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L. Schrottke,a) X. L€u, G. Rozas, K. Biermann, and H. T. Grahn
Paul-Drude-Institut f€ur Festk€orperelektronik, Hausvogteiplatz 5–7, 10117 Berlin, Germany

(Received 10 December 2015; accepted 29 February 2016; published online 8 March 2016)

We have realized GaAs/AlAs quantum-cascade lasers operating at 4.75 THz exhibiting more than

three times higher wall plug efficiencies than GaAs/Al0.25Ga0.75As lasers with an almost identical

design. At the same time, the threshold current density at 10 K is reduced from about 350 A/cm2

for the GaAs/Al0.25Ga0.75As laser to about 120 A/cm2 for the GaAs/AlAs laser. Substituting AlAs

for Al0.25Ga0.75As barriers leads to a larger energy separation between the subbands reducing the

probability for leakage currents through parasitic states and for reabsorption of the laser light. The

higher barriers allow for a shift of the quasi-continuum of states to much higher energies. The use

of a binary barrier material may also reduce detrimental effects due to the expected composition

fluctuations in ternary alloys. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943657]

The high-quality growth of complex planar heterostruc-

tures with more than one thousand layers has led to the de-

velopment and application of quantum-cascade lasers

(QCLs).1 While mid-infrared QCLs are often based on the

(In,Ga)As/(In,Al)As materials system, QCLs for the tera-

hertz (THz) spectral region2 utilize mainly GaAs/(Al,Ga)As

heterostructures. However, mid-infrared QCLs have also

been reported for the GaAs/(Al,Ga)As3,4 and the GaAs/AlAs

system.5 A particular challenge for the design of GaAs/

(Al,Ga)As QCLs is the indirect character of the band offset

in the heterostructures for larger Al content.

During the last decade, THz QCLs have been used as radi-

ation sources for modulation spectroscopy,6 for local oscilla-

tors in heterodyne receivers for astronomy,7–9 and for

sophisticated THz imaging techniques.10 For many of these

applications, the continuous-wave (cw) mode is required in

order to achieve frequency-stabilized operation. At the same

time, cryogenic-liquid-free coolers are preferred. In particular,

QCLs used in airborne heterodyne receivers such as the

German REceiver for Astronomy at Terahertz (GREAT) fre-

quencies on board of the Stratospheric Observatory For

Infrared Astronomy (SOFIA) have to be operated in a mechan-

ical cooler. Recently, 4.75 THz QCLs fulfilling specifications

for the use in airborne instruments have been developed.11,12

The QCL realized recently by our group for GREAT12 with a

target frequency of 4.7448 THz allows for an optical power of

1.2 mW requiring about 4 W of electrical power at 10 K,

which corresponds to a wall plug efficiency of 3� 10�4.

While this laser is based on a single-plasmon waveguide in

order to obtain an almost Gaussian beam profile using a TPX

lens, an alternative approach comprises the use of metal-metal

waveguides with third-order distributed-feedback structures.11

In Ref. 11, the QCL was reported to provide an optical power

of about 0.25 mW at 10 K with an electrical power of about

0.7 W, i.e., a wall plug efficiency of 3.6� 10�4. For the use of

less demanding cooling systems, an increase in the wall plug

efficiency is highly desirable.

The majority of THz QCLs are based on the GaAs/

AlxGa1�xAs heterostructures with 0:1 � x � 0:25.13–15

Lower Al content allows for sufficient coupling through

thicker injection barriers so that the layer thicknesses can be

better controlled during growth. Furthermore, the subband

structure is more robust against thickness fluctuations, which

facilitates the design. Only a few attempts have been made to

use other material systems such as (In,Ga)As/ (In,Al)As and

(In,Ga)As/Ga(As,Sb).16,17 More than 10 years ago, Ulrich

et al.18 showed that AlAs barriers allow for a higher electrolu-

minescence efficiency, which was ascribed to a reduction of

the alloy scattering in the barriers. Recently, THz QCLs have

been presented introducing a tall AlAs barrier in order to

reduce parasitic leakage currents.19 This structure showed an

improved temperature performance compared to a sample

without the tall barrier grown in the same system, while a

design using only AlAs barriers was reported to fail to lase.

As a reason, the authors discussed either negative differential

conductance (NDC) at low voltages or excessive interface

roughness scattering.

In this letter, we demonstrate that replacing the ternary

AlxGa1�xAs barriers by binary AlAs layers can lead to more

than three times larger wall plug efficiencies. In order to

directly compare the operating parameters of those lasers, we

adjusted the design B2 of Ref. 9, which is used in GREAT, as

little as possible. The barrier thicknesses LB;1 of the design

with Al0.25Ga0.75As barriers were scaled down to obtain the

values LB;2 for the GaAs/AlAs structure according to the bar-

rier heights, i.e., the conduction band offsets DEC, using the

scaling relation,15

LB;1

LB;2
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
DEC;2

DEC;1

s
:

The barrier thicknesses were rounded to integer values

of monolayers (MLs) with a minimum thickness of 2 MLs.

The quantum well thicknesses have been adjusted so that the

subband structures of the two designs are very similar. The

injection barriers are thinner than determined by the scaling

relation in order to compensate for the influence of interface

grading20,21 on the coupling strength between wave func-

tions close to the GaAs conduction band edge. For the band

offsets, we used DEC;1 ¼ 232 meV and DEC;2 ¼ 982 meV.a)Electronic mail: lutz@pdi-berlin.de
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For a refined scaling of the barrier thicknesses, more sophis-

ticated methods such as inverse-quantum-engineering22 may

be applied.

Figure 1 shows the potential profile and the squared

moduli of the wave functions for both designs. The structure

with Al0.25Ga0.75As barriers shown in Fig. 1(a) exhibits a

somewhat larger miniband width due to the stronger cou-

pling through the lower barriers than the structure with AlAs

barriers shown in Fig. 1(b). Similarly, the coupling through

the injection barrier is stronger. In order to compensate the

weaker coupling in the structure with AlAs barriers, the dop-

ing for this design was increased. Furthermore, the state R,

which leads to reabsorption by electronic transitions from

the upper laser level, is shifted to much higher energies.

Similarly, the state P, which may be responsible for leakage

from the miniband directly to the lower laser level, is shifted

and completely decoupled from the other wave functions.

All relevant states in the GaAs/AlAs structure are well below

the X minimum of the AlAs band structure schematically

indicated by the dashed line. Therefore, C-X-C transfer is

expected to be negligible.

Figures 2(a) and 2(b) show the calculated gain maps for

the designs employing Al0.25Ga0.75As and AlAs barriers,

respectively, using a self-consistent rate equation model.24 In

both designs, the gain maximum is close to the target fre-

quency of 4.7448 THz with the onset of the gain at some-

what lower field strengths for the GaAs/AlAs structure. Both

structures show a similar red shift of the gain maximum with

increasing electrical field strength. The calculated current

density-electric field strength characteristics, as shown in

Figs. 2(c) and 2(d), exhibit larger current densities for the

design with the Al0.25Ga0.75As barriers with a similar shape

of the curve, despite the different doping density. Note that

the applied model does not completely reflect the coupling

properties since coherent processes25–27 are not included so

that the accuracy of the absolute values must not be overesti-

mated. Furthermore, the effect of the doping density is

reduced by the formation of an intra-period dipole-like space

charge.

Two GaAs/AlAs QCLs with a target frequency of 4.7448

THz were grown using molecular beam epitaxy on semi-

insulating GaAs wafers for processing into single-plasmon

waveguides and Fabry-P�erot ridge lasers. As the reference

laser for the comparison with QCLs employing Al0.25Ga0.75As

barriers, we used the laser selected for use in GREAT out of a

larger series of lasers.28 This QCL ranks among the best with

respect to frequency and threshold current density. Both lasers

consist of 88 periods with a total thickness of about 11

(Al0.25Ga0.75As) and 10.8 lm (AlAs). The growth of the very

thin AlAs barriers with 2–4 ML thickness is rather challeng-

ing. The straightforward way to increase the Al shutter open-

ing time for such a thin AlAs layer would be to substantially

decrease the AlAs growth rate. However, this would lead to

very different V/III flux ratios during the growth of the AlAs

and GaAs layers, since the As4 flux cannot be adjusted indi-

vidually for every single layer, but is kept constant throughout

FIG. 1. Potential profile and subband structure (moduli squared of the enve-

lope functions) at an applied field strength of 5 kV/cm for the QCLs with (a)

Al0.25Ga0.75As barriers and (b) AlAs barriers. The layer sequences starting

from the injection barrier are (a) 3.3, 25.9, 1.9, 16.3, 0.9, 10.1, 1.3, 9.2, 1.8,

7.6, 2.1, 6.9, 2.1, 16.9, 3.8, 15.2 (cf. design B2 in Ref. 9) and (b) 1.12, 27.4,

0.56, 15.4, 0.56, 11.8, 0.56, 10.8, 0.56, 9.7, 0.56, 8.4, 0.56, 18.2, 1.12, 15.5

with the layer thicknesses in nm. Bold characters denote the barriers, while

the underlined numbers indicate the doped layers. The nominal doping den-

sities for (a) and (b) are 8� 1016 and 2� 1017 cm–3, respectively. The simu-

lations include interface grading with a grading parameter of 0.28 nm (1

ML) as defined in Ref. 20. The upper and lower laser levels are marked as U

and L, respectively. R denotes states leading to reabsorption of the laser light

and P parasitic states, which may open leakage channels. The dashed line in

(b) shows the energy of 130 meV above the GaAs band edge corresponding

to the X minimum of the AlAs band structure.23

FIG. 2. Calculated gain maps as a function of frequency � and electric field

strength F for the structure with (a) Al0.25Ga0.75As barriers and (b) AlAs bar-

riers for the parameters given in Fig. 1. Calculated current density-applied

field strength (J-F) characteristics for the respective structures are shown in

panels (c) and (d).
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the growth of the whole cascade structure. Our trade-off

approach comprises nominal growth rates of 0.11 nm/s and

0.17 nm/s for AlAs and GaAs, respectively, leading to a mini-

mum Al shutter opening time of 5 s for the thinnest barrier and

an overall growth time of about 18 h for the cascades as com-

pared to about 7 s and 17 h, respectively, for QCLs with

Al0.25Ga0.75As barriers. The average growth rates were 0.174

and 0.164 nm/s for the GaAs/Al0.25Ga0.75As and GaAs/AlAs

samples, respectively, similar to the growth conditions for

other THz QCLs grown in the same machine. Using a closed-

loop rate control system based on optical reflection measure-

ments, fluctuations in growth rates can be kept below 1%.

Furthermore, x-ray diffraction data as shown in Fig. 3 exhibit

a deviation of the period length of about 2% of the nominal

values. During growth, the substrate was rotated at a speed of

12.04 rpm, which corresponds to 150 rotations per period.

Typically, we observe a parabolic decrease of the growth rates

from the center to the edge of the 2-in. substrate. At a distance

of 20 mm, the GaAs (AlAs) growth rate is about 1.5% (3.0%)

smaller than at the center.

The samples were processed by photolithography and

standard wet chemical etching for the (Al,Ga)As materials

system using an identical procedure for all lasers. The etch-

ing solution is H2SO4:H2O2:H2O (1:1:8). The role of oxida-

tion of the AlAs for device stability is subject to a long-term

observation. However, we do not expect severe problems

since GaAs/AlAs superlattices have been extensively investi-

gated for decades even for rather sophisticated effects.29

Furthermore, a study of the growth conditions with respect

to interface roughness or background doping level30 on the

operating properties may improve the device characteristics.

The QCLs were measured in a He-flow cryostat with a

polyethylene window. The output power was detected using a

commercial, calibrated pyroelectric power meter,31 while the

laser emission spectra were recorded using a Fourier trans-

form infrared spectrometer. In order to rule out possible modi-

fications of the collection efficiency, the data for the GaAs/

AlAs QCL were measured immediately after the GaAs/

Al0.25Ga0.75As QCL using the same setup, and the lasers were

operated under identical conditions. Furthermore, different

values for the thermal conductance of the samples may have

an effect on the operating properties under cw operation so

that the experiments focused on pulsed operation. Figures 4(a)

and 4(b) show the experimental light output-current density-

voltage (L-J-V) characteristics of the two QCLs. Both lasers

exhibit similar maximum optical output power of about 8 mW

at 10 K. However, the corresponding current densities for the

QCL with the AlAs barriers are smaller by a factor of approxi-

mately 2 over the whole range. The threshold current density

is about 120 A/cm2 for the GaAs/AlAs QCL, while the value

is about 340 A/cm2 for the GaAs/Al0.25Ga0.75As QCL. At the

same time, the corresponding measured as well as simulated

voltage values (cf. Fig. 2) are also smaller so that the (pulse

mode) wall plug efficiency for the laser with the AlAs barriers

reaches about 1.2� 10�3, while the value is 3.2� 10�4 for

the QCL with the Al0.25Ga0.75As barriers. Figure 5(a) displays

measured spectra of the GaAs/AlAs QCL for several operat-

ing conditions, which shows that the target frequency of

4.7448 THz is well included in the mode spectra of this QCL.

The significantly higher wall plug efficiency of the QCL

with the AlAs barriers compared to the GaAs/Al0.25Ga0.75As

QCL is a clear indication of substantially reduced leakage cur-

rents. The reduced pumping energy can in part be explained

by the design improvements discussed above such as the shift

of levels R (reabsorption) and P (leakage). In addition, leakage

into quasi-continuum states, which are shifted to much higher

energies, may be reduced. The somewhat weaker coupling

through the AlAs barriers may also affect the coherent trans-

port. In addition, the improvements may also be explained by

reduced composition fluctuations in the barriers. Due to inter-

face grading, the Al content in the rather thin AlAs barriers

does not reach 100%. Assuming an interface parameter of 1

ML, the injection barriers consisting of nominally 4 MLs have

FIG. 3. X-ray diffraction xð2hÞ scan around the (002) reflection for the

AlAs sample with the lower doping density (symbols). The line represents a

simulation of the QCL structure with layer thicknesses of 1.022 times larger

than the nominal values. The inset shows the data close to the (002) reflec-

tion on an enlarged scale.

FIG. 4. L-J-V characteristics for pulsed operation for the QCLs (a) with

Al0.25Ga0.75As barriers, a doping density of 8� 1016cm�3, and laser ridge

dimensions of 0.2� 3.38 mm2, (b) with AlAs barriers, a doping density of

2� 1017cm�3, and ridge dimensions of 0.2� 3.0 mm2, as well as (c) with

AlAs barriers, a doping density of 3� 1017cm�3 and laser ridge dimensions

of 0.2� 3.0 mm2 at several operating temperatures as indicated. The pulse du-

ration was 500 ns at a repetition rate of 5 kHz. (d) L-J-V characteristics for cw

operation for the GaAs/AlAs QCL with a doping density of 2� 1017cm�3 and

laser ridge dimensions of 0.12� 1.11 mm2 at several operating temperatures

as indicated.
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a maximum Al content of about 80% in the center of the

layers. The thinner barriers in the quasi-miniband region con-

sisting of 2 MLs have a maximum Al content of about 50%,

while the thicker injection barriers of the GaAs/Al0.25Ga0.75As

QCL have a maximum Al content of 25%. According to Kim

al.,32 composition fluctuations of the barrier material may lead

to additional leaky states and open low-potential channels. We

assume that these additional states occur at significantly higher

energies for the AlAs injection barriers than for the AlAs bar-

riers in the quasi-miniband region and even more pronounced

than for the ternary Al0.25Ga0.75As barriers. Therefore, leakage

currents bypassing the laser states are possibly reduced by

using AlAs for the injection barriers.

In addition, the role of interface scattering needs to be

considered in more detail. Although the higher barriers lead

to larger scattering due to interface roughness,19,33 the wave

functions of the laser levels for the applied hybrid design

with a vertical lasing transition show an almost negligible

amplitude at the interfaces so that interface scattering is very

small. Furthermore, the constituent wave functions of the

quasi-miniband are indeed exposed to increased interface

scattering, and pure miniband transport is reduced. However,

the above mentioned composition fluctuations may open

additional transport channels, since we expect the additional

states to occur at lower energies than for the injection

barriers.

To show the reliability of the rather thin AlAs barriers, a

second structure for the same target frequency with a nomi-

nally identical layer sequence but an increased doping den-

sity from 2� 1017 to 3� 1017 cm�3 was investigated. The L-
J-V characteristics as shown in Fig. 4(c) exhibit current den-

sities at threshold (200 A/cm2) as well as at the maximum

output power (450 A/cm2), which are about 1.5 times larger

than for the sample with a doping density of 2� 1017 cm�3.

At the same time, the maximum output power of 16 mW is

almost doubled, i.e., the (pulse mode) wall plug efficiency is

again about 1.2� 10�3. Furthermore, the maximum operat-

ing temperature is increased from about 70 to about 85 K.

As shown by the L-J-V characteristics in Fig. 4(d) for

cw operation of a GaAs/AlAs laser (0.12� 1.11 mm2 ridges)

with the lower doping density, the wall plug efficiency

reaches again about 1.2� 10�3. The mode spectra including

the target frequency are shown in Fig. 5(b). While the

temperature-dependent optical output power31 is similar to

the values obtained from the laser used in GREAT, the elec-

trical pumping power is reduced. Therefore, also the required

cooling power is reduced, and/or a lower operating tempera-

ture can be achieved using the Stirling cooler. Furthermore,

a similar QCL with a preliminary design using the AlAs bar-

riers operating at about 3.4 THz in pulse mode exhibits also

a very small threshold current density. However, this laser

suffers from an NDC at lower field strengths (cf. Ref. 19). In

our preliminary design with a rather low doping density

(5� 1016 cm�3), the interplay between the dipole-like space

charge and the simultaneous coupling of the laser levels to

the injector and the extraction miniband has still to be opti-

mized in order to shift the NDC to higher field strengths.

Therefore, the maximum optical power of this laser is still

rather small.

In summary, QCLs based on the GaAs/AlAs hetero-

structures exhibit superior operating parameters over lasers

with Al0.25Ga0.75As barriers at least for the employed hybrid

design with a vertical optical transition. In particular, the

(pulse mode as well as cw) wall plug efficiency can be sig-

nificantly increased. We believe that the design as well as

the balance between barrier thicknesses and doping density

for the GaAs/AlAs QCLs can be further optimized so that

improvements with respect to other operating parameters are

also expected. In addition, the possibility of employing AlAs

alternatively to AlxGa1�xAs barriers for THz QCLs enhances

the flexibility in the design of these devices.

The authors would like to thank M. H€oricke, W. Anders,

and A. Riedel for sample preparation, B. R€oben and M.

Hempel for helpful discussions as well as U. Jahn for a

careful reading of the manuscript.
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