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Abstract
We report on a practical method for developing InGaN-based edge emitting laser diodes of
cavity length down to 45 μm. Samples consisting of one uncoated cleaved facet and one etched
facet coated with a high-reflectivity (HR) dielectric distributed Bragg reflector (DBR) exhibit
lasing in the continuous wave (cw) regime for cavity lengths down to 250 μm and lasing under
pulsed injection for lengths as short as 100 μm. For samples having a second HR dielectric DBR,
we could demonstrate cw lasing for a cavity length as short as 45 μm with a threshold current
below 10 mA being reported for a 75 μm long device. Through a systematic study of the
threshold current (Ith) and the slope efficiency (ηs) as a function of cavity length, it is proposed
that the parameters underpinning the evolution of Ith and ηs with decreasing cavity length and
their overall degradation in the short cavity regime are free carrier absorption, Auger processes
and the decrease in the recombination losses due to nonuniform carrier distribution across the
multiple quantum well active region.

Supplementary material for this article is available online

Keywords: III-nitrides, laser diodes, device processing, short cavities, threshold current, slope
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Introduction

Over the last twenty-five years, III-nitride (III-N) optoelec-
tronics has benefited from tremendous progress, which led to
the solid-state lighting revolution [1–3]. Blue to green light-
emitting diodes and laser diodes (LDs) became ubiquitous
devices used for a wide range of applications. With the need
for mobile devices with increased autonomy while offering
novel features, there is a demand for low power consumption
short-wavelength LDs offering a moderate output power for
handheld pico-projection. In order to fulfill such requirement,
a decrease in the threshold current (Ith) and a concomitant
increase in the slope efficiency (ηs) is necessary. In addition to

the optimization of the waveguide design [4, 5] and that of the
ridge etching [6, 7] to increase the confinement factor (Γ),
another critical aspect for improving Ith deals with p-type
doping since a lower [Mg] allows to inhibit the formation of
compensating defects and non-uniform current injection into
quantum wells (QWs) [8]. For III-N LDs operating at longer
wavelength (λ>450 nm), optimizing the growth temper-
ature of the cladding layer is essential for minimizing or even
avoiding the degradation of the QW gain medium [9, 10].
Besides, as will be shown hereafter, another possible way to
decrease Ith while increasing ηs consists in reducing the cavity
length as in this latter case, provided internal losses remain
unaffected, the weight of mirror losses increases [11]. How-
ever, such a strategy can only be initiated at the expense of
increasing challenges when processing devices. Previously,
several groups have shown that shorter cavity LDs exhibit
improved performance when it comes to the (Ith, ηs) combi-
nation [12, 13]. Nevertheless, the shortest reported III-N LD
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devices usually have a cavity length in the 400–600 μm range
essentially due to processing and facet cleavage issues.
Therefore, this is the aim of the present work to develop a
reliable method to realize InGaN-based LDs of cavity length
below 300 μm. To validate the adopted processing approach,
the current–voltage (I−V ) and light output (L−I) character-
istics of such short cavity LDs were systematically investi-
gated. Lasing is reported for edge emitting devices with two
cavity configurations. In the first configuration, where only
one facet is coated with a high-reflectivity (HR) dielectric
distributed Bragg reflector (DBR), lasing in the continuous
wave (cw) regime is obtained for structures down to 250 μm
in length while lasing under pulsed injection is obtained for a
cavity length as short as 100 μm. For the second configuration
that relies on LD samples with their two facets coated with
HR DBR, lasing in the cw regime is reported down to a cavity
length as short as 45 μm.

Growth and fabrication details

LD structures were grown by metal organic vapor phase
epitaxy in a vertical Aixtron 3×2 in. CCS reactor on 2 inch
freestanding c-plane GaN substrates featuring a low disloca-
tion density ∼106 cm−2. Following the deposition of an n-
type doped GaN buffer, a 910 nm thick Si-doped (n-type)
AlGaN cladding layer containing 6% of Al was grown
(n∼3×1018 cm−3). The active region consists of a
3-period InxGa1−xN(4.7 nm)/GaN(12 nm) QW with either
x=0.09 or 0.12 sandwiched between a 150 nm thick bottom
GaN waveguide and a 100 nm thick top GaN waveguide. It is
followed by a 20 nm thick Al0.2Ga0.8N electron blocking
layer (EBL), a 50 nm thick Mg-doped GaN layer, and a
460 nm thick Mg-doped Al0.06Ga0.94N layer employed as p-
type cladding. The net acceptor concentration (NA−ND) was
measured by electrochemical capacitance–voltage (C−V )
profiling and amounts to ∼1×1019 cm−3. The whole

structure was finally capped by an 80 nm thick Mg-doped
( - ~ ´N N 2 10A D

19 cm−3) GaN layer to favor the Ohmic
contact for efficient hole injection. Figure 1(a) presents the
detail of the whole structure. The fundamental transverse
electric mode profile of the vertical waveguide at a wave-
length of 415 nm (x=0.09) and 425 nm (x=0.12),
respectively, was calculated by means of a one-dimensional
transfer matrix model [14, 15]. In the simulation, the propa-
gation constants of the eigenmodes were solved by matching
the boundary conditions at all the interfaces and by requiring
the field to converge at infinity. The refractive index (nop) of
GaN, InGaN, and AlGaN was taken from the work by Laws
et al [16]. The calculated confinement factors amount to
Γx=0.12=5.9% at 425 nm and Γx=0.09=5.1% at 415 nm,
whose mode profiles are shown together with their corresp-
onding refractive index profiles in figure 1(b).

After the growth, the wafers were processed into short
cavity LDs. Due to inherent difficulties with the facet clea-
vage for cavity lengths (Lcav) shorter than 400 μm, the LDs
were designed such that they each exhibit an etched facet and
a cleaved facet. The etched facets (figure 2(b)) were obtained
after the formation of 1.5 μm deep trenches using chlorine-
based inductively coupled plasma (ICP) etching down to the
n-type Al0.06Ga0.94N cladding layer leading to 300 μm long
initial cavity sections (see supplementary material (SM)
section 1 available online at stacks.iop.org/SST/34/085005/
mmedia for a description of the mask and subsequent
explanation about the control of the cavity length). The etched
facets were then smoothed in a KOH ethylene glycol (1:3)
mixture solution for 20 min at 80 °C [17]. In order to pre-
cisely control the cavity length, 8 μm wide cleavage marks
were also etched during this procedure. Subsequently, 3 μm
wide laser ridges were etched by ICP (figure 2(c)) and coated
with 300 nm of SiO2 deposited by plasma-enhanced chemical
vapor deposition (figure 2(d)). The LD structure was com-
pleted by the e-beam evaporation of a standard Pd(50 nm)/Au
(400 nm) p-type Ohmic contact layer on the bare GaN ridge

Figure 1. (a) Schematic cross-section (not to scale) of the as-grown LD structures. (b) Calculated mode profiles for the two sets of LD
structures using a one-dimensional transfer matrix method (blue curves) and corresponding refractive index profiles (orange curves, with the
sample surface on the left-hand side).
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(figure 2(e)). To reduce the impact of mirror induced losses,
an eight pair SiO2/ZrO2 HR DBR was sputtered onto the two
etched facets in a single deposition run using magnetron
sputtering (figure 2(f)). More precisely, after depositing the p-
type contact, a negative tone photoresist (nLOF 2020) was
spin-coated followed by a photolithography step to expose the
etched surface while leaving the rest of the sample protected
by the photoresist. After patterning, the sample was trans-
ferred into the sputtering chamber and positioned in order to
ensure homogeneous DBR mirror deposition on the etched
facets. The samples were then immersed into a remover to
liftoff the photoresist and finally obtain the structure shown in
figure 2(f). Substrate grinding down to a thickness of 100 μm

followed by e-beam evaporation of a Ti(10 nm)/Al(30 nm)/
Ti(10 nm)/Au(200 nm) n-type Ohmic contact layer on the
backside of the freestanding GaN wafer was then performed.
Two sets of short cavity LDs were then finalized. LD set 1
corresponds to LDs with In0.12Ga0.88N/GaN QWs having a
length after cleavage ranging from 290 down to 100 μm and a
single HR DBR deposited on the etched facet. LD set 2 differs
from LD set 1 by its gain medium that consists of three
In0.09Ga0.91N/GaN QWs and the deposition of a second HR
DBR on the cleaved facet at the very final stage of the LD
process. The tolerance for each cavity length could be well
controlled within 8 μm with the help of the above-mentioned
alignment marks. Figure 2(g) represents a schematic view of a

Figure 2. Schematic of the process flow: (a) as-grown sample, (b) 1.5 μm deep etching down to the n-type Al0.06Ga0.94N cladding layer
(gray) for realizing the etched facets and the cleavage marks, (c) ridge etching down to the upper part of the GaN waveguide (orange), (d)
300 nm thick SiO2 encapsulation (green), (e) Pd/Au p-type contact deposition (gold) on the top surface including the bare GaN ridge, (f) HR
SiO2/ZrO2 DBR mirror coating (purple) on the etched facets, (g) substrate grinding down to 100 μm, Ti/Al/Ti/Au n-type GaN contact
deposition on the backside and laser ridge cleavage. (h) Tilted view confocal microscope image of a fully processed 100 μm long edge-
emitting LD belonging to LD set 1.
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fully processed short cavity LD while a tilted view confocal
microscope image of such a fully processed 100 μm long LD
belonging to LD set 1 is shown in figure 2(h).

Characterization of the processed laser diodes

To evaluate the quality of the HR DBRs, current density
dependent modal gain spectra were measured on a 280 μm
long device belonging to LD set 1 using the Hakki–Paoli (HP)
method (figure 3) [18]. The related electroluminescence (EL)
spectra were recorded by means of a Jobin-Yvon Triax 550
monochromator (55 cm focal length) equipped with a
Symphony II liquid-N2 cooled back-illuminated UV-
enhanced charge-coupled device using a 2400 l mm–1 grating
allowing for a spectral resolution of 38 pm. Transparency of
the gain medium is reached at a current density (Jth) of
2.35 kA cm−2 as deduced from the flat band shape in the
corresponding gain spectrum. With increasing current injec-
tion, the gain gradually counterbalances the losses and lasing
eventually takes place when the modal gain compensates for
the losses, which amount to ∼62 cm−1. Taking into account
the value of internal losses, αi∼30±2 cm−1, extracted
from HP modal gain measurements performed on standard
600 μm long LDs (see SM section 2), mirror losses (αm) are
estimated to 32±2 cm−1 for this sample, from which a peak
reflectivity (RHR) of 90±7% is deduced for the coated HR
mirror using R=0.18 for the uncoated facet. This mirror
reflectivity is close to the targeted value of 98% predicted by
transfer matrix simulations, which also indicates the high
quality of the etched mirror and the limited impact of unde-
sired thickness fluctuations and/or short scale layer waviness.

To further characterize these 280 μm long cavity LDs,
their electrical (I−V ) and their optical properties were mea-
sured and are summarized in figures 4(a) and (b). The L−I
characteristics was measured under both pulsed (1 kHz

frequency with a 1% duty cycle) and cw injection at a
regulated temperature of 25 °C by making use of a Peltier
element. Under pulsed injection, these short LD devices
exhibit lasing at a threshold current of 78 mA (i.e.
9.3 kA cm−2). Above threshold, the output power increases
abruptly up to a value of 20 mW at a current of 107 mA
(12.7 kA cm−2) leading to a slope efficiency (ηs) of 0.69W/
A. By making use of the equations.
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where ÿω is the photon energy, q is the charge of the electron,
and F is the fraction of power outcoupled from the uncoated
facet [11], an injection efficiency (ηi) of 47±3% was
extracted assuming that the αi and the ηi values deduced for
the 600 μm LDs can still be used for the 280 μm LDs (see SM
section 2). The L−I characteristics measured under cw
injection shows similar features except for a slightly higher Ith
value of 80 mA (9.5 kA cm−2). The small difference observed
between pulsed and cw operation indicates a fair p-type
conductivity [19]. Figure 4(b) shows the evolution of the
corresponding EL spectra as a function of current density.

To determine the role played by the cavity length on the
(Ith, ηs) combination, the L−I characteristics were measured
for the entire set of processed devices belonging to LD set 1.
Representative characteristics among the lengths ranging
between 250 and 290 μm, 150 and 200 μm, and 100 and
150 μm are displayed in figure 5. LD devices with a cavity
length above 250 μm were measured under cw injection at
25 °C thanks to the efficient thermal management provided by
the Peltier element whereas devices with a shorter cavity
length were characterized under pulsed injection to avoid self-
heating issues. From figure 5, we observe an increase in Ith
from 85 mA (9.8 kA cm−2) to 120 mA (23.5 kA cm−2) and
then up to 140 mA (46.7 kA cm−2) for 290, 160 and 100 μm
long LD devices, respectively. Let us note that the kinks
observed in the L−I curves could potentially be due to lateral
transverse mode instability as suggested by Lang [20].
However, such a detailed study goes beyond the scope of the
present work.

The spacing between longitudinal modes (Δλ) was
extracted from the EL spectra for different cavity lengths.
With decreasing cavity length, Δλ increases and amounts to
0.23 nm at 425 nm for the 120 μm long LDs (see inset of
figure 5), a value in close agreement with the calculated value
of 0.235 nm according to the equation
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where we considered the refractive index of GaN [16].
Simultaneously, ηs values gradually reduce from 0.7W/A for
290 μm long devices to 0.6W/A for 160 μm long devices
and finally down to 0.25W/A for 100 μm long devices. Such

Figure 3.Modal gain spectra of a 280 μm long blue LD belonging to
LD set 1 measured at current densities ranging from 2.4 up to
9.5 kA cm−2 using the Hakki–Paoli method.
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a trend appears to be in contradiction with the initial statement
made in the introduction and hence will be the subject of a
discussion hereafter.

Besides, in order to further highlight the potential of such
compact and hence low footprint edge emitting LDs, a few
short edge emitting cavity devices made from LD set 2 with
the rear and front facets each coated with an HR DBR were
characterized. As for LD set 1, relevant information about
losses and the injection efficiency was extracted from HP
modal gain measurements performed on standard 400 μm
long LDs (see SM section 2). Internal losses are somewhat
lower in LD set 2 with a value amounting to 22 cm−1. In
figures 6(a) to (d), the I−V and the L−I curves measured on a
75 μm long and a 45 μm long device in the cw injection
regime are displayed together with a representative EL

spectrum measured slightly above threshold for each LD
device. The 75 μm long LD exhibits a threshold current less
than 10 mA with a value of 8.7 mA (i.e. Jth=3.9 kA cm−2)
and a slope efficiency of 0.23W/A, whereas the 45 μm long
LD exhibits a threshold current of 13.8 mA (10.2 kA cm−2)
and a slope efficiency of 0.13W/A. The mere fact that those
sub-100 μm long devices operate in the cw regime clearly
demonstrates the viability of the adopted processing scheme;
even though the negative roll-over observed in the L−I curve
shown in figure 6(a) could be a manifestation of some non-
uniform carrier injection due to the reduced size of the pro-
cessed 75 μm long LD devices. Let us also note that the
limited number of longitudinal modes in the EL spectra is
commensurate with the short cavity length, which makes such
LDs of interest for the realization of single mode edge
emitting LDs, e.g. through the use of a superlattice made from
a few short aperiodic grating sequences [21].

Discussion

To account for the physical origin behind the behavior of the
(Ith, ηs) combination with decreasing cavity length observed
for LD set 1, a comparison of the measured values with
calculated ones as a function of cavity length was performed.
The detail of the calculations is given in section 3 of the SM.
In figure 7(a), the calculated threshold currents determined for
various values of RHR exhibit a smooth increase for cavity
lengths shorter than 150 μm, which does coincide with the
abrupt growth of Jth shown in figure 7(b). It is seen that the
reported trend is weakly sensitive to the exact RHR value in
the limit of the high peak reflectivity regime for the coated
facet (values in excess of 0.8). The increase occurring for
relatively short cavity lengths is due to the logarithmic modal
gain saturation and the concomitant decrease in the differ-
ential gain with decreasing cavity length [11]. Let us note

Figure 4. (a) I−V and L−I curves measured on a 280 μm long blue LD belonging to LD set 1 under both pulsed and cw injection, and (b)
corresponding cw EL spectra. The inset shows the far-field emission pattern measured at a current density of 10.2 kA cm−2.

Figure 5. L−I curves measured for 290, 160 and 100 μm long LDs
of LD set 1. Inset: EL spectrum of a 120 μm long LD measured at
146 mA under pulsed injection.
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Figure 6. (a) I−V and L−I curves measured on a 75 μm long blue LD belonging to LD set 2 under cw injection and (b) corresponding cw
EL spectrum. (c) I−V and L−I curves measured on a 45 μm long blue LD belonging to LD set 2 under cw injection and (d) corresponding cw
EL spectrum.

Figure 7. Measured (filled red dots for short LDs and filled blue dot for the 600 μm long reference LD) and calculated (continuous lines) (a)
Ith values, (b) Jth values, and (c) ηs values as a function of cavity length for various RHR values of LDs belonging to LD set 1. The linear part
of the L−I curves for output powers below 20 mW was considered to determine the ηs values.
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however that this rise in Ith occurs at much larger cavity
lengths for the fabricated LDs since a sharp increase of Ith
values is visible for a cavity length of 270 μm. Indeed, the
experimental increment amounts to ΔIth≈60 mA
(ΔJth≈30 kA cm−2) on average for RHR=0.9 and cavity
lengths ranging between 290 and 100 μm compared to a
calculated value ΔIth≈23 mA (ΔJth≈20 kA cm−2). As far
as ηs is concerned, a smooth increase is expected with
decreasing cavity length together with an insensitivity to the
RHR value similar to that observed for Ith and Jth when RHR

exceeds 0.8. However, even though experimental results
show a rise in the ηs values for cavity lengths ranging between
290 and 250 μm, a significant divergence is observed between
experimental and calculated values for shorter cavity lengths
as shown in figure 7(c). Such a behavior implies that the
common assumption that αi and ηi values remain constant and
are thus unaffected by the cavity length is no longer valid for
the present LDs when the ridge waveguide length is shorter
than 250 μm. In order to reconcile calculations with exper-
imental results we have to consider αi > 30 cm−1 and ηi<
47%. Let us note that a quantitative estimate of the evolution
of αi and ηi lies beyond the scope of the present work.
Nevertheless, a qualitative description for such a dependence
upon decreasing cavity length can be inferred from the
available literature on GaAs-based short cavity LDs [22, 23].
Indeed, in addition to increasing technical issues related to the
fabrication of shorter and shorter LDs whose detrimental
impact on the I−V and the L−I characteristics cannot be fully
discarded, even though the results obtained on LD set 2
indicates the viability of the adopted processing scheme, the
shorter the ridge waveguide length, the higher Jth and con-
sequently the higher the clamped carrier density. In this latter
case, residual absorption due to free carriers could be at play
as suggested by first-principles calculations that emphasized
the peculiar detrimental impact of phonon-assisted absorption
by holes occurring in the p-type layer [24]. A side con-
sequence of the larger clamped carrier density is the increased
weight of Auger recombination, which is responsible for a
shorter Auger-related carrier lifetime [25, 26]. It is known to
be accompanied by a decrease in ηr -the so-called recombi-
nation losses- due to nonuniform carrier distribution across
the QWs, whose impact for short cavity devices is more
prominent than for longer devices due to the larger clamped
carrier density, that can ultimately impact the slope efficiency
(see SM section 4 for a detailed account about this aspect)
[23, 27]. Hence the above-mentioned effects are likely can-
didates for explaining the concomitant increase in Ith and the
decrease in ηs with decreasing cavity length. A table sum-
marizing the main features of the short cavity LDs described
in this work as well as those of the reference devices for LD
sets 1 and 2 is shown in section 5 of the SM.

Beyond the present proof of principle, which illustrates
the high potential of the III-nitride platform for the realization
of low footprint edge emitting LDs most likely due to its large
modal gain, we can mention that the further optimization of
the I−V and the L−I characteristics of such devices would
require the tuning of several parameters as already demon-
strated with the well-established GaAs and InP platforms

[11]. In order to bring Ith and Jth values further toward the
bottom left corner of figures 7(a) and (b) and ηs values toward
the top left corner of figure 7(c), the most obvious parameters
to play with are the number of QWs as well as their width and
the ridge stripe width [28, 29]. Let us note that in order to
further mitigate the detrimental impact of the Auger term on
Ith [11], the use of an indium containing underlayer [30] in the
bottom cladding region would certainly prove highly bene-
ficial, in particular short period InAlN/(Al)GaN superlattices
that have a low refractive index would be especially suited
[31]. This is motivated by the recent demonstration of the link
existing between the Shockley–Read–Hall (A) and the Auger
(C) coefficients that highlighted that the larger A, the larger C
[32]. Hence limiting the weight of those coefficients should
prove valuable even in the high carrier density regime.

Conclusion

In conclusion, we demonstrated cw lasing at ∼425 nm in
edge-emitting LD structures that consist of one uncoated
cleaved facet and one etched facet coated with an HR DBR
for cavity lengths down to 250 μm with ηs values in excess of
0.6W/A, while lasing was observed under pulsed injection
for a length as short as 100 μm. When switching to structures
with a second HR dielectric DBR, we could demonstrate cw
lasing at ∼415 nm for a cavity length as short as 45 μm with a
threshold current below 10 mA being reported for a 75 μm
long device. By monitoring the current–voltage and light
output characteristics of short cavity edge emitting LDs
consisting of one uncoated cleaved facet and one etched facet
with a highly reflective coating, we observed a marked
increase in Ith and a decrease in ηs when the cavity length is
shortened from 300 down to 100 μm. Such counterintuitive
behavior is ascribed to the likely increase of internal losses
originating from free carriers and the concomitant degradation
of the internal quantum efficiency due to the larger weight of
Auger processes together with the decrease in the recombi-
nation losses due to nonuniform carrier distribution across the
QW active region. Beyond the demonstration of lasing in
short emitting devices at blue wavelengths, in a regime of
high threshold carrier density of interest for better under-
standing the gain mechanisms in such devices, this work
highlights the potential of III-nitrides for the practical reali-
zation of low footprint coherent light emitting devices with
high slope efficiency that could also become a viable alter-
native to blue vertical cavity surface emitting lasers.
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