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Material growth and device fabrication of terahertz
quantum-cascade laser based on bound-to-continuum structure∗
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The terahertz quantum-cascade laser (THz QCL) based on bound-to-continuum structure is demonstrated. The X-ray
diffraction measurement of the material shows a high crystalline quality of the active region. A THz QCL device was
fabricated with semi-insulating surface-plasmon waveguide. The test device is lasing at about 3 THz and operating up to
60 K. It shows a single frequency property under different drive currents and temperatures. At 9 K, the maximum output
power is greater than 2 mW with a threshold current density of 159 A/cm2.
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1. Introduction
There is a broad range of applications associated with the

terahertz (THz) technology.[1,2] But it has historically been
characterized by a relative lack of convenient radiation sources
and detectors. The THz quantum cascade laser (QCL) is a
compact and coherent source in THz region, which is a unipo-
lar device based on inter-subband transitions in the conduction
band of a specifically engineered semiconductor heterostruc-
ture. Since the first successful demonstration of the QCL
emitting in the THz frequency in 2002,[3] significant improve-
ments have been made over the past few years.[4–7] Differ-
ent approaches including the structural design of the active
region and the waveguide have been used.[8–10] High light
power (250 mW),[9] high operating temperature (200 K),[11]

and wide lasing frequency (1.2 THz–5 THz) open an extensive
range of potential and promising applications in spectroscopy,
imaging, and sensing. However, different applications need
THz QCLs operating in specific modes. For example, we re-
quire high-power THz QCLs for imaging applications, in con-
tinuous wave (cw) mode for spectroscopy, in pulsed mode for
high-speed communications, and so on. Therefore, it is abso-
lutely essential to develop the technology of THz QCLs.

Aside from the chirped superlattice (CSL) active region
of the first THz QCL, two major designs of active regions
have been widely used now: bound-to-continuum (BTC) and
resonant-phonon (RP) designs. For BTC structure, the lower
radiative state and miniband-based depopulation remains the

same, but the upper radiative state is essentially made to be
a bound defect state in the minigap. The effect is that ra-
diative transition is more diagonal in real space. The oscil-
lator strength of the transition drops slightly, as the overlap
with the miniband states drops, but the upper-state lifetime in-
creases as non-radiative scattering is similarly reduced. The
injection process also becomes more selective, as the injector
states couple more strongly with the upper state than with the
lower miniband. As a result, these designs displayed improved
temperature and power performance compared to the CSL de-
signs.

In this work, the gas source molecular beam epitaxy
(GSMBE) technique has been used to grow the lattice matched
AlGaAs/GaAs THz QCL with BTC structure. The semi-
insulating surface-plasmon (SI-SP) waveguide structure is
used to fabricate the laser ridge. Emission spectra under dif-
ferent drive currents and temperatures are measured by em-
ploying a Fourier transform spectrometer. The light power–
current–voltage (L–I–V ) curves under different temperatures
are acquired by using the I–V measurement system and a ther-
mopile detector. The measured results are analyzed and dis-
cussed.

2. Material growth and device processing
The layer structure of THz QCL was grown on a 2-inch

(1 inch = 2.54 cm) semi-insulating GaAs substrate by using
the MBE system. The element beam fluxes are controlled by
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changing the source temperatures. The detailed parameters for
sample GS12-234 are listed in Table 1. The THz QCL layer
structure comprises a GaAs buffer layer, an etch-stop layer,
a bottom contact layer, an active region (90 repeats), a top
contact layer, and a low-temperature GaAs cap layer. Starting
from the injection barrier, the layer sequence of one period is
3.8/14.0/0.6/9.0/0.6/15.8/1.5/12.8/1.8/12.2/2.0/12.0/2.0/11.4/
2.7/11.3/3.5/11.6 in units of nm, where the Al0.15Ga0.85As
barriers are in bold face and the underlined 12.0-nm and 11.4-
nm GaAs wells are silicon doped at 1.6×1016 cm−3. The low
temperature GaAs is grown at 350 ◦C.

Table 1. Layer structure of the THz QCL.

Layers Detail Thickness

Cap layer LT-GaAs 3.5 nm
Top contact layer GaAs:Si 50 nm
Active region×90 18 mini-layers /period 128.6 nm×90

Bottom contact layer GaAs:Si 700 nm
Etch-stop layer Al0.55Ga0.45As 200 nm

We characterized the THz QCL material by high-
resolution X-ray diffraction (XRD), as shown in Fig. 1. The
simulated curve is acquired by using the nominal design pa-
rameters above. The material composition and deviation be-
tween the expected and the actual structure can be accurately
analyzed by comparing the test curve and the simulated one.
The fitting value of the thickness per period from the XRD
results is 126.0 nm, which shows a period thickness of 2%
lower than the nominal value. The measured curve is shifted
vertically for clarity. The strongest diffraction is the GaAs sub-
strate (004) peak, while the second strongest one is the diffrac-
tion peak of the etch-stop layer. The angular separation of the
zero-order diffraction peak and the substrate GaAs peak is de-
termined by the average Al fraction. Since the Al fraction in
AlGaAs barriers of the active region is relatively low, the zero
order diffraction peak cannot be distinguished from the sub-
strate one. Moreover, there are many multi-level diffraction
satellite peaks typically originated from the superlattice. They
match with the simulation curve relatively well. It appears
only when the periodic interface and the surface are extremely
smooth. Besides the strong multi-level diffraction peaks we
can also see a narrow full width at half maximum (FWHM). It
means a good crystal quality and a smooth interface.

Our device was designed and fabricated with standard
manufacturing techniques such as metallization, photolithog-
raphy, and wet etching, and so on. Ti/Pt/Au(20/20/250 nm)
by magnetron sputtering was used as the n-type Ohmic con-
tact of the top metal electrode. The bottom metal electrode

is Ge/Au/Ni/Au(13/30/33/200 nm) by electron beam evapora-
tion. The wet etchant used was H2SO4:H2O2:H2O in the vol-
ume ratio of 1:8:160. It etches at approximately 225 nm/min
and is generally reaction-limited. After finishing the ridge
waveguide structure and the upper and lower electrodes, rapid
thermal annealing were executed in order to get a better alloy
Ohmic contact. The annealing temperature is 390 ◦C and the
time is 40 s. The following step is reducing the thickness of
the device to about 120 µm. Finally cleavage and package are
the indispensable process.
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Fig. 1. (color online) XRD scan around GaAs (004) reflection.

We use the semi-insulating surface-plasmon (SI-SP)
waveguide. This sort of waveguide has higher output powers
and better beam patterns compared to the metal–metal (MM)
waveguide. The SI-SP waveguide involves the growth of a
700-nm heavily doped layer underneath the 10-µm-thick ac-
tive region, but on the top of a semi-insulating GaAs substrate.
The result is a compound surface-plasmon mode bound to the
top metal contact and the lower plasma layer. Although the
mode extends substantially into the substrate, the overlap with
any doped semiconductor is small, so that the free-carrier loss
is minimized.

3. Device test and analysis

The laser was driven in pulsed mode with a 2-kHz repe-
tition rate and a 5-µs pulse width (1% duty cycle). The laser
emission was collected by a cooled Si bolometer held close to
the polyethylene cryostat window. The bolometer output sig-
nal was measured with a lock-in amplifier. The current was
acquired by using a current probe. To measure the output light
power, the lasing emission was collected by two parabolic mir-
rors and focus onto a room temperature thermopile detector
(Ophir 3 A-P-THz) with a measurable power range of 50 µW
to 3 W.
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Figure 2 shows the threshold current density Jth of a
180µm wide and 3mm long laser as a function of the heat
sink temperature. It is evident to see that Jth increases with
temperature, which is due to the reduction of the upper lasing
level lifetime due to thermally activated LO-phonon scatter-
ing at higher temperature. In order to fit Jth to the empirical
expression Jth = J0 + J1 exp(T/T0), we can obtain a value of
T0 = 27 K, J0 = 144.6 A/cm2, and J1 = 7.3 A/cm2. At 9 K, the
threshold current density is 159 A/cm2, which is lower than all
of the devices reported in Ref. [12]. The lasing continues until
a current density reaches 216 A/cm2.
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Fig. 2. Jth as a function of heat sink temperature.
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Fig. 3. (color online) L–I–V curves for the THz QCL device.

Figure 3 shows the light power–current–voltage (L–I–V )
characteristics at different heat sink temperatures. Generally
speaking, as the temperature increases, the resistance of the
device decreases. From Fig. 3 we can see that there is a signif-
icant inflection point at the current density of about 216 A/cm2

at 9 K. This is mainly due to the reason that the energy levels
do not align well as voltage increases. As a result, the elec-
trons cannot transport smoothly in each cycle. At 9 K, the

maximum output power of the test device is more than 2 mW.
And the lasing is observed up to 55 K with a power level of
about 300 µW under a drive current of 1.17 A.

Figure 4 shows the typical emission spectra above thresh-
old current at 9 K. The emission frequency is 2.99 THz, cor-
responding to an energy of 12.3 meV. In all the bias range, the
emission is dominated by a single mode. The emission spectra
under a bias of −12.34 V at different temperatures are shown
in Fig. 5. For all operating temperatures, the emission fre-
quencies of the laser always locate at 2.99 THz, which shows a
good frequency stabilization with the temperature increasing.
The above properties indicate that the device could be a good
single frequency emitter in THz communication applications.
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Fig. 4. (color online) The lasing spectra at T = 9 K.
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Fig. 5. (color online) Emission spectra under a bias of −12.34 V.

4. Conclusion
In this work, we have demonstrated the growth of THz

QCL based on BTC structure by GSMBE. The cascade mod-
ule thickness deduced from the XRD analysis shows a slight
thickness deviation, with a value of inner 2%, from the nom-
inal value, which shows a good material quality by using the
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MBE method. A 180-µm-wide and 3-mm-long device is fabri-
cated from sample GS12-234. The maximum output power is
greater than 2 mW at 9 K. The lasing takes place at 2.99 THz.
Though the value of T0, with a value of 27 K, obtained by fit-
ting Jth to the empirical expression Jth = J0 + J1 exp(T/T0) is
small, the lasing is observed up to 60 K.
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