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We present a series of microdisk lasers realized within the same GaN-on-Si photonic platform

scheme, and operating at room temperature under pulsed optical pumping over a broad spectral

range extending over k¼ 275 nm–470 nm. The III-nitride microdisks embed either binary GaN/

AlN multiple quantum wells (MQWs) for UV operation, or ternary InGaN/GaN MQWs for violet

and blue operation. This demonstrates the versatility of this nitride-on-silicon platform, and the

realization on this platform of efficient active layers for lasing action over a 200 nm broad UV to

visible spectral range. We probe the lasing threshold carrier density over the whole spectral range

and found that it is similar whatever the emission wavelength for these Q> 1000 microdisk resona-

tors with a constant material quality until quantum confined Stark effect takes over. The threshold

is also found independent of microdisk diameters from 3 to 12 lm, with a b factor intermediate

between the one of vertical cavity lasers and the one of small modal volume “thresholdless” lasers.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971357]

The integrated photonic platforms are reaching matu-

rity at telecommunication wavelengths, based on Si, GaAs,

or (In,Ga)P photonic circuits, emitters, and amplifiers. The

development of a similar platform dedicated to the UV and

visible spectral range presents a strong interest for bio-

chemical detection applications and on-chip optical inter-

connects.1,2 This relies on the realization of efficient and

compact microlaser sources that can be coupled to optical

waveguides and are compatible with photonic circuitry.3

Light-emitting diodes (LEDs) and micro-LEDs based on

nitride materials, operating in this spectral range, have

been developed over the past decade, but the

demonstration of microlasers is much more challenging: it

imposes stronger requirements on the room-temperature

radiative efficiency and on the gain of the active layers.

The recent demonstrations of blue and UV microlasers are

based either on bulk active layers (GaN or ZnO, at a fixed

wavelength k¼ 360 or 380 nm)4–7 or on quantum wells

(QWs) and quantum dots (QDs); InGaN QWs,8–11 frac-

tional QWs,12 and QDs13,14 allow for an emission at longer

wavelength, from the violet to the blue and even the

green15 in microlasers. Reaching a shorter wavelength

requires the use of AlGaN/AlN quantum wells that are sub-

ject to a strong quantum confined Stark effect (QCSE) det-

rimental to the achievement of gain. A recent

demonstration of lasing based on cubic GaN quantum wells

is a first attempt to circumvent this difficulty.16 We can

notice that most microlaser demonstrations are based on

microdisk resonators that support a large set of whispering

gallery modes (WGMs) whatever the gain spectral range of

the emitter; this has paved the way to the more recent reali-

zation of lasers based on photonic crystal monomode cavi-

ties,11,12 for which the cavity mode has to be carefully

tuned to the gain spectrum of the quantum wells.

Following our recent demonstration of an optically

pumped microdisk laser operating at room temperature in the

UV-C spectral range, at k¼ 275 nm,17 we report in the present

letter the declination of a whole series of microdisk lasers

based on GaN/AlN and InGaN/GaN quantum wells, whose

emission can be tuned from 275 nm to 470 nm. The deep-UV

emission is obtained with ultra-thin binary GaN/AlN quantum

wells that are presently investigated as interesting alternatives

to AlGaN/AlN heterostructures.18 All the microlasers rely on

the same nitride-on-silicon platform: the quantum wells are

integrated on top of a buffer layer grown on silicon that can

be released into a membrane by the selective under-etching of

the silicon substrate. The good radiative efficiency of the

MBE (molecular beam epitaxy)-grown quantum wells results

from the careful control of the crystalline quality of the very

thin underlying AlN buffer layer deposited on the Si substrate.

The microlasers operate under pulsed optical excitation, and

the lasing threshold is reduced by a factor 10 from deep-UV

GaN/AlN microdisks to the violet InGaN/GaN ones. We dem-

onstrate here the broad spectral tunability of this nitride-on-

silicon platform (200 nm, i.e., almost an octave) that allows

foreseeing a variety of integrated photonics applications,

including the multi-color integrated laser sources. All micro-

disks present Q factors exceeding 1000, for a broad range of

geometrical parameters, so that we are able to compare the

gain thresholds of the different active layers.a)E-mail: thierry.guillet@umontpellier.fr
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Two series of samples are grown by NH3-MBE on

Si(111) substrates. The first series, named GaN-x, is ultra-

thin GaN/AlN layers. Indeed, the structure consists of a

100 nm AlN buffer layer grown at 1030 �C, followed by 10

or 20 pairs of GaN/AlN multiple quantum wells (MQWs).

From a sample to another, the GaN quantum well thickness

varies from 0.7 to 1.8 nm whereas the AlN barrier thickness

is kept constant at 5 nm. The second series, named InGaN-x,

consists of a high crystalline quality AlN buffer layer, fol-

lowed by a GaN buffer layer. These samples are finished by

10 pairs of 2.2 nm-thick InGaN/9 nm-thick GaN MQWs with

two different In content (12% and 20%). The GaN buffer

layer is non-intentionally doped in the sample InGaN-1, and

Si-doped in the sample InGaN-2 in order to anticipate the

electrical injection. The precise description of the active

layers is provided in the Table I. The threading dislocation

density is of the order of 1010 cm–2, quite low for thin

nitride-on-Si, thanks to the high growth temperature chosen

for the AlN buffer layer. The microdisks are then patterned

through electron beam lithography and dry etching techni-

ques. Finally, the high quality AlN/GaN membranes are

released through a very selective etching of Si.19 The same

process is used to produce photonic crystal cavities from the

UV to the IR spectral range,20–23 with strong optical nonli-

nearities in the IR.24,25

Figure 1 illustrates the broad spectral range of opera-

tion of these microlasers. It gathers the spectra collected on

the 6 different samples described in Table I. It should be

noticed that for each sample, the lasing operation is

obtained for microdisk diameters ranging from 3 to 12 lm;

the diameters in Figure 1 are chosen in order to exhibit the

most contrasted combs of modes under CW excitation, far

below threshold. The microdisks are excited with a 266 nm

laser through a microscope objective, with a large gaussian

spot size (FWHM 10–12 lm). The emission is collected

from the side of the microdisks with a 5 cm lens, coupled

to a multimode fiber, and analyzed with a 55 cm spectrome-

ter. Lasing action requires a strong peak power for the

TABLE I. Investigated samples, active layers, microdisk geometries, and microlaser characteristics.

Materials Quantum wells Resonator Laser

Sample Well Barrier

Thickness

(nm) Number

CW wavelength

(nm)

Diameter

(lm)

Thickness

(nm) Q

Threshold

(mJ.cm�2 per pulse)

Wavelength

(nm)

GaN-1 GaN AlN 0.7 20 280 3 220 4000 15 275

GaN-2 GaN AlN 0.7 10 290 6 160 2000 27 290

GaN-3 GaN AlN 1.2 10 330 6 160 2000 35 330

GaN-4 GaN AlN 1.8 10 350 6 160 >1000

InGaN-1 In0.12Ga0.88N GaN 2.2 10 417 4 515 2500 3 412

InGaN-2 In0.2Ga0.8N GaN 2.2 10 500 5 1300 2500 3 470

FIG. 1. Photoluminescence spectra of the 6 investigated microdisk samples (from left to right, GaN-1 to GaN-4, InGaN-1, InGaN-2); (a) microlaser spectrum

above threshold, under pulsed optical pumping; (b) microdisk spectrum in the linear regime, under CW excitation. The inset presents the electron micrograph

of a 4 lm microdisk from the InGaN-1 series.
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optical pumping, which is obtained through pulsed excita-

tion (k¼ 266 nm, 400ps pulses at a repetition rate of 4 kHz)

with the same spot diameter. The lasing threshold Pthr is

expressed in mJ.cm�2/pulse (Table I). It slightly varies

from disk to disk for a given sample (typically 30%), but

it is not correlated with the microdisk diameter within

the investigated range of diameters, from 3 to 12 lm, as

discussed in Ref. 17. Investigating microdisks in this 3

to 12 lm range allows one to use an underetching that pre-

vents significant modal absorption in the silicon pedestal.19

We also varied the microdisk thickness without a visible

impact on the lasing threshold. It appears that for the inves-

tigated range of microdisk quality factors (Q> 1000), the

microlaser threshold is mostly determined by the gain

threshold of the active layer, as discussed later.

The detailed investigation of the microdisk laser opera-

tion is presented in Figures 2(a) and 2(b) for the microdisk

InGaN-1, emitting at 412 nm. It is analyzed within the same

framework as the microdisk GaN-1 in Ref. 17. The sharpest

cavity modes observed under CW excitation reach a quality

factor Q¼ 2500, representative of all microdisks (Table I).

When the same microdisk is pumped with the pulsed excita-

tion laser, the first lasing mode arises from a slightly broader

mode. The strong peak power leads to a blueshift of 30 meV

of the QW transition that is attributed both to the screening

of the QW internal electric field and to the nascent band fill-

ing of the QW.26,27 At P¼ 0.6 Pthr, this band filling bleaches

the QW absorption on the high energy tail of the PL spec-

trum (between 3 and 3.05 eV), so that some WGMs appear

much more contrasted than on the CW spectrum: the QW

absorption contribution to the WGM damping rate is sup-

pressed at transparency. The onset of lasing is observed at

3 eV/412 nm, and the gain band progressively extends to

higher energies as the band filling increases. At the maxi-

mum pump power, the spectrum presents a well-defined

structure of 5 groups of peak, corresponding to 5 consecutive

values of the azimuthal eigennumber; the corresponding free

spectral range (4.1 nm) is consistent with the microdisk

modeling and our previous work.19 The modes marked by a

triangle and a circle correspond to the same radial and verti-

cal indices and only differ by one azimuthal number. The

input-output characteristics of the 3 marked lasing modes are

presented in Figure 2(b). The intensity of the first lasing

mode is analyzed through the standard rate equation model

for microlasers (Annex in Ref. 17), and its emission coupling

factor worth b¼ 4� 10�5, limited by the multimode charac-

ter of the microdisk resonator and possibly by the radiative

efficiency of the active layer. The order of magnitude of b is

comparable to the one of the 3 lm microdisk in the sample

GaN-1.17 Smaller microdisk diameters with a monomode

vertical confinement would be required to approach single

mode and large b threshold-less lasing, and a noticeable

threshold reduction with the mode volume. The two next las-

ing modes follow a slower increase at threshold, which is

attributed to the mode competition. Since the extraction of

the b factor requires the clear observation of the lasing mode

below the lasing threshold, it was not possible to measure it

rigorously for larger microdisk diameters. For comparison,

the spectra of a 6 lm microdisk from the sample GaN-3,

emitting at 330 nm, are presented in Figure 2(c).

Table I presents the pumping threshold for each sam-

ple. We can observe a clear difference between the two

families of QWs: the threshold is one order of magnitude

smaller for InGaN/GaN QW microdisks (3 mJ .cm�2 per

pulse) than for GaN/AlN QW microdisks (�30 mJ.cm�2).

This can be interpreted as the difference between resonant

and non-resonant excitation. Indeed, the laser energy is

FIG. 2. (a) Photoluminescence spectra of a 4 lm microdisk in the sample

InGaN-1, as a function of the pulsed laser excitation power; the CW spec-

trum of the same microdisk is presented for comparison. (b) Input-output

characteristics of the 3 lasing modes marked on the panel (a); the symbols

represent the peak integrals when the underlying 15 nm-broad background is

subtracted; the plain red line shows the fit of the intensity of the first peak

(triangles) by the microlaser rate equation model. (c) Photoluminescence

spectra of a 6 lm microdisk in the sample GaN-3, as a function of the pulsed

laser excitation power; the CW spectrum of the same microdisk is presented

for comparison.
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below the AlN bandgap and above the GaN bandgap. The

266 nm laser pumps the excited states of the GaN/AlN QW,

and the 10 QWs can only absorb part of it. On the contrary,

the entire pulse energy is absorbed by the GaN barrier in

the case of InGaN QWs, leading to a larger carrier density

per QW if we assume that all carriers are transferred from

the barrier to the well.

This study of the entire series of active layers underlines

the interest of the microdisk geometry in order to validate

the gain potentialities of the investigated active layers, since

such a comparison would have been much more difficult to

obtain from a series of photonic crystal microlasers. For

example, we could not reach lasing on a sample similar to

the InGaN-1 microlaser, for which the density of pit defects

(109 cm�2) was 10 times larger than for the other samples

(107–108 cm�2); this confirms that the control of the density

of defects in the buffer and active layers is one of the key

features enabling the laser operation. Concerning the series

of GaN/AlN microlasers, we observe that the microlaser

series GaN-4, embedding the thickest GaN/AlN QWs, can-

not be brought to lasing action within the investigated range

of pump energies, despite a defect density comparable to the

samples GaN-1,2,3; this is qualitatively attributed to the

weaker oscillator strength/weaker gain of these QWs due to

the onset of the QCSE.

We should emphasize the original choice of QW design

of the UV emitting samples: GaN/AlGaN QWs or AlGaN/

AlGaN QWs are usually chosen for UV-emitting ridge lasers

(see Ref. 28 for a review), in order to limit the detrimental

effect of the QCSE on the QW oscillator strength; such

active layers require the use of very thick and complex

buffer layers in order to reduce the defect density and

improve the QW radiative efficiency. Here, we demonstrate

that the use of binary materials (GaN and AlN) for the well

and the barrier provides a powerful alternative: there is no

contribution of the alloy disorder to the spectral broadening

of the emission, and the small interface roughness limits the

impact of monolayer fluctuations on the QW transition

energy. Moreover, the use of very thin QWs limits the role

of the QCSE for the microlaser series GaN-1 to GaN-3, as

confirmed by the limited blueshift of the emission at the las-

ing threshold; therefore, the QWs provide gain up to 330 nm.

The situation is slightly different in the case of the InGaN-2

QW microlaser: we observe a blueshift of 30 nm/160 meV

for the sample InGaN-2 that we attribute to the combined

effects of the screening of the QCSE and of the carrier locali-

zation since a ternary alloy is used for the quantum well

layer.

The present GaN-on-silicon platform compares well

with other recent approaches. The measured threshold pump

energy of the InGaN/GaN QW microlasers is a factor 5–10

larger than the one reported for microdisk lasers embedding

InGaN/GaN QDs,13 fractional quantum wells,12 or MQWs10

under pulsed excitation. It can hardly be compared to the

two demonstrated CW operated microdisk lasers, emitting in

the blue8 and in the green15 spectral ranges with structures

grown on sapphire or grown by metalorganic chemical

vapour deposition (MOCVD). Most of the other microlaser

demonstrations, including those in the UV spectral range,

were performed at cryogenic temperatures;14,16,29 this

usually leads to a strong reduction of the threshold, thus con-

firming that the emission efficiency of the active layer is the

main parameter determining the microlaser threshold. This

underlines the importance of the reduction of the defect den-

sity in the underlying buffer layers: the achieved dislocation

density of typically 1010 cm�2 is low enough so that non-

radiative recombinations are not taking over gain at large

carrier densities, as recently investigated in AlGaN QWs.30

To conclude, we have demonstrated the large spectral

tunability of nitride-on-silicon MQWs for UV to visible

microlasers, over a 200 nm spectral range. The comparison

of different active layers and microdisk diameters allows us

to evidence the respective roles of the resonant or non-

resonant character of the optical excitation, of the defect den-

sity and the related room-temperature emission efficiency,

and the QCSE. The broad tunability paves the way to the

development of a UV-visible integrated photonic platform

embedding microlasers, possibly addressing multiple wave-

lengths. A further step will deal with the electrical injection,

following the recent progresses in electrically injected

InGaN lasers on Si-substrates.31
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