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Abstract: We report on the systematic study of two main scattering mechanisms on intersubband
transitions, namely ionized impurity scattering and interface roughness scattering. The former
mechanism has been investigated as a function of the dopants position within a multiple
GaAs/AlGaAs quantum well structure and compared to the transition of an undoped sample.
The study on the latter scattering mechanism has been conducted using the growth interruption
technique. We report an improvement of the intersubband (ISB) transition linewidth up to 11%
by interrupting growth at GaAs-on-AlGaAs interfaces. As a result, the lifetime of intersubband
polaritons could be improved up to 9%. This leads to a reduction of 17% of the theoretical threshold
intensity for polaritonic coherent emission. This work brings a useful contribution towards the
realization of polariton-based devices.

Keywords: Quantum wells; Intersubband transitions; Growth interruption; Modulation doping;
Polaritons

1. Introduction

Intersubband transitions (ISBT) in square semiconductor quantum wells (QW) are the building
blocks of mid-infrared/terahertz optoelectronic devices, such as quantum cascade lasers (QCL) [1],
quantum well infrared photodetectors (QWIP) [2], second harmonic generation [3], and potential
polaritonic coherent emitters [4,5]. The ISBT lifetime is governed by the different relaxation mechanisms
of electrons and is relevant for both applied and fundamental physics. Among the various relaxation
mechanisms of electrons in confined electronic states, experiments suggest that elastic processes,
such as interface roughness and ionized impurities, are the major axes of improvement to reach
the intrinsic linewidth limitation due to phonons [6–8]. Prior to the tremendous success of the
QCL, the improvement of ISBT lifetime was an active field of research. Although its interest has
decreased, it remains of importance especially in the perspective of intersubband polaritonic lasers [5].
Such polaritonic coherent emitter is based on final state stimulation, and it was proposed to exploit
longitudinal optical (LO) phonon-polariton interaction as the main spontaneous scattering mechanism.
The first study of phonon-polariton scattering was reported several years ago with electrically
injected devices [9], and more recently phonon-polariton scattering mediated polaritonic emission
was demonstrated under an optical pumping scheme [10]. The threshold intensity for final state
stimulation can be estimated using the following expression:

Ith =
}2ΓLOΓUPΓLPωUPερNQW

4π
∣∣αi

∣∣2∣∣α f
∣∣2ωLO f e2LQW

(1)
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where Ith is the threshold pump intensity, ΓLO is the damping rate of the LO-phonon, ΓUP/LP are
linewidths of upper and lower polaritons, ωUP is the pump photon frequency, ερ is the relative
dielectric constant due to phonon. NQW is the number of quantum wells, αi,f are the matter-part
Hopfield coefficients of the initial and final polaritonic states, ωLO is the LO phonon frequency, f is
a numerical factor summarizing the intrasubband nature of the scattering process, and LQW is the
QW widths.

A key aspect towards the demonstration of an intersubband (ISB) polaritonic laser is to reduce
the lasing threshold intensity which is around 1 MW/cm2 for a 36 QWs structure [10]. From the above
expression, it appears that both polariton lifetime (upper and lower state) are a lever towards this goal.
The polariton lifetime goes as the inverse of the polaritonic linewidth (1/ΓUP,LP), itself governed by
the linewidth of ISB plasmon and by the linewidth of the resonant optical mode, respectively, and
weighted by the Hopfield coefficients [11]:

ΓLP/LP = |αUP/LP|2ΓISB + |βUP/LP|2Γcav (2)

The cavity linewidth (Γcav) is mainly affected by the Ohmic losses stemming from the presence of
the metallic bottom layer and grating top layer. Optimization of the geometrical aspects of the cavity
or the use of different confining material can be used to improve the cavity lifetime but are out of the
scope of this paper [12,13]. As already mentioned, the broadening of ISBT (ΓISB) is mainly governed by
ionized impurities, interface roughness scattering, and phonon scattering. Another cause of broadening
comes from the presence of multiple quantum wells (MQW) that can be a source of inhomogeneities
(well-to-well thickness variation, or non-uniform distribution of doping across the quantum wells).
Nevertheless, it has been already demonstrated theoretically [14] and experimentally [15] that the
strong coupling regime is insensitive to inhomogeneity to the extent that the coupling frequency (ΩRabi)
is larger than the inhomogeneous broadening (γinho).

In the present work, we first study with transmission spectroscopy the ionized impurities
scattering mechanism by tuning the positions of the Si-donor layers. The measured ISBT linewidths
are compared to the one obtained from an undoped sample that is de facto free from ionized impurities
scattering. Secondly, we study the interface roughness scattering by examining the effect of the growth
interruption on the linewidth of the ISBT for both interfaces. Finally, we theoretically investigate the
impact of the interruption growth technique on the polaritonic lifetime and estimate how much it
could reduce the lasing threshold intensity of an ISB polaritonic laser.

2. Samples Description and Experimental Setup

2.1. Samples Description

The MQW structures used in this study were initially designed for the demonstration of
intersubband polaritons in metal-insulator-metal (MIM) cavities [10,16]. They have been grown
by molecular beam epitaxy on Semi-insulating GaAs. Each period consists of an 8.3-nm-thick GaAs
well and a 20-nm-thick Al0.33Ga0.67As barrier. Schrödinger-Poisson simulations (without taking into
account the Coulomb interactions) predict the fundamental ISB transition at an energy of 116 meV.

The first set of samples aims to study the ISBT broadening mechanism of ionized impurities.
Two doped samples and one nominally undoped sample were grown. The doped samples consist of 35
repetitions of QWs. In the first (HM3770), the wells were volume-doped with nominal concentration
n2D = 1.05 × 1011 cm−2. The second (HM3818) was remotely δ-doped at the center of the barriers with
n2D = 1.02 × 1011 cm−2 (modulation doping). The nominally undoped sample (HM4105) consists of 87
repetitions. Here, the number of quantum wells is higher in order to increase the absorption of the
ISBT since the number of excited charges is relatively low in comparison to a doped one. The details of
the samples are presented in Table 1.
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Table 1. The first set of samples for studying the broadening mechanism of ionized impurities.

Sample Detail Doping
(cm−2)

Number of
QWs

Intersubband
Transition (meV)

Linewidth
(meV)

HM3770 Volume doping 1.05 × 1011 35 129.4 13.1
HM3818 Modulation doping 1.02 × 1011 35 119.7 6.3
HM4105 Nominally undoped 87 127 6.4

The second set of samples, including eight samples (grown on the same batch), targets to study
the ISBT broadening mechanism of interface roughness. All the samples were grown in the same
configuration with 38-repetitions, and nominally doped to n2D = 1.02 × 1012 cm−2 at the center of
the barriers. The growth interruption was applied during the process for either or both interfaces
(GaAs-on-AlGaAs and AlGaAs-on-GaAs) for 30, 60, and 120 s of interruption time. The details of the
second sample set are listed in Table 2.

Table 2. The second set of samples for studying the broadening mechanism of interface roughness.

Sample Detail Doping (cm−2) Number of QWs

HM4046 0 second (s.) growth interruption (g.i) 1.02 × 1012 38
HM4048 30 s. g.i on AlGaAs/GaAs 1.02 × 1012 38
HM4049 60 s. g.i on AlGaAs/GaAs 1.02 × 1012 38
HM4042 120 s. g.i on AlGaAs/GaAs 1.02 × 1012 38
HM4043 30 s. g.i on GaAs/AlGaAs 1.02 × 1012 38
HM4044 60 s. g.i on GaAs/AlGaAs 1.02 × 1012 38
HM4045 120 s. g.i on GaAs/AlGaAs 1.02 × 1012 38
HM4014 120 s. g.i on both interfaces 1.02 × 1012 38

2.2. Experimental Setup

In the case of doped samples, due to the high concentration of charge carriers in the QWs, the 1st
QW subband is populated with electrons. We used a standard transmission spectroscopy approach
to measure the ISB transition absorption. A 5-nm/100-nm-thick layer of Ti/Au was first deposited
on the sample’s surface to maximize the field overlap with the active region. The samples were then
shaped in a multi-pass waveguide structure by mechanical polishing to obtain 45◦ double facets as
depicted in Figure 1a [17]. The samples were mounted on copper blocks for measurements at 78 K. The
Globar source from a Fourier transform interferometer (Vertex 70, Bruker, Germany) was polarized and
focused on the 45◦-facet prism, and the transmitted signal was collected onto a Deuterated Triglycine
Sulfate (DTGS) detector.

In the case of nominally undoped samples, the 1st QW subband is empty, and it is necessary to
promote carriers from the valence band. A photo-induced absorption experiment has been implemented to
this scope [18]. This sample was also shaped in a multipass waveguide configuration with double polished
facets but without the top metallic layer in order to leave access to the active region for photo-excitation.
A continuous wave pump laser (532 nm) was used to photo-excite electrons from the valence band to the
1st confined level of the conduction band. The probe beam (Globar source) was polarized and focused on
the 45◦ facet out of the FTIR and the collected signal sent to a mercury cadmium telluride (MCT) detector.
The spectrum was recorded using a step scan technique and a synchronous detection scheme to improve
the signal-to-noise ratio.
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(a) (b)

Figure 1. (a) (upper panel) Schematic of the absorption spectroscopy of Mid-Infrared (MIR) photons
within a doped Quantum Well (QW). The 1st subband (conduction band) is filled with electrons and
MIR photons are absorbed by the quantized states. (lower panel) Schematic of the experimental
approach with a 45◦ facets multipass prism. The sample is probed in both Transverse Electric (TE)
polarization and Transverse Magnetic polarization (TM) (b) (Upper Panel) Schematic representation of
the photo-induced absorption spectroscopy with nominally undoped QW. Electrons are promoted from
the valence band up to the conduction band using a continuous wave laser at 532 nm. MIR photons are
then absorbed by the quantized states. (lower panel) Schematic of the experimental approach with a
45◦ facets multipass prism illuminated by a CW laser.

3. Results

3.1. Effect of the Ionized Impurities Scattering

The transmission spectra of the doped samples (HM3770 and HM3818) recorded at 78 K are
shown in Figure 2a. The black dots show the experimental data, while the red lines represent the
Voigt fit. The Voigt fitting function is the most appropriate one when dealing with measurements
that can exhibit both homogenous (Lorentzian shape) and inhomogeneous broadening (Gaussian
shape) [15]. This function is a convolution in between Lorentz and Gaussian functions having the same
peak frequency. The non-linear least squares fitting procedure then gauge the amount of Lorentzian
weight versus the Gaussian one in order to obtain the most appropriate fit. The ISB transition energy
of the modulation doped sample is red-shifted by 9.7 meV with respect to the one of the samples
doped within the well. This is the result of the Hartree potential due to donors and charges separation.
The self-consistent potential applied to the conduction band effectively reduces the depth of the QW
and, in turn, compensates for the depolarization shift induced by the plasma frequency [17,19–21].
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Figure 2. (a) Transmittance spectra of the sample doped within the well (upper panel) and the
modulation doped sample at 78 K (lower panel). The red curves are the Voigt fitting functions. (b) The
photo-induced absorption spectrum of the nominally undoped sample at 78 K with its Voigt fit (red).
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To our interest, a line narrowing of factor two is observed between the modulation doped sample
with a full width at half maximum (FWHM) of 6.3 meV and the volume doped sample with a 13.1 meV
FWHM. The difference is due to the scattering of charges by ionized impurities within the QW region
in the case of the volume doped sample, which is in good agreement with the literature [7].

To gain more knowledge on the influence of ionized impurities scattering, we measured the ISB
transition of an undoped sample at 78 K using a photo-induced absorption spectroscopy technique.
Such a sample is free from the ionized impurities scattering channel. Figure 2b shows the absorption
spectrum with an ISB transition at 127 meV. In such a scenario, electrons are promoted from the valence
band up to the conduction band and then relax to the 1st confined level inside the QW. The charge
density is very weak; thus we cannot consider the influence of the depolarization shift and attribute
the different central frequency of the transition to drift in time of the Molecular Beam Epitaxy (MBE)
system. X-ray diffractometry measurement attested a difference of 0.4 nm in the well’s thickness in
between these two samples, confirming the blue-shift of 8 meV for HM4105. More interestingly, the
ISBT FWHM is equal to 6.4 meV, which is comparable to the linewidth of the modulation-doped
sample. This confirms that for relatively low-doped structures, if the donors are placed remotely in
the barriers, impurity scattering weakly contributes to the broadening of the transition, similarly to
low-temperature transport phenomena [22].

3.2. The Improvement of the Interface Roughness by Growth Interruption

The growth interruption technique has been successfully applied in the past at heterostructure
interfaces to smooth them out [23]. Roughness at the interfaces of GaAs/AlGaAs multiple quantum
wells was estimated to be of the order of one atomic layer (a = 2.83 Å), with lateral periodicities of
the order of 300 Å [24,25]. More importantly, it was reported to dominate the broadening of ISBT,
especially for narrower wells <10 nm [6,26]. It is, therefore, crucial for our application to gauge the
impact of interface roughness and to investigate possible countermeasures.

The influence of the growth interruption depends on many factors, including the types of
interfaces (GaAs-on-AlGaAs or AlGaAs-on-GaAs), the Al-concentration of the barrier, the specific
design of the multiple QW systems [27,28], the growth conditions, and the concentration of residual
impurities in the MBE system. In the following, we study its influence when applied to either and
both types of interfaces, AlGaAs-on-GaAs (named normal interface) and GaAs-on-AlGaAs (named
inverted interface).

Here, we consider the second batch of samples, where we applied the growth interruption (g.i.)
technique. All the transmission spectra were measured at 78 K. The result of the growth interruption
on the inverted interfaces, as a function of the interruption time, is represented in Figure 3a. We
note a similar peak transition between the 0 second (s.)-Growth Interruption (g.i.) sample and the
modulation doped sample of the first set. The sheet doping concentration is one order of magnitude
higher for this second batch, demonstrating once again the balance between depolarization shift and
the Hartree potential. More interestingly, the linewidths are reduced by 1 meV for 30 s.-g.i. and 120
s.-g.i. samples. This phenomenon is similar to previous observations done by photoluminescence
measurements [23,27,29]. As the inverted interface (GaAs-on-AlGaAs) is known to be rougher than
the normal interface [30], the growth interruption favours the processes of diffusion and migration
of atoms at the inverted interface, resulting in smoother interfaces and, in turn, narrower linewidths.
The result of the growth interruption on the normal interfaces, as a function of the interruption time,
is presented in Figure 3b. Here, the ISBT linewidths increase gradually with interruption time. The
unfavorable influence of the growth interruption on the normal interfaces is probably due to potential
accumulation of impurities on GaAs surfaces. The finding that the influence of the g.i. is different for
top and bottom interfaces is in good agreement with previous observations [27,28].
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Figure 3. (a) ISB transmission spectra of the samples where the growth interruption was applied on
the inverted interfaces (0, 30, 60, and 120 s.). (b) ISB transmission spectra of the samples, where the
growth interruption was applied on the normal interfaces (0, 30, 60, and 120 s.). (c) The dependence of
the ISBT linewidth on the growth interruption time.

To summarize the effect of g.i on both interfaces, we display the dependence of linewidth on g.i.
times in Figure 3c. We observe clearly the gradual increase of ISB linewidth up to 11% when the growth
interruption is applied for normal interfaces, while it decreases by 11% when applying the technique
to the inverted ones. Additionally, in contrast to previous Photo-Luminescence measurements [27,28],
the 120 s.-120 s. g.i. for both interfaces shows an ISBT broadening of 7.7 meV, which is close to the
no g.i. value and suggests that the beneficial and detrimental effects of g.i. at the two interfaces
tend to balance out. Finally, we anticipate that similar results could be obtained for another III-V
material system, such as InGaAs/AlInAs, as similar interfaces smoothing led to a narrowing of excitons
photoluminescence [31].

4. The Influence of the Growth Interruption on the Strong Coupling Regime

As we demonstrated the effect of the growth interruption on the ISB linewidth narrowing, we
investigated the nature of the broadening induced by interface roughness. From a theoretical point of
view, the nature of interface roughness scattering was first considered as purely homogeneous [24–26],
and more recently as inhomogeneous [32]. Experimentally, it has been shown that the strong coupling
regime is insensitive to inhomogeneity to a certain extent (γinho < ΩRabi) [15,33]. Therefore, measuring
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the linewidth of the polaritons permits to probe the existence of inhomogeneity within the broadening
of the ISB transition.

To evaluate the level of inhomogeneity in the studied samples, we follow the same experimental
approach by processing one of them in MIM cavity architecture [16]. We embedded the sample
HM4045 (thickness 1.19 µm) in a double metal cavity consisting of a back-plane gold mirror and a
top patterned gold grating with a period of 4.35 µm and a filling factor of 85%. Figure 4b shows the
schematics of the cavity-ISB polaritonic device. The ISBT linewidth was also characterized at 300 K
by transmission spectroscopy. Using the Voigt function fitting, we got the ISBT peak at 117.1 meV
with an FWHM of 9.7 meV (ΓISB) (Figure 4a). We then probed the polaritonic dispersion with an
angle-resolved unit between 13◦ and 73◦ with an angular resolution of 2◦. The reconstructed dispersion
of the cavity-ISB polaritons presents clearly the two polaritonic branches, lower polariton (LP) and
upper polariton (UP) (Figure 4c). Such design of the ISB polaritonic device offers an anti-crossing at 31◦,
where the light-matter fraction is 50%-50%. Therefore, the linewidths of lower and upper polaritons
are gauged from the reflectivity spectrum at this specific angle and are equal to 6.1 meV (ΓLP) and
6.3 meV (ΓLP), respectively. Furthermore, the cavity linewidth can be estimated on the asymptotic
part of the dispersion where the matter fraction is extremely small. At an angle of 73◦, we estimate
the linewidth of the cavity to be 3.3 meV (ΓCav). Consequently, the polariton linewidth, ΓLP and ΓUP,
is in the order of the average calculated value, (ΓCav + ΓISB)/2 = 6.5 meV, expected at zero-detuning.
This result reveals that the level of inhomogeneities is quasi-inexistent in our samples.
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Figure 4. (a) Transmission spectrum at 300 K of the sample HM4045. The sample was grown with
120 s interruption time on the inverted interfaces. (b) The schematic of the cavity for operation in
strong light matter coupling, and its angle-resolved measurement approach (c) The reconstructed
angle-resolved dispersion of the HM4045 sample in the metal-metal cavity configuration. The lower
and upper polaritons reflectivity minima are depicted in black and blue dots, respectively. The dashed
black line shows the central frequency of the ISBT. (d) The reflectivity spectrum acquired at an angle
of incidence of 31◦ (50%-50% light-matter fraction). The polariton linewidths are estimated using a
Lorentzian fitting procedure.

Additionally, we evaluate the influence of the growth interruption on the strong coupling regime.
The polariton linewidths at zero-detuning are calculated by the equation (ΓCav + Γ+g.i.)/2, where Γ+g.i.
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stands for ISB absorption linewidths of samples grown by the interruption technique at inverted
interfaces and by (ΓCav + ΓNo g.i.)/2, for the ISB absorption linewidth of the sample without the
interruption. Inserting the results from Section 2, ΓNo g.i. = 8.2 meV, Γ+g.i. = 7.3 meV, the reduction
of the polariton linewidths can go up to 9% at 78 K. Consequently, we estimate the reduction of
the theoretical threshold intensity for ISB polaritonic coherent emitters by inserting the polaritonic
linewidth reductions, ∆ΓLP ~ ∆ΓUP ~ 9%, in Equation (1). We obtain a reduction of the threshold
intensity, ∆Ith

pump of 17%. These simple calculations reveal the remarkable impact of the growth
interruption on the narrowing of the polariton linewidths and, in turn, on the reduction of the
threshold intensity for an ISB polaritonic coherent emitter.

5. Conclusions

In conclusion, we have explored the two main scattering mechanisms causing the broadening
of ISBT transition. We found that for relatively low doped QWs, once the donors are placed within
the barrier, their influence on the broadening is minimized. We then explored the influence of
growth interruption on both interfaces of multiple GaAs/Al0.33Ga0.67As quantum wells. We observed
a narrowing of ISB transitions by interruptions at GaAs-on-AlGaAs interfaces and a broadening
by interruptions at AlGaAs-on-GaAs interfaces. Additionally, we have investigated the effect of
the growth interruption in the strong coupling regime when embedding the heterostructure in a
metal-metal grating based dispersive cavity. This approach reveals no presence of inhomogeneity
within our MQW structure. Finally, we theoretically predict the reduction on both polariton linewidths
(9%) and the threshold intensity (up to 17%) for the realization of an ISB polaritonic coherent
light emitter.
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