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We investigate the spin properties of charge carriers in vertically coupled InAs/InAlGaAs quantum dots

grown by molecular beam epitaxy, emitting at telecom C-band wavelengths, with a silicon δ-doped layer.

Using time-resolved pump-probe Faraday ellipticity measurements, we systematically study single-, two-,

and four-layer quantum dot (QD) configurations to quantify how vertical coupling affects key spin-coherence

parameters. Our measurements reveal distinct layer-dependent effects: (i) Adding a second QD layer flips the

resident charge from electrons to holes, consistent with optically induced electron tunneling into lower-energy

dots and resultant hole charging. (ii) Starting from the four-layer sample, the pump-probe signal develops an

additional nonoscillating, decaying component absent in single- and two-layer samples, attributed to multiple

layer growth changing the strain environment, which reduces heavy-hole and light-hole mixing. (iii) With four

layers or more, hole spin mode locking (SML) can be observed, enabling quantitative extraction of the hole

coherence time T2 ≈ 13 ns from SML amplitude saturation. We also extract longitudinal spin relaxation (T1) and

transverse (T ∗
2 ) spin dephasing times, g-factors, and inhomogeneous dephasing parameters for both electrons and

holes across all layer configurations. The hole spin dephasing times T ∗
2 remain relatively constant (2.3–2.7 ns)

across layer counts, while longitudinal relaxation times T1 decrease with increasing layers (from 0.9 µs for

single-layer to 0.32 µs for four-layer samples). These findings provide potential design guidelines for engineering

spin coherence in telecom-band QDs for quantum information applications.

DOI: 10.1103/xmz7-18rg

I. INTRODUCTION

The advancement of quantum information and communi-

cation technologies relies on the development of high-quality

quantum systems that can maintain coherence over extended

timescales while operating under practical conditions. Semi-

conductor quantum dots (QDs) have emerged as versatile

platforms for quantum information applications due to their

potential for optical control of spin states, scalable fabrication,

the possibility of on-chip integration, and use as high-purity

single-photon sources [1–3].

For quantum information applications, operation at tele-

com wavelengths (1.3–1.6 µm) offers practical advantages,

namely the possibility to use existing telecom fiber infras-

tructure. Efficient QD coupling to single-mode fiber has been

demonstrated with additional nanostructures designed to re-

duce losses [4,5]. InAs/InGaAs/InP QDs are a promising

solution for telecom-band quantum information applications,
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as they can be engineered to emit efficiently in the C-band

while maintaining the spin coherence properties necessary for

quantum applications [6,7].

The ultimate performance of QD spin-based quantum

information systems is governed by the coherence proper-

ties of the carrier spins, which are subject to decoherence

from hyperfine interactions, phonon scattering, and structural

asymmetries [6,8]. Molecular beam epitaxy (MBE) has been

the predominant growth technique for high-quality QDs, of-

fering precise control over layer thickness, composition, and

doping profiles [9]. However, the specific growth conditions

and structural parameters can significantly influence the re-

sulting spin coherence properties.

An important consideration in QD design is the impact

of layer structure on spin dynamics. While single-layer QD

structures offer simplicity, multilayer configurations can pro-

vide enhanced optical signals and the potential for engineering

interlayer interactions [10–12]. The samples investigated in

this work are InAs/InAlGaAs QDs grown by MBE, with

a structure identical to that reported by Ref. [7], with the

difference that in Ref. [7] the sample consists of eight lay-

ers. We focus on comparing the spin properties of single-,

two-, and four-layer stacks of QD configurations to quantify

how additional layers affect key spin-coherence parame-

ters. Using time-resolved pump-probe Faraday ellipticity,

we extract longitudinal and transverse relaxation times, g-

factors, and inhomogeneous dephasing for electrons and

holes.
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FIG. 1. (a) Example of a four-layer InAs/InAlGaAs stacked QD sample structure. Photoluminescence (PL) spectra and Faraday ellipticity

measurements for QD samples with varying numbers of layers are presented in the subsequent plots. Panel (b) shows PL intensity spectra

(offset for clarity), with the laser excitation spectrum shown as a gray line for each sample. All PL spectra were obtained with a 2.33 eV

laser as the excitation source. For Faraday ellipticity, 0.832 eV excitation was used for the single- and two-layer samples, and 0.855 eV for

the four-layer sample. Panels (c), (d), and (e) show time-resolved Faraday ellipticity amplitude measurements in blue color for the one-layer,

two-layer, and four-layer samples, respectively, with green color fitting using Eq. (9). The colored traces below show the fit decomposition,

with red traces corresponding to hole spin precession, black traces to electron spin precession, and the orange trace [in panel (e)] representing

an additional exponential decay component that may arise from interdot coupling or other multidot interactions. The component measurements

were all done at a transverse magnetic field strength of 0.4 T. The pump and probe powers for the single-layer sample were 15 and 2 mW, for

the two-layer sample they were 20 and 2 mW, and for the four-layer sample they were 10 and 2 mW. All measurements were done at 6 K.

Across otherwise-identical stacks, we uncover clear layer-

dependent trends. First, adding a second QD layer flips the

effective optically induced doping from electrons to holes,

consistent with optically induced electron tunneling into

lower-energy dots and resultant hole charging. Second, in

four-layer stacks, the pump-probe signal exhibits an addi-

tional nonoscillatory decay component absent in one- and

two-layer samples, which we attribute to potential interlayer

coupling that modifies the valence-band structure and re-

duces heavy-hole–light-hole (HH-LH) mixing. Finally, the

four-layer sample supports hole spin mode locking (SML),

enabling the quantitative extraction of the hole coherence time

T2 ≈ 13 ns from SML amplitude saturation.

This layer-resolved study identifies how vertical coupling

reshapes spin properties in telecom-band QDs and provides

design guidelines for engineered coherence. Since multiple-

layer structures shift to holes as the primary charge carriers,

coherence remains robust due to the weak hyperfine coupling

of holes. In this paper, we present measurements and re-

sults that provide a systematic assessment of layer-dependent

spin behavior, essential for determining how multilayer QD

structures can be used constructively in telecom-wavelength

spin-photon platforms.

II. EXPERIMENTAL DETAILS

The QD samples investigated in this study are fabri-

cated using MBE Stranski-Krastanov (SK) growth method

on (100)-oriented InP substrates. The samples contain InAs

QDs embedded within In0.53Al0.24Ga0.23As barrier layers, fol-

lowing the same structural design and growth parameters as

reported by Ref. [7], see Fig. 1(a). The only difference be-

tween our samples is the number of layers.

Each InAs layer consists of 5.5 monolayers (equivalent

to approximately 1.65 nm) with QDs having a surface den-

sity of approximately 1010 cm−2. A silicon δ-doped layer is

positioned 15 nm below the QD layers with a doping concen-

tration of 1010 cm−2 to provide resident electrons within the

QDs. In the two-layer sample, the QD layers are separated

by 15 nm of In0.53Al0.24Ga0.23As barrier material. The quater-

nary barrier composition serves the dual purpose of providing

enhanced carrier confinement.

Optical measurements are conducted using a liquid helium

bath cryostat equipped with temperature control capabilities,

allowing measurements across a temperature range from 6 to

60 K. Magnetic field application is achieved through a super-

conducting magnet system capable of providing fields up to

4 T. The magnetic field orientation can be configured either

parallel to the optical excitation axis (Faraday configuration)

or perpendicular to it (Voigt configuration) by mechanical

rotation of the sample mount and cryostat.

The optical excitation source consists of a mode-locked

Ti:sapphire laser (MiraHP) operating at a repetition frequency

of 76.7 MHz, which pumps an optical parametric oscilla-

tor (APE OPO) to generate tunable pulses in the telecom

wavelength range. The laser output provides pulses with ap-

proximately 2 nm spectral bandwidth. The generated beam

is divided into pump and probe paths using a beam splitter,

with the probe beam directed through a computer-controlled

mechanical delay stage for temporal scanning.

Both pump and probe beams are focused onto the sample

surface, with the pump beam diameter set to 150 µm and the

probe beam focused to 100 µm diameter to ensure complete

spatial overlap. The excitation energy is tuned to coincide

with the photoluminescence peak at approximately 0.83 eV

to achieve resonant excitation of the QD ensemble.

Spin polarization in the QDs is generated using circu-

larly polarized pump pulses, achieved through an electro-optic

modulator that alternates the pump polarization between

σ+ and σ− states at frequencies ranging from 1 kHz to

2 MHz (with 10 kHz used for Voigt geometry measurements).

The probe beam is linearly polarized, and the intensity is
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modulated using a photoelastic modulator operating at

86 kHz, followed by a Glan-Thompson polarizer.

Spin-dependent optical rotation of the probe beam is

detected through Faraday ellipticity measurements [13]. Fol-

lowing interaction with the sample, the probe beam passed

through a 10 µm diameter pinhole to minimize detection

of scattered pump light. A quarter-wave plate converts the

circular components of an elliptically polarized probe into

linearly polarized components with orthogonal orientations.

These components are separated using a Wollaston prism and

directed onto balanced photodiodes for differential detection.

The photodiode signals are processed using lock-in am-

plification at the difference frequency between the pump

and probe modulation frequencies, providing an enhanced

signal-to-noise ratio and rejection of common-mode noise

sources. This double-modulation detection scheme enables

measurement of small spin-induced optical rotations with

high sensitivity.

III. EXPERIMENTAL RESULTS

Figure 1(b) shows the photoluminescence (PL) spectra of

all the samples (blue curves; gray curves show excitation).

The PL comparison of the different samples shows consis-

tency; most of the change is observed where the sample is

excited. The pump-probe excitation energy was determined by

optimizing the tradeoff between signal amplitude and exper-

imental noise. The wavelength selection accounted not only

for the excitation efficiency but also for wavelength-dependent

laser stability and sample inhomogeneities. We selected the

excitation energies that yielded the highest effective signal-to-

noise ratio, ensuring robust fitting for both electron and hole

precession signals. For the one- and four-layer samples, the

results are consistent and can be explained by the fact that at

higher energies, more dots are excited, leading to higher signal

amplitude. In the four-layer sample, the excitation is shifted to

higher energies to obtain a higher amplitude for the hole spin

component due to the spin mode-locking effect discussed later

in the paper. In a two-layer sample, the excitation is placed at

a lower energy than the PL center to obtain a robust signal.

When a transverse magnetic field is applied in the Voigt

direction, the samples exhibit characteristic oscillatory Fara-

day ellipticity signals [blue curve and the signal fit in green in

panels (c)–(e) of Fig. 1], as shown in Figs. 1(c)–1(e) for a field

of 0.4 T. These oscillations arise from the Larmor precession

of electron (black curve) and hole (red curve) spins, with each

carrier type contributing a distinct frequency component. The

signals can be fitted and decomposed using

S =
∑

i

Ai cos(ωit ) exp

(

−
t2

2T ∗2
2,i

)

, (1)

where i denotes the carrier type (electron or hole), Ai is the

amplitude, ωi is the Larmor precession frequency, and T ∗
2,i is

the spin dephasing time. The Larmor frequency is related to

the applied magnetic field through

ωi =
giμBBV

h̄
, (2)

where gi is the g-factor of the respective carrier, μB is the Bohr

magneton, BV is the transverse magnetic field strength, and h̄

FIG. 2. Energy-dependent parameter characterization for QD

samples with different numbers of layers (one, two, and four layers).

Panels (a), (b), and (c) display the normalized Faraday ellipticity

amplitudes Ai from Eq. (9), red points represent holes, and black

ones electrons. Gray lines additionally show the PL and the laser

pulse profile for later experiments. Panels (d), (e), and (f) show

the extracted Lande g-factors. Panels (g), (h), and (i) show the spin

dephasing times T ∗
2,i measured at magnetic field values shown in the

panels. Pump powers for the one-layer sample were 15 mW, and

for two- and four-layer samples, 20 mW. All measurements were

performed at 6 K and a probe power of 2 mW.

is the reduced Planck constant. Holes have a higher effective

mass than electrons, leading to more localized wave functions

and correspondingly smaller g-factors, which results in lower

precession frequencies [14,15].

A further result can be observed in Fig. 1(e), where, along-

side the electron and hole precessions, there is an additional

nonoscillating exponential decay element [orange curve in

panel (e)], which is also observed in the eight-layer sample

investigated in Ref. [7]. One possible explanation is the pres-

ence of a tilted magnetic field component, which provides

an additional Faraday geometry component that causes the

exponential decay. However, with further anisotropy measure-

ments and the fact that this phenomenon is not observed in

samples with two or one layers, we demonstrate that it is

most probably related to interlayer dot coupling and varying

strain environment between the QD layers, which can affect

heavy-hole and light-hole mixing.

Figure 2 shows the change of sample properties with

varied excitation energy. The columns correspond to one-,

two-, and four-layer structures, respectively, and the rows

correspond to Faraday ellipticity, g-factor, and spin dephasing

measurements, respectively. The black data points correspond

to electrons and red to holes. In gray, the PL is shown, and in

panels (a), (b), and (c), the excitation spectra is displayed. The

Faraday ellipticity measurements show the expected results:

the highest amplitude at higher energies after the PL peak.

The excitation is placed to account for both the Faraday el-

lipticity amplitude and the signal-to-noise ratio, which is why
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FIG. 3. Spin dephasing time (T ∗
2 ) measurements as a function of

transverse magnetic field (BV ) for InAs/InAlGaAs QD samples with

different numbers of layers. The data are presented on log-log scales

for samples containing one, two, and four QD layers [panels (a),

(b), and (c), respectively]. Red circles represent hole spin dephasing

times, and black circles represent electron spin dephasing times. The

solid lines show fits to the experimental data using a model that

accounts for g-factor spread and magnetic field fluctuations. The

fitting parameters, including magnetic field spreads (�Bh, �Be) and

g-factor spreads (�gh, �ge), are displayed for each sample. The

measurement configuration is the same as in Fig. 1.

the excitation energy is offset from the amplitude maxima.

The g-factor dependency shows the absolute electron g-factor

decreasing and increasing for holes, which is in line with

what is observed in similar telecom QD samples [7,16,17] and

agrees with the Roth-Lax-Zwerdling relation for bulk semi-

conductors [18]. The spin dephasing measurements do not

show any significant trends with changing excitation energy.

It should be noted that all data displayed here are with error

bars. However, in some cases, the error is small, so the error

bars are not clearly visible.

The spin dephasing times (red data points correspond to

holes and black to electrons), displayed in Figs. 3(a)–3(c) for

single-, two-, and four-layer structures, respectively, show a

characteristic dependence on the applied transverse magnetic

field strength. At low magnetic fields, dephasing is dominated

by hyperfine interactions with nuclear spins. In contrast, at

higher fields, inhomogeneities in the QD ensemble, which

cause a spread in the g-factor, become the limiting factor. This

behavior is described by [7]

T ∗
2,i =

h̄
√

(�giμBBV )2 + (giμB�Bi )2
, (3)

where �gi represents the g-factor spread due to variations in

QD size and composition, and �Bi characterizes the magnetic

field fluctuations resulting from hyperfine interactions.

From the fits to the dephasing equation in Eq. (3), we

extract significantly different g-factor spreads for the three

samples, shown in Table I. The single-layer sample shows

the largest g-factor spreads for both electrons and holes, along

with considerable magnetic field fluctuation spreads. The two-

layer sample exhibits reduced g-factor spreads for both carrier

types, while magnetic-field fluctuation spreads remain sim-

ilar. The four-layer sample demonstrates a similar electron

g-factor spread compared to the two-layer sample, but shows

a significant increase in hole g-factor spread, while magnetic

field fluctuation spreads remain comparable to the previous

samples. The magnetic field fluctuations, which reflect the

strength of hyperfine interactions, show some variation be-

tween samples but stay in the same order of magnitude,

suggesting similar nuclear spin environments in all three

structures. There is a more significant difference between our

three samples and the eight-layer sample in Ref. [7] in terms

of magnetic field fluctuation values �Bi. This substantial de-

viation of the electron field fluctuation component might be

related to the weaker localization of the tunneling electrons.

The g-factor spread shows more significant variation com-

pared to the magnetic field spread. The reduced g-factor

spread in the two-layer sample may indicate improved struc-

tural uniformity or different growth dynamics compared to the

single-layer sample; however, the more likely explanation is

that the excitation energy remains the same while the PL of

the two-layer sample blue-shifts. This results in the effective

excited PL width being significantly smaller than in the single-

layer sample, indicating that the size distribution of the excited

QDs is narrower than in the single-layer case, leading to a

smaller g-factor spread. Another contributing factor is that due

to the PL blue shift, higher-energy QDs are excited. It has been

demonstrated that higher-energy transitions tend to have lower

g-factor spreads [19], which is consistent with our reduced

g-factor spread. A similar argument applies to the four-layer

sample, where the PL is redshifted and the excitation energy

is higher than in the other two samples, thereby increasing

the hole g-factor spread. It is of interest to note that in both

cases, the electron g-factor spread is smaller than that of the

hole, and even decreases relative to the hole g-factor spread in

the two-layer and four-layer structures. Compared to Ref. [7],

it would be expected that the electron g-factor spread would

become larger than for holes with an increasing layer amount.

This is further addressed in the Sec. IV.

Lastly, the obtained transverse g-factors for the different

samples are shown in Table I. There is minimal change in the

TABLE I. Different sample g-factor values, g-factor spreads, and magnetic field fluctuation spreads extracted from dephasing Eqs. (9) and

(3) fits for electron and hole carriers across four QD layer structures.

Sample type |ge| |gh| �ge �gh �Be (mT) �Bh (mT)

Single-layer 1.51 ± 0.01 0.64 ± 0.01 0.07 ± 0.02 0.13 ± 0.02 30 ± 3 3 ± 2

Two-layers 1.42 ± 0.01 0.72 ± 0.01 0.03 ± 0.01 0.07 ± 0.01 29 ± 2 3 ± 1

Four-layers 1.15 ± 0.01 0.49 ± 0.01 0.03 ± 0.01 0.15 ± 0.02 27 ± 2 6 ± 2

Eight-layers [7] 1.88 ± 0.02 0.60 ± 0.01 0.15 ± 0.03 0.09 ± 0.01 14 ± 2 8 ± 2
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FIG. 4. Polarization recovery curves (red) and Hanle effect mea-

surements (black) for (a) single-layer sample, (b) two-layer sample,

and (c) four-layer sample. The measurements show the total spin

polarization 〈Sz〉 as a function of magnetic field strength. The fits for

PRCs are done with Eq. (5). The pump power is 20 mW and probe

power is 2 mW for both PRCs and Hanle, for single- and two-layer

samples, and the pump power for the four-layer sample is 10 mW.

All measurements are performed at 6 K.

g-factors between one- and two-layer samples. However, the

four-layer sample shows a significant decrease in g-factors.

This is related to the differences in excitation energy between

the samples. It is demonstrated that with increasing excitation

energy, the electron g-factor decreases [16,20]. In our case, the

excitation energy is significantly increased in the four-layer

sample, leading to a decreased electron g-factor. The same

applies to the eight-layer sample in Ref. [7], where the g-

factors are |ge| = 1.88 and |gh| = 0.60. The electron g-factor

is significantly larger, which is expected, since the excitation

done is at lower energies due to a redshift of the sample PL.

Figures 4(a)–4(c) show polarization recovery curves

(PRCs) and Hanle measurements for the single-, two-, and

four-layer samples, respectively. Both Hanle (black data

points and curve) and PRC (red data points and curve) mea-

surements are performed by measuring Faraday ellipticity

immediately before pump and probe overlap, ensuring suffi-

cient spin decay and measurements of the resident carriers.

The main difference is that Hanle is measured in Voigt geom-

etry, while PRC in Faraday geometry.

As mentioned in the Sec. II, our sample is doped to provide

electrons as resident carriers. It has been demonstrated previ-

ously that PRCs exhibit a V-like shape for n-doped samples

and an M-shape for p-doped samples [21]. From the single-

layer sample PRC demonstrated in Fig. 4(a), it can be seen

that there are both electrons and holes as the resident carri-

ers. However, in the two- and four-layer samples [Fig. 4(b)],

a more prominent M shape is observed, indicating that the

electrons are observed as part of trions and holes are becoming

resident carriers, showing that by adding additional layers, the

number of holes as resident carriers increases. This can be

attributed to electrons tunneling out to occupy lower-energy

QDs, due to their lower effective mass [7,22], leading to

optically induced hole doping.

The fits for both PRC and Hanle are done with Lorentzians

that are provided by Ref. [8]:

H (�L ) ≈
2

3

δ2

2δ2 + �2
L

, (4)

P(�L ) ≈
1

3

2δ2 + 3�2
L

2δ2 + �2
L

, (5)

where P denotes PRC, H denotes the Hanle curve, δ denotes

dispersion of the nuclear fluctuations, and �L = gμBB/h̄.

This model is applied by first fitting the Hanle curve with the

known transverse g-factor to obtain the dispersion δ, which

is then used to fit the PRC’s dispersion value and the carrier

longitudinal g-factor. This basic model assumes that the hy-

perfine interaction is isotropic and that nuclear spin precession

is significantly slower than electron spin precession. It should

be noted that, due to the use of pulsed excitation, we are

plotting total spin polarization rather than normalized spin

polarization. In such a case, the fit is 〈Sz〉 = S0P(�L ), where

S0 is the initial spin polarization [8]. The reason for this is

explained in Ref. [8], Sec V. In the single-layer sample, the

PRC fitting yields electron dispersion values of δe = 2870 ±
100 µs−1 and hole dispersion values of δh = 360 ± 10 µs−1.

For the two-layer sample, the electron dispersion slightly

increases to δe = 3180 ± 100 µs−1 and the obtained hole dis-

persion is δh = 261 ± 10 µs−1. As for the four-layer sample,

the dispersion values remain similar, δe = 3200 ± 400 µs−1

and δh = 326 ± 10 µs−1. These widths indicate how strong

the hyperfine interaction is [8], which means that for holes,

the hyperfine interaction is significantly lower, which is ex-

pected since the nuclear interaction hyperfine constant of a

hole is an order of magnitude smaller than for the electron

[23]. Moreover, an offset is seen in the Hanle curve of the

four-layer sample. This indicates that spin mode-locking is

present, which we confirm and discuss in the text below.

Returning to the aforementioned exponential decay com-

ponent present in the four-layer sample and shown in Fig. 1(e),

Figs. 5(a) and 5(b) prove that the additional component is not

related to Faraday geometry. Figure 5(a) shows the change

of amplitude of the Faraday ellipticity signal, and Fig. 5(b)

shows the change of the decay time of the nonoscillating

component as the sample is rotated. It can be seen that no

matter the rotation angle, the nonoscillating exponential com-

ponent remained present. It should be noted that, although the

lowest decay time would be expected at a 0° angle due to the

magnetic field being entirely in Voigt geometry, mechanical

rotation of the sample introduces inaccuracies in determining

the magnetic field angle.

Additionally, Fig. 5(c) shows the temperature dependence

of the exponential decay time (red curve corresponds to the

exponential fit). In a magnetic field applied in the Faraday

geometry, one would expect the measurement to reflect spin

lifetime T1, which typically decreases with increasing temper-

ature [6,7,24]. Instead, the decay time in our case remains

nearly constant up to 50 K, after which it increases expo-

nentially. A similar trend was reported in Ref. [25], where

exciton lifetimes were measured in QD molecules using

time-resolved microphotoluminescence. These observations
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FIG. 5. Characterization of the additional exponential decay

component observed in a four-layer QD sample. (a) Normalized

amplitude of the exponential component as a function of magnetic

field angle measured away from the Voigt geometry. (b) Decay time

of the exponential component as a function of magnetic field angle.

(c) Temperature dependence of the exponential component decay

time. All measurements are performed at a temperature of 6 K

[except for (c)], a transverse magnetic field strength of 0.4 T, a pump

power of 10 mW, and a probe power of 2 mW.

support the conclusion that the exponential decay component

originates when additional QD layers are added. However, this

is not necessarily related to interdot coupling effects. This is

further addressed in the IV.

Figure 6 presents the different spin relaxation times for

our samples. In Figs. 6(a)–6(c), Hanle measurements are per-

formed at varying pump powers to extract the HWHM, from

which the intrinsic spin dephasing time is determined by ex-

trapolating to zero pump power using the following equation:

T ∗
2 =

h̄

gμBBHWHM

. (6)

The extrapolation to zero is done using a linear fit [red

curve in Figs. 6(a)–6(c)]. The resulting spin dephasing times

can be seen in Table II, showing only slight increase between

the different samples. However, the obtained dephasing times

are lower than the theoretical limit imposed by hyperfine

interaction. To evaluate this limit, the hyperfine interaction

strength can be calculated by fitting the PRC curves of all the

TABLE II. Spin dephasing times (T ∗
2 ) and longitudinal spin

relaxation times (T1) measured for hole spin carriers across the dif-

ferent QD layer structures. The T ∗
2 value was not measured by Hanle

in Ref. [7].

Sample type T ∗
2,h (ns) T1,h (µs)

Single-layer 2.3 ± 0.1 0.9 ± 0.3

Two-layer 2.5 ± 0.1 0.74 ± 0.03

Four-layer 2.7 ± 0.1 0.32 ± 0.03

Eight-layer [7] 0.50 ± 0.04

FIG. 6. Spin dynamics measurements for QD samples with dif-

ferent numbers of layers (one, two, and four layers). Panels (a), (b),

and (c) display the half-width at half-maximum (HWHM) of Hanle

curves as a function of pump power, from which spin dephasing

times T ∗
2 are extracted through linear extrapolation to zero pump

power. Panels (d), (e), and (f) show the inverse spin lifetime (1/Ts) vs

pump power measured under a longitudinal magnetic field of 0.1 T,

with the intrinsic longitudinal spin relaxation times T1 determined by

extrapolating the linear fits to zero pump power. Red lines are linear

fits for extrapolation to zero. Panels (g), (h), and (i) show the spin

lifetime in Faraday geometry dependency on the sample temperature,

measured using the spin inertia method. All the samples are subjected

to a magnetic field of 0.1 T. Pump power for the different panels is

(g) 5 mW, (h) 2 mW, and (i) 2 mW. Measurements in panels (a)–(f)

were performed at 6 K and a probe power of 2 mW.

samples with the following equation [26]:

S̄z = S0

[

1

3
+

2

3

B2
ext

B2
ext + B2

f

]

, (7)

where Bext is the applied magnetic field, S0 is the average

electron-spin polarization at zero magnetic field, and B f is

the averaged nuclear fluctuation field strength, which is the

half-width at half-minimum (HWHM) of the PRC dip. This

equation is used to fit two components of the PRC, since we

observe both a hole and an electron component in all samples.

The results of the fits for the hole component of the single-

layer sample are B f = 5.2 and 2.4 mT for the two-layer

sample, and B f = 3.9 mT for the four-layer sample. With this,

the spin dephasing time limited by hyperfine interaction for

holes can be calculated with the following equation [27]:

T ∗
2 = 2

√
3h̄/(ghμBB f ), (8)

which results in 12 ns for the single-layer sample, 23 ns for the

two-layer one, and 20 ns for the four-layer sample. The T ∗
2
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values obtained from Hanle measurements are significantly

lower, indicating that effects beyond the hyperfine interac-

tion further reduce the dephasing times. One possibility is

strain-induced effects that give rise to nuclear quadrupolar

interactions, which can significantly reduce spin coherence

times [28]. The inherent lattice mismatch in InAs/InAlGaAs

QDs grown by SK creates structural asymmetries that enhance

these quadrupolar effects. This interpretation is supported by

recent studies on InAs/InGaAs/InP QDs grown by metalor-

ganic vapor-phase epitaxy (MOVPE) droplet epitaxy, which

demonstrate substantially improved spin dephasing times

approaching the hyperfine limit due to the reduced strain

achieved through this growth technique [24]. It should be

noted that these equations are usually applied for electrons

rather than holes. Holes demonstrate significantly weaker hy-

perfine interactions compared to electrons [23], so this is only

an approximation; however, such spin dephasing times are

expected for holes [29].

Figures 6(d)–6(f) show T1 measurements obtained using

the spin inertia method [30]. In this measurement approach,

a longitudinal magnetic field decouples carrier spins from nu-

clear spin fluctuations. With the probe delay fixed at a negative

time, the pump modulation frequency is varied while moni-

toring the Faraday ellipticity signal. As the modulation period

approaches the spin lifetime, the measured spin polarization

diminishes, reducing the average signal amplitude according

to the relation [7]

S( fm) =
S0

√

1 + (2π fmTs)2
, (9)

where S0 is the initial amplitude of the Faraday ellipticity

signal and fm is the pump beam polarization EOM modulation

frequency. By measuring Ts at different pump powers with a

longitudinal magnetic field applied, a linear fit can be applied

[red curve in Figs. 6(d)–6(f)].

The intrinsic longitudinal spin relaxation time T1 is ex-

tracted from the measured spin-inertia lifetime TS using the

rate equation [30]

1

Ts

=
1

T1

+
G

n0

, (10)

where n0 represents the resident carrier concentration and

G is the rate of optical carrier generation. The second term

describes the loss of macroscopic spin polarization due to

the recombination of resident carriers with photogenerated

carriers of the opposite charge. At low excitation densities,

G is directly proportional to the incident pump power, leading

to a linear increase in the measured relaxation rate 1/TS . The

intrinsic time T1 is determined by extrapolating this linear

dependence to zero power (G → 0). At higher pump powers,

we observe a deviation from linearity, with 1/TS saturating.

We attribute this behavior to absorption bleaching (state fill-

ing) of the quantum dot ground states. In this regime, the

generation rate G saturates due to Pauli blocking, causing

the pump-induced decay rate to become independent of the

excitation power.

The T1 values across the samples can be seen in Table II.

The difference in T1 times between single- and two-layer

samples is significant, but the error in the single-layer sample

T1 is large enough to put it within the range of the two-layer

sample. However, the four-layer sample shows a further re-

duction compared to both the single- and two-layer samples.

The eight-layer sample in Ref. [7] also exhibits a reduced T1

of 0.5 µs, indicating that the shift from two- to four-layers

causes a reduction in T1 times. Figure 4 demonstrates that with

added layers, the effective carriers become holes; therefore,

it is also safe to assume that the T1 measurements are for

holes when additional layers are added. This transition to

hole-dominated charging contributes to the observed reduc-

tion in T1 times, as holes exhibit enhanced spin-orbit coupling

compared to electrons, which accelerates spin relaxation pro-

cesses [31,32]. Moreover, the hole spin lifetime also shows a

strong dependence on QD size. It was demonstrated that larger

InAs/GaAs dots exhibit longer T1 times [33]. The particularly

low T1 observed in the four-layer sample can be understood

through the interplay of these effects: the resident carriers

are holes, which have an inherently shorter lifetime, and the

sample was excited at a higher energy compared to the single-

and two-layer samples, which excite smaller QDs within the

ensemble, leading to shorter T1 times for holes. In contrast, the

eight-layer sample in Ref. [7] was excited at a lower energy,

corresponding to larger QDs with longer T1 times. However,

this value remains lower than those of single- and two-layer

samples because holes are the dominant carriers.

Figures 6(g)–6(i) show the spin lifetime dependence on

temperature with a magnetic field applied in Faraday geome-

try for single-, two-, and four-layer samples, respectively. The

spin lifetime values in Fig. 6(i) are significantly lower because

of using higher pump power, where it is known that increasing

pump power speeds up spin relaxation due to photogenerated

carriers, causing delocalization of resident carriers [34]. An-

other factor is the intrinsically lower T1 time for the four-layer

structure, shown in Fig. 6(f). The measurements were done

up to 25–30 K because the signal weakened as the temper-

ature increased, making the fitting error too large at higher

temperatures. The changing trend across different layer count

structures is further addressed in the IV.

Lastly, in Fig. 7(a), the signal of the four-layer sample

and its fit (red curve) are displayed. In this case, a weak,

single-frequency oscillation can be observed [see Fig. 7(c) and

zoom-in]. This effect is called spin mode-locking (SML). In

SML, coherent spin dynamics are sustained across multiple

pump-pulse cycles via a feedback mechanism. When the spin

coherence time T2 exceeds the laser repetition period TR, spins

that precess commensurate with the pulse repetition frequency

can maintain phase coherence between successive excitation

pulses [7,35]. This manifests as a revival of the spin signal

at negative time delays, where the probe pulse arrives be-

fore the pump pulse. In this case, the SML signal frequency

corresponds to holes, since the SML signal frequency is the

same as the hole precession frequency seen at positive time

delays.

The existence of SML allows us to estimate T2 for the four-

layer sample. The hole spin coherence time T2 was extracted

by modeling the SML signal amplitude ratio before and after

pump pulse excitation. The modeling incorporated experi-

mentally determined hole g-factors, g-factor spreads (�gh),

and assumed a Gaussian distribution of g-factors across the

QD ensemble. References [7,13,35,36] go into more details

about how the modeling is done.
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FIG. 7. (a) Time-resolved pump-probe signal for the four-layer

sample, where the blue trace represents the raw data and the red

line is a fit. At negative time delays (on the left), the signal shows

the characteristic SML revival, in which spin coherence is recov-

ered before the arrival of the pump pulse. At positive time delays

(right side), normal spin precession is observed in Voigt geometry

following optical excitation. (b) Normalized amplitude of the SML

signal as a function of pump power, showing how the mode-locking

effect strengthens with increasing excitation power until reaching

saturation around 25–30 mW. (c) The extracted SML data for holes

(blue data points) fitted with a theoretical model curve (red line).

All measurements were performed at 6 K, 0.4 T transverse magnetic

field, and 2 mW probe power.

In Ref. [7], the authors were only able to estimate the range

of T2 times due to not observing SML amplitude saturation or

Rabi oscillations. In our case, we can determine it much more

accurately by observing saturation of the SML amplitude,

as shown in Fig. 7(b). To determine it, we model the QD

ensemble using a Gaussian g-factor distribution with a width

of �gh = 0.11 and g-factor |gh| = 0.65. The amplitude ratio

of SML and the amplitude of the signal after excitation then

depends on T2 time and the pulse area �. Since we observe

saturation, the pulse area is � = π , and thus the coherence

time is T2 = 13 ns. The plotted model (red curve corresponds

to the model fit) can be seen in Fig. 7(c) overlayed with the

extracted hole spin contribution of the real signal given in

Fig. 7(a).

IV. DISCUSSION

Several noteworthy effects emerge when additional QD

layers with narrow barrier separations are incorporated. First,

the n-doped sample becomes effectively p-doped when a sec-

ond layer is added, and with four layers, there is indication that

there is again more electron carriers, which is possible due to

variances in doping between samples. However, holes are still

present, as shown in Figs. 4(a)–4(c). In the previous section,

we mentioned that the cause of this is the tunneling of excited

electrons to lower-energy QDs. The reason is likely that, as

additional layers grow, the QDs on that layer have lower en-

ergy. This has been demonstrated for InAs/GaAs QDs, where

as layers are stacked, the QD size increases since the strain

distribution from the underlying layers causes the preferential

localization of QDs on top [37,38]. Moreover, although the

barrier thickness is 15 nm, it is not measured from the top

of the QDs. The QD height is estimated to be between 9 and

13 nm [19], which makes the effective distance between the

QDs short enough (3–6 nm) for tunneling to occur efficiently.

These samples would benefit from added charge-control

structures not only because of being able to confidently de-

termine whether the seen changes in doping are truly related

to tunneling, but also for extending carrier lifetimes and en-

abling controlled tuning of tunneling. However, implementing

charge control in multilayer structures is challenging because

doping can only be applied above and below the QD layer

stack. Due to this, deterministic charging of each layer is hard

to achieve due to the lack of uniformity of the electric field

and the Fermi level.

In addition to tunneling, we see an additional nonoscillat-

ing decaying exponential starting to appear in the four-layer

structure, seen in Fig. 1(d), which is also seen in the eight-

layer structure in Ref. [7], Fig. 2(a). In the referenced paper,

the authors attribute this additional component to either a

molecular or an excitonic state caused by coupling between

the QDs. In our case, we also attribute it to coupling-related

effects, since we exclude the possibility of the exponential

resulting from Faraday geometry by performing anisotropy

measurements shown in Figs. 5(a) and 5(b), and also because

we do not see the additional component in either single- or

two-layer samples.

We hypothesize that there are two effects associated with

this nonoscillating component. It is known that, due to

QD confinement, there is significant light-hole (LH) and

heavy-hole (HH) mixing [39], which affects the optical and

spin properties of QDs, in particular, causing significant g-

factor anisotropy and nonzero in-plane g-factor values for

the corresponding hole component [17]. However, for some

quantum-well samples, a pure HH state has been observed,

which shows transverse g-factor values near zero [40] or

even effectively zero when considering thin quantum wells,

in which case the splitting between the LH and HH is rela-

tively large when ignoring cubic symmetry [41]. Therefore,

we attribute the nonoscillating component to reduced heavy-

hole–light-hole mixing, caused by the addition of multiple

layers that change the strain environment and, in turn, reduce

symmetry, resulting in greater splitting between LH and HH.

This is further confirmed by examining the eight-layer struc-

ture in Ref. [7], where the nonoscillating component exhibits

an increase in both decay time and amplitude, suggesting that

additional layers may further reduce HH and LH mixing.

Subsequently, Fig. 5(c) demonstrates an unexpected re-

sult where both the electron and the potential HH dephasing

times increase with temperature. These results show sub-

stantial similarity to time-resolved microphotoluminescence

exciton lifetime measurements in InAs/InP QDs [25] and

in InAs/GaAs QDs [42–44], where the lifetime increases

with temperature due to the carriers being excited to p-shell

states with increased temperature, causing lowered radiative

rates since the carriers have to relax back to s-shell be-

fore recombining. Moreover, indirect excitons in coupled QD

systems have been demonstrated via photoluminescence mea-

surements, using an electric field to place the electron and

hole in resonance [45]. Therefore, as we have confirmed that

tunneling in our sample is a possibility due to the effective
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distances between the QDs and due to the results shown in

Fig. 4, we then assume that the increasing dephasing times

of excitons and heavy-holes seen in Fig. 5(c) are due to the

formation of an indirect exciton.

In our case, we do not need to perform electric-field

tuning because our measurements show spin polarization

rather than photoluminescence. However, the previously dis-

cussed measurements in Refs. [25,42–44] show increased

exciton lifetime, rather than investigating spin dephasing.

The observed dephasing pattern arises because holes in in-

direct excitons experience primarily hyperfine interactions as

their dominant dephasing mechanism [46]. This hyperfine-

interaction-limited dephasing directly correlates the hole spin

dephasing time with the exciton lifetime. Therefore, as

temperature increases, exciton lifetimes increase, and the de-

phasing time increases proportionally. As to why this is not

observed for the direct excitons in either the four-layer or

lower count layer samples, this is due to the indirect excitons

having an inherently longer lifetime because of their reduced

wave-function overlap [47], making them more affected by

the aforementioned radiative overlap.

Another emerging effect arising from multiple layers of

QDs is evident in Figs. 6(g)–6(i). In Figs. 6(g) and 6(h), the

tendencies are expected, where in panel (g), a more or less

constant spin lifetime is observed up to 20 K and then starts re-

ducing, which indicates that the resident carriers are electrons

[6]. In plot (h), the lifetime starts to decrease immediately at

10 K, suggesting that the resident carriers are then holes [6].

The PRC results in Figs. 4(a) and 4(b) further confirm these

two plots. In the case of Fig. 6(i), it is expected that it would be

the same as in plot (h), due to the resident carriers being holes;

however, the spin lifetime remains nearly constant through

the whole range. Almost identical behavior is observed in

the eight-layer sample investigated in Ref. [7], indicating that

this effect, like SML and the nonoscillating component, only

appears at four layers or more.

Lastly, along with the additional component observed in

the four-layer sample, we also observe spin mode-locking.

Moreover, we can see improvements in T2 times from a four-

layer sample to an eight-layer sample, as shown in Ref. [7];

however, these are relatively marginal and, in this case, are

attributed to error. As to the reason for SML’s appearance, it

can be explained by the aforementioned tunneling. As more

and more layers are added, there are more QDs for electrons

to tunnel to, leaving more holes behind. This greatly increases

the hole population, which allows us to observe SML. As for

the T2 values themselves, they are relatively low compared

to T2 = 1.1 µs of AlAs/GaAs QDs [48]. However, hole-spin

coherence times have not been reported previously in telecom

QDs. Therefore, this shows that multilayer QD structures have

potential for quantum information applications. To gain better

insight not only into T2 but also into other phenomena we have

observed in this paper, additional measurements and analyses

are needed.

V. CONCLUSIONS

This layer-resolved study identifies how vertical stacking

of MBE-grown telecom C-band QDs impacts spin proper-

ties, revealing several phenomena that emerge with increasing

layer count in InAs/InAlGaAs QD configurations. The tran-

sition from electron-dominated to hole-dominated resident

carriers with increasing layers represents a fundamental shift

in spin dynamics: single-layer samples exhibit both elec-

tron and hole components, whereas two- and four-layer

samples show predominantly holelike behavior due to elec-

tron tunneling to lower-energy dots in additional layers.

Four-layer structures exhibit distinctive interlayer coupling

effects, including an additional nonoscillatory exponential-

decay component that persists across all magnetic field angles,

with an unusual temperature dependence in which spin relax-

ation times increase rather than decrease with temperature,

attributed to indirect exciton effects. Also, spin mode locking

emerges that enables direct measurement of hole coherence

times T2 ≈ 13 ns. While transverse dephasing times T ∗
2 re-

main relatively stable across layer counts (2.3–2.7 ns), they

fall short of hyperfine-limited theoretical values, suggest-

ing additional dephasing mechanisms such as strain-induced

quadrupolar interactions. The reduction in longitudinal relax-

ation time T1 with increasing layers (from 0.9 to 0.3 µs)

highlights the tradeoff between optical signal enhancement

and spin-lifetime preservation.

Across all layer numbers studied, the results show that the

relevant spin properties, carrier type, and coherence behav-

ior do not degrade (except T1) with increasing layer count.

Instead, multilayer stacks support hole spins with stable co-

herence characteristics, indicating that vertical coupling can

be used as a design parameter rather than a limitation. These

findings demonstrate that multilayer telecom QDs remain a vi-

able platform for spin-photon schemes and guide engineering

stacked structures where hole-spin coherence is the operative

resource.
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