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ABSTRACT: III-V quantum dot systems are widely studied for implementing the promising
intermediate band solar cell concept. However, current performances are quite lower than
theoretical expectations and several losses mechanisms were proposed to explain experimental
findings. Here we show that quantum dot solar cells are far from a simple intermediate band system,
because of a complex energy structuring. Thanks to the combination of high quality hetero-
structures and high resolution modulation spectroscopy, we experimentally unveil specific
resonances, hidden upon continuous wave spectroscopy inspection because of ensemble effects and
thermal broadening. These resonances are associated to strain induced localized states and to
crossed transitions, and arise from the coexistence of materials with different dimensionalities, i.e.,
nanostructures, wetting layers and continuum. The study clearly shows that accurate energy
structuring modelling is required for these systems to be effectively considered as intermediate band

solar cell solutions.



INTRODUCTION

The challenge of high efficiency, in combination with low cost and reliability, is continuously
pushing research in the photovoltaics field.!* Single junction solar cells, capped by the Shockley—
Queisser (S.Q.) detailed balance limit, have recently reported record values of 26.7% and 29%,
respectively based on the mature technology of silicon and III-V compounds, while emerging
perovskites materials have now achieved 21.6%. * In order to significantly exceed the S.Q. limit,
new device concepts have been searched in the last decades, such as multi-junction layouts which
demonstrated current record values of 38.8% in III-V systems and 28% in perovskite-on-silicon
systems.® Intermediate Band Solar Cells (IBSCs), where electronic states are added within the
semiconductor gap, are another example of this effort. * Theoretically, they have been proposed for
an impressive enhancement of the solar cell efficiency comparable to multi-junction configuration,
but with a potentially simpler device layout. Within the III-V semiconductor family, monolithically
grown quantum dots have been suggested as the most feasible way to allow the formation of
intermediate band in the host p-n junction, and to provide the separation between quasi Fermi level
required for both, photo-voltage and photocurrent improvements.’> Nevertheless, despite several
attempts, reported photovoltaic conversion efficiency of these systems is well below theoretical
expectations.®’ Many studies are currently focusing on the role of different loss mechanisms: ® non
radiative recombination,” occupations of the band,!” interband absorption coefficient, or optical
thickness are certainly some critical points of such a technology. In most cases, in order to explain
the operation mode of the device, a simplified "particle-in-a-box" model is assumed for energy
levels, with the quantum dot electron ground state (GS) playing the role of the intermediate state.
Additionally, because of their large effective masses, the confined holes energy levels are typically
described as a continuum band. Instead, as already suggested by earlier literature on quantum dots
for telecom devices, these hetero-structures are characterized by the coexistence of regions with
different dimensionalities: 0D QDs, 2D wetting layer (WL) and 3D continuum matrix. This results

in a complex scenario, where crossed transitions, involving electrons and holes localized in
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different regions, and hence coming from states of different nature (bound/unbound), are likely to
occur. ' 12 Virtual Bound States (VBS), localized in the QD, but energetically placed within the
continuum of the barrier, can also connect the bound states within the bandgap (IB states) to the
conduction band. '3 Finally, for a complete description of the energetic structure, the strain
originating at the dot-matrix interface must also be taken into account. Multiband atomistic
pseudopotential calculations,!? for example, in the specific case of InAs/GaAs QD structure, showed
that strain-induced confining potential distortion generates additional localized electron and hole
states. All these effects can influence the absorption profile in the visible and infrared (IR) range
and, consequently, the overall electronic properties and device performances.

Continuous wave (CW) spectroscopy techniques, such as Photoluminescence (PL),
Photoluminescence Excitation (PLE), or external quantum efficiency (EQE), are useful to assess the
main operation principles of these devices. '®!? In particular, they allowed to identify the main

carrier dynamics processes in the widely studied InAs/GaAs QD system, namely tunneling 2° and
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thermal “* escape, and to unveil the role of W and trap states !° in the optical up-conversion
mechanism. However, CW spectroscopy, based on emission or absorption, typically provides
information only about the lowest energy states involved in the inter-band transitions. Evidence of
crossed transitions has been reported in dots-in-a-well structures through advanced characterization,
such as waveguide absorption 2> and two-colour pump and probe experiments, 2* as well as in single
dot spectroscopy and in spectrally resolved intra-band transitions at low temperature. > !> On the
other hand, modulation spectroscopy, due to the derivative-like features of its spectra and the
consequent high resolution also at Room Temperature (RT), can identify carrier dynamics pathways
present during QD-IBSC operation, involving states at higher energy, and which are generally
hidden upon CW spectroscopy inspection 2¢ because of ensemble effects and/or thermal broadening.
In this paper, we combine CW and highly spectrally resolved modulation spectroscopy on

differently engineered QD-IBSCs, to clearly unveil all the direct and crossed (2D-0D, 0D-2D)

optical transitions, hidden under conventional studies. >’
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Figure 1. Layer structures of the two investigated devices: InAlGaAs/AlGaAs band gap Enhanced-barrier
QD Heterostructure (EH) and a state-of-art InAs/GaAs Standard QD Heterostructure (SH).
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In particular, theoretically predicted strain induced localized -electron-states, are clearly
experimentally identified. We show that the composition, responsible for the different strain
profiles, %% determines a complex energetic structure in the hetero-structures, affecting excitation
and scattering processes, namely inter-level filling and carrier extraction, and leading to
distinguished electro-optical behaviour of the corresponding devices.

EXPERIMENTAL SECTION

The study has been performed on two QD hetero-structures grown by molecular beam epitaxy
(MBE) and designed for photovoltaic operation (Figure 1): an InAlGaAs/AlGaAs band gap
Enhanced-barrier Heterostructure (EH) and a state-of-art InAs/GaAs Standard Heterostructure (SH).
Details on samples preparation can be found in Supporting Information (Samples preparation
Section) and references 29 and 30.

The two QD solar cell structures were investigated by collecting, at RT, CW spectroscopy
measurements, i.e., PL and EQE, and Photo-Reflectance (PR) spectra as displayed in Figure 2. In
PR measurements, the relative change in reflectance is reported as AR(L)/R(0) signal, where AR(D)
and R(0) are, respectively, the AC modulated and DC average signal (more details in Supporting

Information, Experimental Section).



In order to access to experimental observables, we performed line-shape analysis (red lines through
the data in Figure 2, upper panel), as required by the differential nature of the spectra (more details
in Supporting Information, Photo-Reflectance line shape analysis Section).

In particular, Lorentzian line-shape analysis has been performed:

% = Re[Ae""’(E—E0 +ir)*’”] (1

where Eo is the critical point energy, [ is the broadening parameter, A and 0 are the amplitude and
phase and m refers to the nature of the optical transitions.?!

Rigorously, in the case of confined systems, the induced change in the dielectric function and,
consequently, the PR line-shape, has a first-derivative character and the most appropriate profile at
RT is Gaussian like. > However, the third derivative Lorentzian line-shape analysis with
exponential m=3, is a good approximation of the first derivative Gaussian one (see Supporting
Information: Lorentzian line-shape analysis as Gaussian Approximation, in PR line shape analysis
Section).?” Additionally, the Lorentzian approximation allowed us to analytically evaluate the
oscillator strength (f) of the optical transitions. Indeed, in this frame it is possible to define, through
the Kramers-Kronig relations, connecting the real and imaginary parts of the response function, an

analytical form of the PR modulus |4p(E)|, given by:

A
A = 4 0 )

[(E—E0)2+FZF

It can be shown that the integrated area of PR modulus (Area) is proportional to the oscillator

strength f of the optical transition.?”- 323 The values of E;, Area; and T; for each i-th resonance, as
returned from the analysis, and the normalized values of Area; to the corresponding QD-GS value,
namely f;N = Area;/Areag, are reported in Table 1 (for EH) and Table 2 (for SH).

RESULTS AND DISCUSSION

In both samples, PR spectra (Figure 2) clearly define the QDs related transitions (indicated as E; in

the two plots), characterized by f;" of the order of few units and the same T'; (~50meV), and the 2D-
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Figure 2. Upper panel: PR spectra recorded at 300K for a) sample InAlGaAs/AlGaAs (EH) and c¢) sample
InAs/GaAs (SH). In SH the PR spectrum is multiplied by 10 in the QD spectral region. Continuous line
through the data are the Lorentzian line shape analysis in both spectra. Dotted lines represent the Lorentzian
Moduli. The Moduli related to E; of sample EH have been multiplied by 10 and the ones of SH by 100.
Lower panel: Room temperature PL (right linear axis) and EQE (left logarithmic axis) of b) sample
InAlGaAs/AlGaAs (EH) and of d) sample InAs/GaAs (SH). The EQE spectrum of GaAs reference sample is
also reported in black-dashed line, in both spectra.

WL transition (Ewr), showing larger £N value (few tens) than the QD one. The larger I'yy;, value of
EH (~80meV) with respect to SH (18meV) reflects the different composition-induced disorder,
since the WL in EH is a quaternary compound.

At high energy, the typical Franz-Keldysh Oscillations (FKO) %’ are well evident, in correspondence
of the AlGaAs and GaAs barrier (EmaTrix), in EH and SH spectra, respectively. PL spectra confirm
the QDs states attribution. PL spectrum of EH showing the WL and band gap matrix emission, also
validates the PR resonance attributions at high energy.

In the central region of both PR spectra, in addition to the well identified 2D-WL resonance (EwL),

clear and sharp resonance features are present; they are labelled as X, Si, Vi in the figures, and are
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Table 1. Transitions energies Ei and corresponding line width [i, as returning from Lorentzian
fitting procedure of PR spectrum of InAlGaAs/AlGaAs (EH) structure, at 300K.

Rescljrince Ei(meV)  Ii(meV) Areal N EQE} EQEN
Eo 1118+1 46+2 0.0015 1.0 0.0007 1.0
Ei 1187+3 56+3 0.0013 0.9 0.0011 1.6
X1 1266+1 96+1 0.0044 2.9 0.0018 2.6
X 1350+10 75+1 0.0177 12 0.0022 3.1
WL 1440+20 80420 0.0367 25 0.0150 21
Vi 1520430 77+20 0.0152 10 0.0550 79
Va 1610+30 72+5 0.0301 20 0.0817 117

2 Area; = integrated area of the Lorentzian Moduli, proportional to the oscillator strength; fN = Area;/Areag,

normalized to the corresponding ground state value.

b EQE; values in correspondence of the i-th resonance; EQEN = EQE;/EQEg, normalized to the corresponding ground
state value.

Table 2. Transitions energies Ei and corresponding line width 0i, as returning from Lorentzian
fitting procedure on PR spectrum of InAs/GaAs (SH) structure, recorded at 300K.

PR

Resonance  Ei(mev)  Ii(meV) Areaf £ EQE} EQE!
Eo 10942 49+4 0.027 1.0 0.0015 1.0
E| 1179+4 3944 0.046 1.7 0.0027 1.7
E, 12505 40+4 0.069 2.6 0.0053 32
X, 128510 1510 0.202 7.5 0.0069 4.2
Xz 133242 222 0.800 30 0.0201 12
WL 1356+7 18+7 0.624 23 0.0363 22
Si 13963 2546 3.016 112 0.0391 24
S2 14002 22+8 4.572 169 0.0424 25

a2 Area; = integrated area of the Lorentzian Moduli, proportional to the oscillator strength; fN = Area;/Areag,,
normalized to the corresponding ground state value.

b EQE; values in correspondence of the i-th resonance; EQEN = EQE;/EQEg, normalized to the corresponding ground
state value.



hardly visible in the corresponding EQE spectra. Transitions, at energy higher than QD ones, but
lower than the WL threshold, can be ascribed to crossed transitions involving 2D-WL hole state and
0D electron bound state. '! Similarly, in the spectral range between WL onset and matrix
continuum, crossed transitions involving 0D hole bound state and 2D-WL electron state can be also
expected, as well as QDs direct transitions involving VBS. 1% 1413

1.12 asserts that, in InAs/GaAs structure (SH sample in this work),

Theoretical work by Popescu et a
hole and electron confining potential distortion can create hole states (h-D.Lxy), in-plane localized
inside the QD, and Strain Induced Localized electron States (SILSs), at energy higher than the
potential barrier. Additionally, it states that the strain induced local potential barriers (potential
wings) shield electron and hole bound states, and prevent crossed transitions involving 0D and 2D
states.!? Conversely, in the corresponding spectral range, several sharp transitions are possible, due
to (h-D.Lxy) and SILSs involvement. In particular, transitions related to SILSs are expected to show
high intensity with respect to the ones at lower energy.'?

In order to shed light on the experimentally observed additional transitions, we compared the
related (normalized) oscillator strength and broadening parameter (f¥ and Tj, respectively), as
returned by the PR line-shape analysis for the two samples. In fact, their values can clarify the
transition type (whether direct and/or crossed) and unveil the kind of energy states involved
(localized/delocalized). In more details, it results that for EH, the f;" of Xi and V; features (Table 1)
are generally comparable to each other (except for X that results reduced) and smaller than the WL
one. Conversely, in SH, all the f;¥ values of X; and S; (Table 2) are larger (except for X; that results
reduced) than the WL one and, in particular, the £V related to S; are one order of magnitude larger
than the ones related to X;. Therefore, the latter cannot be explained in the frame of crossed

transitions. In fact, in the single-band effective-mass approximation, the 0D-2D transitions (above

the WL onset) are weaker than 2D-0D ones (below the WL onset). ' 12



Finally, f;¥ values related to S; transitions in SH, also result larger than the ones related to V; in EH,
suggesting an involvement of a different kind of states. In particular, the high intensity and the
reduced splitting energy (few meV) related to S; features, unveiled thanks to the derivative character
of PR technique, suggest here the involvement of SILSs. These energy levels, in fact, are
theoretically expected to be closely spaced, within an energetic resolution of ImeV in the single
dot."?

On the other hand, in EH structure, where a strain-accommodating growth approach was used to
grow defect-free QDs within a high energy AlGaAs barrier (see details in the Supporting
Information, Role of the strain in EH sample Section), the middle energy transitions, Vi and V2,
observed above the WL onset, can be associated to crossed transitions (0D-2D) and/or to direct ones
involving VBS.!% 1413

Likewise, the resonances X; and X can be related to 2D-0D crossed transitions in EH, as well as to

transitions between hybrid h-D.Lxy-WL states and 0D electron states in SH sample.
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Figure 3. Schematic representation of the transitions in the mid-energy spectral range (between confined QD
states and WL/matrix continuum) of (a) InAlGaAs /AlGaAs (EH) device and of (b) InAs/GaAs (SH) device.
The most likely hole/electron states involved in the transitions, are indicated for the two samples, as resulting
from the comparison between our analysis and previous theoretical work.!?> The different related properties in
terms of carrier collection/relaxation under resonant excitation, also in the case of additional (simultaneous)
IR beam, are shown for Vi and S; transitions, as resulting from the analysis of EQE and TS-TPA
experiments.



Broadening parameters (I'; values), depending on the nature of the energy states (localized and/or
delocalized), are useful tool to discriminate the origin of the resonances, too. Transitions involving
localized states and continuum, in fact, show larger I'; than those involving only localized states,
because of a different Coulomb coupling 2°, even though inhomogeneous contribution to T'; could
hide this effect in the measurements.

Therefore, the I' values of Xjand V; transitions in sample EH, being on average larger than the ones
related to the QDs, seem to confirm a crossed-nature. On the other hand, (X, Si) transitions in SH,
exhibiting smaller I'; values, seem to exclude interaction with the continuum. However, in these
samples, the broadening is related to homogenous and inhomogeneous effects arising from QDs
ensemble.

Figure 3 depicts the complex energy structure of the samples, schematically identifying the energy
levels involved in the Xi and Vi transitions of sample EH (Figure 3a), and in the Xi and Si
transitions of sample SH (Figure 3b), experimentally detected in the mid-energy spectral range.

In order to strengthen our attribution, it is useful to further analyse CW experiments. In the SH
EQE-spectrum (Figure 2d), transitions involving SILS (S; and S;) are not evident, confirming that
these states are not well coupled to the barrier.'> The electronic potential wings shelter the photo-
generated carriers in the SILS levels and prevent coupling with the continuum (Figure 3b), as
previously mentioned. On the other hand, in the EH EQE-spectrum (Figure 2b), the large staircase-
like band appearing in correspondence of Vi and V> transitions, significantly contributes to PC, thus
confirming efficient carrier thermal/tunneling transferring from these states to the matrix barrier, in
agreement with the VBS and /or 2D states involvement (Figure 3a).

In this complex scenario, it is important to assess the efficiency of the main photocurrent generation
mechanisms, that is carrier thermal escape (CTE) and Carrier Tunneling (CT). To that purpose, we
made, in the following, a quantitative and detailed comparison between the normalized oscillator
strength, £V, and the normalized EQE"N = EQE;/EQEg, (see Table 1 and Table 2, for EH and SH,

respectively) for the identified transitions. In fact, the oscillator strength f; reflects the absorption
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intensity, namely, the photo-generated carrier density. On the other hand, EQE provides the actual
fraction of the incident photons that can be converted into collected electrons.

In the spectral region of the 0D transitions and in correspondence of the WL state, the EQE} values
are consistent with £\ ones in both samples (comparable values, of the order of few units). In the
middle region, below the WL onset (Xi transitions), EQEN is smaller than fN, highlighting reduced
efficiency of escape mechanisms. In particular this effect is more relevant in the EH sample where
the transitions are not expected to have a crossed nature, but related to the hole states hybridization.
In the spectral range above the WL onset, EQEN values are no more consistent with the f\ ones and
they show opposite behaviour in the two samples. In EH, EQEY values of V; resonances are larger
than fN ones (~6-8 times), suggesting efficient coupling of the VBS/2D states (involved in the V;
transitions) to the matrix, as theoretically predicted. '?

In SH, conversely, EQEN values of S; resonances result strongly reduced with respect to the fN
(~80%): the SILS states (involved in the S; transitions) are shielded from the continuum by the

12 and this makes the CTE/CT processes poorly efficient.

potential wings
As a final step of our investigation, we used TS-TPA, where, as schematically shown in Figure 3,
EQE measurements were performed under the additional IR optical bias. 2> ** For the two samples

we report (Figure 4) the Normalized Differential (ND) spectra, defined as: AEQE;z =

EQE(IRon)—EQE(IRofy)
EQE(IRoff)

. We remark that such analysis was performed at 10K to suppress CTE

(typically prevailing at T>100K)) and to reduce thermal broadening, thus allowing a clear resolution
of the resonances even with CW spectroscopy (see details in Supporting Information, Temperature
dependence of SILS Section).

In both samples, the ND spectra show the expected positive IR contribution from the barrier and
WL states,?> 3> whereas the QDs contribution differs in the two samples, as discussed in previous
works. 2% 3° Focusing on the middle energy states, of interest for the present study, we observe that

Vi and V2 positively contribute to AEQE,;g because of efficient transferring of the photo-generated
11
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Figure 4. (a) EQE signal variation due to IR optical bias for EH sample recorded at 10K (red line -left linear
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spectrum (green line - right logarithmic axis). (b) The same for SH sample.

carriers (Figure 3a) from the related electron states to the QD ones in this heterostructure.?’

On the other hand, S; and S> negatively contribute to AEQE;g, since photo-generated carriers in the
SILS are not expected to thermally relax to lower energy states, considering the shelter effect
induced by the potential wings. !> Therefore, IR absorption in this case promotes carriers from the
SILS high in the barrier (Figure 3b).

These findings unveil a complex energy level scenario, far from the ideal intermediate band level
standing within the host matrix gap. The observed additional transitions arise from localized states
related to QD presence and strain field, and exhibit relevant oscillator strengths affecting absorption

profile of the system and corresponding to different carrier collection mechanisms, depending on
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their coupling with the continuum. Future modelling on IBSC device must take into account the
presence of these states usually hidden upon conventional spectroscopic investigation.
CONCLUSIONS

To conclude, we have reported the observation of a complex energetic structure in II-V QD
systems, involving transitions at energies between the intrinsic QD states and the barrier. To the
best of our knowledge, only theoretical work anticipated this complex scenario. In our case, the
high quality of the sample and the derivative-like features of room temperature modulation
spectroscopy, supported by an appropriate analysis, provided the possibility to obtain a complete
picture of the transitions in the hetero-structures. We found a correlation with the strain field
induced by the bandgap engineering of the hetero-structures and, in particular, we identified and
characterized the SILSs, in the InAs/GaAs structure, as predicted by theoretical model.!?> Moreover,
these results clearly open an interesting perspective due to the possibility to explore the strain
control as an additional degree of freedom in the engineering of excitation and scattering channels
in the QD hetero-structures not only for solar cells but in general for optoelectronics applications

such as lasers or photodetectors.

ASSOCIATED CONTENT

Supporting Information

In Experimental Section we report details concerning growth procedures and morphological
characterization of the hetero-structures; experimental setups (Photo-Reflectance (PR), Photo-
Luminescence (PL), External Quantum Efficiency (EQE) and Two-Step Two-Photon-Absorption
(TS-TPA) measurements); theory related to the fitting procedure of PR spectra analysis; different
role of the strain in the samples; temperature behavior of SILS states from 10K to 100K (Figure

S4).
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