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3.8 THz quantum cascade laser grown by metalorganic vapor phase

epitaxy
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We have demonstrated a quantum cascade laser (QCL) with a generation frequency of about 3.8 THz, grown by

metal-organic vapor phase epitaxy. The multilayer heterostructure for QCLs consists of 185 repetitions of an active

module containing four GaAs/Al0.15Ga0.85As quantum wells. The threshold current and threshold voltage of the

fabricated QCL were 2.25 kA/cm2 and 19.7V, respectively. The QCL oscillations were carried out in the multimode

regime, and the detection of terahertz radiation continued with an increase in the laser temperature up to 60K.
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The extremely high requirements for epitaxial growth of

multilayer heterostructures for terahertz quantum cascade

lasers (THz QCL) result in high costs and an extremely

limited supply of these lasers on the market. The low optical

gain of the intersubband transitions and high loss in the

resonator forces a
”
cascading scheme“ with an active region

thickness of about 10µm, which requires multiple (over
100 times) repetitions of the active module — period of the

structure consisting of a set of quantum wells (QW) [1,2].
The growth times of such structures exceed 10 hours,

therefore, the stability of growth rates of semiconductor

layers over long periods of time is a matter of concern.

The vast majority of successful THz QCLs are based on

GaAs/AlGaAs structures grown by molecular beam epitaxy

(MBE) [3]. The MBE technology makes it possible to

grow structures with sharp heterojunctions and low levels

of background doping. The development of MBE growth

technology and THz QCL band designs over the last 20

years has enabled high operating temperatures of lasers

up to 250K (about −23◦C) with the possibility of using

thermoelectric cooling on a Peltier element [4]. However,

the stability of the growth rate in MBE is determined by

the temperature maintenance level of the effusion cells

with III group materials (Ga and Al), which cannot be in

thermodynamic equilibrium with the crucible during growth

because of the shutter operation. It has previously been

shown that using in situ techniques to stabilize the growth

rate in MBE can significantly improve the repeatability

of layer thicknesses and composition both from period

to period in a single structure as well as in a series

of grown structures, which improves the performance of

manufactured THz QCLs [5].

The growth of semiconductor structures by metalorganic

vapor phase epitaxy (MOVPE) has traditionally been

regarded as inferior to MBE in terms of the heterojunctions

sharpness and the concentration of background impurities.

However, the use of the MOVPE growth mode at low

pressure in a reactor with lower growth rates also produces

sharp boundaries of heterojunctions. The stability of the

growth rate in MOVPE is determined by the accuracy of

maintaining the growth temperature and gas pressure, which

is, at first glance, technically easier than stabilizing the

MBE growth rate. In addition, the use of industry-oriented

MOVPE technology with the ability to scale the reactor to

grow more structures at the same time has a cost advantage

in terms of a single structure.

To date, the successful implementation of THz QCLs

based on GaAs/AlGaAs grown by MOVPE has only been

demonstrated by one research group led by E. Kapon from

EPFL (Switzerland), as reported in two papers [6,7]. These
papers show that THz QCLs on MOVPE and MBE struc-

tures exhibit close values of maximum operating tempera-

ture Tmax. Another successful example is InGaAs/InAlAs-

based QCLs with generation frequency 3.7 THz grown by

MOVPE method, which had Tmax higher than that of identi-

cal in zone design QCLs based on MBE structures [8]. Thus,
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Current-voltage characteristic and current dependence of integral emission intensity for THz QCLs measured at 4.2K in pulsed mode with

a pulse duration of 1µs and a repetition rate of 100Hz. The inset shows the laser generation spectra measured in pulsed mode at about

6A current and two temperatures: 12 (1) and 60K (2).

the use of MOVPE technology for growth of GaAs/AlGaAs-

based THz QCLs needs to be researched in more detail.

The aim of this paper is to demonstrate the feasi-

bility of making THz QCLs with an active module of

four GaAs/Al0.15Ga0.85As QWs based on a multilayer

heterostructure grown by MOVPE.

To design the GaAs/Al0.15Ga0.85As heterostructure, a

five-level laser scheme with resonant-phonon emission of

the lower laser level and an optical gain maximum of

about 3.8 THz was chosen for QCL. Injection of electrons

into the upper laser level is achieved using a resonant

tunneling mechanism. The total thickness of the QWs

and barriers of one active module (structure period) is

about 55 nm, which requires 185 periods growth to achieve

an active region thickness of about 10µm. The central

part of the wide QW of the active module needs to be

doped with a donor impurity with a layer concentration

of 4.6 · 1010 cm−2. The concentration of donor doping in

the contact layers is required at 5 · 1018 cm−3 to minimize

the parasitic resistance of the metal/semiconductor con-

tact. The double metal waveguide requires the formation

of an AlGaAs stop-layer between the substrate and the

heterostructure with a thickness of more than 200 nm with

an aluminum content of more than 55% to ensure the

selectivity of wet etching.

The GaAs/AlGaAs multilayer heterostructure for QCLs

was grown by MOVPE at low pressure in a horizontal

reactor at POLYUS Research Institute of M.F. Stelmakh.

For epitaxial growth, triethyl gallium, trimethylaluminum

and arsine were used as precursors of Ga, Al and As. The

growth rate of GaAs layers was 0.180 nm/s and AlGaAs —
0.214 nm/s when the active region of QCL consisting of

Al0.15Ga0.85As barriers and GaAs quantum wells with min-

imum thickness of 8 and 30 monolayers, respectively. The

accuracy of semiconductor superlattice formation, including

the stability of layer parameters from the first to the last

period, is important for the efficient generation of THz QCL.

To this end, this paper uses approaches to obtain sharp

hetero-boundaries and control the growth rate successfully

tested for growing AlGaAs/GaAs heterostructures with

ultra-thin layers and a large number of periods [9].
A square-shaped sample of approximately 1× 1 cm was

out of the grown MOVPE structure, from which the double

metal waveguide based on gold were manufactured. The

manufacturing method is cleaved in detail in [10,11]. Un-

burned Ti/Au contacts were used for the electrical contact

to the laser structure, resulting in an additional voltage drop

(3−4V) across the Schottky barrier. Cleaved THz QCLs

with Fabry−Perot resonator (width 100µm, length 2mm)
were mounted on a C-mount type heat sink; electrical

contact was made by welding several 30 µm diameter gold

wires, distributed evenly over the entire length of the laser

strip.

The figure shows the current-voltage characteristic and

the dependence of the integral signal on the injection

current for the studied THz QCL (No. 33111), measured

at a temperature of 4.2K in pulsed mode with a pulse

duration of 1µs and a repetition frequency of 100Hz. A

more detailed description of the measurement method is

given in [12]. It should be noted that in comparison
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to [6], where the authors faced the problem of doping

the contact layers during MOVPE growth and obtained

large QCL operating voltages (over 40V), in our case,

the QCL operating voltages of about 20V correspond well

to the calculated values of external electric field which

should be applied to the structure for optimum electron

level alignment. The large threshold generation current

of the manufactured QCL (about 4.5 A, corresponding

current density 2.25 kA/cm2) is characteristic of QCLs with

resonance-phonon designs, further exacerbated by the use

of a five-level laser scheme. At the same time, the large

dynamic range of generation currents, ranging from 4.5

to 7.5A, should be noted. The inset to the figure shows

the spectra of QCL generation at a current of about 6A,

measured with a Fourier spectrometer at temperatures of

12 and 60K. The highest intensity is in the radiation mode

with a frequency of about 3.8 THz, which agrees well with

the calculated gain spectrum for the chosen design. At

temperatures around 60K the emission intensity of the QCL

was still high enough to measure the spectrum. Taking

into account the unavoidable loss of terahertz radiation

when measuring the generation spectra, we assume that

the maximum operating temperature of the manufactured

QCL should be at least 70K.

Thus, this paper has successfully demonstrated the

possibility of MOVPE growth of GaAs/AlGaAs multilayer

heterostructure for THz QCL with an active region thickness

of about 10µm. The THz MOVPE-based QCL emits

near 3.8 THz while retaining sufficient intensity to measure

the spectrum when the temperature is increased to 60K.

We believe that continued work on MOVPE growth of

THz QCL will improve the performance of lasers potentially

capable of competing with THz QCL based on MBE

structures.
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