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Single-mode lasing on radial modes in ring-cavity quantum-cascade
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The results of stable single-mode lasing in ring-cavity quantum-cascade lasers are presented. Slits of the second-

order grating with etching depth varying along the ring cavity are formed by direct ion-beam lithography. Single-

mode lasing at the wavelength of 7.65 µm with the signal-to-noise suppression ratio of 22−25 dB just above the

lasing threshold has been obtained. Increasing the current pumping by 40% leads to an increase in the side-mode

suppression ratio up to 28 dB.
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Surface-emitting single-mode quantum-cascade lasers

(QCLs) are an alternative to long-wavelength vertical-cavity

surface-emitting lasers [1–5] since they allow creating an

array of vertically coupled lasers.

To date, results have been presented on the formation

and study of output characteristics of surface-emitting

QCLs designed as a photonic crystal [6], selective ring

cavity [7–12], selective micro-ring cavity [13], and microstrip

distributed-feedback lasers [14]. Unlike the photonic-crystal

lasers [6], ring-cavity geometry allowed achieving lasing in

the continuous-wave (CW) current pumping mode. There-

with, the maximum lasing temperature in the CW mode

was 300 and 100−230K for QCLs with the spectral range

near 4.6µm [12,15] and 8 µm [16,17], respectively. By using

a buried QCL heterostructure and efficient AlN-based heat

sink, the authors succeeded [12,15] in significantly reducing

the laser thermal load and achieving for the first time

the CW-mode room-temperature lasing. The CW-mode

output optical power was 400mW [15]; however, due

to a significant coupling coefficient between the grating

and active region, lasing corresponded to a high-order

mode (61). For this reason, the authors of [15] failed

to obtain lasing with the intensity maximum in the far-

field center (the first maximum was located at the angle

2θ = 12◦). Transition to the design implying a complex

coupling regime provided lasing on the fundamental mode

with the output optical power of 202mW; however, no

intensity maximum in the far-field center was demonstrated

in this case. To obtain a far-field central intensity maximum,

a double
”
sharp“ (at 90 and 270◦ along the ring cavity)

phase shift by π [18] is typically used. An alternative

approach consists in applying a gradual phase shift (due
to creating two gratings) by π with the slit width varying

along the ring cavity. A similar phase shift may be provided

by varying the grating slit etching depth.

This paper presents the first data on obtaining single-

mode lasing in ring-cavity QCLs with the grating slit etching

depth varying along the ring cavity.

The QCL heterostructure was grown by molecular

beam epitaxy on a slightly doped indium phosphide

substrate (with the dopant (sulfur) concentration of

(1−3) · 1017 cm−3). To create a 50-period cascade, the

scheme implying two-phonon lower level depletion was

used [19]. The roles of the lower and upper plates

were played by the In0.53Ga0.47As and InP layers 500

and 3900 nm thick with the doping levels of 5 · 1016 and

1 · 1017 cm−3, respectively. The top (contact) layer was con-
structed based on In0.53Ga0.47As; its thickness was 120 nm,

while the doping gradient ranged as (1−100) · 1017 cm−3.

Profile of the ring cavity 289 µm in average radius and

25µm in width (near the contact layer) was formed by

liquid etching 7µm deep. The current pumping region width

near the contact layer was 17 µm (see the inset in Fig. 1, b).
Along with fabricating ring QCLs, there were created QCLs

of the semi-ring type (of the similar radius) and strip type

(with the cavity length of 1.7mm and near-surface contact

width of 20µm) for the purpose of evaluating the output

optical power.

Grating slits with variable etching depth may be formed

using grayscale lithography techniques (direct laser, elec-
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Figure 1. a — I-V and P-W characteristics of a semi-ring (dashed lines) and strip (solid lines) QCLs at 293K. The presented output

optical power was measured from both mirrors. The inset shows the lasing spectrum of a semi-ring QCL at 2.2A. b — integrated radiation

intensity versus current pumping and I-V characteristic of ring-cavity QCL at 83K. The insets present the images of ring-cavity QCLs

obtained by scanning electron microscopy.

tronic or X-ray ones, or technique of glass masks whose

transparency depends on the radiation dose) and direct ion

lithography. Unlike the grayscale lithography, the direct ion

lithography combines both the lithographic pattern forma-

tion and maskless etching. Using direct ion lithography,

767 slits of the second-order grating were etched with the

period of 2.37 µm. The grating period was determined

by the position of the semi-ring laser electroluminescence

spectrum maximum (see the inset to Fig. 1, a). The slit

etching depth increased while moving over the ring cavity

surface. The minimum etching depth was ∼ 605 nm and

depended on the metallization thickness. The maximum slit

etching depth was ∼ 4.41 µm. The grating slit transverse

dimensions were 0.71× 16µm. The under-exposure ion

energy was 20 keV, operating current was 2 nA, beam step

was 10 nm, and exposure time was 2µs. The ion fluence

varied in the range of (6.25−20) · 1017 cm−2.

Lasing spectra of a ring-cavity QCL located in a cryostat

were measured at 83K using Fourier spectrometer Bruker

Vertex 80v operating in the step-scan mode. Duration

and repetition rate of the pump pulses were 150 ns

and 15 kHz. Absolute output optical power of the semi-ring

and strip QCLs was measured with power meter Thorlabs

PM100/S401C.

The measured I-V and P-V characteristics of the semi-

ring and strip QCLs are presented in Fig. 1, a. Output

optical power of the semi-ring QCL was 270mW with

exceeding the threshold current by 40%. The strip QCLś

maximum output power was 1.7W. Thus, we may state that

the considered heterostructure design provides high output

optical power.

Threshold current I th was measured in the ring cavity

(prior to the grating formation) and proved to be 1.67A

at 293K. The measurements were taken from the cleaved

sample face, as discussed previously [20,21]. Taking

into account characteristic temperature T0 = 136K in the

studied ring-cavity QCLs [22], the ring cavity threshold

current at 83K was estimated and appeared to be ∼ 0.4A.

Formation of the selective ring cavity (grating slit etching)
led to the I th increase to 1.16A which corresponds to

threshold current density j th = 3.8 kA/cm2 (Fig. 1, b). Fig. 2
presents the measured single-mode lasing spectra at the

current pumping level of up to 1.62A. Stable (mode-hope-

free) single-mode lasing is observed in the entire range
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Figure 2. Spectra of single-mode lasing of a ring-cavity QCL at the temperature of 83K for different current pumping levels.

under consideration. Single-mode lasing near the pumping

threshold corresponds to the wavelength of 7.65µm with

the signal-to-noise ratio of 22−25 dB (Fig. 3). The current
pumping increase by 40% leads to an increase in the side-

mode suppression ratio up to 28 dB. Previously, single-mode

lasing (SMSR 6 25 dB) in a narrower dynamic range (up
to 1.27I th) was demonstrated for a ring-cavity QCL of a

smaller radius (191 µm) [10].
Analysis of a lasing line shift within the pump pulse

duration was performed. At the pump level of 1.08I th, the

lasing line shifts within the pulse duration by 0.22 cm−1,

while average line shifting rate v within the pump pulse

duration t (average value δv/δt) is 2.4 · 10−3 cm−1
· ns−1.

The maximum lasing line shift during the pump pulse was

0.41 cm−1, which corresponds to the pump level of 1.4I th.

Average δv/δt at the pump current density of 5.3 kA/cm2

appears to be 2.7 · 10−3 cm−1
· ns−1. Average dv/dt for

QCL based on a selective ring cavity of a smaller radius

(190 µm) was previously evaluated at the same threshold

current density as 6.2 · 10−3 cm−1
· ns−1 [23].

As the current pump level increases to 1.4I th, the initial

lasing line shifts during the pump pulse by −0.035 cm−1.
Provided the rate of the lasing line position variation

with temperature (δv/δT ) for the QCL design under

consideration (0.092 cm−1/K) is taken into account [24], the
estimate of the studied QCL heating does not exceed 0.4K.
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Figure 3. Side mode suppression coefficient versus the current

pumping level.

To compare characteristics of single-mode lasers with the

same geometric dimensions, lasing line shift 1v with

increasing current is used. In turn, in comparing lasers

with different thermal loads, more correct is to assess the

lasing line shifting with increasing pump current density

1v/1 j . Pump current density 1v/1 j was estimated to be

0.099 cm−1
· kA−1. This value is consistent with that previ-

ously presented for single-mode strip lasers with the same

heterostructure design (1v/1 j = 0.094 cm−1
· kA−1 [24]).

Thus, the paper presents the first results on obtaining

single-mode lasing in a ring-cavity QCL with the variable

grating slit etching depth. Comparison with the previously

presented results for the ring-cavity QCL [10] showed

that optimization of the grating slit etching depth made

it possible to increase (up to 1.4I th) the current dynamic

range where the single-mode lasing is observed. Average

rate of the lasing line shift during the pump pulse (chirp)
was estimated and appeared to be 2.7 · 10−3 cm−1

· ns−1 at

the pump current density of 5.3 kA/cm2 .
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