate states,21 and phonon-assisted transi-
tions.>'® A reasonably detailed experimental study on GaAs
has already been reported in Ref. 3 but the analysis in that
work was largely empirical without any insight into the mi-
croscopic quantum mechanical processes involved in carrier
photoexcitation.

emission spectra were dispersed in a grating spectrograph
(f=0.5m) connected to a silicon charge-coupled device de-
tector. Fig. 1 shows (the usual “Stokes”) photoluminescence
(PL) spectra measured at 10 K and 100 K, respectively, under
2mW excitation power at an excitation energy of 1.63eV
(indicated by an arrow).

For ASPL measurements, the sample was excited at an
energy lower than the PL peak energy with a 20mW laser
beam focused to spot-size of ~75um in diameter.
Measurements were performed for several values of detuning
A of the excitation laser and for temperatures ranging from
10K to 220K. ASPL was too small to be detected below
10K. A representative set of detuning-dependent ASPL
spectra measured at 100K is shown in Fig. 2. Expectedly,
the ASPL intensity monotonically decreases with increasing
detuning.” Note that while the light-hole exciton (Ih-x) peak
(~1.564¢V) and the onset of n=1 subband also become
visible in the PL spectra at high temperature, we will only be
focussing on the heavy-hole exciton (hh-x) transitions
(~1.546 V) in this study.

One would imagine that at least in high quality samples, 10
the fundamental process involved in optical interband )
absorption under subbandgap laser excitation is the simulta- Detuning | hh-x — 10K
neous absorption of a photon and a phonon.'® It thus seems :Z,? 8 rangefor e 100 K
natural to formulate the problem using second-order pertur- g L ASPL@10K P=2mwW
bation theory (with the electron-phonon and the electron- . 6 —]
photon interactions each contributing one order to the pertur- % | hh-x
bation), in analogy with the theory for interband absorption ~ i
in indirect gap semiconductors.”> We do so here and con- 2 4 Detuning PL excitation
front theory with experiment. 2 |range for i} energy
A molecular-beam-epitaxy-grown high-quality GaAs/ % 2l ASPL : Ih-x
AlGaAs multi-quantum well sample containing 20 GaAs - @100 K : /
quantum wells, each 8 nm wide, separated by 15nm wide MJ JL . . |
Alg33Gag g7As barriers was mounted in optical closed-cycle 154 156 158 1.60 162

helium cryostat. A wavelength tunable Ti:Sapphire laser was
used in continuous-wave mode to excite the sample. The

Energy (eV)

FIG. 1. PL spectra of our GaAs multi-quantum well sample at 10K and
100K under 2mW laser excitation at an energy of 1.63 eV (indicated by an
arrow). The range of detuning used for ASPL measurements at these temper-
atures is also indicated.
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FIG. 2. Detuning dependent ASPL spectra at 100K. The detuning values
shown in the legend are in the same order as the spectra appear with decreas-
ing intensity, i.e., the spectrum with highest intensity corresponds to the first
detuning in the legend and so on.

In Fig. 3, the peak intensities of the heavy-hole ASPL
spectra are plotted on logarithmic scale as a function of
detuning for a wide range of temperatures. Particular symbol
denotes a specific temperature. It is perhaps reasonable to
assume that the primary dependence of the radiative effi-
ciency comes from the temperature and not from the detun-
ing, since nonradiative processes typically have an activation
barrier giving them an exponential temperature dependence.
Hence, to compare the detuning-dependence of ASPL inten-
sity measured at different temperatures, each of these data-
sets has been scaled by a constant multiplier such that all of
them have almost the same intensity near A= 10meV.
Somewhat surprisingly, the data—spanning over two orders
of magnitude in intensity and measured in a temperature
range of 10-220K—all now nearly merge onto a single
curve in Fig. 3. This suggests that the ASPL intensity can be
described by a universal function of detuning.

The simplest mechanism for phonon-assisted ASPL is
qualitatively similar to that of the phonon-mediated indirect
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FIG. 3. Scaled intensities of ASPL measured at different temperatures are
plotted as a function of detuning on logarithmic scale. The solid line repre-
sents the fit to the data by the detuning-dependent factor in Eq. (5).
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interband transitions. Within the second order perturbation
theory picture, the valence band electrons are promoted to
the conduction band via a (sum of many) two-step proc-
ess(es) with virtual intermediate states. This calculation of
the transition rates w for indirect optical transitions gives

EOD¥

where i, f, and m stand for the initial, final, and intermediate
states and ¢;, & and ¢, are the energies corresponding to
those states, respectively. The above equation describes the
processes where the system first gets excited with incident
photon of energy 7w to the intermediate state and then
absorbs a phonon of energy 7w, to reach the final state. The
other set of pathways where a phonon is absorbed first is less
likely by a factor ~[w,/ o]? ~ 5 x 10~* from the energy de-
nominator and is therefore safely ignored. MP" and M;’,llon
are the matrix elements for electron-photon and electron-
phonon coupling respectively. \M52°t|2 is constant for verti-
cal transition (wave vector kK =0) and gives an overall factor
of w in the denominator. |M]‘3,131°“\2 can be written in general
as N(¢q)n, for phonon absorption, where R(g) is a coupling
parameter, which, in general, is a function of phonon wave
vector q. n, is the Bose distribution

| Mphon| | Mph0t|2
(o — )(3(f—s,—hw hawy). (1)

1
fla = exp(hwg/kgT) — 1 @

The form of R(g) depends upon the type of phonons (acous-
tic or optical) and the nature of coupling (deformation poten-
tial or Frohlich interaction). It is easy to argue that acoustic
phonons cannot participate in the upconversion process, and
only optical phonons are involved. Suppose an electron is
excited with incident photon energy 7w (below E,) and it
subsequently absorbs an acoustic phonon of energy c,fq,
where c,/i is the slope of the acoustic phonon dispersion
curve. If the energy provided by the acoustic phonon is suffi-
cient, then the electron gets promoted to the conduction band
and can also acquire some kinetic energy. Under parabolic
approximation for the conduction band, we can write

thZ

-+ Gyhy = B+ (3)
which demands the following condition to be satisfied for
real solution of ¢:

1
Eg—hw:Agi,uc;. “4)

The above argument is pictorially presented in Fig. 4. With
the reduced mass pu~ 0.05m, for GaAs and the estimated
value of ¢, from GaAs phonon dispersion curve we get an
upper bound of A~ 10"?meV. Here, mj is the free electron
mass. We have observed ASPL for more than 25meV of
detuning. The argument shows that this can only happen by
absorbing optical phonons.

Hence, one needs to only consider optical phonon scat-
tering in evaluating Eq. (1). With this in mind, let us make a
zeroth-order back-of-the-envelop estimate of the absorption
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FIG. 4. Schematic description of the fact that acoustic phonons cannot con-
tribute to ASPL. The solid line and the dashed-dotted curves and the dashed
line are, respectively, the electron, acoustic phonon, and optical phonon dis-
persion curves for GaAs. For real solution of ¢, the acoustic phonon disper-
sion curve [dashed-dotted line, corresponds to the left hand side of Eq. (3)]
and the electron dispersion [conduction band parabola drawn by the solid
line, corresponds to the right hand side of Eq. (3)] should cross each-other.
But the band structure of GaAs does not permit that for acoustic phonons,
except for very small detuning. Optical phonons have their dispersion
(dashed line) crossing the electronic conduction band and can provide
required energy for fairly large values of detuning.

coefficient a(w) =w/[Ncn]. Here, w is given by Eq. (1), N is
the number density of photons, ¢ the velocity of light, and n
the refractive index. Equation (1) is considerably simplified
by (i) assuming that optical phonons in GaAs have flat dis-
persion with a constant energy of 36 meV, (ii) ignoring the
wave vector dependence N(g), and (iii) &, — ¢&;, the difference
in the energy between the initial state “/” in the valence band
and the intermediate state “m” in the conduction band is
equal to the energy gap E,. Then, the energy denominator in
Eq. (1) becomes [E, — fiw]* = A%, which can be taken out of
the summation. Note it is standard to make a similar approxi-
mation in deriving the expression for optical absorption in
indirect gap semiconductors.”>** The essential energy de-
pendence in the expression for the absorption coefficient
then comes from the two-dimensional density of states that
appears in the conversion of the summations into phase
space integrals. The final approximate expression for a(w) is

() ~ 4e*fe - p° IR <th - A) 1
- mienht wA? exp hopy 1
ks T

Here, € and ﬁ?‘ are polarization vector and transition matrix
element (for vertical transition, i.e., k = 0) for the momentum
vector of photon, respectively, /i, denotes the optical pho-
non energy. According to Eq. (5), phonon-mediated inter-
band absorption coefficient is expected to have a specific
dependence on detuning [f(A)] and temperature [g(7)]. PL

= [constant] x f(A) x g(T).

Appl. Phys. Lett. 105, 191102 (2014)
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FIG. 5. ASPL at the heavy-hole exciton resonance at different temperatures
for detuning energy between 6.4 to 20meV corresponding to the heavy hole
exciton resonance at the given temperature. The temperature-dependent
(Stokes) PL intensity is also shown and it is arbitrarily scaled so that all the
data fit the same graph.

intensity is proportional to the spontaneous emission rate and
the carrier distribution functions in the valence and conduc-
tion bands. As the absorption coefficient is related to the
spontaneous emission rate through the relationship between
the Einstein A and B coefficients,”* the temperature and
detuning dependence of the PL and the absorption coefficient
should essentially follow each other.

The solid line in Fig. 3 shows the detuning dependence
[f(A), with g(T) fixed] expected from Eq. (5). Indeed, the
detuning-dependent factor of Eq. (5) very well fits the exper-
imentally measured ASPL intensity versus detuning data in
Fig. 3 over more than two orders of magnitude of intensity.
The only adjustable parameter for fitting is a constant prefac-
tor. Note that the above considerations are based on free
electrons and holes, without accounting for any excitonic
features. This seems reasonable because of the much larger
phase space associated with the free electron and hole states.

Finally, let us check the temperature-dependent factor in
Eq. (5). The emission intensity is strongly dependent on tem-
perature (Fig. 5), but here, the primary factor affecting the
intensity would be the loss through various non-radiative
channels, which are not easily accounted for in theory. To
make sense of the data in Fig. 5, let us (approximately) can-
cel the temperature dependence of this nonradiative contri-
bution in PL by taking the ratio of ASPL to Stokes PL
intensity at each temperature. This procedure assumes that
the reduction in the strength of the band-edge emission due
to nonradiative processes is constant at a given temperature,
independent of where in the band the carriers are created.
Fig. 6 shows such temperature-dependent relative ASPL in-
tensity data (normalized to the T= 180K data) for several
values of detuning along with the Bose factor appearing in
Eq. (5), for a constant optical phonon energy of 36 meV. As
evident from the semilogarithmic plot in Fig. 6, the phonon
distribution function nicely fits the data over nearly three
orders of magnitude. Here also, a constant prefactor is taken
as the only adjustable parameter to fit the data. This figure
not only shows a good agreement between the prediction of
Eq. (5) and our data, but it also proves that the ASPL
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FIG. 6. Semilogarithmic plot of ratio of the ASPL intensity to the PL inten-
sity as a function of temperature for various values of detuning. The inten-
sities for different detunings are normalized to one at 180 K. Solid line is the
optical phonon distribution function [Eq. (2)] for GaAs up to a constant
prefactor.

mechanism in our experimental configuration does involve
optical phonons.

To summarize, we have studied the fundamental physics
of ASPL in GaAs quantum wells in a wide range of tempera-
tures, 10-220K, up to a large value of 30meV of laser
detuning. Dependence of the ASPL intensity on the detuning
and temperature were independently studied. An estimate of
the total absorption cross section for the below-bandgap pho-
tons, as a function of these two fundamental parameters,
could be made on the basis of the experimental results. We
found that all the results could be very well-described within
the second order perturbation theory for phonon-assisted op-
tical transitions, similar to the one used for describing inter-
band absorption in indirect gap semiconductors. The
calculations were not specific to the particular GaAs quan-
tum well sample used here; they should be applicable for
understanding ASPL emission efficiency in any two-
dimensional system, and with a modification in Eq. (5)
(using appropriate density of states) to any high quality band
insulator. Despite the phonon-assisted ASPL, we did not
observe any net cooling. High background absorption from

Appl. Phys. Lett. 105, 191102 (2014)

the bulk GaAs substrate perhaps caused extra heating that
dominated over the ASPL cooling.
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his help. B.P. acknowledges financial assistance from INSA
and DST, Government of India.
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