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ABSTRACT
Near infrared light detection is fundamental for sensing in various application fields. In this paper, we detail the properties of
InGaAs/AlGaAs multiple quantum well (MQW) photodetectors (PDs) monolithically integrated by direct epitaxy on 300 mm Si(001) sub-
strates. A MQW high crystalline quality is achieved using 300 mm Ge/Si pseudo-substrates with a low threading dislocation density of
4 × 107 cm−2 from electron channeling contrast imaging measurements. The localized states in the MQW stack are investigated using
temperature-dependent photoluminescence. Two non-radiative recombination channels are identified. The first one is due to delocal-
ized excitons generated by potential’s fluctuations because of the InGaAs/AlGaAs interfacial roughness (with an activation energy below
4 meV). The second one is due to exciton quenching because of the presence of numerous threading dislocations. A low dark cur-
rent density of 2.5 × 10−5 A/cm2 is measured for PDs on Ge/Si substrates, i.e., a value very close to that of the same PDs grown
directly on GaAs(001) substrates. A responsivity of 36 mA/W is otherwise measured for the photodiode on Ge/Si at room temperature
and at −2 V.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0059237

I. INTRODUCTION

Quantum well infrared photodetectors (QWIPs) have been
extensively developed since the first observation of infrared transi-
tion (intersubband transition) in a GaAs QW embedded between
two Al0.3Ga0.7As barrier layers.1 QWIPs with InxGa1−xAs multiple
quantum wells (MQWs) as active regions have a potential for mid-
wave infrared (MWIR; 3 up to 5 μm band) and long-wave infrared
(LWIR; 8 up to 12 μm band) detection. They are suitable for mili-
tary and civilian applications in night vision cameras, thermal imag-
ing systems, and medical imaging (neuroimaging, cancer detection,
etc.). Intraband transitions in the QW, with electrons moving from
one subband to another while remaining in the same band (conduc-
tion or valence band), must be used to cover these detection regions.
Meanwhile, manipulating interband transitions in the QW enables
near-wave infrared (NWIR; 0.7 up to 1 μm band) detection needed

for optical modulators,2 multiband detectors,3,4 near-infrared spec-
troscopy (NIRS), and light detection and ranging (LIDAR) sensors
for autonomous vehicles.5

Significant efforts have been made to integrate III–V opto-
electronics devices on Si platforms using various methods, such as
bonding, flip-chip integration, and direct epitaxial growth. Flip-chip
integration is a costly and slow process as the alignment must be
accurate for all III–V dies. Nowadays, direct wafer bonding is widely
used to obtain new and innovative stacks. It has already been imple-
mented industrially. More recently, monolithic III–V epitaxy on Si
has gained much attention by researchers working on III–V pho-
tonics on Si, with significant progress made. Direct epitaxial growth
of III–V layers on Si is indeed the method of choice for scalable
and cost-efficient integration, the main challenge being to minimize
the amount of structural defects in the active part of the devices.
To overcome this challenge, many approaches have been explored,
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such as (i) the insertion of superlattices combined with cyclic anneal-
ing and strain-balancing stacks on V-grooved Si substrates,6–8 (ii)
template-assisted selective epitaxy (TASE),9 or (iii) the use of Si
substrates buffered with GaP or Ge layers.10,11

Modulator12–14 and photodetector (PD)15–18 devices based on
strained InGaAs/AlGaAs or InGaAs/GaAs stacks on GaAs have
been investigated for a long time, and their structures have been
optimized. Alves et al.19 have fabricated GaAs/InGaAs quantum well
PDs on GaAs for NIR band detection in the 825–940 nm wavelength
range, with a high responsivity of 20 mA/W at 930 nm, at 10 K and
under a 4.5 V bias. Katzer et al.20 have investigated InGaAs/AlGaAs
vertical PIN MQW optical modulators. They showed that indium
concentrations less than 23% in those MQWs grown directly on
GaAs resulted in better device performances than those with higher
indium concentrations. Recently, significant efforts have been made
to optimize QWIP and laser structures on Si.8,21–23 However, device
performances still need to be further improved.

In this paper, we report on InGaAs/AlGaAs MQW photodetec-
tors (PDs) monolithically integrated on GaAs(001) substrates, bare
Si(001) substrates, and Ge-buffered Si(001) substrates. The vertical
PIN design has been adapted to have room temperature light absorp-
tion in the direction parallel to the current collection. PDs have been
fabricated and their performances have been evaluated. A correla-
tion between the MQW physical properties and PD performances
was made for each type of substrate. Our results show how the MQW
quality affects the device operation and the potential of our approach
to fabricate efficient PDs at large scales.

II. DEVICE FABRICATION
The structure of the PIN photodiode is shown in Fig. 1(a).

Three MQW PIN structures were grown on n-type GaAs(001) sub-
strates, bare Si(001) substrates, and Ge-buffered Si(001) substrates
in a metal organic chemical vapor (MOCVD) reactor. p-type doped
300 mm Si(001) substrates with 0.15○ or 0.5○ miscuts toward one
of the ⟨110⟩ directions were used to obtain Anti-Phase Boundary
(APB)-free, single domain GaAs.24 To prepare the Ge/Si pseudo-
substrates, 1.6 μm thick Ge buffers were grown by chemical vapor

deposition at 90 Torr using GeH4 in a separate group IV epi-
taxy tool. A low temperature (LT) (400 ○C)/high temperature (HT)
(600 ○C) approach with thermal cycling under H2 (between 650
and 850 ○C) was used to minimize the threading dislocation den-
sity (TDD) in the Ge buffers and to have rather smooth, slightly
cross-hatched surfaces.25 A SiconiTM surface treatment was per-
formed on Ge/Si pseudo-substrates and Si substrates in a dedicated
chamber connected to the III–V cluster tool to remove any remain-
ing oxides from the surface. Si substrates were then annealed in
the MOCVD reactor under H2 at high temperatures (800–900 ○C)
and high pressure (near atmospheric pressure) to have the for-
mation, on the surface, of bi-atomic step edges24 and avoid APB
formation in the GaAs layers on top. Meanwhile, the surfaces of
Ge/Si pseudo-substrates were prepared, thanks to 750 ○C H2 anneals
lasting 2 min.26

PIN diodes were grown in the MOCVD chamber, with ultra-
pure H2 as the carrier gas and trimethylgallium (TMGa), trimethyla-
luminum (TMAl), trimethylindium (TMIn), and tertiarybutylarsine
(TBAs) as group III and V precursors. The starting n-type doped
GaAs layers were grown in two steps: 40 nm thick nucleation lay-
ers were deposited at low temperatures (LT, 400–500 ○C) followed
by the growth of 370 nm thick GaAs layers at high temperatures
(HT, 600–700 ○C).27 n-type doping was achieved with disilane as
the n-type precursor, with a molecular flow of 1 μmol/min of Si
resulting in a doping level of 2 × 1018 cm−3. Then, twelve 10 nm
thick In0.18Ga0.82As quantum wells (QWs) sandwiched between thir-
teen 11 nm thick Al0.1Ga0.9As barrier layers were grown at 580 ○C.
Finally, 52 nm thick p-type GaAs layers were grown on top, also at
580 ○C, with diethylzinc (DEZn) as the p-type dopant source. The
doping level of those p-GaAs layers was 1 × 1019 cm−3, yielding good
Ohmic metal/semiconductor contacts.

To fabricate vertical PIN photodiodes, epitaxial structures were
etched into circular mesas with diameters ranging from 5 to 100 μm.
Mesa sidewalls were passivated with 150 nm of SiN deposited by
PECVD, and Ni/Ge/Au stacks were evaporated to form the n-type
and p-type metal contacts. Top view Scanning Electron Microscopy
(SEM) images of the PIN photodiodes are shown in Fig. 1(b), with a
zoomed-in view of the active region of a 90 μm diameter mesa.

FIG. 1. (a) Schematic diagram of MQW In0.18Ga0.82As/Al0.1Ga0.9As PIN photodiodes grown on GaAs, Ge/Si, and Si substrates. (b) Top view SEM image of photodiodes
with different mesa diameters and (bottom) zoomed-in view of the active region of a 90 μm diameter mesa photodiode.
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III. CHARACTERISTICS AND DISCUSSIONS
Cross-sectional scanning TEM images of the MQW PIN struc-

tures grown on GaAs, Ge/Si, and Si substrates are provided in
Figs. 2(a)–2(c), respectively. A high resolution cross-sectional TEM
image of the MQW on the Si substrate is shown in Fig. 2(f), with a
thickness of 10 nm (11 nm) for the In0.18Ga0.82As quantum well (the
Al0.1Ga0.9As barrier). Figure 2(a) shows the high structural quality
of MQWs grown on GaAs. On Ge/Si pseudo-substrates, MQWs are
free of extended defects (such as APBs) and threading dislocations
(TDs) on a 2 μm wide TEM lamella, as shown in Fig. 2(b). This is
due to the presence of the Ge buffer. However, there is in Fig. 2(c) a
high density of threading dislocations starting at the GaAs/Si inter-
face and propagating through the MQW when growing directly on
Si. Threading Dislocation Densities (TDDs) in the PIN structures
grown on Ge/Si and directly on Si were quantified with the electron
channeling contrast imaging (ECCI) technique [Figs. 2(d) and 2(e)].

The TDD was reduced by nearly two orders of magnitude, from 1.8
× 109 cm−2 down to 4 × 107 cm−2, when 1.6 μm thick Ge buffers
were used.

Figures 3(a)–3(c) show micro-photoluminescence (μPL) spec-
tra of In0.18Ga0.82As/Al0.1Ga0.9As MQWs on the three types of sub-
strates for various temperatures in the 4.5–290 K range. Figure 3(d)
shows the energy shifts of the MQW signals with the measurement
temperature. Above 50 K, the red shift is due to bandgap shrinkage
induced by temperature (thermal activation of carriers). Experimen-
tal bandgap variations with the temperature are properly accounted
for using Varshni’s equation28 provided in the inset of Fig. 3(d). Fit-
ting parameters are listed in Table I. They are consistent with the
values given in Ref. 29. From 4.5 to 50 K, the MQW peak position
on the GaAs substrate remains constant at 1.338 eV, while those on
Ge/Si and Si substrates experience a blue shift by 2.8 and 4.1 meV,
respectively. It might be due to trapping of carriers in low energy

FIG. 2. High-resolution cross-sectional bright-field STEM images of MQW PIN structures grown on (a) GaAs, (b) Ge/Si, and (c) Si substrates. Top-view ECCI images of the
PIN structures on (d) Ge/Si and (e) Si substrates and (f) high-resolution TEM image of the MQW on the Si substrate.
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FIG. 3. PL spectra at different temperatures ranging from 4.5 to 290 K for MQWs grown on (a) GaAs, (b) Ge/Si, and (c) Si substrates, with an excitation power density of
1146 W/cm2. (d) Experimental transition energy (full symbols) and FWHM (empty symbols) as a function of temperature. Curves are fittings with Varshni’s equation.

localized states because of the presence of structural defects in epi-
layers grown on Si and Ge/Si. As the temperature increases, carriers
are thermally activated and redistributed in different localized states
via hopping transport. Above 50 K at high temperatures, the PL
emissions are dominated by carriers on delocalized states and the
dependence of PL peak energy follows Varshni’s expression. The full
width at half maximum (FWHM) increases slowly with the tempera-
ture up to 50 K, the turning point from blue shift to red shift. Then, it
increases as the temperature increases, in agreement with the classi-
cal optical phonon broadening. The FWHM at 290 K increases from
42 meV for the MQW on GaAs up to 61 and 155 meV for those on
Ge/Si and Si, respectively. Such a trend is in agreement with the high
TDDs in MQWs grown on Ge/Si and especially Si.

TABLE I. Values of the fitting parameters used to describe, thanks to Varshni’s
equation, the MQW bandgap shrinkage shown in Fig. 3(d).

Sample E0 (eV) α (meV K−1
) β (K)

MQW on GaAs 1.343 0.44 249
MQW on Ge/Si 1.348 0.66 635
MQW on Si 1.341 1.84 2215

Figure 4(a) shows the temperature dependence of integrated
PL intensity for MQWs on the various types of substrates. The
integrated PL intensities decrease significantly as the temperature
increases from 4.5 up to 290 K. This is due to the thermal quench-
ing of integrated PL intensities by phonon-assisted non-radiative
recombinations. These intensities can be fitted with the modified
Arrhenius formula given in Eq. (1) assuming that there are two non-
radiative recombination processes. The first process (1) is predom-
inant at low temperatures and the second (2) at high temperatures,

I(T) =
I0

1 + γ1e
−Ea(1)

kBT + γ2e
−Ea(2)

kBT

, (1)

where I0 is the PL intensity at 4.5 K, Ea(1,2) are the activation ener-
gies of the non-radiative recombination processes, γ1,2 are rate con-
stants, and kB is Boltzmann’s constant. Fitting parameters are dis-
played in Table II. The first quenching mechanism [characterized
by Ea(1)] is attributed to the delocalization of excitons coming from
potential fluctuation in the In0.18Ga0.82As wells. In our case, InGaAs
QWs are 10 nm thick. Potential variations are therefore mainly due
to the In0.18Ga0.82As/Al0.1Ga0.9As interfacial roughness. We found
small values between 1.9 and 3.9 meV for Ea(1), indicating that the
localized energy caused by interface roughness is small, in line with
the abrupt MQW interfaces evidenced in TEM. Ea(2) values are 20,
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FIG. 4. (a) Temperature dependence of
the integrated PL intensity for MQWs
on the various types of substrates and
(b) relative internal quantum efficiency
(ηIQE) evolution as a function of temper-
ature.

41, and 45 meV for MQWs on Si, Ge/Si, and GaAs, respectively.
ECCI measurements showed the lowest TDD values for MQWs on
GaAs and a definite TDD reduction for MQWs on Ge/Si substrates
instead of bare Si. Ea(2) therefore increases as the TDD decreases.
This may result from the suppression of non-radiative recombi-
nation centers linked to threading dislocations. We believe that a
reduced TDD leads to a higher activation energy for exciton quench-
ing. Higher Ea(2) values because of lower TDD are associated with
improved internal quantum efficiencies (IQEs), as we will see in the
following.

Let us assume that the internal quantum efficiency (ηIQE) is
100% at 4.5 K, with a maximum integrated PL intensity I(T0). ηIQE
can then be extracted by calculating the ratio I(T)/I(T0), where I(T)
is the integrated PL intensity at temperature T. As shown in Fig. 4(b),
the ηIQE evolution vs temperature is similar for GaAs and Ge/Si sub-
strates. However, the ηIQE for MQW on Si decreases rapidly between
4.5 and 100 K. Above this temperature, its value is close to zero.
This comparison shows how high numbers of threading dislocations
drastically degrade the MQW emission efficiency.

Figure 5(a) shows the dark current voltage (I–V) curves mea-
sured at 300 K using a 4155C Agilent semiconductor parameter ana-
lyzer for photodiodes with 90 μm mesa diameters on the three types
of substrates. Photodiodes on Ge/Si and GaAs exhibit low dark cur-
rents of 1.9 and 1.4 nA under a bias voltage of −3 V, corresponding
to dark current densities of 2.5 × 10−5 and 1.8 × 10−5 A/cm2, respec-
tively. These values are lower by one order of magnitude than the
dark current density for an InAs/InGaAs quantum dot p-i-n photo-
diode grown on GaP/Si.30 This is likely due to the high crystalline
quality of the epilayers. However, the photodiode on Si has a defi-
nitely higher dark current. It is, for example, 12 nA at −3 V, resulting
in a dark current density of 1.6 × 10−4 A/cm2. This is consistent with
the TDD in MQWs on Si, which is almost two orders of magnitude
higher than on Ge/Si. Figure 5(b) shows the evolution of the dark
current with the mesa diameter at three forward bias values of 0.7,
0.6, and 0.5 V for PDs on GaAs. Clearly, the dark current increases

TABLE II. Values of the fitting parameters used to describe, thanks to Eq. (1) modified
Arrhenius formula, the integral PL intensity evolution as a function of (1/T).

Ea(1) Ea(2)
Sample I0 γ1 (meV) γ2 (meV)

MQW on GaAs 17 130 650 0.38 1.9 72 45
MQW on Ge/Si 5 153 819 0.58 3.8 50 41
MQW on Si 722 379 5.70 3.4 129 20

with the mesa size. A fit of the dark current by the equation provided
in the inset of Fig. 5(b) yields the bulk current density, Jbulk, which
is linked to the epitaxial stack quality, and the sidewall current den-
sity, Jsidewall, also known as the perimeter or peripherical dark current

FIG. 5. (a) Current–voltage characteristics of 90 μm mesa diameter photodiodes
on GaAs, Ge/Si, and Si substrates. (b) Dark current vs mesa diameter at three
forward bias values, 0.7, 0.6, and 0.5 V, for a photodiode on GaAs. Curves are
fits with the equation given in the inset. (c) Capacitance voltage characteristics of
photodiodes with different mesa diameters on GaAs. Inset: measured capacitance
of a set of photodiodes under a bias of −5 V.
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FIG. 6. (a) Average bias voltage dependence of the room temperature resistivities upon 26.6 W/m2 irradiance at 940 nm. Mean data from 14 photodiodes with mesa
diameters of 90 μm on GaAs, Ge/Si, and Si substrates. (b) Corresponding external quantum efficiencies (EQEs).

density, which depends on the device fabrication scheme and its
imperfections (i.e., mesa etching, sidewall passivation, etc.). Regard-
less of the forward bias value, Jsidewall was higher than Jbulk by at least
one order of magnitude. At 0.7 V, Jsidewall and Jbulk were, for instance,
1.2 × 10−8 and 6.5 × 10−10 A/cm2. This meant that mesa etching and
sidewall passivation processes should be improved.

The capacitance voltage (C–V) characteristics of photodi-
odes were also measured at 300 K, as shown in Fig. 5(c), with a
4294A Agilent impedance analyzer. A capacitance of 19.7 pF was
extracted from the capacitance vs device area curve in the inset
of Fig. 5(b). Such high values are likely due to the thin intrinsic
region thickness (∼263 nm) resulting in a low transit time, lim-
iting the bandwidth for large diameter PDs. One possible way to
reduce the capacitance value could be to increase the thickness of
that region, which would amplify the transit time. In the future, the
RC delay and the transit time will be evaluated to improve the PD
structure.

The optical responses were measured using a Cascade Elite 300
prober equipped with a 940 nm LED light source having an irradi-
ance of 26.6 W/m2 and a B1500 semiconductor analyzer. Figure 6(a)
shows the 300 K average responsivity evolution of 14 photodiodes
with 90 μm mesa diameters vs reverse bias voltage on each type of
substrate. Clearly, the responsivity always increases with the reverse
bias voltage for all photodiodes. A higher electric field is then gen-
erated, resulting in the extraction of more photo-carriers. Photodi-
odes on GaAs have responsivities between 26 and 33 mA/W, always
higher than the ones on Si regardless of the reverse bias value. Unex-
pectedly, at high reverse bias above −1.2 V, PDs on Ge/Si have a
responsivity value higher than those on GaAs. This is likely due to
a shift of the absorption edge for MQWs when moving from GaAs
to Ge/Si or Si substrates. More investigation is needed to clarify this.
The corresponding external quantum efficiency (EQE) is given in
Fig. 6(b), with 4.3%, 4.7%, and 3.4% values at −2 V for photodiodes
on GaAs, Ge/Si, and Si substrates, respectively. At higher reverse bias
of −4 V, the EQE of these photodiodes could reach 8%. These low
values are mainly explained by the small thickness of the absorp-
tion layer (∼120 nm). We then used the EQE to calculate the specific
detectivity

D∗ =
√

q
λ ⋅ η

hc
√

2Jdark
, (2)

where η is the external quantum efficiency (EQE) and Jdark is
the dark current density (A/cm2). Numerical calculations gave 2.4
× 1010, 2.9 × 1010, and 8.5 × 109 cm

√

Hz W−1 detectivities
at −2 V for MQW devices on GaAs, Ge/Si, and Si substrates,
respectively. Such stacks could advantageously be used in a lat-
eral configuration for photonic integrated circuits suitable for ultra-
fast optical communication with all devices fabricated from III–V
semiconductors.7,8,31,32

IV. CONCLUSION
In conclusion, we fabricated vertical PIN MQW

InGaAs/AlGaAs PDs. The III–V stacks at the heart of those
devices were epitaxially grown on GaAs(001) and on 300 mm diam-
eter bare and Ge-buffered Si(001) substrates. A low dark current
density of 2.5 × 10−5 A/cm2 was obtained on Ge/Si substrates,
highlighting the potential of such templates. In the future, we will
keep the same PIN stack and use a lateral current collection (LCC)
configuration, providing a decoupling between the carrier collection
and the light propagation directions. This should yield a high near
infrared bulk absorption with low capacitance, low leakage current,
and low dark current with very thin PDs. Threading dislocations
in the PIN stacks stemming from the use of lattice-mismatched
substrates had an impact on MQW photoluminescence. A better
understanding of the impact of threading dislocations on emitter
and collector performances should help in paving the way for a
monolithic integration of III–V devices by direct epitaxy on Si,
replacing the complex and costly wafer bonding techniques.
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