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Abstract
Photoreflectance (PR) measurements are performed as a function of temperature on self-organized InAs/InP(0 0 1) quantum sticks (QSs) grown

by solid-source molecular beam epitaxy. With a very weak excitation power, three PR transition energies are arising and associated with the ground

state and two excited states, respectively, in good agreement with both photoluminescence (PL) and PL excitation measurements. The temperature

dependence of the PR transition energies is in good agreement with the Bose–Einstein behavior.

From PL analysis of these InAs/InP QSs, the ground state was assumed to be partially filled because of the residual n-type doping of the InP

barrier layers. The PR spectra analysis allows us to further confirm this assumption, considering mainly the relative PR intensity of the different

transitions, as well as the Franz Keldysh oscillations (FKO) above the InP bandgap.
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1. Introduction

The classical techniques to investigate the optical properties

of nanostructures like quantum dots are photoluminescence

(PL) [1], photoluminescence excitation (PLE) [2], time-

resolved photoluminescence [3] and photocurrent spectroscopy

[4]. PL is the principal useful technique due to its relative

simplicity. However, only luminescence states are studied and

the extracted information from PL are limited. Hence, in

confined systems, a complementary technique like photore-

flectance (PR) [5] spectroscopy is very useful to determine the

energies of every direct optical transitions, their broadening

parameters [6] and the oscillators strength [7], and eventually to

measure the internal electric field value in n i p structures or at

other space charge layers in the structure [8].

In this report, we use contactless PR in the temperature range

12–300 K to investigate the optical properties of InAs quantum

sticks (QSs) grown by solid-source molecular beam epitaxy
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(MBE) on a semi-insulating InP(0 0 1) substrate. Many

transitions are detected from InAs QSs and wetting layer

(WL) and are identified by comparing with PL and PLE

spectroscopy. The evolution of transition energy is studied

versus temperature. The origin of Franz Keldysh oscillations

(FKO) above InP gap is discussed.

2. Experiments

The self-organized InAs QSs are grown by solid-source

MBE on a semi-insulating InP(0 0 1) substrate. A plane of InAs

QSs embedded in InP barrier layers is grown with optimized

growth parameters in order to reduce the stick size dispersion

[9]. The InAs deposit thickness is adjusted to have an emission

wavelength around 1.5 mm at room temperature. PL spectro-

scopy is performed at 12 K, using an Argon ion laser with a

wavelength of 514.5 nm as the excitation source. The PLE is

excited by a quartz–tungsten lamp dispersed through a 0.6-m

double-grating spectrometer providing a tunable light source.

The experimental PR setup is a conventional one [8]. The probe

beam is provided from a tungsten halogen lamp dispersed

through a grating monochromator and irradiated on the sample.
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The modulated reflectance in QSs sample is produced by a

mechanically chopped He–Ne laser beam at 320 Hz. The

reflected light from the sample is focused on an InGaAs

photodiode. The detected signal is amplified by a I/V converter.

For the temperature dependent experiments, the samples are

mounted in a cold finger variable temperature cryostat.

In PR experiments applied to confined systems, the pump

beam intensity plays an important role. Indeed, the laser

induced background PL parasitic signal is relatively significant

at every temperature in such confined systems. In order to avoid

masking the PR signal by the PL offset, the pump beam

intensity is controlled by attenuator filters. The signal-to-noise

ratio of PR spectra is shown to strongly depend on the pump–

probe power ratio.

3. Results and discussion

The normalized PL spectra recorded at 12 K in the InAs

QSs at different excitation power are shown in Fig. 1. A PL

signal is detected between 0.82 and 0.94 eV. Except the low

energy shoulder previously attributed to some defect

influence [10], the PL spectra can be fitted using two

gaussian lines. Two peaks (labeled A and B) are clearly

resolved and are indicated by arrows at 0.870 and 0.905 eV,

with full width at half maximum equal to 25 and 27 meV,

respectively. In order to study the origin of these two peaks,

we increase the laser power from 0.2 to 900 mW. The second

peak B strongly increases as compared to the peak A.

Therefore, we attribute the peak B to the first excited state

related to the ground state (peak A). This behavior is

explained by the fact that the ground state becomes saturated

at high excitation power leading to the filling of the excited

states [11]. The energy spacing between the ground state and

the first excited state (35 meV) is in good agreement with the

theoretical studies performed on similar samples [12].

It is interesting to note that the recombination from the

excited state still remains at very weak excitation power, as
Fig. 1. PL spectrum recorded at 12 K in InAs/InP QSs, as a function of the

excitation power.
previously reported [10]. Such a behavior has been tentatively

attributed to the effect of non-intentional n type doping of the

InP layers.

The physical origin of the PL peaks was further confirmed

from PLE spectroscopy [13], which allows the identification of

confined states from both the QSs and the WL. The PLE

spectrum at 12 K is shown in Fig. 2a, the detection energy being

fixed at 0.870 eV. The spectrum clearly shows three absorption

peaks labeled a, b and c at 0.908, 0.945 and 1.07 eV,

respectively. The energy gap between a and b is roughly equal

to that between ground state and first excited state. Then, we

attribute peaks a and b to the first and second excited states,

respectively, related to the ground state peak at 0.870 eV. The

peak c in Fig. 2a is very broad, in the 1.02–1.152 eV energy

range, and is attributed to the WL.

PR spectroscopy was applied to this sample in order to gain

more information. The PR spectrum recorded at 12 K in the

InAs QSs is shown in Fig. 2b. In the spectral range between 0.85

and 1.2 eV, four transitions are arising (labeled P1, P2, P3 and

P4). Each of them was fitted using a Lorentzian lineshape [5]
Fig. 2. (a) PL and PLE spectra recorded at 12 K in the InAs/InP QSs. The PLE

energy detection is fixed at 0.870 eV. (b) PR spectrum recorded at 12 K in the

same sample.
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which can be expressed by:

DR

R
¼ ReðAeifðE � En þ iG Þ�2Þ (1)

where A is the amplitude, f the phase angle, E the photon

energy, En the n transition energy, and G is the broadening

parameter. The fitting lineshapes are plotted in Fig. 2b (dark

squares).

A good agreement is obtained between PL, PLE and PR

spectra as far as transition energies are concerned. The optical

transitions observed are the ground state at 0.872 eV (P1) and
Fig. 3. PR spectra of InAs/InP QSs recorded at 300, 240 and 180 K.
two excited states (P2 and P3) at 0.909 and 0.945 eV,

respectively. The WL signal is arising at 1.071 eV. The small

energy shift between PL and PR transitions is attributed to

Coulombic interactions. The PL peak energies are influenced

by multiexciton effect. On the contrary, the PR spectrum is

obtained at low excitation power (20 mW), which decreases the

effect of Columbic interactions.

Now, let us look at the PR intensity, which is proportional to

the oscillator strength of the corresponding transition in

confined systems [14]. A remarkable behavior appears by

comparing the PR intensity of both transitions: ground state and

first excited state. The ground state PR intensity is much lower

than the first excited state one. We interpret this unusual

behavior as a charging effect of QSs due to the effect of a non-

intentional n doping of the InP layers. The ground state is

assumed to be partially filled in this type of structures [10] and

this weakens the absorption. Moreover, the electron charging in

the QSs reduces the oscillator strength by separating the

electron and hole wave functions. These two effects are

responsible for the ground state PR intensity lowering.

The PR spectra recorded at different temperatures are

plotted in Fig. 3. The transitions P1, P2, P3 and P4 are marked

with arrows in the figure. The transition energies redshift as the

temperature is increased. This evolution is fitted using the

Bose–Einstein expression [15] given by:

EGðTÞ ¼ EGð0Þ �
2l

expðu=TÞ � 1
(2)

where l is the average strength of the exciton–phonon inter-

action and u is the average phonon temperature. The fitting

curves are plotted in Fig. 4, and the parameter values derived

from the fitting are listed in Table 1.

Among the parameters determined form fitting the PR

transition using equation (1) is the broadening parameter G.

Extracted values are 19, 16 and 19 meVat room temperature for

the ground state, the first and second excited states, respectively.
Fig. 4. Temperature dependence of the QSs transition energies (P1, P2 and P3).

Solid lines are fits to the Bose–Einstein expression.
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Table 1

Values of the Bose–Einstein fitting parameters for P1, P2 and P3 transitions

Transitions EG(0) (eV) l (meV) u (K)

P1 0.871 � 0.002 99 � 12 270 � 20

P2 0.909 � 0.002 74 � 9 206 � 17

P3 0.944 � 0.002 105 � 17 275 � 27

Table 2

Broadening parameter G at 300, 240, 180 and 12 K for P1, P2 and P3 transitions

Transition 300 K 240 K 180 K 12 K

P1 (meV) 19 � 2 20 � 2 24 � 2 19 � 2

P2 (meV) 16 � 2 16 � 2 16 � 2 13 � 2

P3 (meV) 19 � 2 14 � 2 13 � 2 11 � 2
Table 2 lists the broadening parameter values obtained at

different temperatures. On the contrary to the expected behavior

of the broadening parameter with temperature, no clear increase

of G is observed for any of the transitions when temperature is

increased. G (P1) is even slightly decreasing as temperature is

increased from 180 and 300 K. In the case of a QD population,

the broadening parameter G is mainly due to the distribution of

the QD size, which is independent on the temperature. In a rather

homogeneous QD population however, when G is lower than

20 meV, one would expect to observe the influence on G of

increasing electron–phonon interaction as the temperature is

increased. This we do not observe, as previously reported in

literatures [6,16,17]. Further work is under way to understand in

details the evolution of G as a function of temperature.

Finally, Fig. 5 shows the PR spectrum recorded at 200 K in

the 1.3–1.4 eV energy range. Oscillations are observed above

1.3 eV and are tentatively attributed to Franz Keldysh

oscillations (FKO) coming from a built-in electric field in

the InP layers. The same kind of spectra with FKO is recorded
Fig. 5. PR spectrum of InAs/InP QSs recorded at 200 K in the 1.3–1.4 eV

energy range.
in every studied sample. The FKO period is a direct

measurement of the internal electric field. In order to determine

the value of this electric field, we use the expression [8]:

Em � EG ¼ �hV

�
3

4
ðmp� fÞ

�2=3

(3)

where m is the extremum index, EG = 1.382 eV the InP energy

gap at 200 K, Em the PR extremum energy, F an arbitrary phase

factor and �hV ¼ ðq2F2�h2=2mÞ1=3
is the electro-optic energy

with F the electric field, m the reduced effective mass, and q

and 9 being respectively the elementary charge and reduced

Planck constant. Using m = 0.067m0 for InP, we estimate the field

value at about 6 kV/cm. We suppose that this small electric field

could be caused by the charging of the QSs already highlighted

above [10] and created by the non-intentional n doping of the InP

layers. Following the work of Davydov et al. [18], the area

surface charge density s which could be responsible for this

electric field is derived using the formula s = ee0F where e = 12.5

is the InP dielectric constant. We finds = 3.6 � 1010 cm�2 which

is a reasonable value because the QS density was already

estimated around 5 � 1010 cm�2 [19]. This is in good agreement

with the fact that the QSs are partially filled by residual doping of

the InP layer.

4. Conclusion

In summary, optical properties of InAs/InP QSs are

characterized by PR spectroscopy in the temperature range

between 12 and 300 K. The PR experimental results are in good

agreement with PL and PLE results. The great sensitivity of the

PR technique is highlighted as compared to the PL technique

for the QSs characterization. Energy positions of the ground

state and the two excited states in the QSs are measured as well

as one transition arising from the WL. The temperature

dependence of the QS transition energies are fitted using Bose–

Einstein expressions, and the broadening parameter G do not

hardly show any variation versus temperature. We also detected

the presence of a small electric field in the InP layer, which is

tentatively attributed to the effect of the residual n-type doping

of the InP layer, leading to electron charging of the QSs.
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