








and 300 K in pulsed operation for 4 mm long and 30 lm

wide devices. From the theoretical values a gain coefficient

of 32 cm/kA can be estimated, assuming a similar large

linewidth of 16 meV as in the first injectorless device (see

Sec. III). By separation of optical transition and doping (see

point 4 in Sec. II) the linewidth cif was strongly reduced.

The measured gain coefficient of 53 cm/kA indicates a line-

width below 10 meV. Besides the improvement in gain, the

waveguide losses were strongly reduced, leading to a maxi-

mum temperature of operation of 350 K, with a characteris-

tic temperature of 175 K. At low temperatures, lasing

occurs as designed, with an emission wavelength of 9.8 lm.

With increasing waveguide losses at increasing temperature,

the maximum gain achievable in the low field resonance is

not sufficient, therefore the field increases to the 110 kV/cm

resonance, enabling lasing at 300 K with an emission wave-

length of 8.2 lm. This drastic change in wavelength and res-

onance condition is a result of the bound states and is

typical for injectorless designs.

The two phonon depletion concept19 within the active

section, being proposed and successfully demonstrated for

injectorbased devices, strongly increased the performance of

injectorless devices. Similar to Fig. 2, Fig. 6 shows the active

section of an injectorless design using five confined states.22

Two for depletion by resonant phonon scattering, a lower

and an upper laser state as well as an additional resonant

state for increasing the injection current density. The devices

comprised 40 to 60 periods within the active section and

doping sheet densities between 2.5� 1010 cm�2 and

6.4� 1010 cm�2. The low doped samples with 60 stages

yielded low pulsed threshold current densities of 0.73 kA/

cm2 at 300 K and a characteristic temperature of 90 K. The

maximum output power per facet was measured to be 70

mW (uncorrected for 70% collection efficiency) correspond-

ing to 1.4% overall efficiency. Higher doped samples

reached only 2.4% overall efficiency, as the injectorless

devices suffered from injection instabilities. Even though the

output power was low, the threshold current densities were

promising for continuous wave operation at low tempera-

tures. As a result, a maximum operation temperature of 140

K, with a continuous wave threshold current density of 0.13

kA/cm2 and roughly 200 mW of output power per facet were

achieved23 at 77 K. The low output power and maximum

temperature of operation can not solely be attributed to the

high thermal resistance of 24 K/W but also to the low char-

acteristic temperature of 90 K in combination with the high

threshold voltage of 16 V.

Dey et al. investigated the thermal behavior and voltage

efficiency using a variation of the five state design. Their

devices were grown by metal-organic chemical-vapor depo-

sition and although showing weaker room temperature per-

formance with pulsed threshold current densities of 4 kA/

cm2, they could demonstrate that the internal heating due to

phonon emission is much weaker in injectorless devices as

compared to injectorbased devices.24

Another approach tried to shift the five well injectorless

design to shorter emission wavelengths.25 For this purpose

FIG. 6. (Color online) Injectorless bound-to-bound design using five wells

emitting around 6.8 lm. The layer sequence is 2.8/4.0/1.3/5.0/1.0/6.5/1.0/

1.2/1.4/2.8 in nm, with bold layers being Al0.635In0.365As and the others

being Ga0.4In0.6As. The underlined layers are silicon doped, corresponding

to a doping sheet density between 2.5� 1010 cm�2 and 6.4� 1010 cm�2.

FIG. 5. (Color online) First injectorless bound-to-bound design shown under

80 kV/cm (a) and 110 kV/cm (b). The layer sequence is 3.4/4.0/1.3/5.2/0.9/

2.6/1.9/3.2 in nm, with bold layers being Al0.56In0.54As and the others

being Ga0.4In0.6As. The underlined layers are silicon doped to 3� 1017

cm�3, corresponding to a doping sheet density of 2.5� 1011 cm�2. The tran-

sition between the inital state (i) and the final state (f) corresponds to (a) 10

lm and (b) 8.4 lm emission wavelength.

081101-5 Katz et al. J. Appl. Phys. 109, 081101 (2011)

Downloaded 04 May 2011 to 129.187.254.46. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



they used a highly strained four well structure consisting of

Al0.7In0.3As and Ga0.35In0.65As was used, offering a conduc-

tion band offset of 0.89 eV. The highly strained structure

was also grown by metal-organic chemical-vapor deposition,

yielding a broad electroluminescence of 60 meV at 77 K.

This linewidth is about a factor of 10 larger than that of other

injectorless devices have shown, corresponding to an

increased threshold current density to 2 kA/cm2 and 10 kA/

cm2 at 77 K and 298 K, respectively. The maximum output

power was 90 mW per facet at 77 K and the emission wave-

length was 5.5 lm.

V. INJECTORLESS DEVICES USING MULTIPLE
ALLOYS FOR GAIN AND PERFORMANCE
OPTIMIZATION

For further reducing thermally induced losses and leak-

age paths, the implementation of AlAs within the injection

barrier was considered and demonstrated for injectorless

devices.26 The maximum pulsed temperature of operation

was strongly improved from 220 K to 370 K for a short-

wavelength emitting device by these enhanced barriers. The

relatively high pulsed threshold current density of 3 kA/cm2

for low doped samples together with voltage jumps below

threshold indicated injection instabilities and tunnel resonan-

ces below the design field of 154 kV/cm.

Additionally to the AlAs-enhanced barriers, the next

step was the implementation of InAs. InAs layers have a

reduced effective in-plane electron mass even under strain,

which results in longer carrier lifetime. With the gain coeffi-

cient and the slope efficiency being directly proportional to

the lifetime, it was implemented within a structure similar to

the original five state injectorless design22 (for conduction

band profile see Fig. 7). The devices, also consisting of 60

periods, operated at a similar field, emission wavelength and

waveguide design as the best performing two alloy injector-

less device for comparability.27 The pulsed threshold current

density for uncoated 4 mm long devices was measured to be

0.57 kA/cm2, and the output power had increased to 240

mW (single facet, uncorrected), corresponding to an overall

efficiency of 3.7%. The characteristic temperature was also

improved, increasing from 90 K to 150 K. The maximum

temperature of operation raised from 330 K to 360 K for low

doped samples. Higher doped samples yielded even higher

overall efficiencies of 5.6% with maximum output power of

840 mW per facet.27,28 These devices, processed into 4 lm

wide and 4.1 mm long lasers, were also the first injectorless

devices to operate in continuous wave at room tempera-

ture.29 Broader mesa’s yield continuous wave output power

of 10 mW per facet and acceptably low threshold current

densities of 1.75 kA/cm2. Figure 8 shows the threshold

FIG. 7. (Color online) Injectorless multi-alloy design for an emission wave-

length of 7.0 lm. The layer sequence of the design is: 1.45/0.5/0.56/4.03/

1.1/5.0/0.9/2.6/0.51/2.6/1.0/2.1/1.0/2.66, with the four material composi-

tions: AlAs in bold and italic, Al0.635In0.365As in bold, Ga0.4In0.6As in regu-

lar and InAs in italic style. A silicon doping of 2.7� 1016 cm3 was

implemented to ensure the same doping sheet density than the device shown

in Fig. 6.

FIG. 8. (Color online) Threshold current density versus temperature for

devices using two alloys (square, design see Fig. 6) and a multi-alloy design

(Ref. 27) (circle) for doping levels of 2.5� 1010 cm�2 (open) and about

twice the doping (half filled). All devices emit between 6.8 and 7.0 lm at

room temperature. Low doped samples of the multi-alloy design with high

reflectivity coating (diamond, open) show a record low threshold current

density, while filled red circles indicate the continuous wave operation of a

9 lm wide and 4.1 mm long device (multi-alloy design, medium doping).

FIG. 9. (Color online) LIV-curve of a high efficient injectorless device

(k � 5.7 lm) at room temperature. The small inset shows the pulsed

threshold performance at 300 K for injectorless samples with similar dop-

ing levels at various wavelengths.
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current density over temperature for this design in pulsed

and continuous wave operation with low and regular doping

levels in comparison to the original two-alloy design. The

theoretical value, as given by Eq. (1), yields a gain coeffi-

cient of about 60 cm/kA at the design field of 103 kV/cm

and 300 K. While long resonantors clamped at fields around

80 kV/cm, exhibited only 15 cm/kA, shorter resonators

reached higher fields before clamping (92 to 96 kV/cm) and

yielded gain coefficients up to 44 cm/kA.37 These gain coef-

ficients are much larger as compared to injectorbased devices

but also show the strong field dependence due to different

tunneling resonant conditions and injection efficiencies.

The optical output power at given current, being directly

proportional to the number of periods is expected to be larger

in injectorless devices as compared to injectorbased devices.

Additionally, the output power increases with shorter emission

wavelength as not only the voltage efficiency becomes better

but also waveguide losses decrease. Therefore, the first multi-

alloy design was transfered to shorter emission energies and a

larger InAs amount was implemented within the optical transi-

tion well.30 With increasing InAs content inside the optical

transition well the pseudomorphic lattice mismatch increases.

Devices with up to 2.4% of mismatch showed improved out-

put power and efficiencies at only slightly increased threshold

current density, while devices with more than 2.4% showed

decreasing performance. Figure 9 shows the LIV-curves at

297 K for a 4 mm long and 18 lm wide sample with high-

reflection coating on the back facet. The threshold current

density reached acceptably low values around 0.93 kA/cm2

while the output power was above one watt at room tempera-

ture for the first time.30 The small inset shows the rapidly

increasing threshold current density for uncoated injectorless

devices (4 mm in length) toward shorter wavelengths at 300 K

for samples with doping sheet densities of 5.0� 1010 cm�2.

While highest performance for injectorbased devices is

achieved around 4.6 lm15, the best performing injectorless

emit around 5.6 lm. Recently, injectorless devices of similar

design were integrated in quantum cascade laser sources based

on intracavity frequency doubling, which provided room tem-

perature operation at an emission wavelength of 2.65 lm at

low current densities.31

In 2010, M. Razeghi’s group from North-western Uni-

versity, published an injectorless device with four wells and

the usual two phonon depletion sheme.32 Their device used

highly strained Ga0.34In0.66As and Al0.64In0.36As with a layer

sequence of 3.8/1.6/1.3/4.9/1.6/3.4/2.7/2.7. The underlined

layers were doped resulting in a doping sheet density of

1.2�1011 cm�2. The devices emitted between 4.9 and 5.1 lm

with a very high overall efficiency of 53% at 40 K32. The

characteristic temperature of 120 K limited its performance

toward higher temperatures, yielding a pulsed threshold cur-

rent density of 3.5 kA/cm2 and an overall efficiency of

roughly 4%. The transit time strans was estimated to be 3 ps,

a typical value for injectorless devices.

Toward longer wavelengths, the threshold current den-

sity increases due to increasing internal losses caused by free

carrier absorption, but the injection efficiency and electron

moderation become better. The design shown in Fig. 7 was

modified to various samples, with different injection cou-

pling energies33 and emission wavelengths. A laser emitting

around 8.8 lm at room temperature yielded an overall effi-

ciency of 6.2% (7.2% when subtracting serial resistances of

wires) with an optical output power of 1.95 W per facet.34

The pulsed threshold current density was measured to be

1.15 kA/cm2 and the characteristic temperature yielded 162

K. From the doping sheet density of 4.5� 1010 cm�2 and the

maximum current density of 2.5 kA/cm2, a transit time strans

of 2.9 ps was estimated. The good dynamic range (jmax – jth)

is attributed to the strong coupling energy33 of 10.6 meV

instead of the typical 4 to 6 meV previously used. For calcu-

lating the theoretical slope efficiency, the experimental

waveguide losses of 8 cm�1 (9 6 1 cm�1), which were in

agreement with the expected value of 8 cm�1 derived from

other devices, and the laser state lifetimes si and sf with 5.7

ps and 0.3 ps, respectively, were used. The injection effi-

ciency was assumed to be 70%, similar to injectorbased

devices with 70 to 80%. The theoretical slope efficiency (see

Eq. (4)) is estimated to be 3.5 W/A, which is in good agree-

ment with the measured value of 3.4 W/A. This is mostly

contributed to the improved injection efficiency, a major ob-

stacle for previous injectorless designs in reaching their theo-

retical values. In combination with a good dynamic range, an

acceptable overall efficiency was achieved. Figure 10 shows

the LIV-curve for a 4 mm long and 30 lm wide 8,8 lm de-

vice, using a 2.2 lm thick active region, consisting of 85

periods. The overall efficiency at low temperature reaches

only 18%, as the voltage efficiency at longer wavelengths is

smaller compared to high efficient short wavelength devices.

VI. COMPARISON BETWEEN INJECTORBASED AND
INJECTORLESS DEVICES

Since the quantum cascade laser performance strongly

depends on the emission wavelength, a comparison between

different designs can only be made for devices lasing at iden-

tical wavelengths. Figure 11 shows the pulsed threshold cur-

rent density and the overall power efficiency over the

wavelength for injectorbased and different injectorless

FIG. 10. (Color online) LIV-curve of an uncoated 4 mm long and 30 lm

wide injectorless device with high output power at wavelength of 8.8 lm.

The voltage curves (dashed) for 78 K (blue) and 300 K (green) are given.
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devices. It has to be mentioned, that best injectorless devices

also exhibit slightly lower threshold power densities (36

MW/cm3) in comparison to best injectorbased devices (42

MW/cm3). At very short wavelengths (< 5 lm), injectorless

designs require high fields of operation, which induce carrier

leakage into other valleys and into the continuum. Above 5

lm their threshold current density strongly improves,

exceeding the values of injectorbased devices with power

efficiencies comparable to most injectorbased devices. At

even longer wavelengths their shorter period and smaller

voltage defect come into play, increasing output power and

efficiency in comparison to most injectorbased devices. The

latest devices around 9 lm reach power conversion levels

comparable to state-of-the-art injectorbased devices with

high output powers at small current densities. It is also the

first device which reached its theoretical slope efficiency, in

contrast to previous injectorless devices.34

Another difference can be found in the gain current de-

pendency, which allows injectorless devices to lase only at

particular electric fields37 defined by the device design.

With shorter cavities, corresponding to larger losses, the

current forces the field to jump into a higher applied field

before reaching threshold. This sudden change in applied

field also alters the lifetimes and injection efficiency, which

in turn affect the gain. This leads to a strongly field and bias

dependent behavior of the gain coefficient37 and clamping

at different fields with loss dependent emission wavelength.

VII. CONCLUSION

Injectorless devices have reached performance levels

comparable to injectorbased devices within the last year,

although the intense research has started only in 2005, 11

years after the first injectorbased quantum cascade laser had

been realized. The first concepts from 2001 only showed the

general feasibility, while its threshold and power performance

was very limited. The following concepts focused on main-

taining the injector functionalities without using the injector

itself. While the threshold current densities reached already

comparable levels in 2006 with 0.73 kA/cm2, exceeding

injectorbased devices in 2008 with 0.45 kA/cm2, the slope ef-

ficiency had only achieved 50% of the theoretical value at

room temperature. Further investigations in the lower reso-

nance conditions and the corresponding nonlinear effects lead

to improved optical output power and slope efficiencies.

Today they achieve threshold current densities around 1 kA/

cm2 and output powers above one watt over the wavelength

range between 5.5 and 9 lm. Latest devices reached 1.95 W,

with slope efficiencies of 1.7 W/A per facet and an overall ef-

ficiency of 7.2%. Although injectorless devices are more

complex and challenging in design, they offer, especially at

long wavelengths, higher output powers and overall efficien-

cies than their injectorbased counterparts.
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