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Semiconductor heterostructures incorporating multiple degrees of spatial confinement 

have recently attracted substantial interest for photonic applications. One example is the 

quantum dots-in-a-well (DWELL) heterostructure, consisting of zero-dimensional 

quantum dots embedded in a two-dimensional quantum well and surrounded by three

dimensional bulk material l
• This structure offers several advantages over conventional 

photonic devices while providing a model system for the study of light-matter interactions 

across multiple spatial dimensions. Here, we use ultrafast differential transmission 

spectroscopy2 to temporally and spectrally resolve density-dependent carrier dynamics in a 

DWELL heterostructure. We observe excitation-dependent shifts of the quantum dot 

energy levels at low densities, while at high densities we observe an anomalous induced 

absorption at the quantum dot excited state that is correlated to quantum well population 

dynamics. These studies of density-dependent light-matter interactions across multiple 

coupled spatial dimensions provide clues to the underlying physics governing quantum dot 

properties, with important implications for DWELL-based photonic devices. 
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The considerable appeal of quantum confined semiconductor nanostructures lies 

primarily in the size-dependent scaling of their physical properties, which can be exploited to 

demonstrate functionalities that are impossible to realize with naturally occurring bulk materials, 

leading to a number of photonic applications3
, Early research focused on two-dimensional 

quantum wells (QWs), but recently interest has shifted towards zero-dimensional quantum dots 

(QDs), due to their unique physical properties, These include size-dependent electronic spectra 

and an atom-like discrete density of states that are expected to substantially improve 

optoelectronic device performance l, 3, There have thus been many studies aimed at achieving a 

fundamental understanding of light-matter interactions in these three-dimensionally confined 

nanosystems, with a view towards applications in areas such as optoelectronicsl, quantum 

information science4
, and solar energy conversion5

, 

Ultrafast optical spectroscopy has been particularly valuable in these efforts due to its 

ability to probe complex matter with unprecedented time resolution over a wide parameter 

range6
,7, There have therefore been many reports describing carrier dynamics in QDs under 

different experimental and growth conditions2
,5,8,9, However, relatively few studies have 

examined light-matter interactions in QDs at high excitation densities, in which Coulomb 

interactions between photoexcited carriers strongly influence the temporal evolution of carrier 

populations2
,5,8,9, This regime is particularly relevant for QD-based lasers and amplifiers, as these 

carrier-carrier interactions strongly influence gain and dephasing dynamics in these deviceslo,ll, 

Theoretical studies have also shown that high-density carrier dynamics in QDs are 

strongly influenced by the presence of de localized continuum states in close proximity to the 

QDs lO-l2, In self-assembled QDs grown by molecular beam epitaxy, coupling to continuum 

states occurs either through the presence of a two-dimensional wetting layer or an intentionally 
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designed quantum well layer in which the QDs are embedded. The latter approach is very well 

suited for studying light-matter interactions across multiple spatial dimensions, as the properties 

of the QW layer can be precisely controlled. This quantum dots-in-a-well (DWELL) 

heterostructure has been particularly successful in lasing and photodetection applications, 

offering several advantages over existing QW and QD-based devices l
,13,14. However, there have 

been relatively few studies of femtosecond carrier dynamics in this heterostructure 15-20, and none, 

to the best of our knowledge, focusing on dynamics at the high carrier densities necessary for 

laser operation. Therefore, ultrafast differential transmission (DT) spectroscopic measurements 

on DWELL heterostructures at high carrier densities should yield fundamental insight into 

carrier dynamics across coupled dimensions while providing information important for 

applications in semiconductor lasing and amplification. As we discuss below, this 

heterostructure exhibits a number of distinctive phenomena upon high-density excitation, most 

notably a strong influence of the QW carrier population upon absorption at the QD excited 

state, which is the first observation of dynamic light-matter coupling between different spatial 

dimensions, to the best of our knowledge. 

The DWELL heterostructure used in these experiments is composed of 15 layers, each 

consisting of InAs QDs (doped at 1 electron/dot) embedded in an In(u5Gao85As QW and 

subsequently sandwiched between layers of bulk GaAs. Intensity-dependent photoluminescence 

(PL) measurements taken at 77 K reveal two QD interband transitions and two QW interband 

transitions. The QD ground (n=1) state is centered at 109 nm (1.12 eV), with the QD excited 

state centered at 1050 nm (1.18 eV). The QW n=2 and n=l states are centered at 880 nm 

(1.41 eV) and 935 nm (1.33 eV), respectively. Ultrafast differential transmission measurements 

were performed using a 100 kHz regeneratively amplified Ti:sapphire laser system provides 
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independently tunable pump and probe wavelengths over a wavelength range of 400 nm (3.1 

e V)-3 !-tm (0.41 e V) with sub-lOO fs time resolution. Further details of the device structure, PL 

measurements (including a detailed schematic of the DWELL energy levels), and ultrafast 

optical setup are described in ref. 15. All measurements described here were perfonned at a 

temperature of 30 K with a pump wavelength of 800 nm (1.55 e V) exciting electron-hole pairs in 

the GaAs barrier layers and probe wavelengths ranging from 939-1250 nm (0.99-1.32 eV). 

Figure 1 shows the differential transmission spectra for several representative time delays 

and excitation densities. The majority of the features in the low excitation density "camel back" 

shaped DT spectra depicted in Fig. 1 ( a) have been described in ref. 15 and do not change 

significantly with carrier density_ In this paper, we will primarily focus on the negative DT signal 

(ATIT<O) observed at the QD state (~1021-1074 nm) at early times and the long-lived 

negative DT signal observed for ')...;> 1200 nm, which were not previously discussed. These 

negative signals typically signify a pump-induced absorption at the probe wavelength due to 

carrier density-dependent changes in the positions, amplitudes, and widths of the quantum 

confined optical transitions. In quantum dots, these effects arise at early times from Coulomb 

interactions between the pump-excited electron-hole pairs occupying a given quantized level and 

the electron-hole pair excited by the probe pulse8
,9; state filling typically causes these signals to 

tum positive at later times. 

We have developed a model to more quantitatively understand the contribution of carrier

induced changes of the optical transitions to the DT spectra, described in detail in the Methods 

section. At N=4 ehp/dot, the negative features in the early time (t=100 fs) DT spectra can be 

consistently fit by varying the positions, amplitudes, and widths of the QD ground and excited 

states, without any contribution from the QW (Figure 2). This suggests that the early time DT 
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spectra are dominated by carrier-induced red shifts of the QD levels, with typical magnitudes of 

a few tens of meV. Physically, in this regime the pump pulse excites carriers above the GaAs 

band edge that rapidly relax into QW states through electron-phonon coupling and subsequently 

populate QD states through Auger carrier-carrier scattering l5
• At early times the small 

number of carriers in the QDs causes the QD levels to redshift, resulting in negative DT signals 

at the shifted level positions8
. However, within the first picosecond the QD carrier population 

increases enough for the positive state filling-induced contribution to overwhelm the negative 

DT signal at the QD n=2 state (Fig. 1 (a))8; this can also be seen by plotting the time dependent 

1047 nm DT signal (Figure 3(a)). In contrast, I1TIT (1250 nm) remains negative for long times 

(Figure 3(b)) since there is no overlap with either QD transition and therefore no state filling-

induced contribution. Our model indicates that long wavelength signal can be directly linked 

to the QD ground state population and its carrier-induced redshift. This is further supported 

Figure 4(a), which shows that at N=4 ehp/dot, the normalized I1TIT (1250 nm) signal is nearly 

identical to the normalized 11 TIT (1135 nm) signal (which is proportional to the QD ground state 

population15). From this discussion we can conclude that at low carrier densities, the observed 

negative DT signals are solely due to QD level shifts, with little influence from the surrounding 

QW. 

As the carrier density increases, I1TIT (1250 nm) continues to match -,ATIT (1135 nm) 

(Fig. 4(a)), indicating that this signal remains due to population-induced shifts of the QD ground 

state at all measured densities. However, at 1047 nm an additional negative component due to 

induced absorption grows with carrier density, remaining negative for ~80 ps at 40 ehp/dot (Fig. 

3(a)). The QD states are filled at 6 ehp/doe ', after which additional carriers will populate the 
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QW states. This implies that any density-dependent changes in the 1047 nm DT signal for N>6 

ehp/dot can be linked to the QW population. 

This is more quantitatively supported in Fig. 4(b), where we compare the induced 

absorption signal at 1047 nm with the DT signal at the QW state (939 nm) at N=40 ehp/dot. 

The 1047 nm induced absorption signal at N=40 ehp/dot is extracted by subtracting the 4 ehp/dot 

DT signal (which is solely due to the QD population as described above) from the 40 ehp/dot DT 

signal (which contains contributions from both QD and QW populations). Fig. 4(b) reveals that 

the time dependence of the 1047 nm induced absorption signal is nearly identical to that of the 

939 nm DT signal (which is proportional to the QW n=l state population). This strongly 

suggests that the density-dependent induced absorption observed at the QD state is 

connected to the carrier popUlation in the QW. Further studies are required to conclusively 

isolate the mechanism which this occurs; carrier-induced shifts of the QW continuum band 

edgelO or excitation-induced dephasingll are two compelling possibilities. Nevertheless, this 

unique effect offers many potential applications, such as dynamically tunable lasers and 

excitation-dependent optical switches. 

conclusion, we have used ultrafast differential transmission spectroscopy to explore 

high density light-matter interactions across multiple coupled spatial dimensions in a quantum 

dots-in-a-well heterostructure. Our experiments reveal the influence of Coulomb interactions on 

the observed DT spectra across different time scales and excitation densities. Remarkably, we 

observe a strong influence of the QW carrier population upon light absorption at the QD excited 

state. More sophisticated modeling and additional experiments should give a deeper 

understanding of this phenomenon and enable researchers to harness it for a number of photonic 

applications. 
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Methods: 

Generally, the DT spectrum for a given N is given by ATIT(t,Aj "" -MIA (f, Aj , with A the 

absorption and assuming that the photoinduced reflectivity change is negligible. Then, 

M(f,Aj Aj, where is the wavelength-dependent absorption for a time t>0 

after photoexcitation. The absorption spectrum at a time to<O before photoexcitation, 

can be modeled using Gaussian functions centered at the QD and QW states along with a 

continuum contribution from the QW, with spectral positions and widths obtained from our PL 

experiments and amplitudes to those measured in refs. 22 23. We can vary the 

amplitudes, positions, and widths of the states compnsmg Apdt,Aj to obtain M(t,AJ and 

consequently ATIT(t,Aj, thus allowing us to fit the experimentally observed DT spectrum for 

given values of t and N. 
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Figure 1_ Differential transmission spectra for time delays of t=0.1, 10, 100, and 500 ps, taken at 


2 2
excitation densities of (a) 4 ehp/dot (l.8xI0" cm- ), (b) 10 ehp/dot (4.5xlO ll cm- ), and (c) 40 


ehp/dot (1.8xl0 12 cm-2
). The approximate positions of the QD ground and excited states are 


indicated by the dotted and dashed lines, respectively. Pat1 (a) was previously published in ref. 


IS and is reprinted here with pennission. 
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Figure 2. Experimental DT spectrum for N=4 ehp/dot and {=100 fs (circles) compared to the 

fitted curve generated by our model (solid line) from 1021-1250 nm. 
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Figure 3. Time-dependent DT signals for densities of N=4, 10, and 40 ehp/dot at wavelengths 

of (a) 1047 and (b) 1250 run. 

11 



1.0 

0.8 

0.6 

0.4 

E 0.2 ... 
0 0.0c 

I 1.0-I
<J 0.8 

0.6 

0.4 

0.2 

0.0 

4 ehp/dot 
/ 

1047 nm, 

(a) 

(b) 

(40 ehp/dot-4 ehp/dot) 

/ 

o 100 200 300 400 500 
Time (ps) 

Figure 4. (a) Comparison between normalized DT signals at densities of 4 and 40 ehp/dot at 

1135 nm (green, blue curves) and 1250 nm (red, purple curves) . (b) Comparison between 

normalized DT signal at the QW n=1 state (939 run) and the induced absorption component of 

the 1047 nm DT signal (multiplied by -1 and scaled for comparison). 
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