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III-V Heterostructure Grown on 300mm Ge/Si
Wafer for Large-Scale Fabrication of Red μ-LEDs

P. Gaillard , A. Ndiaye, B. Ben Bakir , P. Le Maitre, J. Da Fonseca, J. M. Hartmann, M. Martin,
J. Moeyaert, H. Mehdi, T. Baron, and C. Jany

Abstract— We report on the design, fabrication and character-
ization of red µ-LEDs directly grown on large-scale silicon wafers
through a superior-quality Ge buffer. 300mm Ge/Si substrates
with a threading dislocation density (TDD) of ∼107 cm−2 were
successfully achieved, then followed by the growth and process
of visible 649nm AlGaAs-based red emitters. The electro-optical
properties of various red µ-LEDs with diameters ranging
from 10 to 100µm are investigated, showing promising perfor-
mances. Those results coupled with numerical analysis with a
model based on transfer-matrix with dipole source-terms help
us better identify the main challenges limiting the efficiencies
of our devices, while providing optimization routes to alleviate
them. We believe that these results could pave the way for a
monolithic large-scale and low-cost integration of red µ-LEDs
on 300mm Si-CMOS driving circuits and for the fabrication
of high-resolution RGB microdisplays that see use in various
applications in optoelectronics.

Index Terms— Red µ-LEDs, direct epitaxy, AlGaAs, silicon,
300 mm, low TDD, Ge on Si.

I. INTRODUCTION

M ICROSIZED inorganic light-emitting diodes (μ-LEDs)
have been foreseen as the next-generation display tech-

nology for various applications in the field of optoelectronics,
e.g., optical communication, wearables and most recently
augmented-reality devices due to their self-emissive nature,
their high resolution and longer lifetime compared to other
existing technologies [1]. For large-scale full-color applica-
tions, one needs to efficiently and monolithically integrate at
least three primary colors (Red, Green and Blue) per pixel
on single 8” to 12” silicon substrates, which are the basis of
Si-CMOS driving circuits.

So far, state-of-the-art blue and green μ-LEDs mainly rely
on InxGa1−xN alloys, which could theoretically span the entire
visible spectrum by varying their Indium composition. Despite
the exciting performances already achieved, their efficiencies
start to decrease abruptly in the red spectral range (x ≥ 40%)
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due to the important lattice mismatch between InGaN and
GaN leading to a poor crystal quality as well as a decrease
of the radiative recombination efficiency stemming from an
increased quantum Stark effect (QCSE) [2]. Hence, arsenide-
and phosphide-based material systems have been the best
candidates for red LEDs up to now [3].

Integrating such semiconductors on Si wafers can however
be very tricky. While the standard transfer techniques based
on the pick-and-place method are failing to meet the industrial
demands in terms of reliability, direct epitaxy is gaining a lot
of ground as a suitable technique [4]. Indeed, notwithstanding
the wealth of recent developments in epitaxy of InGaN blue
and green μ-LEDs on Si substrates [5], the direct growth of
red μ-LEDs on the same wafer remains a challenge. In fact,
those epilayers are grown lattice-matched on 2” to 4” GaAs
substrates. Due to the large lattice mismatch between Si and
GaAs (4.1%), a direct growth of those epilayers on large-scale
Si wafers leads to a high threading dislocation density (TDD),
which decreases the brightness of the resulting devices [6].
Recent works however suggest that they are different routes
to alleviate this issue [7], [8], among which the use of Ge layer,
which we will focus in this work [9]. However, to the best of
our knowledge, this has not been achieved yet on large-scale
300mm silicon wafers.

This work deals with the demonstration of red μ-LEDs
directly grown on 300mm silicon wafers thanks to Ge strain-
relaxed buffers. The growth and process details are outlined
in section II, while in section III the electro-optical properties
of the fabricated red μ-LEDs (from 10μm- to 100μm-sized)
are investigated. Those analyses help us provide different
optimization routes and guidelines that could pave the way
for the monolithic large-scale and low-cost integration of
red μ-LEDs on 300mm Si-CMOS driving circuits and the
fabrication of high-resolution RGB microdisplays.

II. MATERIALS AND FABRICATION DETAILS

Following the same growth procedure as in [10] and [11],
we obtain a superior quality Ge buffer layer with state-of-
the art characteristics [9]: a roughness of ∼0.8nm quanti-
fied by atomic force microscopy (AFM) as well as a TDD
of ∼107 cm−2 evaluated by electron channeling contrast
imagery (ECCI). Subsequently, the AlGaAs-based heterostruc-
ture, designed to reach its peak emission wavelength at
∼650nm, is grown on the so-formed Ge/Si 300mm wafer in
an Applied Materials MOCVD 300 mm cluster tool. Prior to
the growth, a SiCoNiTM treatment is performed on the Ge/Si
to remove any oxide present on its surface. Trimethylgallium
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TABLE I

EITAXIAL GROWTH LAYER STRUCTURE AND CHARACTERITICS

Fig. 1. (a) AFM and b) ECCI-SEM images of entire the epilayer stack at
the center and edge, respectively. (c) and (d) HAADF-TEM images of the
quantum wells.

(TMGa), trimethylaluminium (TMAl) and tertiarybutylarsine
(TBAs) are then used as precursors for Ga, Al and As,
respectively, along with H2 as a carrier gas. On the other hand,
diethylzinc (DEZ) and silane are used respectively for P et N
doping.

Table I summarizes the obtained PIN diode structure. Let us
note that a 500nm-thick part of the Ge buffer is N-doped (see
Table I) to ensure a good doping level for the GaAs N-contact
layer.

The morphological characteristics (AFM, ECCI and
HAADF-TEM) of the full stack are shown in Fig. 1.

The roughness (see Fig. 1 (a)) is around 1.2nm while the
TDD has the same value as the one measured on the Ge buffer
layer (see Fig. 1 (b)). Similar AFM and ECCI measurements
are performed at different positions on the wafer showing
good uniformity. In addition, a QW width of 3nm is measured
from the high-angle annular dark-field (HAADF) transmission
electron microscope (TEM) images, which is in agreement
with the expected value.

After the epitaxial growth, the 300mm wafer is downsized
into 100mm wafers for device fabrication which relies on a
vertical integration of circular μ-LEDs with diameters ranging

Fig. 2. (a) Electroluminescence spectra and (b) current-voltage characteristics
for μ-LEDs with diameters ranging from 10μm to 100μm. Top and cross
views of the device structure are displayed in the inset, as well 15μm-thick
μ-LED array.

from 10 to 100μm. The process starts with the deposition
of Ti/Pt as a P-type contact in a ring-like geometry by e-
beam evaporation. The definition of the mesa structure then
ensues with successive deposition of a SiN/ SiO2bilayer hard
mask (HM) by plasma-enhanced chemical vapor deposition
(PECVD). After a photo-lithography step, the bi-layer HM is
subsequently etched by CHF3and SF6-based induced coupled
plasma (ICP). Thereafter, the III-V heterostructure is etched
down to the N-GaAs layer with a SiCl4/Ar-based plasma. The
remaining HM is removed by dry etching. Next, the devices
are passivated by a PECVD-SiN layer, which is later on
etched with SF6-based ICP. This through passivation opening
allows for the Ni/Ge/Au N-contact deposition by e-beam
evaporation. The process flow finishes with a Ti/Au-based
reload deposition for both contacts in the PECVD chamber
and an annealing at 395◦C. Different chips of a 100mm wafer
were characterized to perform statistical analyses and evaluate
process repeatability.

III. RESULTS AND DISCUSSION

Fig. 2 (a) shows the electroluminescence (EL) spectra for
the different μ-LED sizes with similar Lorentzian shapes
(emission peak at ∼649nm and full widths at half maximum
(FWHM) of ∼24nm, which are in close agreement with
the simulations. We can also notice that the peak intensity
is μ-LED-size dependent: the highest and lowest intensities
are obtained for the 40μm-sized and 100μm-sized μ-LEDs,
respectively.

Fig. 2 (b) depicts the current-voltage (I-V) characteristics of
the fabricated μ-LEDs. The current at 4V is decreasing with
the μ-LED size meaning there is a higher resistance in the
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Fig. 3. S-parameter and (b) EQE as a function of current density for μ-LEDs
with diameters ranging from 10μm to 100μm.

smaller μLEDs as explained in [12]. It is also seen that the
I-V curves are highly dependent on the size of the μ-LEDs.

Several parameters can be extracted from these I-V curves
to better our understanding of their shapes. First, we evaluate
the ideality factor, nideal, which enables the identification of
the recombination mechanisms at play here [13]. From the
I-V characteristics, we find low-injection-current values of
nideal between 3.42 and 2.49 for 10μm-sized and 100μm-sized
μ-LEDs, respectively, suggesting that defect-assisted carrier
tunneling occurs in our devices [13]. In addition, the saturation
current is found to have very low values between 0.65pA and
2.4pA, which can be attributed to two possible phenomena:
a low leakage current because of a high doping level in
the epilayers or the fact that a large part of the leakage
current is caught by the aforementioned defects. We can finally
emphasize that the series resistance (RS) is also extracted from
the I-V curves and varies from 18 to 10� with decreasing
μ-LED diameters [12], which is consistent with the size-
dependency of the I-V curves mentioned above.

To analyze our results further, we report on the S-parameter
and the external quantum efficiency (EQE) as a function of
current density in Fig. 3, which are derived from current-
voltage-luminance (IVL) measurements. As nideal, S-parameter
also describes the different recombination mechanisms [13],
albeit as a function of the current density, facilitating the
understanding of the different regimes and analysis the EQE
values in Fig. 3 b). In the Fig 3(a), we can first observe
that at very low current densities, S-parameter has a value of
2 corresponding to non-radiative Shockley-Read-Hall (SRH)
recombinations due to defects, which is in close agreement

with the values of the nideal and the TDD values. Subsequently,
until 2.103 A.cm−2, the S-parameter values decrease to 1,
which is the signature of band-to-band radiative recombina-
tions. The last regime denotes the carrier-leakage through
overflow that occurs at high current densities in the quantum
wells, where the Fermi level rises to the top of the barri-
ers. The active region is then so flooded with carriers that
even when increasing current-injection densities, the carrier
concentration is saturated [14]. We can highlight that the
radiative-recombination regime is very small compared to the
leakage one, which is a very common behavior in high-
mobility III-V materials [15].

The EQE variations as a function of the current density
are shown in Fig. 3 (b). As expected, EQE is strongly
μ-LED-size dependent. Particularly, larger μ-LEDs reach their
peak EQE at lower current densities than smaller ones (e.g.,
at 360 A/cm2 and 562.5 A/cm2 for 100μm- and 60μm-sized
devices, respectively), which is due to an increase of non-
radiative recombinations for decreasing μ-LED sizes [16]. The
highest EQE values of ∼10−6 are achieved for 50μm-sized
μ-LEDs. We can also note that the drop after the EQE maxima
occurs faster in terms of current density for 100μm-sized
devices than 20μm ones, which can be attributed to a better
spreading in smaller μ-LED since less area is to be covered
by the injected current [17]. Moreover, the aforementioned
EQE variations could be directly related to the S-parameters
displayed in Fig. 3 (a). In fact, the EQE reaches its maximum
values at current densities matching the radiative regime
spotted by the S-parameters above, while it starts to drop in
regions where carrier-leakage through overflow occurs in the
quantum wells. Additional statistical analyses performed on
μ-LED arrays on different chips showed a uniformity of the
electro-optical properties in the IVL curves (standard deviation
less than 5%).

Since this demonstration is the first technological run of red
μ-LEDs on 300mm Ge/Si wafers, our EQE values are 4 orders
of magnitude below the ones of state-of-the-art red μ-LEDs
on lower-scale wafers as in [15], [16], and [17].

To explore how better epitaxial design could help overcome
this EQE limit, we performed additional numerical simulations
using a well-established transfer-matrix method with dipole
source terms [18]. From these simulations, we are able to
analyze spontaneous emission distribution inside the epilayer
structures as well as light extraction mechanisms. We find that
the light extraction efficiency (LEE) of our red μ-LEDs is
limited to less than 1%, because a large part of the emitted
light is guided inside the multilayer structure. ∼35% of this
non-outcoupled light is pseudo-guided in the whole epilayer
structure and will eventually be absorbed by the N-GaAs or
the Ge layer, while ∼63% of it couple to the available guided
modes inside the Ge layer (>15 modes). Since the Ge buffer
behaves as a highly absorbing waveguide in the red spectral
range, all this light will also eventually be lost in the Ge layer.
From this modal analysis, it appears that LEE strongly limits
the EQE of our red μ-LEDs and the main limitations stem
from the high-refractive index and absorbing Ge buffer layer
(∼63% of the emitted light). They are thus numerous levers
in our epitaxial design that could help us improve our LEE
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and thus gain at least two orders of magnitude in the EQE of
our future structures.

For instance, using AlGaAs/GaAs distributed Bragg reflec-
tors (DBR) on top of the N-type GaAs layer could help
circumvent the light loss in the Ge layer, since most of the
bottom emitted light would be redirected towards the top
of the device. Given that, by thinning the remaining layers
and particularly etching the top absorbing P-GaAs, a thinner
optical cavity would be formed between the DBR and the top
side of the μ-LEDs. Since this thinner cavity would support
less guided modes in non-absorbing layers, then the two
previous strategies could be combined with surface texturing
such as photonic-crystals (PhCs). In this framework, LEE
above 40% could be expected as well as a better directionality
of the emission patterns, which would strongly improve the
EQE and the brightness of the devices [19]. Finally yet
importantly, we are currently examining the possibility of
elaborating these red μ-LEDs with InGaP/AlGaInP quantum
wells. Those quaternary alloys are expected to have better
internal efficiencies than ternary ones and thus could help limit
the defects in the epilayer that are very detrimental to the
electro-optical performances of the devices [3].

Despite these limitations, IVL measurements showed us that
luminance values as high as 2.104 cd.m−2 have been achieved
for our red μ-LEDs, which is close to the luminances of state-
of-the-art μ-LEDs [12] but at current density 3 order of mag-
nitude lower than for our LEDs. Some improvements would
need to be implemented to obtain this level of luminance
at lower current density. In that regard, combining all these
aforementioned optimization strategies could help alleviate
these issues and better integrate red μ-LEDs on large silicon
wafers.

IV. CONCLUSION

In this letter, we have dealt with the demonstration of red
μ-LEDs directly grown on 300mm silicon wafers through a
Ge buffer. High-quality 300mm Ge/Si substrates with a TDD
of ∼107 cm−2 were successfully achieved and followed by
the growth of visible 649nm AlGaAs-based red devices for
the sake of demonstration. The electro-optical properties of
various red μ-LEDs with diameters ranging from 10 to 100μm
have been investigated showing that eventually luminance
values as high as 2.104 cd.m−2 could be achieved along with
promising performances. Additional numerical analyses have
helped us point out that light loss in the Ge buffer (∼63%)
drastically limits the LEE of the devices (<1%), which plays
a very detrimental role on the overall efficiency of the red
μ-LEDs. The issues could be alleviated by optimizing the
epitaxial design through the insertion of distributed Bragg
reflectors, thinning ofepilayers, surface texturing and the use of
quaternary alloys instead of ternary ones. Current and future
works are mainly focused on devising strategies to improve
the electro-optical performances of those devices throughout
all these optimization routes.

We believe that these results on large-area 300mm Si
substrates could pave the way for a monolithic large-scale
and low-cost integration of red μ-LEDs on 300mm Si-CMOS
driving circuits and the fabrication of high-resolution RGB

microdisplays that see use in various applications in optoelec-
tronics.
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