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This letter presents a technique for the investigation of the fine structure and spin properties of

quantum dot (QD) ensembles, allowing measurement of QD parameters previously accessible only

from studies of individual QDs. We show how �leV splittings can be deduced from information

contained in the shape of the ensemble polarization spectra and demonstrate the effectiveness of

this technique by measuring Zeeman splittings, g-factors, and sensitivity to QD fine structure

effects. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804267]

There is continuing interest in spin and polarization

effects in self-assembled quantum dots (QDs) for applica-

tions in quantum information, quantum communication, and

spintronics. Despite extensive effort there is no consensus on

important properties such as g-factors, fine structure, and

spin splittings. Much of the existing work has concentrated

on the determination of these QD properties using advanced

microscopy (e.g., Refs. 1–4). Such experiments are concep-

tually simple, allowing precise measurement of individual

QD emission lines, but are limited by the stringent experi-

mental requirements for resolving emission from single

QDs. By contrast, optical measurements obtained from QD

ensembles avoid the stability and detection problems associ-

ated with single dot measurements. The use of ensembles

also provides rapid access to a statistical average of QD

properties sampled over a large number of dots, thus negat-

ing the requirement to make repeated measurements on indi-

vidual QDs. However, inhomogeneous broadening of the

QD ensembles (several tens of meV) means that it is not pos-

sible to resolve emission lines from individual QDs. This

work presents a technique capable of measuring energy split-

tings between differently polarized emission lines, corre-

sponding to the recombination of excitons in individual

QDs, across a whole QD ensemble. We demonstrate the sim-

plicity of the technique by applying it to a study of Zeeman

splitting in QD ensembles and show that the procedure

allows access to measurements of important structural and

spin parameters formerly only directly accessible using sin-

gle QD microscopy.

The QD ensemble samples were grown by molecular

beam epitaxy on semi-insulating GaAs (001) substrates. A

single InAs QD layer, with typical areal QD density

2� 1010 cm�2, was capped with GaAs and sandwiched

between AlGaAs barriers, to aid carrier confinement. The

low growth rate (0.014 monolayers per second) results in

large, indium rich dots which emit at 1170 nm at 10 K, with

a narrow Gaussian-like ensemble full width at half maximum

(FWHM) of �30 meV. For this work undoped and p-doped

(at a doping level of 3 holes/QD) samples were chosen to

highlight the applicability of the technique. Further structure

and growth details of the ensembles used may be found in

Harbord et al.5 All experiments were performed with the

samples maintained at 8 K in a magneto-cryostat, capable of

applying up to 5 T to the QD sample in the Faraday geome-

try. Unpolarized optical excitation was provided by a

Helium-Neon laser at an excitation wavelength of 632.8 nm.

The full polarization state of the emitted light across the en-

semble was resolved using a Stokes polarimeter employing a

rotatable quarter wave plate and a fixed linear polarizer. A

low excitation level was used throughout, sufficient to sup-

press emission from excited states, which can significantly

alter the QD ensemble photoluminescence (PL) polarization

spectrum.6,7

QDs subjected to low power, unpolarized excitation,

and a magnetic field in the growth direction will exhibit

polarized exciton emission lines split by an energy DZ due to

the Zeeman effect. These lines are distinguished by their

opposing circular polarization (CP), resulting from their spin

orientation. The Zeeman Hamiltonian in an external mag-

netic field Bz is given by2

HF
ZeemanðBzÞ ¼ �lB ge;zSe;z �

gh;z

3
Jh;z

� �
Bz; (1)

where lB is the Bohr magneton, ge;z and gh;z are the electron

and heavy-hole g-factors in the Faraday geometry, and

Se;z ¼ 61=2 and Jh;z ¼ 63=2 their spin projections. The

resulting Zeeman splitting of the counter-polarized bright

excitons, with angular momentum Se;z þ Jh;z ¼ 61, will

therefore be DZ ¼ gex;zlBBz, where gex;z is the bright exciton

g-factor ðge;z þ gh;zÞ. A typical PL experiment made on a QD

ensemble will sample many millions of such QDs, due to the

high areal density and finite excitation spot size. This results

in an inhomogenously broadened emission spectrum such as

seen in Figure 1, obtained from an undoped sample. For an

ensemble of QDs, with an average g-factor g�ex;z, a Zeeman

splitting will be induced between the counter-polarized emis-

sion components of every QD.1 Figure 1 also shows the

measured degree of circular polarization qI given by

qI ¼ ðIrþ � Ir�Þ=ðIrþ þ Ir�Þ, of the sample in an external

magnetic field, where Irþ (Ir� ) is the PL intensity of thea)Electronic mail: matthew.w.taylor08@ic.ac.uk
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rþðr�Þ circularly polarized emission. The polarization spec-

trum varies across the ensemble, inverts when the magnetic

field is reversed, and is negligibly small when the field is

removed. In all three cases there is no discernible change in

the shape of PL emission intensity spectrum.

Using the intensity and polarization information pro-

vided by the polarimeter, the PL emission can be split into

its rþ (black) and r� (red) components as shown in Figure

2(a) for an applied field of 5 T. This reveals that the applica-

tion of the field results in a small (�0:5 meV) energy split-

ting between the polarization peaks, with the rþ emission

component at a lower energy than r�. A difference in ampli-

tude between the components is also observed, correspond-

ing to a net polarization. To investigate how the polarization

spectrum may be produced by the Zeeman splitting of the

QD states we analyze the factors which contribute to the

shape of the polarization spectrum.

The emission spectrum of a QD ensemble is typically

approximated using a Gaussian form

GðEÞ ¼ Ae�
ðE�EcÞ

C½ �2 ; (2)

where A is the amplitude, Ec the peak energy, and the

FWHM is 2
ffiffiffiffiffiffiffi
ln2
p

� C. Such a fit is shown in Figure 2(c) and

can be seen to reproduce the form of the PL emission from

the peak to the lower energy side of the spectrum. The real

QD ensemble deviates from true Gaussian form on the high

energy side of the PL peak. This is attributed to the non-

uniform distribution of QD sizes,7,8 in particular, the pres-

ence of sub-populations of smaller dots.7,9 Nevertheless, the

low energy Gaussian-like region observed is typical of QD

ensembles, allowing such a treatment to be applied to a wide

range of samples. The QD excited states, which become

apparent at higher laser power,7 do not contribute signifi-

cantly to this spectrum due to the low level excitation used.

If a small energy splitting D exists between the differently

circularly polarized emission lines of every individual QD,

the ensemble emission may be approximated as two counter

polarized Gaussian distributions: Grþ and Gr� separated by

an energy corresponding to the ensemble average

splitting. There may also be an overall net circular polariza-

tion qA ¼ ðArþ � Ar�Þ=ðArþ þ Ar�Þ arising from an imbal-

ance of spin population. Such a situation is simulated in

Figure 2(b), where the black and red curves represent the rþ

and r� emission, with an energy splitting D ¼ 0:49 meV and

polarization qA ¼ 2:5% between the two. This corresponds

to a shifting to lower energy of the rþ Gaussian with a corre-

sponding increase in its amplitude, which may be expected

as a result of spin redistribution into the lower energy level

at low temperature.10 The resulting emission polarization

spectrum (qG) is shown as the blue line and displays a linear

form. This polarization qðE0Þ ¼ ðGrþ � Gr�Þ=ðGrþ þ Gr�Þ,
where E0 ¼ E� E0 and E0 is the midpoint between the

peaks, is given by

qðE0Þ ¼ Ae
�ðE0�D=2Þ2

C2 � e
�ðE0þD=2Þ2

C2

Ae
�ðE0�D=2Þ2

C2 þ e
�ðE0þD=2Þ2

C2

; (3)

where A ¼ Arþ=Ar�, which reduces to

qðE0Þ ¼ tanh
E0D

C2
þ lnA

2

� �
¼ lim

E0D!0

E0D

C2
þ qA: (4)

Thus, a QD ensemble with a Gaussian emission profile

and an energy splitting between spin states will exhibit a lin-

ear slope D=C2 in its polarization spectrum, offset by the

overall spin polarization qA. Figure 2(c) shows that the

FIG. 1. PL spectrum (red) and circular polarization obtained from an

undoped QD ensemble, using unpolarized excitation under applied magnetic

fields of �5 T (blue), 0 T (black), and þ5 T (cyan) along the growth

direction.

FIG. 2. (a) Emission peak at 5 T resolved into rþ (black) and r� (red) com-

ponents: a small overall polarization (qA) and splitting (D) is evident

between the two. (b) Polarization (qG, blue) produced by a pair of split

Gaussian distributions (D ¼ 0:49 meV, qA ¼ 2:5%). (c) Ensemble PL emis-

sion at 5 T (gray) approximated by a Gaussian distribution (black). The PL

polarization (qI , light blue) is compared with the linear form resulting from

two split Gaussians (qG, blue) and is seen to match over the region where

the ensemble follows the Gaussian shape (ROI).
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behavior observed for the real QD ensemble closely matches

that derived in Eq. (4) over the region of interest (ROI)

where the ensemble displays a Gaussian shape. Thus D and

qA can be easily obtained from a linear fit to the polarization

spectrum over this region, yielding a simple method for

measuring spin splittings and polarisation magnitude in QD

ensembles. Since the gradient of the polarisation is sensitive

only to the relative energy splitting of the spin states, other

magnetic field effects that are not spin dependent and there-

fore only affect the PL peak energy, such as the diamagnetic

energy shift,2 are automatically separated. This allows the

spin splitting component to be easily isolated without com-

plication from other effects. The linear form across the en-

semble means that even a very small change in splitting can

result in a significant change in polarization slope, thus

yielding a very high precision to the measurement. Due to

the C2 factor in the polarization gradient the technique favors

QD ensembles with a narrow, well defined Gaussian

FWHM. The deviation from the linear gradient outside the

indicated ROI results from the deviation of the emission

from an ideal Gaussian profile. A similar analysis of the

shape of these regions could be used to further model the

behavior of the polarization. However, confining the analysis

to the linear region yields the simplest approach and can be

applied to a wide range of QD samples.

This technique can now be used to resolve and

quantify Zeeman splittings for an ensemble of QDs. Using

Eq. (4) the value of DZ was measured over the available

magnetic field range for the undoped and p-doped samples,

and this is shown in Figure 3. For magnetic fields above

1 T, where Zeeman effects dominate,1,2 a linear increase in

DZ is observed with increasing field magnitude for

both samples. This allows an ensemble average g-factor

g�ex;z ¼ �1:9260:04 to be determined for the undoped sam-

ple and g�ex;z ¼ �1:9160:02 for the sample doped at a level

of 3 holes/QD. These values compare favorably with experi-

ments performed on single QDs emitting at similar ener-

gies3,11,12 and provide confidence in the applicability of the

technique.

For the undoped sample, at magnetic field values

jBj < 1 T, the behavior diverges from the linear Zeeman

form. We attribute this to the effects of QD asymmetry and

the electron-hole exchange interaction.1,2 The exchange

interaction mixes the exciton states into linearly polarized

(LP) states split by the fine structure splitting (FSS). An

interplay between the LP FSS and CP Zeeman splitting sup-

presses the increase in DZ with applied field until the

Zeeman splitting is large compared to the exchange splitting,

at which point the linear form returns.2 By charging the QDs

the effects of the fine-structure splitting can be removed via

cancellation of the exchange interaction,2 and this is evident

in the sample doped at 3 holes/QD (chosen such that only a

negligible number of QDs may be expected to be

uncharged). Here a linear increase in splitting between CP

emission lines is observed over the whole field range.

Interestingly, at high magnetic fields, a deviation from the

linear form is also observed in the undoped sample. Such

behavior may result from coupling between bright and dark

exciton states in the QDs,2 which is suppressed in the doped

QD sample due to the prevalence of charged exciton states.

The sensitivity to the QD fine structure could be used to opti-

mise growth of QD samples for future photonic applications,

where minimisation of the FSS is important and demon-

strates that this technique allows investigation of a range of

properties using QD ensembles. The technique may also be

extended to consider direct resolution of the QD fine struc-

ture via measurement in the linear polarisation basis or spin

dependent properties induced through circularly polarised

excitation and such investigations may form the basis of

future publications.

In summary we present a technique to investigate the

electronic structure and spin properties of semiconductor

QDs. This method uses previously neglected information

contained in the polarization spectrum of a QD ensemble to

determine the energy splitting of individual QD lines. We

have validated the technique by measuring Zeeman split-

tings, which are much smaller than the ensemble FWHM of

30 meV, and determined average g-factors for both undoped

and p-doped QD samples. Comparison of these samples at

low magnetic fields suggests that the technique is also sensi-

tive to the QD fine structure splitting, thus showing that the

method may be used as a general technique to probe multiple

aspects of QD electronic structure. This provides an alterna-

tive to single dot measurements: the method is experimen-

tally simpler, is more representative of a typical dot, and is

not confined to shorter wavelengths. It also avoids the neces-

sity for low density, post-growth processed samples, provid-

ing a general tool for the wafer-level investigation and

growth optimization of QDs for future photonic applications.
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